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a b s t r a c t

Oxalate is an organic dicarboxylic acid that is a common component of plant foods. The kidneys are
essential organs for oxalate excretion, but excessive oxalates may induce kidney stones. Jupiter micro-
tubule associated homolog 2 (JPT2) is a critical molecule in Ca2þ mobilization, and its intrinsic mecha-
nism in oxalate exposure and kidney stones remains unclear. This study aimed to reveal the mechanism
of JPT2 in oxalate exposure and kidney stones. Genetic approaches were used to control JPT2 expression
in cells and mice, and the JPT2 mechanism of action was analyzed using transcriptomics and untargeted
metabolomics. The results showed that oxalate exposure triggered the upregulation of JPT2, which is
involved in nicotinic acid adenine dinucleotide phosphate (NAADP)-mediated Ca2þ mobilization. Tran-
scriptomic analysis revealed that cell adhesion and macrophage inflammatory polarization were
inhibited by JPT2 knockdown, and these were dominated by phosphatidylinositol 3-kinase (PI3K)/AKT
signaling, respectively. Untargeted metabolomics indicated that JPT2 knockdown inhibited the produc-
tion of succinic acid semialdehyde (SSA) in macrophages. Furthermore, JPT2 deficiency in mice inhibited
kidney stones mineralization. In conclusion, this study demonstrates that oxalate exposure facilitates
kidney stones by promoting crystal-cell adhesion, and modulating macrophage metabolism and in-
flammatory polarization via JPT2/PI3K/AKT signaling.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oxalate is present in a wide range of plant foods (fruits, vege-
tables, nuts, legumes, etc.), which makes it difficult for humans to
avoid exposure to oxalate [1]. Oxalate has a positive role in indus-
trial production and is often used as a raw material for certain
drugs, bleach, detergents, plastics, etc. [2e4]. However, in the hu-
man body, supraphysiologic concentrations of oxalate are usually
considered a harmful substance [1]. The vast majority of oxalate
absorbed into the bloodstream from the diet or produced endog-
enously is excreted by the kidneys [5,6]. Excess oxalate leads to
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hyperoxaluria, which increases the risk of calcium oxalate kidney
stones [6].

Kidney stones are a globally prevalent urological disease. The
high incidence, high recurrence rate, and high percentage of hos-
pitalization structure of kidney stones contribute to a severe health
insurance burden [7,8]. Kidney stones have significant regional
specificity and environmental relevance. It has been reported that
areas with higher concentrations of oxalate in the soil and drinking
water environment tend to have a higher incidence of kidney
stones [9]. However, the mechanism of oxalate and kidney stones
mineralization is still not fully elucidated.

Jupiter microtubule-associated homolog 2 (JPT2) has recently
been identified as a binding protein for nicotinic acid adenine
dinucleotide phosphate (NAADP) [10]. NAADP is currently the most
effective second messenger for endogenous Ca2þ mobilization.
Upon specific stimulation, cells rapidly produce NAADP and upre-
gulate JPT2 expression, which together form a functional complex,
ultimately triggering Ca2þ release [11,12].
University. This is an open access article under the CC BY-NC-ND license (http://
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Ca2þ is a widespread and vital intracellular signal regulating
various physiological and pathological cell processes [13]. Evidence
suggests that Pb2þ-induced Ca2þ release is an important factor in
initiating calcium oxalate crystal formation and nucleation [14].
However, the function of JPT2, a critical factor for endogenous Ca2þ

mobilization, in oxalate and kidney stones mineralization is
unclear.

It reports new findings that oxalate exposure is involved in the
mechanism of kidney stones mineralization through activation of
the JPT2/phosphatidylinositol 3-kinase (PI3K)/AKT signaling. These
findings are vitally important for enriching the mechanism of
kidney stones mineralization and exploring drug targets for kidney
stones therapy.

2. Materials and methods

The Materials and Methods section is described in the
Supplementary Materials [1,15e20].

3. Results

3.1. Oxalate increases the abundance of JPT2 expression in renal
tubular epithelial cells (RTEC) and mice kidneys

First, we sought to determine the expression pattern of JPT2 in
response to oxalate exposure. We examined Ca2þ levels in the
glyoxylate (Gly)-constructed in vivo kidney stones model and the
oxalate-constructed in vitro kidney stones model. Von kossa
staining showed the successful establishment of the kidney stones
model induced by Gly (Fig. 1A). Subsequently, it was found that
Ca2þ concentrationwas significantly increased in the in vitro kidney
stones model constructed with Gly (Fig. 1B), and the in vivo kidney
stones model constructed with oxalate Fig. S1A, B(Figs. 1C and D
and Fig. S1A and B). There was a positive correlation (Fig. 1E) be-
tween calcium oxalate deposition and the degree of Ca2þ accu-
mulation in the kidneys. Then, the results of enzyme-linked
immunosorbent assay (ELISA) found that the content of NAADPwas
significantly increased in the in vitro kidney stones model con-
structed with Gly (Fig. 1F) and the in vivo kidney stones model
constructed with oxalate Fig. S1C(Figs. 1G and S1C). Pearson cor-
relation analysis found a positive correlation between NAADP and
Ca2þ concentration in the kidney stones model (Figs. 1H, 1I and
S1D). The currently identified NAADP binding proteins are JPT2 and
like-Sm protein 12 (LSM12) [12]. Therefore, to confirm the binding
proteins in which NAADP exerts Ca2þ mobilization in kidney stone
formation, we examined the expression of JPT2 and LSM12. As
shown in (Fig. 1J, 1K and S1E), the expression of JPT2 was signifi-
cantly increased in the kidney stones models, and the expression of
JPT2 peaked after 24 h, while the expression of LSM12 was not
significantly different. Immediately after, to further determine
whether the upregulation of JPT2 was triggered by NAADP, we
downregulated NAADP and observed JPT2 expression. CD38, dual
oxidase 1 (DUOX1), and dual oxidase 2 (DUOX2) are common
NAADP synthases [21,22]. Thus, we examined the expression of
DUOX1, DUOX2, and CD38 in kidney stones. The results showed
that both protein (Figs. 1L, 1M and S1F) and mRNA Fig. S1G, H(Figs.
S1G and H) expression of DUOX1 and CD38 were significantly
upregulated in kidney stones, whereas no significant changes were
observed in DUOX2. Compound 78c [23] and diphenyleneiodonium
chloride [24] are potent inhibitors of CD38 and DUOX1, respec-
tively. The results of ELISA revealed that compound 78c signifi-
cantly inhibited the expression of NAADP in kidney stones, whereas
diphenyleneiodonium chloride had no significant effect (Fig. S1I
and J). Hence, compound 78c was used to hinder the production of
NAADP. As shown in (Figs. 1NeP, and S1K and L), inhibition of
2

NAADP production significantly restricts the accumulation of Ca2þ

in the kidney stones models. Also, the expression of JPT2 was
restricted (Figs. 1Q, 1R and S1M). These data suggested that oxalate
exposure stimulated an increase in NAADP and upregulated JPT2
expression, which triggered Ca2þ mobilization within RTEC, which
may be involved in the pathological process of kidney stones
formation.

3.2. JPT2 promotes crystal-cell adhesion caused by oxalate exposure

To determine whether JPT2 has an important function in oxalate
exposure on kidney stones mineralization. First, we have generated
the JPT2 knockdown in HK-2 cells by short hairpin (sh) -JPT2
lentivirus (Fig. S2A). Immediately after, RNA-seq was used to
analyze the differential genes expression and functional enrich-
ment following JPT2 knockdown in HK-2 cells under oxalate
intervention. As shown in (Fig. 2A), significant differential genes
were screened for |log2 fold change (FC)| � 1 and false discovery
rate (FDR) � 0.05. 719 genes were down-regulated, and 839 genes
were up-regulated in the oxalate (Ox)þ sh-JPT2 group compared to
the Ox þ control (Ctrl)-sh group. The results of gene ontology (GO)
analysis (Fig. 2B) observed that the biological processes of cell
adhesion and biological adhesion were significantly enriched.
Therefore, in order to estimate the position of JPT2 in crystal-cell
adhesion, we performed the knockdown and overexpression of
JPT2 in HK-2 and HEK-293 cells (Figs. S2BeD). The results of cell
adhesion capacity (Figs. 2C and D) and crystal adhesion assay (Figs.
2EeG) showed that overexpression of JPT2 enhanced the adhesion
capacity of cells, but knockdown of JPT2 had the opposite effect.
Subsequently, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis (Fig. 2H) showed that cell adhesion
molecules were significantly enriched. Next, it was revealed that
vascular cell adhesion molecule 1 (VCAM1) was the most signifi-
cant differential gene in cell adhesion molecules (Fig. 2I). VCAM1 is
a vital cell adhesion molecule involved in cell-cell or extracellular
matrix adhesion and interactions [25,26]. Therefore, we examined
the expression of VCAM1 in the kidney stones model. As shown in
(Figs. 2JeN), The mRNA and protein expression of VCAM1 in HK-2
cells and HEK-293 cells was upregulated by oxalate intervention.
JPT2 overexpression exacerbated the mRNA and protein expression
of VCAM1, whereas JPT2 knockdown attenuated the expression of
VCAM1. Next, to verify whether the crystal adhesion effect of JPT2
was through VCAM1, we overexpressed VCAM1 on HK-2 and HEK-
293 cells (Figs. S2E and F). Then, we proceeded to examine the cell
adhesion ability and crystal-cell adhesion. The results of cell
adhesion capacity (Figs. 2O and P) and crystal adhesion assay (Figs.
2QeS) showed that overexpression of VCAM1 reversed the cell
adhesion capacity weakened by the deficiency of JPT2. Thus, these
data suggested that JPT2 promotes crystal-cell adhesion resulting
from oxalate exposure and that VCAM1 may be necessary for this.

3.3. JPT2 promotes oxalate-induced macrophage chemotaxis and
inflammatory polarization

The exchange of inflammatory signals betweenmacrophages, as
immune cells of the body, and RTEC is an essential connection in
the pathogenesis of kidney stones [27]. To further investigate the
effect of JPT2 on communication between RTEC and macrophages,
the conditioned medium (CM) for RTEC was used to intervene with
M0 macrophages induced by phorbol-12-myristate-13-acetate
(PMA) (Fig. 3A). The results of the macrophage chemotaxis assay
(Figs. 3B and C, and S3A and B) showed that the CM derived from
HK-2 and HEK-293 cells after oxalate intervention enhanced
macrophage chemotaxis. Moreover, JPT2 overexpression further
enhanced macrophage chemotaxis, while JPT2 knockdown



Fig. 1. Oxalate exposure increases the abundance of Jupiter microtubule-associated homolog 2 (JPT2) expression in renal tubular epithelial cells (RTEC) and mice kidneys. (A) The
images and quantification of von kossa staining showing calcium oxalate deposition in the kidneys of mice. (B, C) Quantification of Ca2þ concentration in mice kidneys (B) and HK-2
cells (C). (D) Representative images of Ca2þ fluorescence in oxalate interfered HK-2 cells at specified times by Fluo-3AM. (E) Pearson correlation analysis revealed the correlation
between calcium salt deposition and Ca2þ concentration in the kidney. (F, G) Quantification of nicotinic acid adenine dinucleotide phosphate (NAADP) concentration in mice kidneys
(F) and HK-2 cells (G). (H, I) Correlation analysis of NAADP and Ca2þ concentrations in mice kidneys (H) and HK-2 cells (I). (J, K) Representative immunoblots and relative
quantification of JPT2 and like-Sm protein 12 (LSM12) protein expression in mice kidneys (J) and HK-2 cells (K) normalized to b-actin. (L, M) Representative immunoblots and
relative quantification of dual oxidase 1 (DUOX1), dual oxidase 2 (DUOX2), and CD38 protein expression in mice kidneys (L) and HK-2 cells (M) normalized to b-actin. (N , O)
Quantification of Ca2þ concentration in the mice kidneys (N) and HK-2 cells (O) treated with compound 78c. (P) Representative images of Ca2þ fluorescence in HK-2 cells treated
with compound 78c. (Q, R) Representative immunoblots and relative quantification of JPT2 protein expression in the mice kidneys (Q) and HK-2 cells (R) treated with compound 78c
normalized to b-actin. The data are shown as mean ± standard error of the mean (SEM). Each data point for in vivo experiments represents a mouse, n ¼ 8. The data for in vitro
experiments are from three or four separate experiments, with each data point representing a separate experiment. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns: not
significant (versus 0-h group in K and M). Gly: glyoxylate; Ox: oxalate; NC: normal control.
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inhibited chemotaxis. In general, macrophages could polarize into
classically (M1) or alternatively (M2) activated cells [28]. Kidney
stones are associated with M1 macrophages (pro-inflammatory)
and the downregulation of M2 macrophages (anti-inflammatory)
[27]. The results of qPCR (Figs. 3D and E) showed that the CM
derived from HK-2 or HEK-293 cells after oxalate intervention
3

upregulated the expression of M1 macrophage markers (CD86,
interleukin (IL)-6, and IL-12) and downregulated the expression of
M2 macrophage markers (CD206, IL-10, and CD163). Moreover,
JPT2 overexpression further enhanced M1 macrophage polariza-
tion, while JPT2 knockdown inhibitedM1macrophage polarization.
The results of CD86 and CD68 dual fluorescence (Figs. 3F and S3C)



Fig. 2. Jupiter microtubule-associated homolog 2 (JPT2) promotes crystal-cell adhesion caused by oxalate exposure. (A) The volcano plot showing the differentially expressed genes
in HK-2 cells of JPT2 knockdown and control after 24 h of oxalate treatment. (B) The gene ontology (GO) bubble diagram showing the functional annotation of the differential gene
enrichment in (A). (C, D) Quantification of cell adhesion capacity assay in HK-2 (C) and HEK-293 cells (D). (EeG) The crystal-cell adhesion images and quantification of HK-2 (E, F)
and HEK-293 cells (E, G). (H) The Kyoto Encyclopedia of Genes and Genomes (KEGG) bar plot displaying the functional annotation of differential gene enrichment in (A). (I) The
heatmap displaying the differential expression of genes enriched in cell adhesion molecules in (H). (J, K) Quantification of mRNA expression of vascular cell adhesion molecule 1
(VCAM1) in HK-2 (J) and HEK-293 cells (K) normalized to b-actin. (LeN) Representative immunoblots and relative quantification of VCAM1 protein expression in HK-2 (L, M) and
HEK-293 cells (L, N) normalized to b-actin. (O, P) Quantification of cell adhesion capacity after knockdown of VCAM1 in HK-2 (O) and HEK-293 cells (P). (QeS) Images and
quantification of crystal-cell adhesion after knockdown of VCAM1 in HK-2 (Q, R) and HEK-293 cells (Q, S). These data are expressed as mean ± standard error of the mean (SEM). The
data for in vitro experiments are from three or four separate experiments, with each data point representing a separate experiment. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001. Ox: oxalate; Ctrl: control; PI3K: phosphatidylinositol 3-kinase; EV: empty vector.FDR: false discovery rate; FC: fold change.
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Fig. 3. Jupiter microtubule-associated homolog 2 (JPT2) promotes oxalate-induced macrophage chemotaxis and inflammatory polarization. (A) The intervention pattern of mac-
rophages. (B) Images (B) and quantification (C) of macrophage chemotaxis after intervention with conditioned medium (CM) of HK-2 cells. (D, E) The mRNA expression of CD86,
interleukin (IL)-6, IL-12, CD206, IL-10, and CD163 in macrophages after intervention with CM of HK-2 (D) and HEK-293 (E) cells. (F) Immunofluorescence images with CD68 (red)
and CD86 (green) after intervention with CM of HK-2 cells. (G) The heatmap showing the differential expression of genes enriched for functions related to cytokine and chemokine
production. (H) Quantification of CeC motif chemokine ligand 2 (CCL2) mRNA expression after knockdown and overexpression of JPT2 in HK-2 cells. (I) Quantification of CCL2
concentration in CM after knockdown and overexpression of JPT2 in HK-2 cells. (J) Representative immunoblots of CCR2 protein expression in macrophages after intervention with
CM of HK-2 and HEK-293 cells. (K) Relative quantification of CCR2 protein expression in macrophages after intervention with CM of HK-2 cells normalized to b-actin. (L)
Immunofluorescence images with CD68 (red) and CD86 (green) after intervention with CM of HK-2 cells. (M) The mRNA expression of CD86, IL-6, IL-12, CD206, IL-10, and CD163 in
macrophages after intervention with CM of HK-2 cells. (N, O) Images (N) and quantification (O) of macrophage chemotaxis after intervention with CM of HK-2 cells and CCL2. The
data are shown as mean ± standard error of the mean (SEM). The data for in vitro experiments are from three or four separate experiments, with each data point representing a
separate experiment. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. NC: normal control; DAPI: 4',6-diamidino-2-phenylindole.
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confirmed the M1 macrophage polarization. Then, to investigate
the underlying mechanisms of macrophage chemotaxis and M1
polarization, we selected genes from GO enriched in cytokine
production, regulation of cytokine production, cytokine production
involved in immune response, regulation of chemokine production,
and chemokine production. It was then found that CeC motif
chemokine ligand 2 (CCL2) was the most differential chemokine
(Fig. 3G). CCL2 is expressed in various endothelial cells, epithelial
cells, and tumor cells, and acts by vigorously recruiting various
immune cells [29,30]. Additional evidence shows that CCL2
expression is significantly increased in renal papillae and urine in
patients with renal stones compared to non-stone patients [31].
Subsequently, we examined the expression and content of CCL2.
qPCR (Figs. 3H and S3D) and ELISA results (Figs. 3I and S3E) showed
that the expression of CCL2 increased after oxalate intervention,
and JPT2 overexpression increased the expression CCL2. At the
same time, JPT2 knockdown decreased its expression. CCL2 tends to
act through its CCR2 [32]. Thus, we further examined CCR2
expression within macrophages. As shown in (Figs. 3J, 3K and S3F),
the CM derived from HK-2 or HEK-293 cells after oxalate inter-
vention enhanced CCR2 expression in macrophages, and its
expression was further enhanced by JPT2 overexpression and sup-
pressed by JPT2 knockdown. We hypothesized that JPT2 regulates
macrophage chemotaxis and M1 polarization by affecting CCL2
production in RTEC. Thus, the results of dual fluorescence (Figs. 3L
and S3G) and qPCR (Figs. 3M and S3H) showed that adding exog-
enous CCL2 significantly rescued M1 macrophage polarization that
was impaired by JPT2 deficiency in RTEC. As shown in (Figs. 3N, 3O,
S3I, and S3J), adding exogenous CCL2 significantly rescued macro-
phage chemotaxis impaired by JPT2 deficiency in RTEC. These data
suggested that JPT2 promotes macrophage chemotaxis and in-
flammatory polarization by upregulating CCL2 expression in RTEC.
3.4. PI3K/AKT signaling is critical for JPT2 exacerbation of crystal-
cell adhesion and macrophage inflammatory polarization caused by
oxalate exposure

To elucidate the mechanisms by which JPT2 affects VCAM1 and
CCL2 in RTEC, KEGG pathway enrichment analysis was performed
on the differential genes after JPT2 deficiency. As shown in (Fig. 4A),
the PI3K/AKT signaling was significantly enriched. PI3K/AKT
signaling is a pivotal signaling pathway regulating various life ac-
tivities such as cell survival, proliferation, and metabolism [33,34].
There is evidence that activation of PI3K/AKT signaling enhances
the expression of VCAM1 [35] and CCL2 [36]. Western blot results
(Figs. 4BeD) showed PI3K and AKT phosphorylation in HK-2 and
HEK-293 cells, where JPT2 overexpression significantly enhances
their phosphorylation levels, and JPT2 knockdown significantly
inhibits their phosphorylation. Then, 740 Y-P pretreatment was
used to agonize PI3K/AKT signaling in HK-2 and HEK-293 cells. The
results showed that pretreatment with 740 Y-P significantly
rescued the cell adhesion capacity (Figs. 4E and F), cell-crystal
adhesion (Figs. 4GeI), macrophage chemotaxis (Figs. 4JeL), and
M1 macrophage polarization (Figs. 4MeP) that were diminished
Fig. 4. Phosphatidylinositol 3-kinase (PI3K)/AKT signaling is critical for Jupiter microtubul
inflammatory polarization caused by oxalate exposure. (A) The Kyoto Encyclopedia of Genes
enrichment. (BeD) Representative immunoblots and relative quantification of p-PI3K, PI3K,
(B, D) normalized to b-actin. (E , F) Quantification of cell adhesion capacity assay in HK-2 (E) a
cell adhesion in HK-2 (G, H) and HEK-293 cells (G, I) after 740 Y-P treatment. (JeL) Imag
medium (CM) of HK-2 (J, K) and HEK-293 cells (J, L) after 740 Y-P pretreatments. (M, N) Immu
HK-2 (M) and HEK-293 cells (N). (O, P) The mRNA expression of CD86, interleukin (IL)-6, IL-1
HEK-293 cells (P). (QeS) Representative immunoblots and relative quantification of vascular
(Q, S) after 740 Y-P treatment normalized to b-actin. (T, U) Quantification of CCL2 concent
expressed as mean ± standard error of the mean (SEM). The data for in vitro experiments are
experiment. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Ox: oxalate; FDR: false d
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due to JPT2 deficiency. Immediately, the expression of VCAM1 and
CCL2 wasmonitored. The results showed that in HK-2 and HEK-293
cells, pretreatment with 740 Y-P significantly rescued the expres-
sion of VCAM1 (Figs. 4QeS) and CCL2 (Figs. 4T and U) inhibited by
JPT2 deficiency. The above results suggested that the key to JPT2
deficiency downregulating VCAM1 and CCL2 expression and
affecting cell-crystal adhesion and macrophages is probably the
inhibition of PI3K/AKT signaling.
3.5. JPT2 in RTEC exacerbates oxalate-induced macrophage
inflammatory polarization by promoting 4-aminobutyrate
aminotransferase (ABAT) expression in macrophages

It is known that macrophage metabolic activity regulates their
polarization and function, and intracellular metabolic reprog-
ramming can confer sufficient energy and metabolites to macro-
phages to support their polarization and multiple functions
[37e39]. Therefore, we performed untargeted metabolomics to
analyze the influence of JPT2 deficiency in RTEC on macrophage
metabolism. The positive and negative patterns of untargeted
metabolomics identified 8631 features, with lipid and lipid-like
molecules metabolites being the most abundant at 48.221% (Fig.
S4A). The result of principal component analysis (PCA) showed
significant differences between the Ox þ Ctrl-sh-CM and Ox þ sh-
JPT2-CM groups (Fig. S4B). The differential metabolites with P <
0.05 and variable importance in the projection (VIP) > 1 were
subsequently visualized, where differential metabolites with level
B(i) and B(ii) were labeled (Figs. S4C and D). Subsequently,
metabolic pathway analysis was performed for the differential
metabolites. As shown in (Figs. 5A and S4E), alanine, aspartate
and glutamate metabolism were the most significant pathways.
Then, through the metabolite flow of alanine, aspartate and
glutamate metabolic pathways, we identified succinic acid semi-
aldehyde (SSA) as the key metabolite (Fig. S4F). Subsequently, the
box plot (Fig. 5B) showed that SSA is significantly decreased for
Ox þ sh-JPT2-CM compared to Ox þ Ctrl-sh-CM. ABAT is a crucial
enzyme for the catabolic production of SSA from the inhibitory
neurotransmitter gamma-aminobutyric acid [40]. Therefore, we
examined ABAT expression in macrophages and found that the
CM derived from HK-2 or HEK-293 cells with JPT2 overexpression
after oxalate intervention significantly upregulated mRNA
expression (Figs. 5C and D) and protein expression (Fig. 5E) of
ABAT in macrophages. In contrast, the opposite was observed for
JPT2 deficiency. SSA produces succinate via succinate semi-
aldehyde dehydrogenase [41]. Succinate is thought to be a potent
metabolite in innate immune signaling that promotes IL-1b and
leads to M1 polarization in macrophages [42,43]. Therefore, we
hypothesized that JPT2 deficiency in RTEC increases intracellular
succinate production in macrophages leading to M1 macrophage
polarization. Subsequently, we performed overexpression of ABAT
in macrophages and then examined the polarization status of
macrophages. The results of dual fluorescence (Figs. 5F and G) and
qPCR (Figs. 5H and I) showed that overexpression of ABAT
reversed the inhibition of M1 macrophage polarization by JPT2
e-associated homolog 2 (JPT2) exacerbation of crystal-cell adhesion and macrophage
and Genomes (KEGG) bar graph showing the functional annotation of differential gene
p-AKT, and AKT protein expression in oxalate interfered HK-2 (B, C) and HEK-293 cells
nd HEK-293 cell (F) after 740 Y-P treatment. (GeI) Images and quantification of crystal-
es and quantification of macrophage chemotaxis after intervention with conditioned
nofluorescence images with CD68 (red) and CD86 (green) after interventionwith CM of
2, CD206, IL-10, and CD163 in macrophages after intervention with CM of HK-2 (O) and
cell adhesion molecule 1 (VCAM1) protein expression in HK-2 (Q, R) and HEK-293 cells
ration in CM of HK-2 (T) and HEK-293 cells (U) after 740 Y-P treatment. The data are
from three or four separate experiments, with each data point representing a separate
iscovery rate; Ctrl: control.



Fig. 5. Jupiter microtubule-associated homolog 2 (JPT2) in renal tubular epithelial cells (RTEC) exacerbates oxalate-induced macrophage inflammatory polarization by promoting 4-
aminobutyrate aminotransferase (ABAT) expression in macrophages. (A) The metabolic pathway bubble diagram showing the pathways enriched by differential metabolites. (B) The
content of succinic acid semialdehyde (SSA) in groups Ox þ Ctrl-sh-CM and Ox þ sh-JPT2-CM. (C, D) The mRNA expression of ABAT in macrophages after intervention with
conditioned medium (CM) of HK-2 (C) and HEK-293 cells (D). (E) Representative immunoblots and relative quantification of ABAT protein expression in macrophages after
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Fig. 6. Jupiter microtubule-associated homolog 2 (JPT2) deficiency attenuates glyoxylate (Gly)-induced kidney calcium oxalate deposition, kidney injury, and macrophage in-
flammatory activation in mice. (A) The images of von kossa staining showing the degree of kidney calcium oxalate deposition in mice. (B) The images of periodic acid-Schiff (PAS)
staining showing the tubular injury in the kidneys. (C, D) Quantification of serum concentrations of creatinine (CRE) (C) and blood urea nitrogen (BUN) (D) showing the degree of
kidney injury in mice. (E, F) Quantification of urinary concentrations of kidney injury molecule 1 (KIM-1) (E) and neutrophil gelatinase-associated lipocalin (NGAL) (F) showing the
degree of kidney injury in mice. (GeI) Representative immunoblots (G) and relative quantification (H, I) of p-phosphatidylinositol 3-kinase (PI3K), PI3K, p-AKT, and AKT protein
expression in the mice kidney. (J) Representative fluorescent images showing vascular cell adhesion molecule 1 (VCAM1) expression in the mice kidney. (K) Representative
immunofluorescence images stained with F4/80 (red) and CCR2 (green) showing CCR2 expression of macrophages in the mice kidney. The data are shown as mean ± standard error
of the mean (SEM). Each data point for in vivo experiments represents a mouse, n ¼ 8. **P < 0.01, ***P < 0.001 and ****P < 0.0001; ns: not significant. Gly: glyoxylate; Ctrl: control;
DAPI: 4',6-diamidino-2-phenylindole.
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knockdown in RTEC. Then, to further verify that JPT2 deficiency
was exerting downregulation of ABAT through inhibition of CCL2.
The ABAT expression in macrophages was examined after adding
CCL2 to the CM. qPCR results (Figs. 5J and K) showed that adding
CCL2 reversed the CM derived from HK-2 or HEK-293 cells with
JPT2 deficiency after oxalate intervention downregulated the
ABAT expression in macrophages. These data suggested that JPT2
in RTEC upregulates the production of SSA by increasing the
expression of ABAT in macrophages, which in turn leads to
increased levels of succinate, thereby exacerbating oxalate-
induced inflammatory polarization of macrophages.

3.6. JPT2 deficiency attenuates Gly-induced kidney calcium oxalate
deposition, kidney injury, and macrophage inflammatory activation
in mice

The function of JPT2 in kidney stones needs to be verified by
further in vivo experiments (Fig. S5A). The adeno-associated virus
(AAV)-sh-JPT2 in situ injection created mice with JPT2 deficiency in
the kidney (Fig. S5B). First, to determine whether AAV-sh-JPT2 in-
jection affects liver function and oxalatemetabolism, wemonitored
interventionwith CM of HK-2 and HEK-293 cells. (F, G) Immunofluorescence images with CD
(H, I) The mRNA expression of CD86, interleukin (IL)-6, IL-12, CD206, IL-10, and CD163 in mac
expression of ABAT in macrophages after intervention with CM of HK-2 (J) and HEK-293 cells
error of the mean (SEM). The data for in vitro experiments are from three or four separate e
0.01, ***P < 0.001 and ****P < 0.0001. Ox: oxalate; Ctrl: control; DAPI: 4',6-diamidino-2-phe
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the livermorphology and alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and oxalate concentrations in the serum
and liver of mice. We found that AAV-sh-JPT2 did not lead to
changes in liver morphology (Fig. S5C), and AST, GST, and oxalate
(Table S2). Next, we examined the effect of JPT2 deficiency on
kidney calcium oxalate deposition. As shown in (Figs. 6A and S5D),
JPT2 deficiency significantly reduced Gly-induced kidney calcium
oxalate deposition of mice. We also examined the effect of JPT2
deficiency on kidney injury in mice. Thus, the results of urine
biochemistry (Table S2), periodic acid-Schiff (PAS) staining (Figs. 6B
and S5E), serum creatinine (CRE) (Fig. 6C) and blood urea nitrogen
(BUN) (Fig. 6D) in serum, and kidney injurymolecule 1 (KIM-1) (Fig.
6E) and neutrophil gelatinase-associated lipocalin (NGAL) (Fig. 6F)
in urine indicated that JPT2 deficiency significantly attenuated Gly-
induced kidney injury. Subsequently, we further validated the
molecular mechanism of JPT2 in kidney stones. PI3K/AKT signaling
serves as a crucial mediator of JPT2 action. We found that PI3K/AKT
signaling in mice kidneys was activated by the intervention of Gly,
and JPT2 deficiency significantly inhibited the activation of PI3K/
AKT signaling (Figs. 6GeI). Next, we also found that the expression
of VCAM1 (Figs. 6J, S5F, and S5G) and CCL2 (Figs. S5H and I) in mice
68 (red) and CD86 (green) after interventionwith CM of HK-2 (F) and HEK-293 cells (G).
rophages after intervention with CM of HK-2 (H) and HEK-293 cells (I). (J, K) The mRNA
(K) and CeC motif chemokine ligand 2 (CCL2). The data are shown as mean ± standard
xperiments, with each data point representing a separate experiment. *P < 0.05, **P <
nylindole.



Fig. 7. Phosphatidylinositol 3-kinase (PI3K)/AKT signaling is critical for Jupiter microtubule-associated homolog 2 (JPT2) deficiency in the treatment of glyoxylate (Gly)-induced
kidney calcium oxalate deposition, kidney injury, and macrophage inflammatory activation. (A) The images of von kossa and periodic acid-Schiff (PAS) staining showing the de-
gree of kidney calcium oxalate deposition and tubular injury in mice. (B) Quantification of von kossa staining showing the degree of kidney calcium oxalate deposition in mice. (C)
Quantification of PAS staining showing the tubular injury in the kidneys. (D, E) Quantification of serum concentrations of creatinine (CRE) (D) and blood urea nitrogen (BUN) (E)
showing the degree of kidney injury in mice. (F, G) Quantification of urinary concentrations of kidney injury molecule 1 (KIM-1) (F) and neutrophil gelatinase-associated lipocalin
(NGAL) (G) showing the degree of kidney injury in mice. (H) Representative fluorescent images showing vascular cell adhesion molecule 1 (VCAM1) expression in the mice kidney.
(I) Representative immunofluorescence images stained with F4/80 (red) and CCR2 (green) showing CCR2 expression of macrophages in the mice kidney. The data are shown as
mean ± standard error of the mean (SEM). Each data point for in vivo experiments represents a mouse, n ¼ 8. *P < 0.05, **P < 0.01, and ****P < 0.0001. DAPI: 4',6-diamidino-2-
phenylindole.
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kidneyswas also significantly increased in the kidney stonesmodel.
At the same time, JPT2 deficiency significantly inhibited their
expression. In addition, the expression of CCR2 (Fig. 6K) and the
degree of inflammatory polarization (Fig. S5J) in macrophages of
mice kidneys were found to be significantly increased in the kidney
stones model constructed with Gly, and JPT2 deficiency signifi-
cantly inhibited the expression of CCR2 and the degree of inflam-
matory polarization in macrophages increased by Gly. Finally, we
also validated the metabolic mechanism of JPT2 in the kidney
stones model. The results of serum and kidney biochemical assays
(Table S2) showed that Gly significantly increased the levels of
oxalate in serum, as well as the levels of citrate and succinate in
kidneys, but did not significantly alter citrate and succinate in
serum. JPT2 deficiency significantly decreased the levels of succi-
nate in kidneys, but did not significantly alter oxalate and citrate.
This may imply that JPT2 deficiency has some effect on succinate in
kidney macrophages within the metabolic machinery, but does not
affect oxalate and citrate metabolism in the kidney and systemi-
cally. In addition, since JPT2 is activated by NAADP in kidney stones,
we sought to compare the efficacy of NAADP inhibition and JPT2
deficiency on kidney stones. The results showed that inhibition of
NAADP similarly attenuated kidney calcium oxalate deposition
(Figs. S6A and B) and kidney injury (Figs. S6CeF) to some extent,
but was not as efficacious as directly targeting JPT2. These data
demonstrated that JPT2 deficiency attenuates oxalate-induced
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kidney calcium oxalate deposition, kidney injury, and macro-
phage inflammatory activation.

3.7. PI3K/AKT signaling is critical for JPT2 deficiency in the
treatment of Gly-induced kidney calcium oxalate deposition, kidney
injury, and macrophage inflammatory activation

To determine the role of PI3K/AKT signaling in JPT2 influence on
kidney stones, we intervened in JPT2 deficient mice using agonists
of PI3K/AKT signaling and monitored indicators of kidney stones.
The results revealed that 740Y-P significantly reversed kidney cal-
cium oxalate deposition (Figs. 7A and B), kidney injury (Figs. 7A and
CeG), andmacrophage inflammatory activation (Fig. S7A) inhibited
by JPT2 deficiency. And, mechanistically, 740Y-P significantly
reversed the expression of VCAM1 (Figs. 7H, S7B, and S7C), CCL2
(Figs. S7D and E) in RTEC and CCR2 (Fig. 7I) in macrophages
inhibited by JPT2 deficiency. These data suggested that PI3K/AKT
signaling is the critical bridge for the treatment of kidney stones in
JPT2 deficiency.

4. Discussion

Supraphysiologic concentrations of oxalate cause metabolic
burden in the body. The kidneys are an important excretion route
for oxalates that are absorbed into the bloodstream, which may
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lead to kidney stones. Kidney stones are characterized by patho-
logical mineralization due to an aberrant urinary environment and
chronic inflammation, in which an imbalance of Ca2þ homeostasis
in RTEC is essential for microcalcification of kidney stones and
urinary crystal formation [44,45]. Therefore, in view of the toxic
effects of oxalate and calcium homeostatic imbalance on kidney
stones, it is important to study the role of oxalate exposure and
calcium homeostatic imbalance in the mineralization of kidney
stones for their prevention and treatment.

NAADP is a crucial regulatory molecule of intracellular Ca2þ

mobilization, which exerts Ca2þ mobilization and signal amplifi-
cation by forming a codependent complex with JPT2 or LSM12
[11,46]. Here, we found that oxalate exposure increased NAADP,
calcium concentration, and protein expression of JPT2 on HK-2 and
HEK-293 cells, but no change in LSM12 expression. Therefore, we
suggest that JPT2 is the binding protein of NAADP in the kidney
stones model. Together, NAADP/JPT2-mediated Ca2þ mobilization
may contribute to the pathogenesis of kidney stones.

Here, the biological behavior of cell adhesion was enriched in
JPT2 deficient HK-2 as detected by transcriptomic analysis. Crystal-
cell adhesion has been reported to be involved in the entire pa-
thology of kidney stones as an essential part of the vicious cycle
[47e49]. We found that VCAM1 is a crucial molecule of JPT2
affecting crystal-cell adhesion, which is accompanied by the
downregulation of JPT2. VCAM1 is an essential cell adhesion
molecule [50]. It was reported that VCAM1 expression was signif-
icantly increased in magnesium ammonium phosphate stones [51].
This is consistent with our findings.

It was reported that the expression of inflammation-related
genes in kidney stones induces macrophage migration and
phagocytosis [52,53]. Similar to these results, our investigations
also showed that the CM of RTEC with JPT2 deficiency inhibits
macrophage chemotaxis and inflammatory polarization. It has been
reported that CCL2 promotes macrophage chemotaxis and in-
flammatory polarization [54,55]. Our study similarly confirmed
that adding CCL2 could reverse the macrophage chemotaxis and
inflammatory polarization attenuated by JPT2-deficient RTEC-
derived CM. Thus, CCL2 was essential for JPT2 deficiency in RTEC
to influence macrophage chemotaxis.

There were reports that PI3K/AKT signaling was significantly
activated in kidney stones [56]. Here, the transcriptomic analysis
indicated that PI3K/AKT signaling was enriched considerably, and
subsequent western blot results showed that JPT2 deficiency
significantly inhibited PI3K and AKT phosphorylation in RTEC.
Additional evidence showed that activation of PI3K/AKT signaling
enhanced the expression of VCAM1 [35] and CCL2 [36]. Similarly,
our experiments showed that agonists of PI3K significantly
reversed the expression of VCAM1 and CCL2 downregulation due to
JPT2 deficiency. However, the underlying mechanism through
which JPT2 affects the phosphorylation of PI3K/AKT signaling in
kidney stones remains to be further elucidated.

Macrophage function is influenced by cellular metabolism [57].
The untargeted metabolomic analysis demonstrated that JPT2
deficiency in RTEC caused decreased SSA in macrophages, and the
SSA product succinate enhances the inflammatory polarization of
macrophages [58]. Thus, it is tempting to conclude that JPT2 defi-
ciency in RTEC reduces SSA production by suppressing ABAT
expression, further inhibiting succinate production and thus
blocking macrophage inflammatory polarization. This speculation
was verified by the reversal of macrophage inflammatory polari-
zation impeded by JPT2 deficiency in RTEC through overexpression
of ABAT. We also demonstrated that JPT2 deficiency affects ABAT
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expression in macrophages by inhibiting CCL2 secretion using
remedial experiments on ABAT expression by CCL2.

The results of in vivo experiments further confirmed that JPT2
deficiency ameliorates Gly-induced kidney calcium oxalate deposi-
tion, kidney injury, andmacrophage inflammatory activation inmice.
Notably, we found that Gly increased kidney succinate levels and
decreased citrate levels, which seems inconsistent with the position
of succinate and citrate in the tricarboxylic acid cycle. JPT2 deficiency
inhibits succinate levels but fails to alter citrate. This implies that
citrate metabolism in kidney stones may be regulated by other po-
tential mechanisms, while succinate metabolism is likely related to
the macrophage regulatory mechanism of JPT2. Moreover, the acti-
vator of PI3K/AKT signaling was able to significantly reverse the
excellent stones treatment ability brought about by JPT2 deficiency.
However, since JPT2 deficiencyand PI3K/AKTactivation inmice is not
targeted to RTEC and macrophages are implicated, the potential ef-
fects caused by JPT2 deficiency or PI3K/AKT activation in macro-
phages or other cells cannot be completely ruled out in this study.

5. Conclusion

The intrinsic link between oxalate exposure and kidney stones
has long been held by urologists, and unraveling the pathologic
mechanisms involved would be a tremendous boost to pharma-
ceutical development for kidney stones. In conclusion, we show for
the first time that oxalate exposure promotes crystal-cell adhesion
and regulates macrophage metabolism and inflammatory polari-
zation through JPT2/PI3K/AKT signaling. Based on our findings, JPT2
may be crucial for the mineralization mechanism of kidney stones
caused by oxalate exposure, which provides a potential target for
treating and diagnosing kidney stones.
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