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The NOD-like receptor protein 3 (NLRP3) inflammasome is a multi-protein signalling
complex integral to the chronic inflammatory response, activated in response to sterile
and non-sterile cellular damage. The assembly and activation of the NLRP3 inflammasome
comprise a two-step process involving nuclear factor kappa B (NFkB)-mediated priming,
followed by canonical, non-canonical or alternative signalling pathways. These result in the
maturation and release of inflammatory cytokines interleukin 1 beta (IL1B) and interleukin-
18 (IL18), which are associated with chronic inflammatory conditions including diabetic
kidney disease. Diabetic nephropathy is a condition affecting ~40% of people with
diabetes, the key underlying pathology of which is tubulointerstitial inflammation and
fibrosis. There is growing evidence to suggest the involvement of the NLRP3
inflammasome in this chronic inflammation. Early deterioration of kidney function
begins in the glomerulus, with tubular inflammation dictating the progression of late-
stage disease. Priming and activation of the NLRP3 inflammasome have been linked to
several clinical markers of nephropathy including proteinuria and albuminuria, in addition to
morphological changes including mesangial expansion. Treatment options for diabetic
nephropathy are limited, and research that examines the impact of directly targeting the
NLRP3 inflammasome, or associated downstream components are beginning to gain
favour, with several agents currently in clinical trials. This review will explore a role for
NLRP3 infammasome activation and signalling in mediating inflammation in diabetic
nephropathy, specifically in the glomerulus and proximal tubule, before briefly
describing the current position of therapeutic research in this field.
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THE ROLE OF NLRP3 IN DIABETES

Inflammation is the body’s protective response to injury, including trauma (Huber-Lang et al., 2018),
stress (Liu et al., 2017), ischaemia (De Bhailis et al., 2021) and infection (Kaufmann et al., 2018). The
NOD-like receptor protein 3 (NLRP3) inflammasome is an important mediator of the innate
inflammatory response to stimuli including extracellular signals, e.g., adenosine triphosphate (ATP)
and pathogens, including bacteria and fungi (Fusco et al, 2020). In the absence of infection or
disease, NLRP3 activity is tightly regulated, whilst dysregulated activation is strongly associated with
chronic inflammatory diseases (Chen et al., 2021), including atherosclerosis (Sharma et al., 2021) and
neurodegeneration (Mondal et al, 2021). Dogma supports NLRP3-induced inflammation as
fundamental to changes in glucose tolerance, insulin resistance and inflammation as observed in
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both type 1 (T1DM) and type 2 diabetes mellitus (T2DM) (Ding
et al,, 2019). Additionally, as a protein complex that bridges our
innate and adaptive immune response (Tianli Zhang et al., 2021),
it is integral to the underlying pathogenesis of secondary
microvascular complications of diabetes, including impaired
diabetic wound healing (Huang et al, 2020), diabetic
retinopathy (Ge et al., 2022) and diabetic kidney disease (Ram
et al., 2020; Feng et al,, 2021).

Despite advances in the clinical management of diabetes, the
incidence of nephropathy continues to rise (DeFronzo et al,
2021), with an estimated 40% of individuals developing renal
complications at some stage of their life (Remuzzi et al., 2002;
Dagar et al., 2021). Chronic conditions of inflammation, often
seen with advancing age, and in co-morbidities including
hypertension (Tziomalos and Athyros, 2015), coronary artery
disease (Roy et al., 2021) and obesity (Qin et al., 2021), are all risk
factors for the onset of kidney disease, where NLRP3 activation is
pivotal to pathology (Menini et al., 2020). Therefore, targeting the
NLRP3 inflammasome is of obvious therapeutic potential in the
future management of both nephropathy and other age-
associated morbidities.

THE NLRP3 INFLAMMASOME

The premise of an “inflammasome” was first proposed in 2002,
by Martinon et al., as a caspase-activating complex that led to
the production of interleukin 1 beta (IL1f3) (Martinon et al.,
2002). Although several inflammasomes have since been
identified, including NLRP1 and NLRP2, the NLRP3
inflammasome is the most extensively characterised to date
(Zahid et al., 2019). The NLRP3 inflammasome consists of
NLRP3, an “apoptosis-associated  speck-like  protein
containing a CARD (caspase recruitment domain)” (ASC)
and pro-caspase-1 (Nagar et al, 2021). NLRP3 itself is
formed of 3 domains: the C-terminal leucine-rich repeat
(LRR) domain, the NACHT domain and an N-terminal
effector pyrin domain (PYD) (Hafner-Bratkovi¢ et al., 2018).
To activate the NLRP3 inflammasome complex, recruitment of
the ASC precedes the recruitment of pro-caspase-1 through
CARD/CARD interactions (Masumoto et al., 1999; Lu et al,,
2014), culminating in cleavage of pro-caspase-1 and subsequent
catalytic conversion of pro-interleukin-1lbeta (pro-IL188) and
pro-interleukin-18 (pro-IL18) into their mature, active forms
(Lu et al.,, 2014; El-Sharkawy et al., 2020).

Activation of NLRP3 can occur in response to microbial
infection, following exposure to pathogens and pathogen-
associated molecular patterns (PAMPs) such as Mycoplasma
pneumonia, which is implicated with pneumonia and asthma
(Luo et al,, 2021) and Citrobacter freundii, which causes food
poisoning and urinary tract infections (Liu et al., 2021). In the
absence of infection, the NLRP3 inflammasome is a key mediator
of sterile inflammation and is activated in response to injury and
disease through stimuli that include glycaemic injury (Castro
et al., 2021), oxidative stress (Tao et al., 2021), and the release of
danger-associated molecular patterns (DAMPs), eg., ATP
(Rumora et al., 2021).

NLRP3 Induced Inflammation in Diabetic Nephropathy

These diverse stimuli evoke a two-step process, consisting of
both priming and activation (El-Rous et al., 2021). Priming is
initiated in response to stimuli that include microbial
components (Negash et al, 2019) and/or inflammatory
cytokines, such as tumour necrosis factor-alpha (TNFa)
(Franchi et al, 2009), which lead to the activation of the
transcription factor nuclear factor-kappa B (NFkB) (El-Rous
et al, 2021). Translocation of NFkB to the nucleus
subsequently upregulates transcription of NLRP3 and pro-IL1#3
(Kelley et al., 2019). Interluekin 1 beta is not constitutively
expressed and is an indicator of NLPR3 inflammasome
priming (Park et al., 2020). This step is regulated through a
variety of mechanisms including microRNAs (miRNAs) (Tufekci
et al., 2021), which inhibit the translation of NLRP3 (Haneklaus
et al,, 2012; Mangan et al, 2018). Once primed, PAMPs or
DAMPs through their ability to bind to either the purinergic
P2X7 receptor (P2X7R; DAMPS) (Yiwen Zhang et al., 2021) or
toll-like receptors (TLRs; PAMPs), activate the NLRP3
inflammasome through recruitment and binding of ASC and
pro-caspase-1 to NLRP3 (Mangan et al, 2018). This
predominantly leads to potassium efflux (Wang and
Hauenstein, 2020), but can evoke changes in intracellular
calcium (Jager et al, 2020), lysosome destabilisation
(Svadlakova et al, 2020) and the production of reactive
oxygen species (ROS) (Li et al., 2021).

Efforts to elucidate a common mechanism by which NLRP3 is
regulated has led to the classification of three distinct pathways:
the canonical (classical), the non-canonical and the alternative
pathway (Wang and Hauenstein, 2020), highlighted in Figure 1.
Of these, the most thoroughly studied is the canonical pathway,
which is activated via P2X7R or TLR4 dependent mechanisms,
initiating the production of mature IL1f and IL18 via caspase-1
mediated cleavage (Song et al, 2021). In addition, caspase-1
mediates the cleavage of gasdermin D (GSDMD), generating
an N-terminal cleavage product (GSDMD-NT) which forms lytic
pores through which IL1B and IL18 are released. The mechanism
of GSDMD cleavage evokes pyroptosis, a highly inflammatory
form of regulated cell death (Chen et al., 2021). In addition to this
pathway which we traditionally associate with sterile injury, the
non-canonical pathway is stimulated by lipopolysaccharide
(LPS)-mediated caspase-4/5 activation, which cleaves GSDMD,
permitting potassium efflux (Rithl and Broz, 2015; Chen et al.,
2021) and caspase-1-mediated production and release of IL1p
and IL18. These events are further perpetuated by the release of
DAMPs including ATP (Downs et al., 2020), a known activator of
the canonical pathway (Downs et al., 2020). Furthermore and
distinct from both the canonical and non-canonical pathways, the
alternative pathway is specific to monocytes (Mangan et al., 2018)
and is independent of potassium efflux (Yu et al., 2021). It relies
on a receptor-interacting serine/threonine-protein kinase 1
(RIPK1)-Fas-associated with death domain protein (FADD)-
caspase-8 pathway (Chen et al., 2021). In summary and
irrespective of the pathway which is activated, increased
activation of the NLRP3 inflammasome leads to the regulation
and execution of inflammatory responses, a process that becomes
dysregulated in diseases including diabetic nephropathy (Shen
et al., 2022).
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FIGURE 1| A schematic highlighting the priming and various activation pathways of the NLRP3 inflammasome. A priming signal (e.g., ATP), activates NFkB, which

is translocated to the nucleus, to upregulate the expression of NLRP3, pro-IL13 and pro-IL18. Via either canonical, non-canonical or alternative pathways, caspase-1
mediated cleavage of pro-IL1B3 and pro-IL18 produces mature IL18 and IL18, ahead of release from the cell, through membrane bound channels, including Gasdermin D
(GSDMD) pores. In canonical signalling, stimulation of receptors including TLR4 and P2X7R evokes potassium efflux and calcium influx, stimulating the formation of

the NLRPS inflammasome. Gasdermin D is cleaved via caspase-1, leading to pore formation (Coll et al., 2022). In non-canonical signalling, activation of caspase-4/5
stimulates GSDMD cleavage. The resulting amino-terminal fragment (GSDMD-NT) initiates pyroptosis and NLRP3 activation, stimulating release of DAMPs including
ATP which can then activate the canonical pathway via P2X7R. In the alternative pathway, Toll or interleukin-1 receptor (TIR) domain-containing adaptor inducing

interferon-p (TRIFF) and TLR4-receptor-interacting protein kinase 1 (RIPK1) interaction leads to the formation of a RIPK1-Fas-associated with death domain protein
(FADD)-pro-caspase-8 complex. Pro-caspase-8 is cleaved, allowing mature caspase-8 to activate the NLRP3 inflammasome, ahead of IL13 and IL18 excretion.
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This review will evaluate a role for the priming and activation
of the NLRP3 inflammasome in the context of the pathogenesis
and progression of diabetic nephropathy. We will summarise
current knowledge by describing identified mechanisms within
the glomerular and proximal region of the diabetic kidney, before
exploring the potential for targeting the NLRP3 inflammasome
and its components as a future therapy in NLRP3-induced
inflammatory diabetic kidney disease.

NLRP3 Inflammasome Activation Leads to

Glomerular Injury

Our kidneys contain approximately 1 million nephrons which
filter blood and create urine (Bertram et al, 2011). The early
portion of the nephron contains the glomerulus (Ludwig, 1843),
which is a complex of small capillaries, supported by glomerular
mesangial cells and surrounded by the Bowman’s capsule (Pollak
et al,, 2014). The glomerulus is lined by the glomerular basement
membrane and podocytes that form foot processes (pedicels),
which are sieve-like structures that permit the filtration of water
and protein-free soluble substrates into the Bowman’s capsule.
The filtrate flows into the renal tubules for selective reabsorption
and secretion and the formation of urine (Pollak et al., 2014).

Glomerular injury is the initial presentation of diabetic
nephropathy (Ilyas et al, 2017), and is characterised by
mesangial expansion (Tung et al., 2018), basement membrane
thickening (Dongling Liu et al., 2020) and podocyte apoptosis
(Weil et al, 2012; Mallipattu and Kravets, 2020). Clinically
relevant changes in glomerular disease include proteinuria,
albuminuria, albumin/creatinine ratio and glomerular
hyperfiltration, all of which are early markers of injury
(Treacy et al, 2019). A link between NLRP3 inflammasome
activity and glomerular injury in the kidneys of people with
diabetic nephropathy is now well established (Shahzad et al,
2015), with evidence that increased glomerular NLRP3
expression (Shahzad et al., 2015; Hou et al., 2020) is paralleled
by elevated levels of serum IL1p, the latter of which exhibits a
positive correlation to albuminuria (Shahzad et al., 2015).
Several studies have since illustrated the widespread impact of
NLRP3 inflammasome activation in diabetic nephropathy
through its role in glomerular injury (Xu et al, 2021; Zhan
et al., 2020; Shen et al.,2022; Feng et al, 2021). Research by
Wu et al, studied the effects of NLRP3 in the kidneys of
streptozotocin  (STZ)-induced  diabetic mice using an
NLRP3 knock-out model (Wu et al, 2018). Streptozotocin
induces TIDM in mice and rats through the destruction of
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pancreatic islet $3-cells. The model is widely used for studying
T1DM and the complications of diabetes, including the early
stages of diabetic nephropathy (Furman, 2021). Wu et al,
reported that STZ mice exhibited increased inflammation of
their kidneys compared to wild type control, as evidenced by
increased expression of monocyte chemoattractant protein 1
(MCP1), increased macrophage infiltration and increased
expression of inflammasome markers NLRP3, caspase-1,
cleaved IL1p and IL18. With NLRP3 activation linked to
increased extracellular matrix deposition and renal fibrosis
(Alyaseer et al, 2020), it is unsurprising that these mice
reportedly demonstrated increased expression of fibronectin,
collagen I and collagen IV (Wu et al, 2018). Knock-out of
NLRP3 ameliorated these changes culminating in a reduction
in glomerular basement membrane thickening, decreased
podocyte foot process effacement, mesangial expansion and
glomerular hypertrophy (Wu et al, 2018). Reduced cellular
injury led to improvements in physical and biochemical
parameters in these mice compared to wild type STZ-induced
diabetic mice, including reduced kidney/body weight ratio,
albuminuria, urine albumin/creatinine ratio and creatinine
clearance (Wu et al., 2018).

Studies utilising both a mouse model of obesity-induced
T2DM (db/db) and rat mesangial cells treated with high
(30 mM) glucose, reported that podocyte injury, basement
membrane thickness, foot process effacement and fibrosis,
were all decreased when mice and cells were treated with
MCC950, a small molecule inhibitor that blocks NLRP3
activation (Zhang et al., 2019). Similarly, NLRP3 inhibition in
db/db mice improved morphological parameters (mesangial
expansion, glomerular hypertrophy, glomerulosclerosis and
tubulointerstitial damage) and decreased disease biomarkers
(serum creatinine, urinary albumin to creatinine ratio), further
corroborating the beneficial effects of reducing inflammasome
activation in the diabetic kidney (Zhang et al., 2019). In contrast,
research by Ostergaard et al on TIDM mice failed to
demonstrate renoprotective effects of NLRP3 inhibition
(Dstergaard et al, 2022). In their study, use of MCC950 in
STZ-induced diabetic mice identified detrimental effects linked
to NLRP3 inhibition, which resulted in upregulation of the
expression of markers of inflammation (IL13, IL18 and
MCP1) and fibrosis (collagen I, collagen IV and transforming
growth factor beta 1 (TGFf1)) in addition to increased immune
cell infiltration, mesangial expansion, and glomerulosclerosis
(Dstergaard et al., 2022). These contrary findings highlight the
need for further exploration into the effects of NLRP3 inhibition
in the kidney.

One of several mechanisms through which NLRP3 drives
glomerular disease is through increased pyroptosis (Zhan
et al., 2020; Xu et al.,, 2021), a form of programmed cell death
stimulated by inflammation (Lin et al., 2020). Renal tissue from
high fat diet (HFD)/STZ-treated mice exhibited mitochondrial
swelling, perforation and dissolution of the cell membrane, small
vacuole formation on the cell surface and nuclear rupture,
characteristics associated with pyroptosis (An et al, 2020).
Treatment with punicalagin, a phenolic compound found in
pomegranates, reduced expression of inflammasome associated

NLRP3 Induced Inflammation in Diabetic Nephropathy

proteins NLRP3, IL1pB, caspase-1 and GSDMD. Punicalagin
ameliorated a diabetes-induced increase in pyroptosis, and
restored markers of renal function including a lowering of the
urine albumin to creatinine ratio, decreased glomerular basement
membrane thickening, mesangial expansion, and glomerular
fibrosis (An et al, 2020). Thioredoxin-interacting protein
(TXNIP) interacts directly with NLRP3 and is involved in
inflammasome activation and subsequent pyroptosis (Qayyum
et al., 2021). Use of lentivirus vector-mediated TXNIP short
hairpin RNA (LV-TXNIP-shRNA) to dampen inflammasome
activation in HFD/STZ mice via TXNIP inhibition reduced
pyroptosis mediated cell death (Ke et al, 2020). Reduced

inflammasome activity and pyroptosis improved the
pathological changes of diabetic nephropathy in the
glomerulus including reduced glomerular hypertrophy,

basement membrane thickening, mesangial expansion and
fibrosis (Ke et al., 2020).

Aside from studies that outline a role for NLRP3 in the
induction of pyroptosis, the effect of the inflammasome on
podocytes was demonstrated in high (20-40 mM) glucose-
treated primary murine podocytes where increased NLRP3
expression impaired podocyte autophagy and exacerbated
podocyte damage, effects attenuated using NLRP3 silencing
(si) RNA (Hou et al, 2020). Similarly, and as a negative
regulator of NLRP3, miRNA miR-10a and 10-b binds to the 3’
untranslated region of NLRP3 messenger (m)RNA and was
demonstrated in STZ-induced diabetic mice and human
kidney-2 (HK-2) proximal tubule cells to reduce caspase-1
cleavage and IL1B maturation in the diabetic kidney (Ding
et al, 2021). This inhibitory role was further supported by
studies demonstrating a reduction of miR-10 expression in
both kidney biopsy material isolated from individuals with
diabetic nephropathy and in STZ-induced diabetic mice
(C57BL/6]), observations paralleled by increased NLRP3
activation (Ding et al., 2021) and corroborated by studies in
miR-10 overexpressing STZ-treated mice, where reduced
inflammasome activation attenuated an STZ-induced increase
in albuminuria, mesangial expansion and inflammation,
culminating in improved kidney function (Ding et al., 2021).

Collectively these studies demonstrate the detrimental effects
of inflammasome activation in the glomerular region of the
diabetic kidney. Targeting NLRP3 significantly reduces
physical, biochemical, and molecular markers associated with
diabetic nephropathy, providing protection from high glucose-
induced glomerular injury, changes which initiate progression of
kidney injury in both T1IDM and T2DM.

The Role of NLRP3 Activation in Tubular

Inflammation and Fibrosis

Whilst diabetic nephropathy is considered a glomerular disease in
origin, it is damage to the proximal tubular region which dictates
disease progression. With inflammation and fibrosis of the tubule
exhibiting a positive correlation to the rate of entry into end-stage
renal disease (ESRD), the therapeutic implications of targeting
this damage are irrefutable (Liu et al, 2018). Tubular injury
manifests itself in response to increased inflammation (Pérez-
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Morales et al., 2019), fibrosis (Zeng et al., 2019), immune cell
recruitment (Zheng and Zheng, 2016), epithelial-to-
mesenchymal transition (EMT) (Sheng and Zhuang, 2020) and
extracellular matrix deposition (ECM) (Zhao et al, 2020).
Furthermore, increased in renal biopsies of people with
diabetic nephropathy, NLRP3 and IL1p expression and activity
is also reportedly increased in people with tubulointerstitial injury
as compared to those without (Cheng et al., 2021). Several studies
describe the role of NLRP3 in driving tubulointerstitial injury in
diabetic kidney disease (Ding et al., 2018; Zhang and Wang,
2020).

A major pathology in tubulointerstitial fibrosis is EMT, the
trans-differentiation of epithelial cells to myofibroblasts.
Characterised by a loss of the epithelial phenotype and the
acquisition of pro-fibrotic characteristics, EMT increases fibrosis
in the renal tubules driving progression of disease (Sheng and
Zhuang., 2020). Human kidney-2 (HK-2) proximal tubule cells
when treated with high (30 mM) glucose, exhibit increased NLRP3
inflammasome activation, as demonstrated by increased mRNA
and protein expression of NLRP3, ASC, caspase-1, active IL1 and
active IL18 (Song et al., 2018). Moreover, NLRP3 inhibition using
both short hairpin (sh) RNA and an inflammasome blocking
antioxidant N-acetyl-L-cysteine (NAC), negated EMT induced
morphology and reversed changes in expression of classical
EMT markers alpha-smooth muscle actin (aSMA) and
E-cadherin in HK-2 cells (Song et al, 2018). Antioxidant 4-
hydroxy-3-methoxyacetophenone (apocynin) was also shown to
inhibit NLRP3 inflammasome activity in STZ-treated rats,
conferring protection through its ability to reduce glomerular
injury and urine creatinine levels, whilst decreasing TGFp1,
fibronectin and collagen expression in the tubules (Xin et al., 2018).

Further in vitro studies in HK-2 cells report high (30 mM)
glucose-induced NLRP3 inflammasome activation, through class
B scavenger receptor CD36 (Hou et al., 2021). Whilst caspase-1
activity drives pyroptosis through GSDMD cleavage, in the
absence of GSDMD, caspase-1 can induce apoptosis via
truncation of the pro-apoptotic protein BH3 Interacting
Domain Death Agonist (Bid), culminating in activation of
caspase-9 and increased caspase-3 activity (Tsuchiya et al,
2019; Heilig et al, 2020). In HK-2 cells, inflammasome
activation initiated caspase-3 mediated apoptosis, and a shift
in the expression of B-cell lymphoma protein 2 associated X
(Bax) and B-cell lymphoma protein 2 (BCL2) protein, referred to
as the Bax/BCL-2 ratio. In healthy cells the pro-apoptotic
properties of Bax are counteracted by the apoptosis inhibiting
effects of BCL-2, however, when this balance is disturbed to
favour the expression of Bax, cells become apoptotic. These
inflammation-induced changes in markers of apoptosis were
negated by NLRP3 shRNA (Hou et al, 2021). As a form of
programmed cell death initiated when a cell is damaged beyond
repair, apoptosis is a widespread marker of renal injury (Priante
et al, 2019). In db/db mice, CD36 knockdown reduced
inflammasome activation which conferred protection via
reduction of apoptosis, macrophage infiltration and proximal
tubule injury (Hou et al., 2021). The protective effects of NLRP3
inhibition were similarly observed in high glucose treated rat
proximal renal tubular epithelial cells (NRK-52E cells), whereas

NLRP3 Induced Inflammation in Diabetic Nephropathy

with their observations in glomeruli of the diabetic kidney, Ke
et al report that LV-TXNIP-shRNA transfection significantly
reduced apoptosis in response to downregulated expression of
NLRP3, ASC, cleaved caspase-1, GSDMD-NT, IL1p and IL18 (Ke
et al., 2020).

In summary, these findings support the concept that NLRP3
inflammasome activation is instrumental in mediating renal
tubule damage in diabetic nephropathy. The benefits of
targeting inflammasome activity, as shown in these studies,
provides hope for a therapeutic and preventative measure to
significantly reduce the number of people who develop diabetes
driven ESRD.

Therapeutic Approaches to Targeting
NLRP3 Inflammasome Activity

Despite its role in disease progression, treatment of inflammation
in the kidney represents an unmet clinical need. Whilst early
stages of diabetic nephropathy are managed via control of blood
glucose and pressure (Selby and Taal, 2020), many people still
progress to late-stage disease despite good glycaemic control, thus
limiting treatment options to dialysis and transplantation, both of
which negatively impact quality of life (Selby and Taal, 2020).
Sodium-glucose co-transporter 2 inhibitors (SGLT2i) are the
most recent and promising development in the treatment of
diabetes and have recently been approved for use in diabetic
nephropathy for people with T2DM. The inhibitors block glucose
reabsorption in the proximal tubule, increasing glucose excretion
in the urine, allowing blood glucose to be controlled without the
risk of hypoglycaemia (Shaffner et al., 2021), reducing glomerular
hyperfiltration through sodium mediated activation of
tubuloglomerular feedback (Davidson, 2019). Dapagliflozin, an
SGLT?2 inhibitor, has been shown to reduce renal injury even in
the absence of diabetes, through inhibition of the NLRP3
inflammasome, protecting against kidney fibrosis (Ke et al,
2022). Unfortunately, whilst SGLT2i represent a major
advance in the treatment of diabetic nephropathy, limitations
of wide range suitability and potential side effects including
diabetic ketoacidosis (Douros et al,, 2020), genital infections
(Liu et al, 2017) and lower limb amputation (Neal et al,
2017) suggest that they are not a one size fits all, and so other
options must also be explored (Nelinson et al., 2021).

Due to the prominent role that the NLRP3 inflammasome plays
in a plethora of chronic inflammatory diseases (Seok et al., 2021), it is
an attractive target for therapeutic interventions (Coll et al., 2022).
Many biological elements are essential for inflammasome activation,
and this provides several opportunities for inflammasome inhibition,
including inhibition of transcription factors (NFkB), inflammasome
components (NLRP3, ASC, caspase-1), and downstream
inflammasome mediators (IL13). Whilst no NLRP3 blockers are
clinically available, several inhibitors are currently in trials.
Dapansutrile (OLT1177), an NLRP3 specific inhibitor, is
currently in phase II clinical trials for the treatment of Covid-19
induced cytokine storm (Clinical Trial identifier: NCT04540120,
Olatec Therapeutics, 2022) and gout flares (Kliick et al., 2020). The
pharmaceutical company Inflazome (Roche) has developed two oral
NLRP3 inhibitors, Inzomelid (NCT04086602) and Somalix, both of
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which have completed Phase 1 trials and have been tested in people
with Cryopyrin-associated periodic syndrome (CAPS) (Coll et al,
2019). Another NLRP3 inhibitor that has completed Phase I clinical
trials in healthy individuals is ZYIL1 (NCT04731324) which is now
progressing onto Phase II clinical trials in people with CAPS
syndrome (Clinical Trials Arena, 2021). The compound IFM-
2427, recently renamed DFV890, is a systemic NLRP3 antagonist
which has recently completed Phase I and Phase II clinical trials for
several inflammatory conditions (CDFV890D12201, NCT04382053,
CDFV890B12201, CDFV890A12201, NCT04382053). Despite early
promise, no mechanism of action has so far been reported, therefore
its potential use in diabetic nephropathy is unknown.

Whilst results from these trials appear promising, outcomes have
been met with concerns regarding suppression of the innate immune
response, where NLRP3 activation is required in the face of
microbial infection. Efforts to dampen DAMP induced sterile
inflammation have to date proven unsuccessful, with attempts to
block the human P2X7 receptor producing variable
pharmacodynamic responses, perhaps as a consequence of
genetic variability (McHugh et al, 2012; Burnstock and Knight,
2017). On the other hand, targeting downstream mediator IL1p
using recombinant human monoclonal antibody ACZ885
(Canakinumab) yielded disappointing results in trials in TIDM
(NCT00947427) and diabetic retinopathy (NCT01589029), with
increased rates of infection and sepsis in the face of a dampened
inflammatory response (Ridker et al., 2017). The ineffectiveness of
IL1B blockers could also be due to alternative inflammasome
pathways remaining active (Moran et al, 2013), such as IL18
release (Hirooka and Nozaki, 2021) and pyroptosis (Lin et al,
2020). A consensus appears to be that these drugs would be
more effectively used in combination with other anti-
inflammatory ~ drugs, however, this raises new safety
considerations in relation to side effects, potential and harmful
drug interactions and toxicity of the liver (Sriuttha et al., 2018).
Consequently, further research is needed to identify clinically safe
and effective therapeutics for NLRP3 driven chronic inflammatory
diseases, including diabetic nephropathy.

CONCLUSION

Globally, 537 million adults are currently living with diabetes and its
secondary complications, including diabetic nephropathy
(International ~ diabetes federation diabetes Atlas, 2021)
Associated with a range of chronic inflammatory diseases,
including atherosclerosis (Sharma et al., 2021), diabetes (Ding

REFERENCES

Al Mamun, A., Ara Mimi, A., Wu, Y., Zaeem, M., Abdul Aziz, M., Aktar Suchi, S.,
et al. (2021). Pyroptosis in Diabetic Nephropathy. Clin. Chim. Acta 523,
131-143. doi:10.1016/].CCA.2021.09.003

Alyaseer, A. A. A., de Lima, M. H. S., and Braga, T. T. (2020). The Role of NLRP3
Inflammasome Activation in the Epithelial to Mesenchymal Transition
Process during the Fibrosis. Front. Immunol. 11, 883. do0i:10.3389/
FIMMU.2020.00883

NLRP3 Induced Inflammation in Diabetic Nephropathy

et al, 2019) and obesity (Qin et al, 2021), recent research
highlights the key role of NLRP3 in both glomerular (Shahzad
et al,, 2015; Ilyas et al., 2017; Hou et al., 2020) and tubular injury
(Ding et al., 2018; Zhang and Wang, 2020) in the context of diabetic
nephropathy. The NLRP3 inflammasome can initiate immune cell
recruitment (Niu et al., 2019) and resulting inflammation (Yang
et al,, 2019), downstream EMT (Song et al, 2018), pyroptosis
(Zhang and Wang, 2020) and apoptosis (Dai et al, 2019),
leading to fibrosis (Li et al., 2019). Specifically, NLRP3 activation
drives glomerular disease through pyroptosis (Ke et al, 2020),
leading to mesangial expansion (Tung et al, 2018) and
glomerular thickening (Yanfei Liu et al, 2020). Late-stage
nephropathy includes damage to the proximal tubule region of
the kidney, where increased damage is positively correlated with
disease progression (Takaori et al., 2016). Interestingly, whilst the
role of the NLRP3 inflammasome in kidney disease pathogenesis is
irrefutable, there is a clear demand for increased studies to outline
the exact nature of the pathway involved. A clearer understanding
will undoubtedly unveil future therapeutic targets.

Although targeting the NLRP3 inflammasome has to date been
shown to be effective in slowing disease progression and onset,
there are currently no approved treatments which can ablate and/
or downregulate its activity, a consequence of side effects and
increased susceptibility to infection (Niu et al.,, 2019). Exploring
novel therapeutics alongside further research into the specific
targeting of NLRP3 inflammasome components will undeniably
offer hope for treating NLRP3-inflammasome associated diseases,
such as diabetic nephropathy (Kim et al, 2015; Sha et al., 2017;
Mugisho et al., 2018; International Diabetes Federation, 2019; Zhao
et al, 2019; Sun et al., 2020; Wang et al., 2020; Al Mamun et al.,
2021; Samsu, 2021; ClinicalTrials.gov, 2022).

AUTHOR CONTRIBUTIONS

Conceptualisation, BW, CC, and CH; Writing—original draft
preparation, CC, BW, and CH; Writing—CC, BW, KL, PS, and
CH; Supervision, CH and PS; Project administration, PS, and CH.
All authors have read and agreed to the published version of the
manuscript.

FUNDING

This research was funded by the generous support of Diabetes UK
(18/0005919).

An, X, Zhang, Y., Cao, Y., Chen, J., Qin, H,, and Yang, L. (2020). Punicalagin
Protects Diabetic Nephropathy by Inhibiting Pyroptosis Based on TXNIP/
NLRP3 Pathway. Nutrients 12, 1516. doi:10.3390/NU12051516

Bertram, J. F., Douglas-Denton, R. N., Diouf, B., Hughson, M. D., and Hoy,
W. E. (2011). Human Nephron Number: Implications for Health and
Disease. Pediatr. Nephrol. 26, 1529-1533. doi:10.1007/S00467-011-
1843-8

Burnstock, G., and Knight, G. E. (2017). The Potential of P2X7 Receptors as a
Therapeutic Target, Including Inflammation and Tumour Progression.
Purinergic Signal. 14, 1-18. doi:10.1007/S11302-017-9593-0

Frontiers in Physiology | www.frontiersin.org

June 2022 | Volume 13 | Article 907504


https://doi.org/10.1016/J.CCA.2021.09.003
https://doi.org/10.3389/FIMMU.2020.00883
https://doi.org/10.3389/FIMMU.2020.00883
https://doi.org/10.3390/NU12051516
https://doi.org/10.1007/S00467-011-1843-8
https://doi.org/10.1007/S00467-011-1843-8
https://doi.org/10.1007/S11302-017-9593-0
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Williams et al.

Castro, M. F. V., Stefanello, N., Assmann, C. E., Baldissarelli, ]., Bagatini, M. D., da
Silva, A. D., et al. (2021). Modulatory Effects of Caffeic Acid on Purinergic and
Cholinergic Systems and Oxi-Inflammatory Parameters of Streptozotocin-
Induced Diabetic Rats. Life Sci. 277, 119421. doi:10.1016/.1fs.2021.119421

Chen, M.-y,, Ye, X.-j., He, X.-h., and Ouyang, D.-y. (2021). The Signaling Pathways
Regulating NLRP3 Inflammasome Activation. Inflammation 44, 1229-1245.
doi:10.1007/s10753-021-01439-6

Cheng, D,, Liang, R,, Huang, B., Hou, ], Yin, J., Zhao, T., et al. (2021). Tumor
Necrosis Factor-a Blockade Ameliorates Diabetic Nephropathy in Rats. Clin.
Kidney ]. 14, 301-308. doi:10.1093/CK]J/SFZ137

Clinical Trials Arena (2021). Zydus to Commence Phase IIa CAPS Trial of Drug in
Australia. Available at: https://www.clinicaltrialsarena.com/news/zydus-caps-
trial-australia/(Accessed March 14, 2022).

ClinicalTrials.gov (2022). Safety and Efficacy of Dapansutrile for Treatment of Moderate
COVID-19 Symptoms and Evidence of Early Cytokine Release Syndrome. Available
at: https:/clinicaltrials.gov/ct2/show/NCT04540120 (Accessed March 14, 2022).

Coll, R. C,, Hill, . R., Day, C. ., Zamoshnikova, A., Boucher, D., Massey, N. L., et al.
(2019). MCC950 Directly Targets the NLRP3 ATP-Hydrolysis Motif for
Inflammasome Inhibition. Nat. Chem. Biol. 15 (6), 556-559.

Coll, R. C,, Schroder, K., and Pelegrin, P. (2022). NLRP3 and Pyroptosis Blockers
for Treating Inflammatory Diseases. Trends Pharmacol. Sci., 1-16. doi:10.1016/
j.tips.2022.04.003

Dagar, N, Das, P, Bisht, P., Taraphdar, A. K,, Velayutham, R,, and Arumugam, S.
(2021). Diabetic Nephropathy: A Twisted Thread to Unravel. Life Sci. 278,
119635. doi:10.1016/j.1fs.2021.119635

Daij, J., Chen, H., and Chen, Y. (2019). Advanced Glycation End Products (AGEs)
Induce Apoptosis of Fibroblasts by Activation of NLRP3 Inflammasome Via
Reactive Oxygen Species (ROS) Signaling Pathway. Med. Sci. Monit. 25,
7499-7508. doi:10.12659/MSM.915806

Davidson, J. A. (2019). SGLT2 Inhibitors in Patients with Type 2 Diabetes and
Renal Disease: Overview of Current Evidence. Postgrad. Med. 131, 251-260.
doi:10.1080/00325481.2019.1601404

de Bhailfs, A. M., Chrysochou, C., and Kalra, P. A. (2021). Inflammation and Oxidative
Damage in Ischaemic Renal Disease. Antioxidants 10, 845. doi:10.3390/antiox10060845

DeFronzo, R. A., Reeves, W. B., and Awad, A. S. (2021). Pathophysiology of
Diabetic Kidney Disease: Impact of SGLT2 Inhibitors. Nat. Rev. Nephrol. 17,
319-334. doi:10.1038/s41581-021-00393-8

Ding, T., Wang, S., Zhang, X., Zai, W., Fan, J., Chen, W, et al. (2018). Kidney
Protection Effects of Dihydroquercetin on Diabetic Nephropathy through
Suppressing ROS and NLRP3 Inflammasome. Phytomedicine 41, 45-53.
doi:10.1016/].PHYMED.2018.01.026

Ding, S., Xu, S., Ma, Y., Liu, G,, Jang, H., and Fang, J. (2019). Modulatory
Mechanisms of the NLRP3 Inflammasomes in Diabetes. Biomolecules 9, 850.
doi:10.3390/biom9120850

Ding, H,, L, ], Li, Y., Yang, M,, Nie, S., Zhou, M,, et al. (2021). MicroRNA-10 Negatively
Regulates Inflammation in Diabetic Kidney via Targeting Activation of the NLRP3
Inflammasome. Mol. Ther. 29, 2308-2320. doi:10.1016/].YMTHE.2021.03.012

Dongling Liu, D., Zeng, X,, Li, X,, Cui, C., Hou, R, Guo, Z, et al. (2020). Advances
in the Molecular Mechanisms of NLRP3 Inflammasome Activators and
Inactivators. Biochem. Pharmacol. 175, 113863. doi:10.1016/j.bcp.2020.113863

Douros, A., Lix, L. M., Fralick, M., Dell’Aniello, S., Shah, B. R,, and Ronksley, P. E.
(2020). Sodium-Glucose Cotransporter-2 Inhibitors and the Risk for Diabetic
Ketoacidosis. Ann. Intern. Med. 173 (6), 417-426. doi:10.7326/M20-0289

Downs, K. P, Nguyen, H., Dorfleutner, A., and Stehlik, C. (2020). An Overview of
the Non-canonical Inflammasome. Mol. Aspects Med. 76, 100924. doi:10.1016/j.
mam.2020.100924

El-Rous, M. A,, Saber, S., Raafat, E. M., and Ahmed, A. A. E. (2021). Dapagliflozin,
an SGLT2 Inhibitor, Ameliorates Acetic Acid-Induced Colitis in Rats by
Targeting NFkB/AMPK/NLRP3 axis. Inflammopharmacol 29, 1169-1185.
doi:10.1007/s10787-021-00818-7

El-Sharkawy, L. Y., Brough, D., and Freeman, S. (2020). Inhibiting the NLRP3
Inflammasome. Molecules 25, 5533. doi:10.3390/MOLECULES25235533

Feng, H,, Zhu, X, Tang, Y., Fu, S, Kong, B., and Liu, X. (2021). Astragaloside IV Ameliorates
Diabetic Nephropathy in Db/db Mice by Inhibiting NLRP3 Inflammasome-mediated
I-nflammation. Int. J. Mol. Med. 48, 1-12. doi:10.3892/[JMM.2021.4996/HTML

Franchi, L., Eigenbrod, T., and Nufez, G. (2009). Cutting Edge: TNF-a Mediates
Sensitization to ATP and Silica via the NLRP3 Inflammasome in the Absence of
Microbial Stimulation. J. Immunol. 183, 792-796. doi:10.4049/jimmunol.0900173

NLRP3 Induced Inflammation in Diabetic Nephropathy

Furman, B. L. (2021). Streptozotocin-Induced Diabetic Models in Mice and Rats.
Curr. Protoc. 1 (4), €78. d0i:10.1002/CPZ1.78

Fusco, R,, Siracusa, R., Genovese, T., Cuzzocrea, S., and Di Paola, R. (2020). Focus
on the Role of NLRP3 Inflammasome in Diseases. Int. . Mol. Sci. 21,
4223-4225. doi:10.3390/ijms21124223

Ge, K, Wang, Y,, Li, P,, Li, M., Zhang, W., Dan, H,, et al. (2022). Down-expression
of the NLRP3 Inflammasome Delays the Progression of Diabetic Retinopathy.
Microvasc. Res. 139, 104265. doi:10.1016/].MVR.2021.104265

Hafner-Bratkovi¢, I, Su$jan, P., Laind¢ek, D., Tapia-Abelldn, A., Cerovi¢, K.,
Kadunc, L., et al. (2018). NLRP3 Lacking the Leucine-Rich Repeat Domain
Can Be Fully Activated via the Canonical Inflammasome Pathway. Nat.
Commun. 9 (1), 1-18. doi:10.1038/s41467-018-07573-4

Haneklaus, M., Gerlic, M., Kurowska-Stolarska, M., Rainey, A.-A., Pich, D.,
Mclnnes, 1. B, et al. (2012). Cutting Edge: miR-223 and EBV miR-BART15
Regulate the NLRP3 Inflammasome and IL-1B Production. J. Immunol. 189,
3795-3799. doi:10.4049/jimmunol.1200312

Heilig, R., Dilucca, M., Boucher, D., Chen, K. W., Hancz, D., Demarco, B, et al.
(2020). Caspase-1 Cleaves Bid to Release Mitochondrial SMAC and Drive
Secondary Necrosis in the Absence of GSDMD. Life Sci. Alliance 3, €202000735.
doi:10.26508/LSA.202000735

Hirooka, Y., and Nozaki, Y. (2021). Interleukin-18 in Inflammatory Kidney
Disease. Front. Med. 8, 193. doi:10.3389/FMED.2021.639103/BIBTEX

Hou, Y., Lin, S,, Qiu, J., Sun, W., Dong, M., Xiang, Y., et al. (2020). NLRP3 Inflammasome
Negatively Regulates Podocyte Autophagy in Diabetic Nephropathy. Biochem.
Biophysical Res. Commun. 521, 791-798. doi:10.1016/].BBRC.2019.10.194

Hou, Y., Wang, Q., Han, B., Chen, Y., Qiao, X., and Wang, L. (2021). CD36
Promotes NLRP3 Inflammasome Activation via the mtROS Pathway in Renal
Tubular Epithelial Cells of Diabetic Kidneys. Cell Death Dis. 12, 1-16. doi:10.
1038/541419-021-03813-6

Huang, W., Jiao, J., Liu, J., Huang, M., Hu, Y., Ran, W,, et al. (2020). MFG-E8 Accelerates
Wound Healing in Diabetes by Regulating "NLRP3 Inflammasome-Neutrophil
Extracellular Traps" axis. Cell Death Discov. 6, 84. doi:10.1038/s41420-020-00318-7

Huber-Lang, M., Lambris, J. D., and Ward, P. A. (2018). Innate Inmune Responses
to Trauma. Nat. Immunol. 19, 327-341. doi:10.1038/s41590-018-0064-8.F

Ilyas, Z., Chaiban, J. T., and Krikorian, A. (2017). Novel Insights into the
Pathophysiology and Clinical Aspects of Diabetic Nephropathy. Rev.
Endocr. Metab. Disord. 18, 21-28. doi:10.1007/S11154-017-9422-3

International diabetes federation diabetes Atlas (2021). Key Global Findings 2021.
IDF Atlas 10th edition. Available at: https://diabetesatlas.org/atlas/tenth-
edition/(accessed March 14th, 2022).

International Diabetes Federation (2019). International Diabetes Federation Atlas Edition
9. IDF Atlas 9th edition. Available at: https://diabetesatlas.org/idfawp/resource-files/
2019/07/IDF_diabetes_atlas_ninth_edition_en.pdf (accessed March 12th, 2022).

Jager, E., Murthy, S., Schmidt, C., Hahn, M., Strobel, S., Peters, A., et al. (2020).
Calcium-sensing Receptor-Mediated NLRP3 Inflammasome Response to
Calciprotein Particles Drives Inflammation in Rheumatoid Arthritis. Nat.
Commun. 11 (1), 1-17. doi:10.1038/s41467-020-17749-6

Kaufmann, S. H. E., Dorhoi, A., Hotchkiss, R. S., and Bartenschlager, R. (2018).
Host-directed Therapies for Bacterial and Viral Infections. Nat. Rev. Drug
Discov. 17, 35-56. doi:10.1038/nrd.2017.162

Ke, R, Wang, Y., Hong, S., and Xiao, L. (2020). Endoplasmic Reticulum Stress Related
Factor IREla Regulates TXNIP/NLRP3-mediated Pyroptosis in Diabetic
Nephropathy. Exp. Cell Res. 396, 112293. doi:10.1016/].YEXCR.2020.112293

Ke, Q.,, Shi, C, Lv, Y., Wang, L., Luo, ], Jiang, L., et al. (2022). SGLT2 Inhibitor
Counteracts NLRP3 Inflammasome via Tubular Metabolite Itaconate in
Fibrosis Kidney. FASEB J. 36, €22078. doi:10.1096/F].202100909RR

Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 Inflammasome: An
Overview of Mechanisms of Activation and Regulation. Int. J. Mol. Sci. 20 (13),
3328. doi:10.3390/ijms20133328

Kim, S.-M.,, Lee, S.-H., Kim, Y.-G., Kim, S.-Y., Seo, ].-W., Choi, Y.-W., et al. (2015).
Hyperuricemia-induced NLRP3 Activation of Macrophages Contributes to the
Progression of Diabetic Nephropathy. Am. J. Physiology-Renal Physiology 308,
F993-F1003. doi:10.1152/AJPRENAL.00637.2014

Kliick, V., Jansen, T. L. T. A, Janssen, M., Comarniceanu, A., Efdé, M., Tengesdal, I.
W., et al. (2020). Dapansutrile, an Oral Selective NLRP3 Inflammasome
Inhibitor, for Treatment of Gout Flares: an Open-Label, Dose-Adaptive,
Proof-Of-Concept, Phase 2a Trial. Lancet Rheumatology 2, e270-€280.
doi:10.1016/S2665-9913(20)30065-5

Frontiers in Physiology | www.frontiersin.org

June 2022 | Volume 13 | Article 907504


https://doi.org/10.1016/j.lfs.2021.119421
https://doi.org/10.1007/s10753-021-01439-6
https://doi.org/10.1093/CKJ/SFZ137
https://www.clinicaltrialsarena.com/news/zydus-caps-trial-australia/
https://www.clinicaltrialsarena.com/news/zydus-caps-trial-australia/
https://clinicaltrials.gov/ct2/show/NCT04540120
https://doi.org/10.1016/j.tips.2022.04.003
https://doi.org/10.1016/j.tips.2022.04.003
https://doi.org/10.1016/j.lfs.2021.119635
https://doi.org/10.12659/MSM.915806
https://doi.org/10.1080/00325481.2019.1601404
https://doi.org/10.3390/antiox10060845
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.1016/J.PHYMED.2018.01.026
https://doi.org/10.3390/biom9120850
https://doi.org/10.1016/J.YMTHE.2021.03.012
https://doi.org/10.1016/j.bcp.2020.113863
https://doi.org/10.7326/M20-0289
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1007/s10787-021-00818-7
https://doi.org/10.3390/MOLECULES25235533
https://doi.org/10.3892/IJMM.2021.4996/HTML
https://doi.org/10.4049/jimmunol.0900173
https://doi.org/10.1002/CPZ1.78
https://doi.org/10.3390/ijms21124223
https://doi.org/10.1016/J.MVR.2021.104265
https://doi.org/10.1038/s41467-018-07573-4
https://doi.org/10.4049/jimmunol.1200312
https://doi.org/10.26508/LSA.202000735
https://doi.org/10.3389/FMED.2021.639103/BIBTEX
https://doi.org/10.1016/J.BBRC.2019.10.194
https://doi.org/10.1038/s41419-021-03813-6
https://doi.org/10.1038/s41419-021-03813-6
https://doi.org/10.1038/s41420-020-00318-7
https://doi.org/10.1038/s41590-018-0064-8.F
https://doi.org/10.1007/S11154-017-9422-3
https://diabetesatlas.org/atlas/tenth-edition/
https://diabetesatlas.org/atlas/tenth-edition/
https://diabetesatlas.org/idfawp/resource-files/2019/07/IDF_diabetes_atlas_ninth_edition_en.pdf
https://diabetesatlas.org/idfawp/resource-files/2019/07/IDF_diabetes_atlas_ninth_edition_en.pdf
https://doi.org/10.1038/s41467-020-17749-6
https://doi.org/10.1038/nrd.2017.162
https://doi.org/10.1016/J.YEXCR.2020.112293
https://doi.org/10.1096/FJ.202100909RR
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1152/AJPRENAL.00637.2014
https://doi.org/10.1016/S2665-9913(20)30065-5
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Williams et al.

Li, S, Lin, Q.,, Shao, X, Mou, S, Gu, L, Wang, L, et al. (2019). NLRP3
Inflammasome Inhibition Attenuates Cisplatin-Induced Renal Fibrosis by
Decreasing Oxidative Stress and Inflammation. Exp. Cell Res. 383, 111488.
doi:10.1016/j.yexcr.2019.07.001

Li, Z,, Chi, H., Zhu, W, Yang, G., Song, J., Mo, L., et al. (2021). Cadmium Induces
Renal Inflammation by Activating the NLRP3 Inflammasome through ROS/
MAPK/NF-kB Pathway In Vitro and In Vivo. Arch. Toxicol. 95, 3497-3513.
doi:10.1007/500204-021-03157-2/FIGURES/8

Lin, J., Cheng, A., Cheng, K., Deng, Q., Zhang, S., Lan, Z,, et al. (2020). New Insights
into the Mechanisms of Pyroptosis and Implications for Diabetic Kidney
Disease. Int. J. Mol. Sci. 21, 1-23. doi:10.3390/1JMS21197057

Liu, J,, Li, L, Li, S, Jia, P,, Deng, K., Chen, W., et al. (20172017). Effects of SGLT2
Inhibitors on UTIs and Genital Infections in Type 2 Diabetes Mellitus: a Systematic
Review and Meta-Analysis. Sci. Rep. 71 (7), 1-11. doi:10.1038/s41598-017-02733-w

Liu, B. C, Tang, T. T,, Ly, L. L, and Lan, H. Y. (2018). Renal Tubule Injury: a
Driving Force toward Chronic Kidney Disease. Kidney Int. 93, 568-579. doi:10.
1016/J.KINT.2017.09.033

Liu, L., Song, L., Deng, R,, Lan, R, Jin, W., Tran Van Nhieu, G,, et al. (2021).
Citrobacter Freundii Activation of NLRP3 Inflammasome via the Type VI
Secretion System. J. Infect. Dis. 223, 2174-2185. doi:10.1093/infdis/jiaa692

Lu, A., Magupalli, V. G, Ruan, ], Yin, Q., Atianand, M. K., Vos, M. R,, et al. (2014).
Unified Polymerization Mechanism for the Assembly of Asc-dependent
Inflammasomes. Cell 156 (6), 1193-1206. doi:10.1016/j.cell.2014.02.008

Ludwig, C. (1843). Beitrdge zur Lehre vom Mechanismus der Harnsecrection.
Elwert: Marburg.

Luo, H.,, He, ], Qin, L., Chen, Y., Chen, L, Li, R, et al. (2021). Mycoplasma
Pneumoniae Lipids License TLR-4 for Activation of NLRP3 Inflammasome and
Autophagy to Evoke a Proinflammatory Response. Clin. Exp. Immunol. 203,
66-79. doi:10.1111/cei.13510

Mallipattu, S. K., and Kravets, I. (2020). The Role of Podocytes and Podocyte-
Associated Biomarkers in Diagnosis and Treatment of Diabetic Kidney Disease.
J. Endocr. Soc. 4, 1-11. doi:10.1210/JENDSO/BVAA029

Mangan, M. S.]., Olhava, E. ]., Roush, W. R, Seidel, H. M., Glick, G. D., and Latz, E.
(2018). Targeting the NLRP3 Inflammasome in Inflammatory Diseases. Nat.
Rev. Drug Discov. 17, 588-606. doi:10.1038/nrd.2018.97

Martinon, F., Burns, K., and Tschopp, J. (2002). The Inflammasome: A Molecular
Platform Triggering Activation of Inflammatory Caspases and Processing of
prolL-B. Mol. Cell 10, 417-426. doi:10.1016/S1097-2765(02)00599-3

Masumoto, J., Taniguchi, S., Ayukawa, K., Sarvotham, H., Kishino, T., Niikawa, N.,
et al. (1999). ASC, a Novel 22-kDa Protein, Aggregates during Apoptosis of
Human Promyelocytic Leukemia HL-60 Cells. J. Biol. Chem. 274, 33835-33838.
doi:10.1074/jbc.274.48.33835

McHugh, S. M., Roman, S., Davis, B., Koch, A, Pickett, A. M., Richardson, J. C,, et al.
(2012). Effects of Genetic Variation in the P2RX7 Gene on Pharmacodynamics of
a P2X7 Receptor Antagonist: a Prospective Genotyping Approach. Br. J. Clin.
Pharmacol. 74, 376. doi:10.1111/].1365-2125.2012.04200.X

Menini, S., Iacobini, C., Vitale, M., and Pugliese, G. (2020). The Inflammasome in
Chronic Complications of Diabetes and Related Metabolic Disorders. Cells 9,
1812. doi:10.3390/cells9081812

Mondal, A., Saha, P., Bose, D., Chatterjee, S., Seth, R. K., Xiao, S., et al. (2021).
Environmental Microcystin Exposure in Underlying NAFLD-Induced
Exacerbation of Neuroinflammation, Blood-Brain Barrier Dysfunction, and
Neurodegeneration Are NLRP3 and S100B Dependent. Toxicology 461, 152901.
doi:10.1016/j.t0x.2021.152901

Moran, A., Bundy, B., Becker, D. J., DiMeglio, L. A., Gitelman, S. E., Goland, R.,
et al. (2013). Interleukin-1 Antagonism in Type 1 Diabetes of Recent Onset:
Two Multicentre, Randomised, Double-Blind, Placebo-Controlled Trials.
Lancet (London, Engl. 381, 1905-1915. doi:10.1016/S0140-6736(13)60023-9

Mugisho, O. O., Green, C. R,, Kho, D. T., Zhang, J., Graham, E. S., Acosta, M. L, et al.
(2018). The Inflammasome Pathway Is Amplified and Perpetuated in an Autocrine
Manner through Connexin43 Hemichannel Mediated ATP Release. Biochim.
Biophys. Acta - Gen. Subj. 1862, 385-393. doi:10.1016/].BBAGEN.2017.11.015

Nagar, A., Rahman, T., and Harton, J. A. (2021). The ASC Speck and NLRP3
Inflammasome Function Are Spatially and Temporally Distinct. Front.
Immunol. 12, 1-17. doi:10.3389/fimmu.2021.752482

Neal, B., Perkovic, V., Mahaffey, K. W., de Zeeuw, D., Fulcher, G., Erondu, N, et al.
(2017). Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes.
N. Engl. J. Med. 377, 644-657. doi:10.1056/NEJMOA1611925

NLRP3 Induced Inflammation in Diabetic Nephropathy

Negash, A. A,, Olson, R. M., Griffin, S., and Gale, M. (2019). Modulation of Calcium
Signaling Pathway by Hepatitis C Virus Core Protein Stimulates NLRP3
Inflammasome Activation. PLoS Pathog. 15, 1-24. doi:10.1371/journal.ppat.1007593

Nelinson, D. S., Sosa, J. M., and Chilton, R. J. (2021). Sglt2 Inhibitors: A Narrative
Review of Efficacy and Safety. J. Am. Osteopath. Assoc. 121, 229-239. doi:10.
1515/JOM-2020-0153/ASSET/GRAPHIC/J_JOM-2020-0153_FIG_004.JPG

Niu, J., Wu, S., Chen, M., Xu, K,, Guo, Q,, Lu, A,, et al. (2019). Hyperactivation of
the NLRP3 Inflammasome Protects Mice against Influenza A Virus Infection
via IL-1p Mediated Neutrophil Recruitment. Cytokine 120, 115-124. doi:10.
1016/j.cyt0.2019.04.019

Olatec Therapeutics (2022). Current Clinical Trials for OLT1177 Dapansutrile.
Available at: http://www.olatec.com/patients.html (Accessed March 14, 2022).

Ostergaard, J. A, Jha, J. C., Sharma, A, Dai, A., Choi, J. S. Y., de Haan, J. B., et al.
(2022). Adverse Renal Effects of NLRP3 Inflammasome Inhibition by MCC950
in an Interventional Model of Diabetic Kidney Disease. Clin. Sci. 136, 167-180.
doi:10.1042/CS20210865

Park, J. Y., Jo, S. G., Lee, H. N, Choi, J. H,, Lee, Y. J., Kim, Y. M,, et al. (2020).
Tendril Extract of Cucurbita Moschata Suppresses NLRP3 Inflammasome
Activation in Murine Macrophages and Human Trophoblast Cells. Int.
J. Med. Sci. 17, 1006-1014. doi:10.7150/ijms.39003

Pérez-Morales, R. E., Del Pino, M. D., Valdivielso, J. M., Ortiz, A., Mora-
Fernandez, C., and Navarro-Gonzilez, J. F. (2019). Inflammation in
Diabetic Kidney Disease. Nephron 143, 12-16. doi:10.1159/000493278

Pollak, M. R., Quaggin, S. E., Hoenig, M. P., and Dworkin, L. D. (2014). The
Glomerulus: The Sphere of Influence. Clin. J. Am. Soc. Nephrol. 9, 1461. doi:10.
2215/CJN.09400913

Priante, G., Gianesello, L., Ceol, M., Del Prete, D., and Anglani, F. (2019). Cell
Death in the Kidney. Int. J. Mol. Sci. 20, 598. doi:10.3390/IJMS20143598

Qayyum, N., Haseeb, M., Kim, M. S., and Choi, S. (2021). Role of Thioredoxin-
Interacting Protein in Diseases and its Therapeutic Outlook. Int. J. Mol. Sci. 22,
1-21. doi:10.3390/]JMS22052754

Qin, Q., Shou, J., Li, M., Gu, M., Meng, Z., Xu, P., et al. (2021). Stk24 Protects
against Obesity-Associated Metabolic Disorders by Disrupting the NLRP3
Inflammasome. Cell Rep. 35, 109161. doi:10.1016/j.celrep.2021.109161

Ram, C,, Jha, A. K., Ghosh, A., Gairola, S., Syed, A. M., Murty, U. S,, et al. (2020).
Targeting NLRP3 Inflammasome as a Promising Approach for Treatment of
Diabetic Nephropathy: Preclinical Evidences with Therapeutic Approaches.
Eur. J. Pharmacol. 885, 173503. doi:10.1016/].EJPHAR.2020.173503

Remuzzi, G., Schieppati, A., and Ruggenenti, P. (2002). Nephropathy in Patients with
Type 2 Diabetes. N. Engl. ]. Med. 346, 1145-1151. doi:10.1056/NEJMcp011773

Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H,,
Ballantyne, C., et al. (2017). Antiinflammatory Therapy with Canakinumab
for Atherosclerotic Disease. N. Engl. J. Med. 377, 1119-1131. doi:10.1056/
NEJMOA1707914

Roy, S., Schweiker-Kahn, O., Jafry, B., Masel-Miller, R., Raju, R. S., O’Neill, L. M.
0., et al. (2021). Risk Factors and Comorbidities Associated with Diabetic
Kidney Disease. J. Prim. Care Community Heal. 12, 21501327211048556.
doi:10.1177/21501327211048556

Rihl, S., and Broz, P. (2015). Caspase-11 Activates a Canonical NLRP3
Inflammasome by Promoting K+ Efflux. Eur. J. Immunol. 45, 2927-2936.
doi:10.1002/€ji.201545772

Rumora, L., Hlap¢i¢, I, Hulina-Tomaskovi¢é, A., Somborac-Bacura, A., Bosnar, M.,
and Rajkovi¢, M. G. (2021). Pathogen-associated Molecular Patterns and
Extracellular Hsp70 Interplay in NLRP3 Inflammasome Activation in
Monocytic and  Bronchial Epithelial ~Cellular Models of COPD
Exacerbations. APMIS 129, 80-90. doi:10.1111/apm.13089

Samsu, N. (2021). Diabetic Nephropathy: Challenges in Pathogenesis, Diagnosis,
and Treatment. Biomed. Res. Int. 2021, 1497449. doi:10.1155/2021/1497449

Selby, N. M., and Taal, M. W. (2020). An Updated Overview of Diabetic
Nephropathy: Diagnosis, Prognosis, Treatment Goals and Latest Guidelines.
Diabetes, Obes. Metab. 22, 3-15. doi:10.1111/DOM.14007

Seok, J. K., Kang, H. C,, Cho, Y. Y., Lee, H. S,, and Lee, J. Y. (2021). Therapeutic
Regulation of the NLRP3 Inflammasome in Chronic Inflammatory Diseases.
Arch. Pharmacal Res. 44, 16-35. doi:10.1007/S12272-021-01307-9

Sha, J., Sui, B., Su, X, Meng, Q., and Zhang, C. (2017). Alteration of Oxidative
Stress and Inflammatory Cytokines Induces Apoptosis in Diabetic
Nephropathy. Mol. Med. Rep. 16, 7715-7723. doi:10.3892/MMR.2017.7522/
HTML

Frontiers in Physiology | www.frontiersin.org

June 2022 | Volume 13 | Article 907504


https://doi.org/10.1016/j.yexcr.2019.07.001
https://doi.org/10.1007/S00204-021-03157-2/FIGURES/8
https://doi.org/10.3390/IJMS21197057
https://doi.org/10.1038/s41598-017-02733-w
https://doi.org/10.1016/J.KINT.2017.09.033
https://doi.org/10.1016/J.KINT.2017.09.033
https://doi.org/10.1093/infdis/jiaa692
https://doi.org/10.1016/j.cell.2014.02.008
https://doi.org/10.1111/cei.13510
https://doi.org/10.1210/JENDSO/BVAA029
https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1074/jbc.274.48.33835
https://doi.org/10.1111/J.1365-2125.2012.04200.X
https://doi.org/10.3390/cells9081812
https://doi.org/10.1016/j.tox.2021.152901
https://doi.org/10.1016/S0140-6736(13)60023-9
https://doi.org/10.1016/J.BBAGEN.2017.11.015
https://doi.org/10.3389/fimmu.2021.752482
https://doi.org/10.1056/NEJMOA1611925
https://doi.org/10.1371/journal.ppat.1007593
https://doi.org/10.1515/JOM-2020-0153/ASSET/GRAPHIC/J_JOM-2020-0153_FIG_004.JPG
https://doi.org/10.1515/JOM-2020-0153/ASSET/GRAPHIC/J_JOM-2020-0153_FIG_004.JPG
https://doi.org/10.1016/j.cyto.2019.04.019
https://doi.org/10.1016/j.cyto.2019.04.019
http://www.olatec.com/patients.html
https://doi.org/10.1042/CS20210865
https://doi.org/10.7150/ijms.39003
https://doi.org/10.1159/000493278
https://doi.org/10.2215/CJN.09400913
https://doi.org/10.2215/CJN.09400913
https://doi.org/10.3390/IJMS20143598
https://doi.org/10.3390/IJMS22052754
https://doi.org/10.1016/j.celrep.2021.109161
https://doi.org/10.1016/J.EJPHAR.2020.173503
https://doi.org/10.1056/NEJMcp011773
https://doi.org/10.1056/NEJMOA1707914
https://doi.org/10.1056/NEJMOA1707914
https://doi.org/10.1177/21501327211048556
https://doi.org/10.1002/eji.201545772
https://doi.org/10.1111/apm.13089
https://doi.org/10.1155/2021/1497449
https://doi.org/10.1111/DOM.14007
https://doi.org/10.1007/S12272-021-01307-9
https://doi.org/10.3892/MMR.2017.7522/HTML
https://doi.org/10.3892/MMR.2017.7522/HTML
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Williams et al.

Shaffner, J., Chen, B., Malhotra, D. K., Dworkin, L. D., and Gong, R. (2021).
Therapeutic Targeting of SGLT2: A New Era in the Treatment of Diabetes and
Diabetic Kidney Disease. Front. Endocrinol. (Lausanne). 12, 1429. doi:10.3389/
FENDO.2021.749010/BIBTEX

Shahzad, K., Bock, F., Dong, W., Wang, H., Kopf, S., Kohli, S., et al. (2015). Nlrp3-
inflammasome Activation in Non-myeloid-derived Cells Aggravates Diabetic
Nephropathy. Kidney Int. 87, 74-84. doi:10.1038/K1.2014.271

Sharma, A., Choi, J. S. Y., Stefanovic, N., Al-Sharea, A., Simpson, D. S., Mukhamedova,
N, et al. (2021). Specific NLRP3 Inhibition Protects against Diabetes-Associated
Atherosclerosis. Diabetes 70, 772-787. doi:10.2337/db20-0357

Shen, J., Dai, Z., Li, Y., Zhu, H., and Zhao, L. (20222021). TLR9 Regulates NLRP3
Inflammasome Activation via the NF-kB Signaling Pathway in Diabetic
Nephropathy. Diabetol. Metab. Syndr. 141 (14), 1-12. doi:10.1186/513098-
021-00780-Y

Sheng, L., and Zhuang, S. (2020). New Insights into the Role and Mechanism of
Partial Epithelial-Mesenchymal Transition in Kidney Fibrosis. Front. Physiol.
11, 1190. doi:10.3389/FPHYS.2020.569322/BIBTEX

Song, S., Qiu, D., Luo, F.,, Wei, J., Wu, M., Wu, H,, et al. (2018). Knockdown of
NLRP3 Alleviates High Glucose or TGFBI1-Induced EMT in Human Renal
Tubular Cells. J. Mol. Endocrinol. 61, 101-113. doi:10.1530/JME-18-0069

Song, M., Wang, J., Sun, Y., Han, Z., Zhou, Y., Liu, Y., et al. (2021). Tetrandrine
Alleviates Silicosis by Inhibiting Canonical and Non-canonical NLRP3
Inflammasome Activation in Lung Macrophages. Acta Pharmacol. Sin. 43,
1274-1284. doi:10.1038/s41401-021-00693-6

Sriuttha, P., Sirichanchuen, B, and Permsuwan, U. (2018). Hepatotoxicity of
Nonsteroidal Anti-inflammatory Drugs: A Systematic Review of Randomized
Controlled Trials. Int. J. Hepatol. 2018, 1-13. doi:10.1155/2018/5253623

Sun, X,, Pang, H,, Li, J., Luo, S., Huang, G., Li, X,, et al. (2020). The NLRP3
Inflammasome and its Role in TIDM. Front. Immunol. 11, 1-11. doi:10.3389/
fimmu.2020.01595

Svadlakova, T., Hubatka, F., Knotigova, P. T., Kulich, P., Masek, J., Kotoucek, J.,
et al. (2020). Proinflammatory Effect of Carbon-based Nanomaterials: In Vitro
Study on Stimulation of Inflammasome NLRP3 via Destabilisation of
Lysosomes. Nanomaterials 10, 418. doi:10.3390/nano10030418

Takaori, K., Nakamura, J., Yamamoto, S., Nakata, H., Sato, Y., Takase, M., et al.
(2016). Severity and Frequency of Proximal Tubule Injury Determines Renal
Prognosis. J. Am. Soc. Nephrol. 27, 2393-2406. doi:10.1681/ASN.2015060647

Tao, X., Wan, X,, Wu, D,, Song, E., and Song, Y. (2021). A Tandem Activation of
NLRP3 Inflammasome Induced by Copper Oxide Nanoparticles and Dissolved
Copper Ion in J774A.1 Macrophage. J. Hazard. Mat. 411, 125134. doi:10.1016/j.
jhazmat.2021.125134

Tianli Zhang, T., Tsutsuki, H., Islam, W., Ono, K,, Takeda, K., Akaike, T., et al. (2021).
ATP Exposure Stimulates Glutathione Efflux as a Necessary Switch for NLRP3
Inflammasome Activation. Redox Biol. 41, 101930. doi:10.1016/j.redox.2021.101930

Treacy, O., Brown, N. N, and Dimeski, G. (2019). Biochemical Evaluation of
Kidney Disease. Transl. Androl. Urol. 8, S214. doi:10.21037/TAU.2018.10.02

Tsuchiya, K., Nakajima, S., Hosojima, S., Thi Nguyen, D., Hattori, T., Manh Le, T.,
etal. (2019). Caspase-1 Initiates Apoptosis in the Absence of Gasdermin D. Nat.
Commun. 10, 1-19. doi:10.1038/s41467-019-09753-2

Tufekei, K. U, Ercan, I, Isci, K. B., Olcum, M., Tastan, B., Gonul, C. P,, et al. (2021).
Sulforaphane Inhibits NLRP3 Inflammasome Activation in Microglia through
Nrf2-Mediated miRNA Alteration. Immunol. Lett. 233, 20-30. doi:10.1016/j.
imlet.2021.03.004

Tung, C. W, Hsu, Y. C,, Shih, Y. H,, Chang, P.]., and Lin, C. L. (2018). Glomerular
Mesangial Cell and Podocyte Injuries in Diabetic Nephropathy. Nephrology 23,
32-37. doi:10.1111/NEP.13451

Tziomalos, K., and Athyros, V. G. (2015). Diabetic Nephropathy: New Risk Factors
and Improvements in Diagnosis. Rev. Diabet. Stud. 12, 110-118. doi:10.1900/
RDS.2015.12.110

Wang, H., Wang, Z., Wang, L., Sun, L., Liu, W, Li, Q,, et al. (2020). IL-6 Promotes
Collagen-Induced Arthritis by Activating the NLRP3 Inflammasome through
the Cathepsin B/S100A9-mediated Pathway. Int. Immunopharmacol. 88,
106985. doi:10.1016/j.intimp.2020.106985

Wang, L., and Hauenstein, A. V. (2020). The NLRP3 Inflammasome: Mechanism
of Action, Role in Disease and Therapies. Mol. Asp. Med. 76, 100889. doi:10.
1016/j.mam.2020.100889

Weil, E. J., Lemley, K. V., Mason, C. C,, Yee, B., Jones, L. I, Blouch, K,, et al. (2012).
Podocyte Detachment and Reduced Glomerular Capillary Endothelial

NLRP3 Induced Inflammation in Diabetic Nephropathy

Fenestration Promote Kidney Disease in Type 2 Diabetic Nephropathy.
Kidney Int. 82, 1010-1017. doi:10.1038/K1.2012.234

Wu, M., Han, W,, Song, S., Du, Y., Liu, C., Chen, N,, et al. (2018). NLRP3
Deficiency Ameliorates Renal Inflammation and Fibrosis in Diabetic Mice. Mol.
Cell. Endocrinol. 478, 115-125. doi:10.1016/].MCE.2018.08.002

Xin, R, Sun, X,, Wang, Z, Yuan, W, Jiang, W., Wang, L, et al. (2018). Apocynin Inhibited
NLRP3/XIAP Signalling to Alleviate Renal Fibrotic Injury in Rat Diabetic Nephropathy.
Biomed. Pharmacother. 106, 1325-1331. doi:10.1016/]. BIOPHA.2018.07.036

Xu, X., Zhang, L., Hua, F., Zhang, C., Zhang, C., Mi, X,, et al. (2021). FOXM1-
activated SIRT4 Inhibits NF-Kb Signaling and NLRP3 Inflammasome to
Alleviate Kidney Injury and Podocyte Pyroptosis in Diabetic Nephropathy.
Exp. Cell Res. 408, 112863. doi:10.1016/].YEXCR.2021.112863

Yanfei Liu, Y., Huang, H., Gao, R., and Liu, Y. (2020). Dynamic Phenotypes and
Molecular Mechanisms to Understand the Pathogenesis of Diabetic
Nephropathy in Two Widely Used Animal Models of Type 2 Diabetes
Mellitus. Front. Cell Dev. Biol. 8, 172. doi:10.3389/FCELL.2020.00172

Yang, Y., Wang, H., Houadir, M., Song, H., and Shi, F. (2019). Recent Advances in
the Mechanisms of NLRP3 Inflammasome Activation and Its Inhibitors. Cell
Death Dis. 10, 128. doi:10.1038/s41419-019-1413-8

Yiwen Zhang, Y., Yang, W., Li, W., and Zhao, Y. (2021). NLRP3 Inflammasome:
Checkpoint Connecting Innate and Adaptive Immunity in Autoimmune
Diseases. Front. Immunol. 12, 1-18. d0i:10.3389/fimmu.2021.732933

Yu, S, Green, ], Wellens, R., Lopez-Castejon, G., and Brough, D. (2021).
Bafilomycin Al Enhances NLRP3 Inflammasome Activation in Human
Monocytes Independent of Lysosomal Acidification. FEBS J. 288,
3186-3196. doi:10.1111/febs.15619

Zahid, A., Li, B.,, Kombe, A. J. K,, Jin, T., and Tao, J. (2019). Pharmacological
Inhibitors of the Nlrp3 Inflammasome. Front. Immunol. 10, 1-10. doi:10.3389/
fimmu.2019.02538

Zeng, L. F., Xiao, Y., and Sun, L. (2019). A Glimpse of the Mechanisms Related to
Renal Fibrosis in Diabetic Nephropathy. Adv. Exp. Med. Biol. 1165, 49-79.
doi:10.1007/978-981-13-8871-2_4

Zhan, ].-F., Huang, H.-W., Huang, C,, Hu, L.-L., and Xu, W.-W. (2020). Long Non-coding
RNA NEAT1 Regulates Pyroptosis in Diabetic Nephropathy via Mediating the miR-
34c/NLRP3 Axis. Kidney Blood Press. Res. 45, 589-602. doi:10.1159/000508372

Zhang, C., Zhu, X, Li, L., Ma, T., Shi, M., Yang, Y., et al. (2019). A Small Molecule
Inhibitor MCC950 Ameliorates Kidney Injury in Diabetic Nephropathy by
Inhibiting NLRP3 Inflammasome Activation. Diabetes, Metab. Syndr. Obes.
Targets Ther. 12, 1297. doi:10.2147/DMS0.5199802

Zhang, H., and Wang, Z. (2020). Effect and Regulation of the NLRP3
Inflammasome during Renal Fibrosis. Front. Cell Dev. Biol. 7, 379. doi:10.
3389/FCELL.2019.00379/BIBTEX

Zhao, X. C,, Livingston, M. ], Liang, X. L., and Dong, Z. (2019). Cell Apoptosis and
Autophagy in Renal Fibrosis. Adv. Exp. Med. Biol. 1165, 557-584. d0i:10.1007/
978-981-13-8871-2_28

Zhao, L., Zou, Y., and Liu, F. (2020). Transforming Growth Factor-Betal in
Diabetic Kidney Disease. Front. Cell Dev. Biol. 8, 187. doi:10.3389/FCELL.2020.
00187/BIBTEX

Zheng, Z., and Zheng, F. (2016). Immune Cells and Inflammation in Diabetic
Nephropathy. J. Diabetes Res. 2016, 1-10. doi:10.1155/2016/1841690

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Williams, Cliff, Lee, Squires and Hills. 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.

Frontiers in Physiology | www.frontiersin.org

June 2022 | Volume 13 | Article 907504


https://doi.org/10.3389/FENDO.2021.749010/BIBTEX
https://doi.org/10.3389/FENDO.2021.749010/BIBTEX
https://doi.org/10.1038/KI.2014.271
https://doi.org/10.2337/db20-0357
https://doi.org/10.1186/S13098-021-00780-Y
https://doi.org/10.1186/S13098-021-00780-Y
https://doi.org/10.3389/FPHYS.2020.569322/BIBTEX
https://doi.org/10.1530/JME-18-0069
https://doi.org/10.1038/s41401-021-00693-6
https://doi.org/10.1155/2018/5253623
https://doi.org/10.3389/fimmu.2020.01595
https://doi.org/10.3389/fimmu.2020.01595
https://doi.org/10.3390/nano10030418
https://doi.org/10.1681/ASN.2015060647
https://doi.org/10.1016/j.jhazmat.2021.125134
https://doi.org/10.1016/j.jhazmat.2021.125134
https://doi.org/10.1016/j.redox.2021.101930
https://doi.org/10.21037/TAU.2018.10.02
https://doi.org/10.1038/s41467-019-09753-2
https://doi.org/10.1016/j.imlet.2021.03.004
https://doi.org/10.1016/j.imlet.2021.03.004
https://doi.org/10.1111/NEP.13451
https://doi.org/10.1900/RDS.2015.12.110
https://doi.org/10.1900/RDS.2015.12.110
https://doi.org/10.1016/j.intimp.2020.106985
https://doi.org/10.1016/j.mam.2020.100889
https://doi.org/10.1016/j.mam.2020.100889
https://doi.org/10.1038/KI.2012.234
https://doi.org/10.1016/J.MCE.2018.08.002
https://doi.org/10.1016/J.BIOPHA.2018.07.036
https://doi.org/10.1016/J.YEXCR.2021.112863
https://doi.org/10.3389/FCELL.2020.00172
https://doi.org/10.1038/s41419-019-1413-8
https://doi.org/10.3389/fimmu.2021.732933
https://doi.org/10.1111/febs.15619
https://doi.org/10.3389/fimmu.2019.02538
https://doi.org/10.3389/fimmu.2019.02538
https://doi.org/10.1007/978-981-13-8871-2_4
https://doi.org/10.1159/000508372
https://doi.org/10.2147/DMSO.S199802
https://doi.org/10.3389/FCELL.2019.00379/BIBTEX
https://doi.org/10.3389/FCELL.2019.00379/BIBTEX
https://doi.org/10.1007/978-981-13-8871-2_28
https://doi.org/10.1007/978-981-13-8871-2_28
https://doi.org/10.3389/FCELL.2020.00187/BIBTEX
https://doi.org/10.3389/FCELL.2020.00187/BIBTEX
https://doi.org/10.1155/2016/1841690
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	The Role of the NLRP3 Inflammasome in Mediating Glomerular and Tubular Injury in Diabetic Nephropathy
	The Role of NLRP3 in Diabetes
	The NLRP3 Inflammasome
	NLRP3 Inflammasome Activation Leads to Glomerular Injury
	The Role of NLRP3 Activation in Tubular Inflammation and Fibrosis
	Therapeutic Approaches to Targeting NLRP3 Inflammasome Activity

	Conclusion
	Author Contributions
	Funding
	References


