
TYPE Mini Review
PUBLISHED 03 June 2025
DOI 10.3389/fphys.2025.1614438

OPEN ACCESS

EDITED BY

Ji-Bin Peng,
University of Alabama at Birmingham,
United States

REVIEWED BY

Denise K. Marciano,
University of Texas Southwestern Medical
Center, United States

*CORRESPONDENCE

Francesca Di Sole,
francesca.disole@dmu.edu

RECEIVED 18 April 2025
ACCEPTED 16 May 2025
PUBLISHED 03 June 2025

CITATION

Boldt AM and Di Sole F (2025) Targeting the
NLRP3 inflammasome for calcium oxalate
stones: pathophysiology and emerging
pharmacological interventions.
Front. Physiol. 16:1614438.
doi: 10.3389/fphys.2025.1614438

COPYRIGHT

© 2025 Boldt and Di Sole. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Targeting the NLRP3
inflammasome for calcium
oxalate stones: pathophysiology
and emerging pharmacological
interventions

Andrew M. Boldt and Francesca Di Sole*

Physiology and Pharmacology Department, Des Moines University, Des Moines, IA, United States

Kidney stone disease (nephrolithiasis) is a widespread condition affecting
millions worldwide, with its prevalence rising due to dietary changes, obesity,
and climate-related factors. The formation of kidney stones is driven by
urinary solute supersaturation, metabolic abnormalities, and environmental
influences. Calcium oxalate stones, the most common type, result from
hypercalciuria, hyperoxaluria, and hypocitraturia, often exacerbated by high
dietary protein intake and hormonal imbalances such as hyperparathyroidism.
A significant complication of kidney stones is their association with chronic
kidney disease (CKD). Recurrent stone formation contributes to renal scarring,
urinary obstruction, and inflammation, ultimately leading to long-term kidney
damage. This review explores the pivotal role of the NLRP3 inflammasome in
kidney stone-related inflammation. Activated by calcium oxalate crystals and
oxidative stress, NLRP3 triggers the release of pro-inflammatory cytokines (IL-
1β and IL-18), exacerbating renal injury and fibrosis. Persistent NLRP3 activation
is linked to CKD progression and an increased risk of end-stage renal disease.
Emerging therapies targeting NLRP3 offer potential strategies to mitigate
kidney stone-induced inflammation and CKD progression. Direct inhibitors
such as MCC950 and CP-456773 block inflammasome activation, reducing
inflammatory cytokine release. Indirect approaches, including atorvastatin and
phenylbutyric acid, address oxidative stress and mitochondrial dysfunction to
lower stone formation risk. While these treatments show promise in preclinical
studies, further research is needed to validate their clinical efficacy. Future
studies should focus on optimizing NLRP3-targeted therapies, assessing their
long-term effects on kidney stone prevention and CKD progression. Combining
NLRP3 inhibitors with antioxidantsmay enhance renal protection, providing new
avenues for therapeutic intervention.
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1 Introduction: overview of kidney
stones and their clinical significance

Kidney stone disease, also referred to as nephrolithiasis or
urolithiasis, occurs when urinary solutes crystallize, forming
aggregates within the urinary tract (Shastri et al., 2023). This
global health issue affects approximately 1 in 11 individuals in
the United States and is influenced by genetic predisposition,
metabolic disorders, inflammatory bowel disease, hypertension,
dehydration, and dietary habits (Hoffman et al., 2021). Treating
kidney stones costs more than $2 billion annually in the
United States (Pearle et al., 2005).

The prevalence of kidney stone disease has increased
significantly, rising from 3.2% in the late 1970s to 8.8% by 2014
(Stamatelou and Goldfarb, 2023). By age 70, kidney stones affect
19.1% of men and 9.4% of women. The male-to-female ratio
has narrowed from 3:1 to 2:1, likely due to rising obesity rates,
which, along with diabetes, are strongly associated with kidney
stones in women (Shastri et al., 2023). These conditions may have
reduced the historical gap between sexes, contributing to the more
balanced ratio observed in recent years.

Racial and ethnic disparities are evident, with White males
having the highest prevalence, followed by Hispanic and Asian
populations, and Black individuals the lowest. Globally, men in
the United Arab Emirates and Saudi Arabia face the highest
risks. In the United States, prevalence increases geographically
from North to South and West to East, driven by obesity,
diabetes, and heat-related factors that elevate urinary concentration
(Crivelli et al., 2021). The incidence is expected to rise further due
to climate change (Stamatelou and Goldfarb, 2023).

Kidney stones have a high recurrence rate, with 50% of
individuals experiencing a relapse within 5–10 years and 75%
within 20 years (Daudon et al., 2018). Risk factors for recurrence
include a history of multiple stones, early age of onset, male sex,
a family history of kidney stones, elevated BMI, and specific stone
compositions (Daudon et al., 2018; Wang et al., 2022).

Beyond causing acute symptoms such as severe pain
and hematuria, kidney stones are markers of systemic
diseases, associated with increased risks of metabolic
syndromes, hypertension, and cardiovascular complications
(Jeong et al., 2011; Muschialli et al., 2024). This underscores their
broader clinical importance as both a symptom and predictor of
systemic health issues.

2 Link between kidney stones and
chronic kidney disease

Kidney stones can directly contribute to chronic kidney
disease (CKD) by causing recurrent urinary tract obstruction,
inflammation, and infection. Over time, these processes may
lead to scarring of renal tissue, impaired kidney function, and
irreversible damage. Additionally, certain types of stones, such as
calcium oxalate stones, are associated with metabolic abnormalities
like hypercalciuria or hyperoxaluria, which can further strain
kidney function (Zisman et al., 2015; Gambaro et al., 2017).
Epidemiological studies have consistently shown a higher incidence
of CKD in individuals with a history of kidney stones. These

studies emphasize that kidney stones not only increase the risk
of CKD development but also its progression to severe stages,
including end-stage renal disease (ESRD) (Rule et al., 2009;
Kim et al., 2024). Factors such as recurrent stone formation, chronic
obstruction, and associated urinary infections amplify this risk
(Jungers et al., 2004; Gambaro et al., 2017).

3 Role of oxidative stress and
inflammatory response in kidney
stones

Oxidative stress plays a pivotal role in kidney stone formation.
An imbalance between reactive oxygen species (ROS) production
and antioxidant defenses leads to cellular damage within renal
tubules (Du et al., 2014). ROS can enhance calcium and oxalate
crystal deposition by damaging epithelial cells and promoting
nucleation and aggregation of crystals. Additionally, oxidative stress
can alter the expression of proteins that regulate mineralization,
further promoting stone growth. Kidney stones elicit a local
inflammatory response within the urinary tract. The irritation
caused by stone fragments and crystals leads to the activation
of immune cells, releasing pro-inflammatory cytokines like
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-
α) (Wigner et al., 2021)

Chronic inflammation not only contributes to pain and tissue
damage but also creates a favorable environment for further stone
formation by enhancing crystal retention and growth (Jia et al., 2022;
Deguchi et al., 2024; Sun et al., 2024).

4 Calcium oxalate stones and the
NLRP3 inflammasome

4.1 Pathophysiology of calcium oxalate
stones

As outlined in the introduction, urinary stone formation
is driven by the principle of supersaturation, where urinary
solutes exceed their solubility, promoting crystallization and stone
development. Several factors contribute to this process, including
obesity, genetics, diabetes, and anatomical abnormalities, as also
discussed in the introduction. However, diet- and hormone-induced
stones are the most common types, with calcium oxalate and
calcium phosphate being the two most prevalent compositions
(Shastri et al., 2023). Calcium based stones, oxalate and phosphate,
have similar risk factors in stone formation such as alkaline urinary
pH, hypercalciuria, hyperoxaluria, hypocitraturia, hyperuricosuria,
and anatomical abnormalities such as tortuous ureters or medullary
sponge kidney (Shastri et al., 2023). These factors interplay
with metabolic and environmental influences to promote stone
formation.

4.1.1 Calcium oxalate stone formation: Dietary
factors

Diet is one the most common cause of calcium oxalate
stones. High dietary calcium intake or secondary causes can lead
to hypercalciuria which promotes the precipitation of calcium
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deposits (Pak et al., 2011). These deposits, along with other
risk factors such as an alkaline urinary pH, hyperoxaluria,
hypocitraturia, and anatomical abnormalities, contribute to the
formation of calcium oxalate stones. Secondary causes can further
exacerbate hypercalciuria, including increased gastrointestinal
calcium absorption, increased bone turnover, or decreased renal
tubular reabsorption (Worcester and Coe, 2008). Dietary protein
also plays a significant role in stone formation. Increased dietary
protein intake raises acids production in the body, which can
stimulate bone resorption and result in higher calcium excretion
(Goldfarb, 1988). The acidic excretion of uric acid further impairs
calcium reabsorption, contributing to hypercalciuria and stone
formation. Additionally, the protein-induced hypercalciuric effect
may increase urinary sulfate excretion which form calcium-sulfate
complexes in renal tubules. These poorly absorbable complexes can
perpetuate nephrolithiasis by further promoting stone formation
(Goldfarb, 1988; Minisola et al., 2018).

4.1.2 Calcium oxalate stone formation: hormonal
causes

Hypercalciuria is often driven by hypercalcemia, which is tightly
regulated by parathyroid hormone, and calcitriol. These regulatory
mechanisms work together to maintain stable blood calcium levels.
However, hormonal abnormalities can disrupt this balance, causing
the renal system to improperly reabsorb calcium and instead
secrete it excessively, leading to hypercalciuria (Pak et al., 2011;
Minisola et al., 2018). In addition to dietary factors, hormonal
imbalances contribute to calcium oxalate stone formation, with
the most common causes being hyperparathyroidism. This can
manifest as primary hyperparathyroidism caused by overactive
parathyroid glands excessively producing parathyroid hormone
(PTH), or secondary hyperparathyroidism where an exogenous
factor such as CKD or vitamin D deficiency stimulates increased
PTH production. PTH plays a central role in calcium homeostasis
by promoting hypercalcemia. It does it by increasing the synthesis
of calcitriol, which enhances intestinal absorption of calcium; and
by regulating the renal system to increase calcium reabsorption.
Additionally, PTH accelerates bone turnover, releasing calcium into
the bloodstream (Coe et al., 1992). These mechanisms collectively
elevate both blood and urine calcium concentrations, significantly
increasing the risk for calcium-related kidney stones in a state of
hyperparathyroidism.

4.1.3 Mechanisms of calcium oxalate stone
formation

The physical process of calcium oxalate stone formation begins
with urinary supersaturation and the retention of crystals in kidney
pouches. It is theorized that ulceration at the papillary surface
creates a stone nidus, which promotes renal tubular injury and
facilitates crystal nucleation (Tsujihata, 2008). This interaction
between crystals and cells forms the foundation for stone growth
(Tsujihata, 2008). A key side in this process is the formation of
Randall’s plaques, subepithelial calcium phosphate deposits that
develop under supersaturated conditions (Figure 1). These plaques
become embedded in the urothelium, initiating crystal formation
(Tsujihata, 2008; Mulay et al., 2013). Once the crystals adhere
to renal tubules or papilla, their surface are exposed to further
nucleation (Tsujihata, 2008; Leslie et al., 2025). This spontaneous

process depends on urinary composition, flow, and pH; then
crystal aggregation occurs when calcium oxalate crystals cluster
together, driving stone growth (Tsujihata, 2008; Mulay et al.,
2013; Leslie et al., 2025). Current research is investigating the
role of urothelial cell surface injury and repair. Alterations in cell
surface molecular expression might contribute to recurrent stone
formation by creating favorable conditions for crystal adhesion and
retention (Asselman et al., 2005).

4.2 The NLRP3 Inflammasome’s
contribution to CKD and associated renal
inflammation and damage

The nod-like receptor protein 3 (NLRP3) inflammasome is a
polyprotein complex that regulates chronic inflammatory response.
Through a multimodal, stepwise process, NLRP3 activation
promotes the cleavage of cytokine precursors, such as interleukin
(IL)-1β, to trigger an inflammatory response (Schroder and
Tschopp, 2010). The activation of NLRP3 leads to the activation
of an apoptosis-associated speck-like protein containing a caspase
domain (ASC). Once initiated ASC recruits pro-caspase-1 to the
inflammasome complex (Fernandes-Alnemri et al., 2007). Caspase
1 is then activated autocatalytically and cleaves pro-IL-1β and pro-
IL-18 into their mature, active forms (Fernandes-Alnemri et al.,
2007) (Figure 1). Additionally, Caspase-1 cleaves gasdermin D,
which forms pores in the plasma membrane, triggering a lytic, pro-
inflammatory formof cell death.This process expelsmore cytokines,
further perpetuating the inflammatory response (Fernandes-
Alnemri et al., 2007). The activation of IL-1β and IL-18 drives
an endothelial response, promoting migration of immune cells to
damaged tissue (Fernandes-Alnemri et al., 2007). In the context of
renal inflammation, this facilitates tissue damage and dysregulation,
particularly in the glomeruli and tubules (Kitching et al., 2005).
These disruptions impair renal solute and osmotic regulation.
Systemically, IL-1β and IL-18 contribute to hypotension, fever, pain
sensitivity, and vasodilation (Lee et al., 2004; Malik and Kanneganti,
2018). Hypotension and vasodilation are particularly significant
for renal function, as decreased renal blood flow and prolonged
hypoperfusion can lead to reduced glomerular filtration rate (GFR),
further perpetuating renal injury (Smarick, 2009; Lankadeva et al.,
2022). Thus, the activation of IL-1β and IL-18 by NLRP3 not only
causes direct renal cellular damage and inflammation but also
exacerbates systemic renal damage and dysfunction.

These mature cytokines are central for inflammation, causing
cellular membrane dysfunction, promoting programmed cell death,
and inducing ROS, which further exacerbate cellular and DNA
damage (Swanson et al., 2019; McKee and Coll, 2020). NLRP3’s
activation can occur in response to both infectious or non-
infectious processes (Swanson et al., 2019; McKee and Coll,
2020). Once activated, its effects contribute to renal injury, and
persistent activation can lead to metabolic disorders and acute
kidney injury (AKI) (Zheng et al., 2021). Over time, this persistent
inflammation may progress to CKD (Zheng et al., 2021). Prior
research has established a connection between NLRP3 expression
with CKD. Increasing proteinuria has been found to correlate
with NLRP3 accumulation in glomerular podocytes of systemic
lupus erythematosus patients with lupus nephritis (Fu et al., 2017;
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FIGURE 1
Mechanisms of Calcium Oxalate Stone Formation: NLRP3 Inflammasome and Renal Inflammation. Under conditions of calcium supersaturation,
Randall’s plaques form in the renal papilla serving as deposition sites for calcium oxalate (CaOx) stone formation. These crystals accumulate in the
tubular lumen of nephrons, while excess extracellular calcium enters renal cells through P2X7 receptors, causing mitochondrial stress and production
of radical oxygen species (mtROS). The resulting mtROS triggers the assembly of the NLRP3 inflammasome, which activates cytokines IL-18 and IL-1β.
Through paracrine signaling, these cytokines, further stimulate mtROS production and calcium expulsion from neighboring renal cells (Cao et al., 2016;
Fong-Ngern et al., 2017; Chaiyarit and Thongboonkerd, 2020). This creates a self-perpetuating cycle of renal inflammation, CaOx crystallization,
aggregation, and nucleation which ultimately contributes to kidney damage and stone formation. For a detailed discussion of NLRP3 inflammasome
activation mechanisms, please refer to the following review articles (Swanson et al., 2019; Fu and Wu, 2023).

Oliveira et al., 2021). This correlation is also associated with
crescentic glomerulonephritis, characterized by vascular necrosis
and parietal epithelial cell hyperplasia in the space surrounding
the glomerulus, forming crescents and highlights the progressive
accumulation of NLRP3 as the disease advances (Islamuddin and
Qin, 2024). Additionally, RT-PCR of mRNA levels of NLRP3
and its inflammatory components were higher in the peripheral
blood mononuclear cells isolated from hemodialyzed CKD patients
compared to healthy subjects (Granata et al., 2015). These findings
highlight the correlation of the NLRP3 inflammasome to renal
inflammation and injury, aswell as its broader role in the progression
of renal diseases.

4.2.1 The role of the NLRP3 inflammasome in
calcium oxalate stone-induced inflammation and
damage

Many factors promote the assembly and activation of NLRP3,
as seen in nephrolithiasis and its association with CKD. While

nephrolithiasis is known to cause renal inflammation and damage,
the specific mechanisms underlying its action remain widely
debated. Activation of the NLRP3 inflammasome follows a two-
step mechanism: priming and activation. In renal tubular epithelial
cells, priming involves upregulation of NLRP3 expression and is
triggered by calcium oxalate crystals adhering to or penetrating
the plasma membrane (Sun et al., 2015; Sun et al., 2017). This
interaction leads to the release of danger-associated molecular
patterns (DAMPs), such as ATP (Rumora et al., 2021), which initiate
signaling pathways, such as NF-κB, that increase transcription of
inflammasome components (Liu et al., 2017).

The second step, activation, involves the assembly and functional
triggering of the inflammasome complex. In epithelial cells, this step
is typically induced by increased potassium efflux (i.e., a decrease in
intracellular K+ concentration) through ion channels. Potassium
efflux is a well-established trigger of NLRP3 inflammasome
activation, whereas the role of calcium flux in this process remains
controversial (Huang et al., 2023). Mulay et al. used mouse models
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to investigate calcium oxalate crystal-induced NLRP3 activation.
They proposed that phagocytosis of calcium oxalate crystals,
interconnected with potassium efflux, results in NLRP3 activation.
To test this, they used Cytochalasin D, an inhibitor of actin
polymerization that blocks phagocytosis, which reduced crystal
uptake and decreased IL-1β secretion. Furthermore, blocking
potassium efflux via high extracellular potassium produced the
same outcome, preventing inflammasome activation, an effect
similarly observed in monocytes and bone marrow–derived
macrophages (Mulay et al., 2013; Munoz-Planillo et al., 2013;
Gritsenko et al., 2020). However, cytochalasin D has also been
shown to impair potassium efflux directly, suggesting that it may
affect both phagocytosis and ion flux (Munoz-Planillo et al., 2013).
These findings demonstrate a direct molecular mechanism in which
calcium oxalate phagocytosis induces NLRP3 activation, leading to
IL-1β production and subsequent renal inflammation. Expanding
their investigation, Mulay et al. examined diffuse crystal deposition
in calcium oxalate treatedmice and its association with renal failure.
They observed that mice with calcium oxalate deposition exhibited
increased diffuse neutrophil infiltrates and tubular necrosis,
characterized by granular casts and transient elevations in plasma
creatinine and blood urea nitrogen (BUN) levels (Mulay et al., 2013).
This research highlights the acute inflammatory role of NLRP3
activation by calcium oxalate stones, emphasizing its contribution
to renal damage and inflammation.

5 Pharmacological interventions for
kidney stones targeting NLRP3
inflammasome: mechanisms of action
and clinical implications

5.1 How pharmacological agents inhibit
NLRP3 activation and downstream
inflammatory pathways

Due to the complex cascade of NLRP3 activation, various
inhibition strategies have been developed to target this
inflammasome. Whether acting directly or indirectly, upstream or
downstream, many pathways can be modulated to prevent NLRP3
activation or inhibit the formation of pro-inflammatory cytokines.
Key inhibition targets include caspase-1 activation, blockade of
gasdermin D cleavage, inhibition of P2X7 receptor, and use of ROS
scavengers (Lamkanfi et al., 2009; Zahid et al., 2019).

The most common inhibition strategies target NLRP3 directly
to block its ATPase activity by preventing its ATP binding
domain. This inhibits the conformational changes necessary to
inflammasome assembly and activation. For example, CY-09, an
analog of cystic fibrosis transmembrane conductance regulator
(CFTR) channel, lacks CFTR-inhibitory activity and directly
interferes with NLRP3 ATP binding, preventing its activation
(Huang et al., 2018; Zahid et al., 2019). Therapeutically, CY-
09 has shown promising effects in preclinical model of gout,
cryopyrin-associated periodic syndromes (CAPS), and type 2
diabetes (Huang et al., 2018; Zahid et al., 2019). Although not
yet used in clinical practice, ongoing research aims to evaluate its
pharmacological potential in humans.

In addition to direct and indirect NLRP3 inhibitors, various
other agents target different components of the inflammasome
pathway. A summary of these pharmacological inhibitors, their
targets, and proposed mechanisms is provided in Table 1.

5.2 Therapeutic potential of direct and
indirect NLRP3 inflammasome inhibitors in
kidney stone-related inflammation

5.2.1 Targeting the NLRP3 inflammasome directly
CP-456,773 has emerged as a promising NLRP3 inflammasome

inhibitor. In mouse models, CP-456,773 has been shown to suppress
IL-1β and IL-18 levels demonstrating efficacy comparable to
genetically NLRP3-deficient mice (Joshi et al., 2015; Primiano et al.,
2016). Studies comparing wild-type (WT) mice to mice on an
adenine-enriched diet (which promotes calcium oxalate stone
formation) revealed that CP-456,773 treatment significantly
lowered serum levels of BUN, creatinine, indicating reduced renal
injury. However, it did not prevent crystal formation as both
treated and untreated mice exhibited intrarenal crystal deposits
(Joshi et al., 2015; Primiano et al., 2016).

Although CP-456,773 does not directly prevent kidney stone
formation, it plays a crucial role in reducing renal inflammation,
mitigating fibrosis, and preventing further tubular damage. By
interrupting the inflammatory cycle driven by NLRP3 activation,
CP-456,773 could indirectly slow nephrolithiasis progression,
making it a valuable therapeutic candidate for inflammation-
associated kidney stone disease.

5.2.2 Targeting the NLRP3 inflammasome
indirectly

Among pharmacological agents with anti-inflammatory
properties, atorvastatin has shown therapeutic potential in calcium
oxalate stone formers. While primarily known as a HMG-CoA
reductase competitive inhibitor, atorvastatin also functions as
an indirect inhibitor of the NLRP3 inflammasome, primarily
by reducing oxidative stress and crystal deposition (Tsujihata,
2008; Joshi et al., 2015). Since CaOx crystals activate NLRP3
inflammasome via ROS/TXNIP pathway, atorvastatin helpsmitigate
oxidative stress, thereby reducing inflammation and preventing
further stone aggregation (Tsujihata, 2008; Joshi et al., 2015).
Beyond its role in lowering renal inflammation, atorvastatin is
also used to reduce serum triglycerides and increase HDL levels,
making it an effective treatment for hypercholesteremia, a condition
that can secondarily contribute to nephrolithiasis. By addressing
dyslipidemia, atorvastatin not only prevents further renal damage,
but may also reduce the risk of recurrent kidney stone formation.

Another pharmacological agent of potential interest is
phenylbutyric acid. Although it is an endoplasmic reticulum (ER)
stress inhibitor and has not been directly implicated in the inhibition
of NLRP3, phenylbutyric acid has been shown to reduce CaOx
deposition and improve mitochondrial function in renal tubular
epithelial cells. Additionally, it mitigates mitochondria-induced
inflammation and ROS damage (Sharma et al., 2019). While its
precise mechanism of action remains unclear, proposed models
suggest that ER stress disrupts calcium homeostasis by altering
calcium ion uptake and release. This imbalance leads to excessive
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TABLE 1 Summary of pharmacological agents, their molecular targets, and proposed mechanisms of action in the inflammasome pathway.

Agent Target(s) Proposed mechanism

Glyburide NLRP3 (indirectly) Inhibits ATP-sensitive K+ channels, preventing ASC
aggregation downstream of P2X7 (Perregaux et al.,
2001; Lamkanfi et al., 2009; Zahid et al., 2019)

CP-424,174 IL-1β Blocking the formation of mature IL-1β does not
increase the extracellular release of the procytokine.
(Perregaux et al., 2001)

MCC950
CP-456,773
CRID3

NLRP3 (directly) Blocks ATPase domain of NLRP3, inhibiting both
canonical and non-canonical NLRP3 activation
(Coll et al., 2015; Ludwig-Portugall et al., 2016;
Zahid et al., 2019; Hochheiser et al., 2022; Xu et al.,
2025)

VX-740 Caspase-1 (indirectly) Modifies caspase-1 catalytic cysteine residue,
preserving cleavage of cleaving pro-IL-1 β and
pro-IL-18 (Rudolphi et al., 2003; Boxer et al., 2010;
Zahid et al., 2019)

1,3-Butanediol NLRP3 The macrophage phenotype and inflammasome
component NLRP3 contributes to
nephrocalcinosis-related chronic kidney disease
independent from IL-1–mediated tissue injury
(Anders et al., 2018)

Necrosulfonamide (NSA) Gasdermin D (blocks a downstream effect of NLRP3) Necrosulfonamide acts downstream of NLRP3 by
blocking Gasdermin D-mediated pore formation,
preventing pyroptosis and the release of IL-1β. It does
not affect inflammasome assembly or caspase-1
activation. (Chen et al., 2023)

Atorvastatin Suppression of ROS, NF-κB, and mitochondrial
dysfunction

Inhibiting both the priming and activation phases of
the NLRP3 inflammasome (reduction ROS,
suppression NF-kB) (Sun et al., 2020)

Polydatin (3,4′,5-trihydroxystilbene-3-β-D-glucoside),
an antioxidant extracted from Polygonum cuspidatum

ROS production
NLRP3

Decreases cytoplasmic and mitochondrial ROS
(mtROS), blocking both the priming and activation of
the NLRP3 inflammasome. (Liu et al., 2023)

Vitexin ROS Production
NF-κB
NLRP3

Suppressing NLRP3 inflammasome activation and
downstream pyroptosis. (Ding et al., 2021)

calcium influx into the mitochondria, which in turn triggers
ROS generation and disrupts the function of complex I/III and
cytochrome c in the electron transport chain, ultimately impairing
mitochondrial function. Mitochondrial dysfunction plays a key role
in the activation of the NLRP3 inflammasome, a process that is
further regulated by P2X7 receptor signaling (Figure 1).

Blocking P2X7 receptor activation, using ROS scavengers, is
also an interesting pharmacological target. The P2X7 receptor is a
ligand-gated ion channel activated by extracellular ATP, which is
often released during cell stress, damage, or inflammation (Pelegrin,
2021). Its activation triggers NLRP3 inflammasome signaling
through two primary pathways. First, activation of the P2X7
receptor leads to a sustained increase in intracellular calcium levels
(Figure 1) by promoting calcium influx from the extracellular space
and stimulating the release of calcium from the ER. This calcium
overload damages mitochondria, causing the release of mtDNA,
a known activator of the NLRP3 inflammasome (Gurcel et al.,

2006). Second, P2X7 receptor activation reduces intracellular
cAMP levels, which weakens cAMP-mediated inhibition of
NLRP3 inflammasome activation. This process results in an
increased abundance of the NLRP3 inflammasome, further driving
inflammation and tissue damage (Rajamaki et al., 2013). Beyond
its role in mitochondrial metabolism, mitochondria also regulate
inflammatory cytokine expression through post-translational
modifications and activation mechanisms. Persistent mitochondrial
stress and ROS overproduction promote NLRP3 inflammasome
assembly, leading to the secretion of pro-inflammatory cytokines
IL-1β and IL-18. These cytokines exacerbate renal inflammation,
ultimately contributing to tubular damage, fibrosis, and kidney stone
formation (Figure 1). Given the interplay between mitochondrial
dysfunction, ER stress, and P2X7 receptor signaling, targeting these
pathways, through inhibitors like atorvastatin and phenylbutyric
acid, may offer a therapeutic strategy to reduce inflammation and
prevent kidney stone progression.
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6 Discussion: conclusion and future
directions

6.1 Summary of the role of NLRP3 in kidney
stones and CKD

The NLRP3 inflammasome contributes to renal inflammation,
kidney stone formation, and CKD progression. Its activation by
calcium oxalate crystals, oxidative stress, andmetabolic factors leads
to IL-1β and IL-18 release, causing tubular injury, fibrosis, and stone
recurrence. Chronic NLRP3 activity is linked to renal dysfunction
and a higher risk of ESRD, making it a key therapeutic target.

6.2 Emerging therapies targeting NLRP3
for kidney stone prevention

New therapies target NLRP3 either directly, e.g., MCC950, CP-
456,773, CY-09, or indirectly, through agents like atorvastatin and
phenylbutyric acid that reduce oxidative stress and calcium oxalate
deposition. Blocking P2X7 receptors, using ROS scavengers, and
inhibiting caspase-1 also show promise. While preclinical findings
are promising, clinical trials are necessary to establish safety and
efficacy.Moreover, the long-term effects ofNLRP3 inhibition remain
uncertain, with potential risks including immunosuppression,
impaired host defense, and unintended off-target immune responses
(Vong et al., 2021; Tengesdal et al., 2024).

6.2.1 Closing remarks
NLRP3 plays a critical role in both nephrolithiasis and CKD.

Targeted inhibition may help reduce inflammation, prevent stone
recurrence, and preserve kidney function. Continued research is
essential to bring these therapies into clinical practice and improve
patient outcomes. Future studies should evaluate the efficacy of
direct NLRP3 inhibitors in kidney stone patients, as well as the
long-term effects of indirect agents. Combination therapies, such as
pairing NLRP3 inhibitors with antioxidants, or ER stress blockers,
may offer synergistic benefits. Longitudinal research should also
investigate whether targeting NLRP3 can slow CKD progression,
particularly in high-risk populations.
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