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Abstract
Surgical crushing of stones alone has not addressed the increasing prevalence of kidney stones. A promising strategy is to 
tackle the kidney damage and crystal aggregation inherent in kidney stones with the appropriate therapeutic target. FKBP 
prolyl isomerase 5 (FKBP5) is a potential predictor of kidney injury, but its status in calcium oxalate (CaOx) kidney stones 
is not clear. This study attempted to elucidate the role and mechanism of FKBP5 in CaOx kidney stones. Lentivirus and 
adeno-associated virus were used to control FKBP5 expression in a CaOx kidney stone model. Transcriptomic sequencing 
and immunological assays were used to analyze the mechanism of FKBP5 deficiency in CaOx kidney stones. The results 
showed that FKBP5 deficiency reduced renal tubular epithelial cells (RTEC) apoptosis and promoted cell proliferation by 
downregulating BOK expression. It also attenuated cell–crystal adhesion by downregulating the expression of CDH4. In 
addition, it inhibited M1 polarization and chemotaxis of macrophages by suppressing CXCL10 expression in RTEC. Moreo-
ver, the above therapeutic effects were exerted by inhibiting the activation of NF-κB signaling. Finally, in vivo experiments 
showed that FKBP5 deficiency attenuated stone aggregation and kidney injury in mice. In conclusion, this study reveals that 
FKBP5 deficiency attenuates cell–crystal adhesion, reduces apoptosis, promotes cell proliferation, and inhibits macrophage 
M1 polarization and chemotaxis by inhibiting NF-κB signaling. This provides a potential therapeutic target for CaOx kidney 
stones.
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Introduction

The prevalence and recurrence rates of kidney stones, which 
represent a chronic kidney disease, are astounding. In China, 
the prevalence of kidney stones is 6.5% in men and 5.1% in 
women [1]. In the United States, the prevalence is 10.9% 
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in men and 9.5% in women [2]. The recurrence rate of kid-
ney stones is as high as 50% within 5 years. Moreover, the 
prevalence of kidney stones continues to increase [3]. The 
prolonged course of kidney stones can lead to the evolution 
of irreversible chronic kidney disease due to renal fibrosis 
and inflammation of the renal parenchyma [4]. Therefore, 
surgical crushing and stone removal are inadequate for man-
aging kidney stones. We need to seek precise and effective 
drug targets to stop the progression of kidney damage and 
inflammation inherent in kidney stones.

FKBP5 is a member of the family of FK506-binding 
immunophilins (FKBPs) [5]. FKBP5 is usually upregulated 
in response to stimuli such as stress, aging, and glucocorti-
coids [6, 7]. FKBP5 is thought to be associated with acute or 
chronic kidney injury and may reflect the pathological state 
of tubulointerstitial inflammation and fibrosis in diabetic 
nephropathy [5, 8]. However, the status and role of FKBP5 
in kidney stones have yet to be reported.

The NF-κB signaling pathway is a classic proinflamma-
tory signaling pathway that has essential regulatory roles in 
cell adhesion, apoptosis, and the immune response [9]. It has 
been reported that FKBP5 is a robust regulator of NF-κB 
signaling [10, 11]. In addition, activation of NF-κB signal-
ing is involved in developing kidney stones [12]. Therefore, 
we hypothesized that FKBP5 might regulate inflammation 
and injury in CaOx kidney stones through NF-κB signaling, 
which is involved in the progression of CaOx kidney stones.

In this study, we investigated the mechanism of the 
FKBP5/NF-κB signaling axis in CaOx kidney stones to 
provide potential therapeutic targets for CaOx kidney stones.

Materials and methods

Animal experiments

The animal experiments in this study were approved by the 
Animal Ethics Committee of the Renmin Hospital of Wuhan 
University (Issue No. 20221008A). All C57BL/6 male mice 
(8 weeks old) were fed standard food and water. All sub-
groups in the animal experiments consisted of 8 mice each. 
Experimental grouping was performed as follows:

Saline group: A volume of 100 μl of saline was injected 
intraperitoneally daily for 6 days.

Glyoxylate (Gly) group: Established according to a previ-
ous study [13]. 100 μl of Gly (80 mg/kg) (HY-79494, Med-
ChemExpress, Wuhan, China) was injected intraperitoneally 
daily for 6 days.

Saline + AAV-sh-FKBP5 group: the shRNA-FKBP5 tar-
geting mouse FKBP5 was packaged into the adeno-asso-
ciated virus (AAV) serotype 9 vector by WZ Biosciences 
Inc. (Jinan, China). C57BL/6 male mice (4 weeks old) were 
used to construct FKBP5 deficient mice. The mice were 

anesthetized to expose the kidney, the ureter was blocked 
using a hemostatic clip, and then AAV containing sh-FKBP5 
(50 μl, 5 ×  1010 vg) was injected into the renal pelvis. The 
expression of FKBP5 was measured after 4 weeks. Then, 
the mice received a daily intraperitoneal injection of 100 µl 
of saline for 6 days.

Saline + AAV-NC group: Similar to the Saline + AAV-
sh-FKBP5 group except that, the difference is that the AAV 
containing sh-FKBP5 was replaced with an AAV containing 
an empty vector.

Gly + AAV-sh-FKBP5  group: Similar to the 
Saline + AAV-sh-FKBP5 group except that the saline 
received for 6 days was replaced with Gly.

Gly + AAV-NC group: Similar to the Saline + AAV-NC 
group except that the saline received for 6 days was replaced 
with Gly.

On the 6th day, urine was collected from the mice through 
metabolic cages. Blood was collected from the retro-orbital 
plexus and centrifuged, and serum was obtained. Finally, 
mice were euthanized by overdose of isoflurane, and kidneys 
were collected for subsequent experiments.

Cell culture

Human kidney proximal tubule cells (HK-2) and human leu-
kemia monocytic cells (THP-1) were purchased from China 
Center for Type Culture Collection (Wuhan, China), and 
human embryonic kidney cells (HKE-293) were purchased 
from Basic Medical Sciences Chinese Academy of Medi-
cal Sciences (Beijing, China). HK-2 cells, THP-1 cells, and 
HEK-293 cells were cultured using Dulbecco’s modified 
Eagle’s medium/nutrient mixture F-12 medium, Roswell 
Park Memorial Institute 1640 medium, and minimum 
essential medium, respectively. All cells were incubated in 
a standard incubator with conventional 5%  CO2 at 37 °C.

Cellular grouping and intervention

It is well known that oxalate (Ox) is a significant component 
of approximately 80% of kidney stones [14]. In addition, 
HEK-293 cells are often studied in research on kidney stones 
in vitro [15, 16]. Therefore, in vitro, CaOx kidney stone 
models were constructed using 1 mmol/l Ox (75688, Sigma, 
USA) intervention in HK-2 cells and HEK-293 cells.

Gene control: Lentiviral vectors for FKBP5 overexpres-
sion and knockdown and viral negative control, plasmids 
for BOK and CDH4 overexpression and negative control, 
and plasmids for JAK2 knockdown and negative control 
were purchased from WZ Biosciences Inc. According to 
the manufacturer's instructions, the above genetic tools were 
introduced into HK-2 cells and HEK-293 cells. Briefly, the 
lentiviral vector was introduced into the cells with transfec-
tion reagent, and the stably transfected cell lines were then 
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screened using 5 µg/ml of puromycin. Plasmids were added 
to the cells after mixing with Lipo2000 (11668019, Thermo 
Fisher Scientific Inc., USA) in basal medium for 20 min, 
and plasmid incubation was conducted together with other 
interventions after 24 h.

M0 macrophage differentiation: When the density of 
THP-1 cells reached 70–80%, medium containing 100 ng/ml 
of phorbol-12-myristate-13-acetate (PMA) (P8139, Sigma) 
was added, and the cells were incubated for 24 h.

Von Kossa staining

Von Kossa staining was used to detect the extent of stone 
aggregation in the kidneys of mice. In brief, wax blocks 
of kidney samples were sectioned, dewaxed, and washed. 
They sections were placed in silver nitrate staining solution 
under ultraviolet light for 10 min, washed, restained, and 
sealed. Finally, they were observed and recorded under a 
microscope.

Immunohistochemistry

Kidney tissues were sectioned and dewaxed; washed three 
times with distilled water, subjected to antigen repair and 
blocking processes; incubated for 12 h at 4 °C with primary 
antibodies (antibody information shown in Supplemen-
tary Information 1, Table S1) against FKBP5, Ki67, and 
phospho-P65 (p-P65); washed; incubated with correspond-
ing secondary antibodies; subjected to color development, 
re-staining, differentiation, dehydration, and blocking steps; 
and incubated under a microscope (BX53, Olympus. Japan) 
for observation and recording.

Quantitative real‑time reverse transcription PCR 
(qPCR)

Briefly, the total RNA of the samples was extracted with 
TRIzol (15596026, Thermo Fisher Scientific Inc.), and the 
total RNA was reverse transcribed and subjected to qPCR 
using qPCR kits (RR820A, Takara, Shiga, Japan) in PCR 
instrument. β-Actin was used as the reference for normali-
zation. The primer information is shown in Supplementary 
Information 1, Table S2.

Western blotting

The total proteins of the samples were extracted by radioim-
munoprecipitation assay (RIPA) (R0010, Solarbio). Protein 
samples were separated using sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, and then the separated pro-
teins were transferred to polyvinylidene fluoride membranes, 
which were blocked, washed and immersed in primary anti-
bodies against FKBP5, β-actin, cadherin 4 (CDH4), BOK, 

C-X-C motif chemokine receptor 3 (CXCR3), P65, p-P65, 
Janus kinase 2 (JAK2), phospho-JAK2 (p-JAK2), signal 
transducer and activator of transcription 1 (STAT1), and 
phospho-STAT1 (p-STAT1) (antibody information is shown 
in Supplementary Information 1, Table S1) and incubated 
for 12 h. The membranes were rewashed, soaked in second-
ary antibodies, and incubated for 1 h. The final exposure was 
performed on an Odyssey infrared imaging system (LI-COR, 
USA). ImageJ software was used to calculate the grayscale 
values of the proteins, and β-actin was used as a reference 
for normalization.

Immunofluorescence

The routine steps of washing, fixation, permeabilization, and 
blocking were performed for cell samples. The samples were 
incubated for 12 h in primary antibodies against FKBP5, 
CD68, and CD86 (antibody information is shown in Sup-
plementary Information 1, Table S1). After rewashing and 
permeabilization, the samples were incubated in the corre-
sponding secondary antibodies for 30 min. After washing, 
sealed slices were immediately observed and recorded under 
fluorescence microscopy.

For wax blocks of tissue samples, after the usual steps 
of sectioning, dewaxing, antigen retrieval, and blocking, 
primary antibodies against BOK, CDH4, F4/80, and CD86 
were added dropwise, and the sections were incubated over-
night. After washing, the corresponding secondary antibod-
ies were added. The samples were incubated with or without 
tyramide signal amplification reagent. The slices were sealed 
after restaining with 4′,6-diamidino-2-phenylindole (DAPI). 
The cells were observed and recorded immediately under a 
fluorescence microscope.

RNA‑sequencing (RNA‑seq)

The total RNA of the samples was extracted with an 
RNAmini Kit (Qiagen, Germany). mRNA enrichment, 
fragmentation, reverse transcription, library construction, 
Illumina NovaSeq 6000, and data analysis were performed 
by Genergy Biotechnology (Shanghai, China).

Cell adhesion ability assay

Fibronectin (F8180, Solarbio) was preincubated in cell cul-
ture plates for 1 h, 1% bovine serum albumin after heat dena-
turation and the plates were washed using basal medium. 
Cells were grown in culture plates and incubated for 4 h. The 
unadhered cells were removed by washing with phosphate 
buffered saline (PBS), and then the number of cells (absorb-
ance values) was calculated using a Cell Counting Kit-8 
(CCK-8) kit (CA1210, Solarbio). Finally, the cell adhesion 
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capacity was calculated (absorbance value of adhered cells 
over total cells).

Cell–crystal adhesion

After removing the waste medium, the cell samples were 
added 1  ml of Hanks' Balanced Salt Solution (HBSS), 
placed on a shaker for 2 min at 150 rpm, shaken four times. 
Then, HBSS was added again. The samples were immedi-
ately observed under an inverted microscope and recorded. 
Finally, the residual area of crystals was calculated using 
ImageJ software (ImageJ 1.53s, USA).

Cell viability

A CCK-8 kit was used to detect cell viability. After cell 
treatment, the waste medium was removed, add the con-
figured CCK-8 working solution was added, and the cells 
were incubated for 1 h. Finally, the absorbance value of the 
sample at 450 nm was detected using a microplate reader. 
Cell viability was calculated according to the absorbance 
value of the assay wells over the absorbance value of the 
control wells (the absorbance value of the blank control was 
be removed).

5‑Ethynyl‑2′‑deoxyuridine (EdU) staining

An EdU kit (C0071S, Beyotime, Shanghai, China) was used 
to detect the proliferative capacity of cells. EdU working 
solution was added to the postintervention cell samples and 
incubated for 2 h, and the waste solution was removed. After 
washing, fixation, and permeabilization, the configured 
Click reaction solution was added, and the cells were incu-
bated for 30 min. After washing again and DAPI restaining, 
the cells were observed and recorded under a fluorescence 
microscope.

TdT‑mediated dUTP nick‑end labeling (TUNEL) 
staining

A TUNEL kit (C1086, Beyotime) was used to detect the 
apoptosis of cells. Cell samples were washed, fixed, and per-
meabilized. Tissue samples were sectioned, dewaxed, and 
incubated with proteinase K for 15 min. Again, the samples 
were washed well. TUNEL working solution was added, and 
the samples were incubated for 1 h at 37 °C while protected 
from light. Immediately after washing again, the cells were 
recorded under a fluorescence microscope.

Macrophage chemotaxis

M0 macrophages were cultured in the upper chamber, and 
conditioned medium (CM) was placed in the lower chamber. 

The CM contained active factors (e.g., chemokines) that 
induced the movement of M0 macrophages in the upper 
chamber to the lower chamber. 24 h later, staining was per-
formed using crystal violet. Finally, the cells were observed 
and recorded under a microscope.

Enzyme‑linked immunosorbent assay (ELISA)

An interferon-inducible protein 10 (CXCL10) ELISA Kit 
(CSB-E08181h/CSB-E08183m, Cusabio, Wuhan, China), 
and a kidney injury molecule 1 (KIM-1) ELISA Kit (CSB-
E08809m, Cusabio) were used to measure CXCL10 and 
KIM-1, respectively. Incubation of the sample or the mixture 
of standards and reagents was performed according to the 
instructions. Finally, the absorbance value of the sample at 
450 nm was detected using a microplate reader.

Periodic acid‑Schiff (PAS) staining and tubular injury 
scoring

PAS staining was used to assess renal tubular injury. Kid-
ney tissues were sectioned and dewaxed. They were stained 
by adding periodic acid staining solution for 15 min and 
washed twice with distilled water. The tissues were incu-
bated for 30 min in Schiffer’s staining solution and rinsed 
under running water for 5 min. After hematoxylin restaining 
and blocking, the sections were recorded under a micro-
scope. Finally, renal tubular injury was scored according to 
a previous study [17].

Serum creatinine (CRE) and blood urea nitrogen 
(BUN)

A CRE assay kit (C011-2-1, njjcbio, Nanjing, China) and a 
BUN assay kit (C013-2-1, njjcbio) were used to determine 
CRE and BUN levels in serum samples. Incubation of the 
samples or the mixture of standards and reagents was per-
formed according to the instructions. Finally, the absorbance 
values of the samples at 546 nm (CRE) and 640 nm (BUN) 
were measured using a microplate reader.

Statistical analysis

GraphPad Prism software (GraphPad Software, version 
9.0.0, La Jolla, CA, USA) was used for data analysis. Experi-
mental data were obtained from three or more independent 
experiments and are expressed as the mean ± standard error 
of the mean (SEM). Student's t test was performed to analyze 
differences between two groups, and one-way ANOVA was 
used to analyze differences among multiple groups. Pear-
son's correlation test was used to analyze the correlation 
between the two factors. P < 0.05 was considered to indicate 
statistical significance.
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Results

The abundance of FKBP5 expression 
was significantly increased in CaOx kidney stones.

To investigate the status of FKBP5 in CaOx kidney stones, 
it was first necessary to understand its expression pattern 
in CaOx kidney stones. Gly was used to construct a mouse 
CaOx kidney stone model, and Von Kossa staining showed 
significant stone aggregation in the kidneys of mice after 
Gly intervention (Fig. 1A, B). Next, immunohistochem-
istry and qPCR results revealed substantial increases in 
both FKBP5 protein expression (Fig. 1C, D) and mRNA 
expression (Fig.  1F) in the kidneys of mice after Gly 
intervention. Furthermore, Pearson's correlation analysis 
revealed that the amount of stone deposition in the kidneys 
of mice and their FKBP5 protein expression (Fig. 1E) or 
mRNA expression (Fig. 1G) were positively correlated. 
Subsequently, we constructed in vitro kidney stone mod-
els using Ox-stimulated HK-2 cells and HEK-293 cells. 
The results of Western blotting and qPCR experiments 
confirmed that Ox stimulation of HK-2 cells and HEK-
293 cells upregulated the protein expression (Fig. 1H–J) 
and mRNA expression (Fig. S1A, B) of FKBP5. Moreo-
ver, it was noteworthy that the most significant increase in 
FKBP5 expression was observed at 36 h of Ox treatment. 
Therefore, we used immunofluorescence to monitor the 
fluorescence intensity of FKBP5 after 36 h of Ox inter-
vention, as shown in (Fig. 1K, L), and the fluorescence 
intensity of FKBP5 in HK-2 cells and HEK-293 cells 
was significantly increased after 36 h of Ox intervention. 
These data suggested that the abundance of FKBP5 was 
increased dramatically in the CaOx kidney stone model, 
which provided a foundation for a possible important role 
and position of FKBP5 in CaOx kidney stones.

FKBP5 deficiency inhibits the adhesion capacity 
and cell–crystal adhesion of RTEC

To continue investigating the role and mechanism of 
FKBP5 in CaOx kidney stones, RNA-seq was used to ana-
lyze the genetic changes of FKBP5 deficiency in HK-2 
cells after Ox intervention. As shown in Fig. 2A, with 
criteria of a |log2 fold change (FC)| ≥ 1 and a false dis-
covery rate (FDR) ≤ 0.05, there were 104 downregulated 
genes, 134 upregulated genes, and 35,943 non-differen-
tially expressed genes. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis (Fig. 2B) showed that the cell 
adhesion molecules were the most significantly enriched 
pathway. Cell–crystal adhesion has been reported to be 
essential for forming CaOx kidney stones [3]. Therefore, 

we knocked down and overexpressed FKBP5 in HK-2 
cells and HEK-293 cells (Fig. S2A, B). Then we meas-
ured the cell adhesion ability and cell–crystal adhesion 
status after FKBP5 overexpression or knockdown. The cell 
adhesion ability assay results revealed that Ox interven-
tion increased the adhesion ability of HK-2 cells (Fig. 2C) 
and HEK-293 cells (Fig. 2D), and FKBP5 overexpression 
exacerbated this change. At the same time, FKBP5 knock-
down significantly attenuated this change. Similarly, the 
results of cell–crystal adhesion assays showed that FKBP5 
overexpression increased the adhesion between HK-2 cells 
(Fig. 2E, F) and HEK-293 cells (Fig. 2E, G) and Ox crys-
tals, while FKBP5 knockdown did the opposite. The Heat-
map (Fig. 2H) shows the differentially expressed genes 
enriched in the cell adhesion molecule signaling pathway. 
We observed that CDH4 was significantly downregulated 
after the knockdown of FKBP5. CDH4 is a classic cell 
adhesion molecule closely associated with cell adhesion 
behavior [18]. It has been reported that CDH4 mRNA is 
significantly increased in the urine of patients with CaOx 
kidney stones [19]. For this reason, we hypothesized that 
FKBP5 may influence cell adhesion behavior by regulating 
the transcription of CDH4. The results of qPCR (Fig. 2I, J) 
and Western blotting (Fig. 2K–M) revealed that Ox causes 
upregulation of the mRNA and protein expression of 
CDH4 in HK-2 cells and HEK-293 cells, and that overex-
pression of FKBP5 exacerbates CDH4 upregulation, while 
knockdown of FKBP5 inhibits it. Next, we overexpressed 
CDH4 in HK-2 and HEK-293 cells and continued examin-
ing their cell adhesion behavior. The cell adhesion capac-
ity (Fig. 2N, O) and cell–crystal adhesion (Fig. 2P–R) 
results showed that overexpression of CDH4 significantly 
reversed the cell–crystal adhesion and cell adhesion capac-
ity attenuated by FKBP5 knockdown. These results con-
firm that FKBP5 deficiency in RTEC attenuates cell–crys-
tal adhesion and inhibits cell adhesion capacity, and that 
this effect may be mediated by modulation of CDH4.

FKBP5 deficiency inhibits Ox‑induced apoptosis 
and promotes the proliferation of RTEC

Apoptosis is known to be an essential biological process 
in the formation of CaOx kidney stones [20, 21]. KEGG 
analysis showed that the apoptosis-multiple species signal-
ing pathway was similarly enriched (Fig. 3A). Therefore, 
we examined cell survival, proliferation, and apoptosis. 
CCK-8 (Fig. 3B) and EdU staining (Fig. 3C–E, Fig. S2D) 
results showed that Ox inhibited cell viability and cell pro-
liferation in HK-2 cells and HEK-293 cells, and that over-
expression of FKBP5 exacerbated this inhibition, which 
was alleviated by knockdown of FKBP5. TUNEL staining 
(Fig. 3F–H) showed that Ox increased apoptosis in HK-2 
cells and HEK-293 cells, that overexpression of FKBP5 
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Fig. 1  The abundance of FKBP5 expression was significantly 
increased in CaOx kidney stones. A, B Representative images (A) 
and quantitative plots (B) of Von Kossa staining showing the extent 
of calcium salt deposition in the kidneys of mice in the saline and 
glyoxylate groups. C, D Representative images (C) and quantitative 
plots (D) of immunohistochemistry showing the amount of FKBP5 
expression in the kidneys of mice. E Pearson correlation analysis 
of the amount of calcium salt deposition and protein expression of 
FKBP5. F qPCR showing the mRNA expression of FKBP5 relative 
to β-actin in mouse kidneys. G Pearson correlation analysis of the 

amount of calcium salt deposition and mRNA expression of FKBP5. 
H–J Representative images (H) and quantitative plots (I, J) of West-
ern blotting showing the protein expression of FKBP5 in HK-2 cells 
and HEK-293 cells relative to that of β-actin. K, L Immunofluores-
cence images of HK-2 cells (K) and HEK-293 cells (L) showing 
FKBP5 expression in the normal control (NC) and Ox groups. All 
data are expressed as mean ± SEM. Each data point of animal experi-
ments A–G represents one mouse. Each data point of cell experi-
ments H–L represents one independent experiment. **P < 0.01, 
****P < 0.0001
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Fig. 2  FKBP5 deficiency 
inhibits the adhesion capac-
ity and cell–crystal adhesion 
of RTEC. A The volcano plot 
is from RNA-seq performed 
on the Ox + FKBP5 knockout 
(sh-FKBP5) group and the 
Ox + viral negative control 
(Ctrl-sh) group, which shows 
differential gene expression 
in the Ox + sh-FKBP5 group 
compared to the Ox + Ctrl-sh 
group, where gray dots repre-
sent genes with no significant 
difference, red dots indicate 
upregulated differentially 
regulated genes, and blue dots 
indicate downregulated dif-
ferentially regulated genes. B 
KEGG histogram showing the 
functional annotations of the 
differentially expressed genes 
in A. C, D The cell adhe-
sion ability of HK-2 cells (C) 
and HEK-293 cells (D). E–G 
Representative images (E) and 
quantitative plots (F, G) of 
cell–crystal adhesion of HK-2 
cells and HEK-293 cells. H 
Heatmap showing the differen-
tially expressed genes enriched 
in the cell adhesion molecules 
in B. I, J qPCR showing the 
mRNA expression of CDH4 
relative to β-actin in HK-2 cells 
(I) and HEK-293 cells (J). 
K‒M Western blot images (K) 
and quantitative plots (L, M) 
of CDH4 relative to β-actin in 
HK-2 cells and HEK-293 cells. 
N, O Cell adhesion ability of 
HK-2 cells (N) and HEK-293 
cells (O). P–R Representative 
images (P) and quantitative 
plots (Q, R) of cell–crystal 
adhesion of HK-2 cells and 
HEK-293 cells. All data are 
expressed as mean ± SEM. Each 
data point of cellular experi-
ments A–R represents one inde-
pendent experiment. *P < 0.05, 
**P < 0.01, ***P < 0.001 and 
****P < 0.0001
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Fig. 3  FKBP5 deficiency 
inhibits Ox-induced apoptosis 
and promotes the proliferation 
of RTEC. A KEGG histo-
gram showing the functional 
annotations of the differential 
expressed genes in Fig. 2A. B 
CCK-8 assay for cell viability of 
HK-2 cells and HEK-293 cells. 
C–E Representative images (C) 
and quantitative plots (D, E) 
of EdU staining to detect the 
proliferative capacity of HK-2 
cells and HEK-293 cells. F–H 
Quantitative plots (F, G) and 
representative images (H) of the 
extent of apoptosis detected in 
HK-2 cells and HEK-293 cells 
by TUNEL staining. I Heatmap 
showing the differentially 
expressed genes enriched in 
apoptosis-multiple species of A. 
J Western blotting images (K) 
of BOK protein expression in 
HK-2 cells and HEK-293 cells. 
K, L qPCR showing the mRNA 
expression of BOK relative to 
β-actin in HK-2 cells (K) and 
HEK-293 cells (L). M–P Repre-
sentative images (M, O) and 
quantitative plots (N, P) of EdU 
staining to detect the prolifera-
tive capacity of HK-2 cells and 
HEK-293 cells. Q, R Represent-
ative images (Q) and quantita-
tive plots (R) of the extent of 
apoptosis detected in HK-2 cells 
and HEK-293 cells by TUNEL 
staining. All data are expressed 
as mean ± SEM. Each data 
point of cellular experiments 
A–R represents one independ-
ent experiment. *P < 0.05, 
**P < 0.01, ***P < 0.001 and 
****P < 0.0001
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further enhanced apoptosis, and that knockdown of FKBP5 
alleviated apoptosis. The differentially expressed genes 
enriched in the apoptosis-multiple species signaling path-
ways are presented in the formation of heatmap (Fig. 3I). 
We found that BOK was the most significantly differentially 
expressed gene. BOK has been reported to induce apoptosis 
by mediating mitochondrial outer membrane permeabiliza-
tion [22]. Next, Western blotting (Fig. 3J, Fig. S2E, G) and 
qPCR (Fig. 3K, L) results revealed that Ox upregulated BOK 
expression in HK-2 cells and HEK-293 cells and that overex-
pression of FKBP5 further enhanced BOK upregulation. In 
contrast, knockdown of FKBP5 inhibited BOK upregulation. 
To continue investigating whether BOK plays an essential 
role in the effects of FKBP5 deficiency on proliferation and 
apoptosis in CaOx kidney stone models, we overexpressed 
BOK in HK-2 and HEK-293 cells. CCK-8 (Fig. S2F, H) and 
EdU staining (Fig. 3M–P) showed that BOK overexpres-
sion reversed the cell viability and proliferation enhanced 
by FKBP5 deficiency. TUNEL staining (Fig. 3Q, R) showed 
that overexpression of BOK reversed the apoptosis inhibited 
by FKBP5 deficiency. These data suggest that FKBP5 defi-
ciency protects against Ox-mediated apoptosis in RTEC and 
promotes their proliferation. Moreover, this protective effect 
is exerted through inhibition of BOK expression.

FKBP5 deficiency in RTEC inhibits macrophage 
chemotaxis and M1 polarization

Gene Ontology (GO) analysis revealed that FKBP5 defi-
ciency in RTEC is closely related to the regulation of 
cytokine biosynthetic process, cytokine biosynthetic pro-
cesses, cytokine metabolic process, regulation of multi-
cellular organismal process, chemotaxis, and multicellular 
organismal process (Fig. 4A). It is well known that mac-
rophages act as essential actors in forming CaOx kidney 
stones. Kidney stones are associated with the presence of 
M1 macrophages (pro-inflammatory) and the suppression 
of M2 macrophages (anti-inflammatory) [23]. Therefore, we 
hypothesized that FKBP5 deficiency in RTEC would affect 
macrophage behavior through cytokines or chemokines. We 
intervened in THP-1-induced M0 macrophages using CM of 
RTEC and assayed the chemotaxis and polarization status 
of macrophages. The qPCR results showed that the CM of 
HK-2 cells (Fig. 4B) and HEK-293 cells (Fig. 4C) after Ox 
treatment significantly promoted the expression of markers 
of M1 polarization (CD86, TNF-α, and IL-12) and inhib-
ited the expression of markers of M2 polarization (CD206, 
IL-10, and CD163) in macrophages. Moreover, FKBP5 
overexpression in HK-2 cells and HEK-293 cells enhanced 
M1 polarization, while FKBP5 knockdown reversed M1 
polarization. Similarly, dual immunofluorescence (Fig. 4D, 
Fig. S3A) results of CD68 and CD86 confirmed this effect. 
Next, the macrophage chemotaxis assay results indicated 

that the CM of HK-2 cells (Fig. 4E, Fig. S3C) and HEK-293 
cells (Fig. S3B, D) after Ox treatment significantly promoted 
macrophage chemotaxis. Moreover, FKBP5 overexpression 
in HK-2 cells and HEK-293 cells further enhanced mac-
rophage chemotaxis, whereas FKBP5 knockdown inhibited 
macrophage chemotaxis. We next investigated what factors 
in CM mediate the exchange of FKBP5 deficiency in RTEC 
with the polarization and chemotaxis of macrophages. We 
display the functionally annotated differentially expressed 
genes enriched in GO analysis highlighted in red in the 
heatmap (Fig. 4F). Among the chemokines were CXCL13, 
CXCL10, CXCL17, and CXCL8, which were then vali-
dated using qPCR, which showed that CXCL10 was the 
chemokine with the most pronounced expression difference 
after FKBP5 knockdown in HK-2 cells (Fig. 4G) and HEK-
293 cells (Fig. 4H). Next, ELISA results showed that Ox 
increased CXCL10 levels in the CM of HK-2 cells (Fig. 4I) 
and HEK-293 cells (Fig. 4J) and that FKBP5 overexpression 
further increased CXCL10 levels, while FKBP5 knockdown 
did the opposite. CXCR3 is a receptor for CXCL10 [24]. 
Western blotting showed that CM of HK-2 cells (Fig. 4K, 
Fig. S3E) and HEK-293 cells (Fig. 4K, Fig. S3F) after Ox 
treatment promoted CXCR3 expression in macrophages and 
that FKBP5 knockdown in HK-2 cells and HEK-293 cells 
inhibited this promotion. Then, to further verify the effect 
of CXCL10, additional CXCL10 was added to the CM, 
and the polarization and chemotaxis status of macrophages 
were examined. qPCR (Fig. 4L, M) and immunofluores-
cence (Fig. 4N, O) showed that CXCL10 addition reversed 
M1 polarization inhibited by FKBP5 deficiency in RTEC. 
Macrophage chemotaxis assay results (Fig. 4P, Fig. S3G, H) 
showed that CXCL10 addition reversed chemotaxis inhib-
ited by FKBP5 deficiency in RTEC. The above data confirm 
that FKBP5 deficiency in RTEC downregulates CXCL10 
expression, which inhibits M1 polarization and chemotaxis 
of macrophages.

The obstruction of NF‑κB signaling is crucial 
for the inhibition of cell–crystal adhesion, 
apoptosis, and macrophage M1 polarization 
and chemotaxis by FKBP5 deficiency in RTEC

It has been reported that FKBP5 is an essential regulator 
of NF-κB signaling [5]. Thus, to investigate the signaling 
pathway through which FKBP5 exerts the above effect, we 
measured the activation of NF-κB signaling in HK-2 cells 
and HEK-293 cells. Western blotting (Fig. 5A, B) showed 
that FKBP5 overexpression enhanced P65 phosphorylation 
in HK-2 cells and HKK-293 cells, whereas FKBP5 knock-
down inhibited P65 phosphorylation. Next, NF-κB activator 
1 was used as an activator of NF-κB signaling to further 
detect cell proliferation, apoptosis, cell–crystal adhesion 
of RTEC, and polarization status of macrophages. CCK-8 
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results (Fig. 5C) and EdU staining (Fig. 5D–F) showed that 
NF-κB activator 1 reversed the proliferation capacity pro-
motion mediated by FKBP5 deficiency in HK-2 cells and 
HEK-293 cells. TUNEL staining (Fig. 5G, H) showed that 
NF-κB activator 1 reversed the apoptosis inhibition mediated 
by FKBP5 deficiency in HK-2 cells and HEK-293 cells. The 
results of the cell adhesion capacity assay (Fig. 5I) and crys-
tal adhesion assay (Fig. 5J, K) showed that NF-κB activator 
1 reversed the cell adhesion capacity and cell–crystal adhe-
sion inhibition mediated by FKBP5 deficiency in HK-2 cells 
and HEK-293 cells. Moreover, the qPCR results (Fig. 5L, M) 
and double immunofluorescence assay (Fig. 5N, O) results 
showed that NF-κB activator 1 reversed the M1 polariza-
tion of macrophages inhibited by FKBP5 deficiency in HK-2 
cells and HEK-293 cells. The macrophage chemotaxis assay 
results (Fig. 5P, Q) showed that NF-κB activator 1 reversed 
macrophage chemotaxis inhibited by FKBP5 deficiency in 
HK-2 cells and HEK-293 cells. Then, we further validated 
the changes in CDH4, BOK, and CXCL10, which are critical 
targets of FKBP5 deficiency. It was found that NF-κB activa-
tor 1 reversed the expression of CXCL10 (Fig. 5R), BOK 
(Fig. 5S, T), and CDH4 (Fig. 5S, U), which were downregu-
lated by FKBP5 deficiency in HK-2 cells and HEK-293 cells. 

These experimental results suggest that NF-κB signaling is 
probably critical for the inhibition of cell–crystal adhesion, 
apoptosis, macrophage M1 polarization, and chemotaxis 
caused by FKBP5 deficiency in RTEC.

FKBP5 deficiency in RTEC inhibits the activation 
of JAK2/STAT1 signaling in macrophages

Subsequently, we attempted to explain what signaling path-
ways in macrophages are affected by FKBP5 deficiency 
in RTEC that influence macrophage behavior. Previously, 
we found that RTEC-derived CXCL10 is critical for mac-
rophage polarization. CXCL10 promotes macrophage M1 
polarization by activating JAK2/STAT1 signaling in mac-
rophages [25]. Therefore, we examined the activation of 
JAK2/STAT1 signaling in macrophages after intervention 
with CM. Western blotting results showed that CM from 
HK-2 cells (Fig. 6A–C) and HEK-293 cells (Fig. 6D–F) 
with Ox and FKBP5 overexpression promoted the phos-
phorylation of JAK2 and STAT1 in macrophages, whereas 
FKBP5 knockdown inhibited the phosphorylation of JAK2 
and STAT1 in macrophages. Next, to confirm whether 
JAK2/STAT1 signaling bridges CXCL10's influence on 
macrophage polarization, we knocked down JAK2 in mac-
rophages and then examined the polarization and chemo-
taxis status of macrophages. The qPCR results (Fig. 6G, 
H) and double immunofluorescence (Fig. 6I) revealed that 
the knockdown of JAK2 in macrophages reversed the M1 
polarization of macrophages promoted by adding CXCL10. 
Moreover, macrophage chemotaxis assay results (Fig. 6J) 
showed that the knockdown of JAK2 in macrophages also 
reversed CXCL10 addition-promoted macrophage chemo-
taxis. These data suggest that FKBP5 deficiency in RTEC 
reduces CXCL10 secretion, which inhibits the activation 
of JAK2/STAT1 signaling in macrophages and ultimately 
inhibits M1 polarization and chemotaxis of macrophages.

FKBP5 deficiency alleviates stone aggregation, 
kidney injury, and inflammatory macrophage 
accumulation in CaOx kidney stone mice

In vivo experimental validation is necessary to clearly 
understand the role and mechanism of FKBP5 in CaOx kid-
ney stones. Therefore, we established CaOx kidney stone 
mice with Gly and then inhibited FKBP5 expression in the 
kidneys of the mice with AAV-sh-FKBP5. The results of 
Von Kossa staining (Fig. 7A, C) and PAS staining (Fig. 7B, 
D) showed that Gly significantly increased stone aggrega-
tion and tubular injury in the kidneys of mice, respectively. 
In contrast, FKBP5 deficiency alleviated stone aggregation 
and tubular injury. CRE and BUN, urinary KIM-1 are com-
mon indicators of kidney injury [26, 27]. Thus, as shown 
in Fig. 7E–G, FKBP5 deficiency significantly alleviated 

Fig. 4  FKBP5 deficiency in RTEC inhibits macrophage chemotaxis 
and M1 polarization. A GO bubble diagram showing the functional 
annotations of the differentially expressed genes in Fig.  2A. B, C 
qPCR assay of mRNA expression of M1 macrophage markers (CD86, 
IL-6, IL-12) and M2 macrophage markers (CD206, IL-10, CD163) 
relative to β-actin in macrophages after intervention with CM in 
HK-2 cells (B) or HEK-293 cells (C). D Representative images of 
dual immunofluorescence detection of CD68 (red) and CD86 (green) 
expression in macrophages after intervention with CM in HK-2 cells. 
E Representative images of chemotaxis assays detecting macrophages 
after intervention with CM from HK-2 cells. F Heatmap showing the 
differentially expressed genes enriched in A for regulation of cytokine 
biosynthetic process, cytokine biosynthetic process, cytokine meta-
bolic process, regulation of the multicellular organismal process, 
chemotaxis, and multicellular organismal process. G, H qPCR show-
ing the mRNA expression of CXCL13, CXCL10, CXCL17, and 
CXCL8 relative to β-actin in HK-2 cells (G) and HEK-293 cells 
(H). I, J ELISA assays for the CXCL10 in CM of HK-2 cells (I) and 
HEK-293 cells (J). K Western blot images of CXCR3 protein expres-
sion in macrophages subjected to intervention with CM in HK-2 cells 
and HEK-293 cells. L, M qPCR assay of mRNA expression of M1 
macrophage markers (CD86, IL-6, IL-12) and M2 macrophage mark-
ers (CD206, IL-10, CD163) relative to β-actin in macrophages after 
intervention with CM in HK-2 cells (L) or HEK-293 cells (M). N, 
O Representative images of dual immunofluorescence detection 
of CD68 (red) and CD86 (green) expression in macrophages after 
intervention with CM in HK-2 cells (N) and HEK-293 cells (O). P 
Representative images of chemotaxis assays detecting macrophages 
after intervention with CM from HK-2 cells and HEK-293 cells. NC 
normal control, CM conditioned medium from HK-2 cells or HEK-
293 cells without Ox, SN supernatant of Ox, Ox –CM conditioned 
medium from HK-2 cells or HEK-293 cells with Ox. All data are 
expressed as mean ± SEM. Each data point of cellular experiments in 
A–P represents one independent experiment. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001
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kidney injury caused by Gly in mice. Moreover, TUNEL 
staining (Fig. 7H, Fig. S4A) also showed that FKBP5 defi-
ciency significantly reduced Gly-induced apoptosis in RTEC 
of mice. Ki67 is a classical indicator of cell proliferative 
capacity [28]. The immunohistochemistry (Fig. 7I, Fig. S4B) 
results for Ki67 showed that FKBP5 deficiency significantly 
increased the proliferative capacity of RTEC in CaOx kidney 
stone mice. It has been reported that NF-κB signaling is 
activated considerably in RTEC of Gly-induced CaOx kid-
ney stones [29]. Combined with the results of our in vitro 
experiments, this finding indicates that NF-κB signaling is 
an essential mediator of the action of FKBP5. As shown in 
Fig. 7J, Fig. S4C, Gly significantly increased the expression 
of p-P65 in RTEC of mouse, and FKBP5 deficiency signifi-
cantly reversed the expression of p-P65. To further verify the 
mechanism of FKBP5, we further examined the expression 
of BOK, CDH4, and CXCL10 in the RTEC of mice kidneys. 
Immunofluorescence, qPCR, and ELISA results showed that 
FKBP5 deficiency significantly reduced Gly-induced pro-
tein and mRNA expression of BOK (Fig. 7K, M, Fig. S4F), 
CDH4 (Fig. 7L, N, Fig. S4E) and CXCL10 (Fig. 7O, Fig. 
S4D) in RTEC. F4/80 is a common macrophage marker in 
mice [30]. The double immunofluorescence results (Fig. 7P) 
indicated that FKBP5 deficiency significantly reduced Gly-
induced inflammatory macrophage infiltration in mouse kid-
neys. The above results reaffirm the role and mechanism of 
FKBP5 in CaOx kidney stones. FKBP5 deficiency attenuates 

Gly-induced stone aggregation, kidney injury, and inflamma-
tory macrophage infiltration in mouse kidneys.

Activation of NF‑κB signaling could hamper 
the therapeutic effect of FKBP5 deficiency on CaOx 
kidney stones

To further verify that FKBP5 exerts its action by modulating 
NF-κB signaling, we performed reversal experiments using 
NF-κB signaling agonists. Von Kossa staining (Fig. 8A, 
B) showed that NF-κB activator 1 significantly reversed 
the reduction in stone aggregation in the kidneys of mice 
caused by FKBP5 deficiency. The results of CRE (Fig. 8C), 
BUN (Fig. 8D), and KIM-1 (Fig. S5A) analyses showed 
that NF-κB activator 1 significantly reversed the protective 
effect of FKBP5 deficiency against kidney injury in mice. 
Moreover, the results of TUNEL staining (Fig. 8E, Fig. 
S5B) showed that NF-κB activator 1 significantly reversed 
the inhibitory effect of FKBP5 deficiency on apoptosis. 
Immunohistochemical (Fig. 8F, Fig. S5C) assays showed 
that NF-κB activator 1 significantly reduced the number 
of Ki67-positive cells. These data suggest that inhibiting 
NF-κB signaling mediates the protective effect of FKBP5 
deficiency on CaOx kidney stone mice.

Discussion

Although the prevalence and recurrence rates of kidney 
stones are surprisingly high, kidney stones are not taken as 
seriously as they should be. Most patients experience kidney 
stones as renal colic caused by stones becoming lodged in 
the ureter. However, it is dangerous to take the complications 
of kidney stones lightly, as stones can cause irreversible kid-
ney damage. The mechanism of renal injury in CaOx kidney 
stones remains elusive, and FKBP5 is a possible causative 
factor or predictor of renal injury [5, 8]. Here, we found 
enrichment of FKBP5 in CaOx kidney stones. FKBP5 defi-
ciency attenuated cell adhesion and cell–crystal adhesion 
of RTEC by inhibiting NF-κB/CDH4 signaling, reduced 
apoptosis of RTEC by inhibiting NF-κB/BOK signaling and 
suppressed M1 polarization and infiltration of macrophages 
by inhibiting NF-κB/CXCL10 signaling. We also found that 
FKBP5 deficiency prevented Gly-induced stone aggregation 
and kidney injury in the kidneys of mice.

Upregulation of FKBP5 is associated with nerve injury, 
acute kidney injury, diabetes, and other inflammation-related 
diseases [8, 31, 32]. Interestingly, by examining in vitro and 
in vivo models of CaOx kidney stones, we found that FKBP5 
was highly enriched in RTEC of CaOx kidney stones and 
positively correlated with the degree of stone aggregation 
in the mouse kidneys.

Fig. 5  The obstruction of NF-κB signaling is crucial for the inhibi-
tion of cell–crystal adhesion, apoptosis, macrophage M1 polarization, 
and chemotaxis caused by FKBP5 deficiency in RTEC. A, B Western 
blot images (A) and quantitative plots (B) of P65 and p-P65 protein 
expression relative to β-actin expression in HK-2 cells and HEK-293 
cells. C CCK-8 assay for cell viability of HK-2 cells and HEK-293 
cells. D–F Representative images (D, E) and quantitative plots (F) 
of EdU staining to detect the proliferative capacity of HK-2 cells and 
HEK-293 cells. G, H Representative images (G) and quantitative 
plots (H) of the extent of apoptosis detected in HK-2 cells and HEK-
293 cells by TUNEL staining. I The cell adhesion ability of HK-2 
cells and HEK-293 cells. J, K Representative images (J) and quanti-
tative plots (K) of cell–crystal adhesion of HK-2 cells and HEK-293 
cells. L, M qPCR assay of mRNA expression of M1 macrophage 
markers (CD86, IL-6, IL-12) and M2 macrophage markers (CD206, 
IL-10, CD163) relative to β-actin in macrophages after intervention 
with CM in HK-2 cells (L) or HEK-293 cells (M). N, O Representa-
tive images of dual immunofluorescence detection of CD68 (red) 
and CD86 (green) expression in macrophages after intervention with 
CM in HK-2 cells (N) and HEK-293 cells (O). P, Q Representative 
images (P) and quantitative plots (Q) of chemotaxis assays detecting 
macrophages chemotaxis after intervention with CM from HK-2 cells 
and HEK-293 cells. R ELISA assays for CXCL10 in the CM of HK-2 
cells and HEK-293 cells. S–U Western blot images (S) and quantita-
tive plots (T, U) of BOK and CDH4 relative to β-actin in HK-2 cells 
and HEK-293 cells. All data are expressed as mean ± SEM. Each data 
point of cellular experiments A–U represents one independent experi-
ment. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, ns 
not significant
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Fig. 6  FKBP5 deficiency in 
RTEC inhibits the activation of 
JAK2/STAT1 signaling in mac-
rophages. A–C Western blotting 
images (A) and quantitative 
plots (B, C) of JAK2, p-JAK2, 
STAT1, and p-STAT1 protein 
expression relative to β-actin 
expression in macrophages 
subjected to intervention with 
CM in HK-2 cells. D–F Western 
blotting images (D) and quan-
titative plots (E, F) of JAK2, 
p-JAK2, STAT1, and p-STAT1 
protein expression relative to 
β-actin expression in mac-
rophages subjected to interven-
tion with CM in HEK-293 cells. 
G, H qPCR assay of mRNA 
expression of M1 macrophage 
markers (CD86, IL-6, IL-12) 
and M2 macrophage markers 
(CD206, IL-10, CD163) relative 
to β-actin in macrophages after 
intervention with CM in HK-2 
cells (G) or HEK-293 cells (H). 
I Representative images of dual 
immunofluorescence detec-
tion of CD68 (red) and CD86 
(green) expression in mac-
rophages after intervention with 
CM in HK-2 cells and HEK-293 
cells. J Representative images 
of chemotaxis assays detecting 
macrophages after intervention 
with CM from HK-2 cells and 
HEK-293 cells. All data are 
expressed as mean ± SEM. Each 
data point of cellular experi-
ments A–J represents one inde-
pendent experiment. *P < 0.05, 
**P < 0.01, ***P < 0.001 and 
****P < 0.0001
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In this report, transcriptome sequencing analysis revealed 
that FKBP5 knockdown resulted in differential expression of 
genes enriched in the cell adhesion molecule pathway. It has 
been indicated that cell–crystal adhesion plays an essential 
role in the overall pathology of CaOx kidney stones [20, 33]. 
We found that FKBP5 deficiency attenuated cell adhesion 
capacity and cell–crystal adhesion. Additionally, downregu-
lation of CDH4 was critical for FKBP5 deficiency to exert 
this effect. This is similar to the findings of previous studies 
[19, 34], in which the levels of CDH4, a classic cell adhe-
sion molecule, were found to be significantly increased in 
the urine of patients with CaOx kidney stones.

It is well known that renal tubular epithelial cell apopto-
sis is involved in the pathogenesis of CaOx kidney stones 
[35]. Here, we found that FKBP5 deficiency attenuated 
Ox-induced apoptosis and enhanced cell proliferation via 
transcriptome sequencing and cell survival assays. We also 
found that BOK is critical for FKBP5 deficiency to inhibit 
apoptosis. It was downregulated with the knockdown of 
FKBP5. BOK has been reported to be an essential apoptosis-
inducing molecule [22].

Given the vital role of macrophage polarization, CaOx 
kidney stones might be considered an immune-related dis-
ease [23]. In this study, we found that FKBP5 deficiency was 
highly associated with cytokine production and multicellular 
communication. We then examined the role of FKBP5 in the 
communication between RTEC and macrophage polariza-
tion. CXCL10 is a chemokine associated with M1 polariza-
tion and chemotaxis of macrophages [36]. We found that 
FKBP5 deficiency could inhibit macrophage M1 polariza-
tion and chemotaxis by downregulating CXCL10 expres-
sion. We verified that downregulation of CXCL10 inhibited 
macrophage polarization by inhibiting JAK2/STAT1 sign-
aling through JAK2 knockdown and reversal experiments 

Fig. 7  FKBP5 deficiency alleviates stone aggregation, kidney injury, 
and inflammatory macrophage accumulation in CaOx kidney stone 
mice. A, C Representative images (A) and quantitative plots (C) of 
Von Kossa staining showing calcium salt aggregation in mouse kid-
neys. B, D Representative images (B) and quantitative plots (D) of 
PAS staining showing renal tubular injury in mouse kidneys. E, F 
The contents of BUN (E) and CRE (F) in the serum of each group of 
mice. G Quantitative plots for the detection of KIM-1 in mouse urine 
by ELISA. H Representative images of TUNEL staining to detect 
tubular epithelial cell apoptosis in mouse kidneys. I, J Representative 
images of immunohistochemistry to detect the protein expression of 
Ki67 (I) and p-P65 (J) in mouse kidneys. K, L Representative immu-
nofluorescence images to detect BOK (K) and CDH4 (L) expression 
in mouse kidneys. M–O Quantitative plots of BOK (M), CDH4 (N), 
and CXCL10 (O) mRNA expression relative to β-actin expression in 
mouse kidneys by as determined qPCR. P Representative images of 
double immunofluorescence showing the expression of F4/80 (red) 
and CD86 (green) in the mouse kidneys. All data are expressed as 
mean ± SEM. Each data point of animal experiments A–P Represents 
one mouse. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, 
ns not significant
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in macrophages. This is consistent with the findings of a 
previous study [25]. Here, we used only JAK2 knockdown 
to inhibit the activation of JAK2/STAT1 signaling, so we 
cannot exclude other STATs, and specific JAK2/STAT1 
signaling inhibitors may be needed for further confirmation.

It has been confirmed that NF-κB signaling is a vital 
pathway for FKBP5 to function [10]. And NF-κB sign-
aling is an essential inflammatory signal for CaOx kid-
ney stones [37]. Here, Western blotting confirmed that 

phosphorylation of P65 was significantly increased by 
FKBP5 overexpression, whereas FKBP5 knockdown 
inhibited P65 phosphorylation. P65 is one of the critical 
components of NF-κB signaling [38]. We also re-examined 
cell adhesion, cell–crystal adhesion, cell proliferation, 
apoptosis, and macrophage polarization. We found that 
NF-κB signaling is crucial for the role of FKBP5 in CaOx 
kidney stones, confirming our initial speculation.

Fig. 8  Activation of NF-κB signaling could hamper the therapeu-
tic effect of FKBP5 deficiency on CaOx kidney stones. A, B Repre-
sentative images (A) and quantitative plots (B) of Von Kossa staining 
showing calcium salt aggregation in mouse kidneys. C, D Levels of 
CRE (C) and BUN (D) in serum in each group of mice. E Repre-
sentative images of TUNEL staining to detect tubular epithelial cell 

apoptosis in mouse kidneys. F Representative images of immunohis-
tochemistry to detect the protein expression of Ki67 in the mouse kid-
neys. All data are expressed as mean ± SEM. Each data point of ani-
mal experiments A–F represents one mouse. *P < 0.05, **P < 0.01, 
***P < 0.001, ns not significant



FKBP5 deficiency attenuates calcium oxalate kidney stone formation by suppressing cell–crystal…

1 3

Page 17 of 18   301 

Finally, in vivo results further confirmed that FKBP5 
deficiency in the kidney attenuated Gly-induced kidney 
stone aggregation and kidney injury in mice. Moreover, acti-
vators of NF-κB signaling were able to reverse the therapeu-
tic effects of FKBP5 deficiency on stone and kidney injury. 
Unfortunately, since the FKBP5 deficiency and NF-κB acti-
vation in mice were not targeted to RTEC, other cells in the 
kidney (including macrophages) were also affected. There-
fore, this study did not entirely exclude a potential effect 
caused by FKBP5 deficiency or NF-κB signaling agonism 
in macrophages or other cells.

Conclusion

We demonstrate, for the first time, that FKBP5 deficiency in 
RTEC can treat stone aggregation and kidney injury in CaOx 
kidney stones. This therapeutic effect is exerted by inhibition 
of NF-κB signaling and downregulation of the expression of 
CDH4, BOK, and CXCL10, which attenuates the adhesion 
of RTEC to crystals, reduces apoptosis of RTEC, promotes 
the proliferation of RTEC and inhibits M1 polarization and 
chemotaxis of macrophages. Based on our findings, FKBP5 
may be a promising target for treating or diagnosing CaOx 
kidney stones.
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