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Abstract: Mitophagy is an important mechanism for mitochondrial quality control by regulating autophagosome-specific phagocy-
tosis, degradation and clearance of damaged mitochondria, and involved in cell damage and diseases. Inflammasomes are important
inflammation-related factors newly discovered in recent years, which are involved in cell innate immunity and inflammatory response,
and play an important role in kidney diseases. Based on the current studies, we reviewed the progress of mitophagy, inflammasomes
and their interaction in kidney diseases.
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Introduction

Mitochondria are the energy production center of cells and are involved in several biological processes, including steroid
synthesis, lipid metabolism, calcium signal transduction, and apoptosis.' Mitochondria are a vital organelle in mamma-
lian cells. The kidney is an organ with a high energy metabolic demand, and its mitochondrial abundance is second only
to the heart.” Several studies show that mitochondrial dysfunction is one of the key factors in the pathogenesis and
progression of different kidney diseases.” > Therefore, mitochondria quality control is necessary to maintain the kidney’s
normal function.®” Mitochondrial quality control includes the regulation of mitochondrial proteases and molecular
chaperones, mitochondrial dynamic homeostasis (fusion and fission), mitochondrial biogenesis, and mitophagy.®
Mitophagy is an important mechanism for mitochondrial quality control by regulating autophagosome-specific phago-
cytosis, degradation and clearance of damaged mitochondria. In recent years, mitophagy has been widely studied in

% and heart diseases.!' Currently, mitophagy is also associated with both acute and

tumors,” neurological diseases,'
chronic kidney diseases, and studies on the signaling pathways involved in the phenomenon are increasing. It has been
found that inflammasomes can mediate mitophagy to promote the progression of various kidney diseases, which have
been studied in acute kidney injury (AKI), chronic kidney disease (CKD), and diabetic kidney disease (DKD). This

review aims to summarize the progress of the interaction between mitophagy and inflammasomes in kidney diseases.

Mitophagy

Overview of Mitophagy

Mitochondria are the main energy production site of eukaryotic cells and originated from a-Actinobacillus, which were
engulfed by eukaryotes one billion years ago. Mitochondria are a double-layer membrane-wrapped organelle, having
various functions such as producing adenosine triphosphate, regulating calcium signal and membrane potential, and
participating in cell death and signal transduction.'> Mitochondria can only function normally by maintaining a steady

state, that is, the quality control of mitochondria.
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Mitophagy was first discovered by Lemasters in 2005.'* Mitophagy removes dysfunctional or redundant mitochondria
in a cellular process that fine-tunes mitochondrial numbers and preserves energy metabolism.'® It belongs to selective
autophagy and plays an important role in maintaining mitochondrial function and cell survival. Mitophagy is a complex
process, including the initiation of mitophagy and mitochondria for autophagy mechanism recognition, phagocytosis of
labeled mitochondria through the formation of autophagosomes, and the formation and hydrolytic degradation of
lysosomes.

Mitophagy in mammals can be roughly divided into two categories: 1) ubiquitination dependent mitophagy. It uses
P62, a neighbor of BRCA1 gene 1 (NBR1) and optineurin (OPTN) as autophagy receptors, and is mediated by
phosphatase and tensin homolog (PTEN) induced putative kinase 1 (PINK1)/Parkinson protein 2 (parkin).'> PINKI is
a serine/threonine kinase and its level is usually very low. However, when mitochondria are damaged (mitochondrial
DNA, mtDNA mutations), mitochondrial reactive oxygen species (mtROS) are increased, or misfolded proteins are
accumulated, PINK1 will be stabilized and accumulated in the outer mitochondrial membrane (OMM).'® The accumu-
lated PINK1 is automatically phosphorylated and activated, followed by phosphorylation of ubiquitin on serine 65,
thereby recruiting parkin from the cytoplasm to the mitochondrial membrane. Parkin could drive the ubiquitination of
mitochondrial proteins upon recruitment and activation, and then leads to autophagy.'”'® In mammals, PINK 1/parkin-
mediated mitophagy is dominant.'® 2) Receptor-dependent mitophagy. At present, these autophagy receptors such as
Bcl2/adenovirus E1B 19 ku interacting protein 3 (BNIP3)/BNIP3L (Bnip3-like, Nix),”” FUN14 domain-containing 1
(FUNDC1), FK506-binding protein 8 (FKBP8), Prohibitin 2 (PHB2), and cardiolipin (CL) have been found.”' BNIP3/
BNIP3L can mediate the translocation of mitochondrial fission protein dynamin-related protein 1 (DRP 1) to mitochon-
dria, split mitochondria into small fragments, then activate the PINKI/parkin pathway and initiate mitophagy.’***
FUNDCI is associated with hypoxia-induced mitophagy as a conserved mitophagy receptor. Its microtubule associated
protein 3 (LC3)-binding activity is increased by phosphorylation and dephosphorylation, thereby enhancing its LC3-
interacting region (LIR) to initiate mitophagy.**** The LC3 family plays an important role in the elongation and
maturation of mitophagosomes.*® FKBPS (also described as FKBP38) is a novel OMM mitophagy receptor that interacts
with LC3 to initiate mitophagy without parkin attendance.”’” Nonetheless, how it is activated is currently under
investigation. PHB2, an inner mitochondrial membrane (IMM) scaffolding protein, has been suggested as a possible
mitophagy receptor under stress conditions. PHB2 mediates the stabilization of PINK1 on the OMM following
mitochondrial membrane depolarization or aggregation of misfolded proteins. Then PHB2 promotes the recruitment of
mitochondrial parkin and leads to proteasome-dependent mitochondrial OMM rupture. PHB2 then externalizes to the
OMM and interacts with LC3, leading to the formation of autophagosomes and clearance of dysfunctional
mitochondria.*’*® CL is a phospholipid that supports the mitochondrial cristac and is distributed along healthy
mitochondrial IMM.?° Upon mitochondrial damage, CL can be externalized to OMM and directly bind to LC3 to induce
mitophagy®® (Figure 1).

Mitophagy and Kidney Diseases

The role of mitophagy in daily life activities has received increasing emphasis as research progresses. Consistent with the
abundance of the distribution of mitochondria, the nervous system, kidney, skeletal muscles, heart, and liver have
a higher level of basal mitophagy than other tissues, for instance, the spleen and thymus.*® Therefore, prior studies of
molecular and biochemical pathways involving mitophagy have primarily focused on models of aging,®' neuropsychia-
tric diseases,”> malignant tumors,*® and heart diseases.>® Since the kidney also has a high level of mitophagy, the action
of mitophagy in kidney diseases has received frequent attention in recent years.?%*!

Zhao et al>> observed increased expression of mitophagy-related proteins (PINK1, parkin, LC3) and enhanced
immunofluorescence colocalization signal of mitochondrial and lysosomal proteins in cisplatin-treated human proximal
tubular epithelial cells line (HK2). Knockdown of PINK1 and parkin could inhibit mitophagy and aggravated cisplatin-
induced HK2 damage. Thus, it suggested that mitophagy is important in damaging and repairing renal tubular epithelial
cells (RTECs) during AKI. Tang et al*® found that both PINK 1 and parkin were up-regulated in RTECs of ischemic AKI,
and lack of PINK1 and/or parkin led to mitochondrial damage, increased ROS production, and inflammation. Mitophagy
mediated by PINKI1/Parkin/OPTN pathway is also activated in RTECS of septic AKI, playing a role in protecting
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Figure | Overview of mitophagy. Ubiquitination dependent mitophagy: It is mediated by PINKI/ parkin. When mitochondrial damage, PINK| stabilizes and accumulates at
the OMM to be phosphorylated and activated, thus recruiting parkin from the cytoplasm to the mitochondrial membrane, which driving the ubiquitination of mitochondrial
proteins, leading to autophagy. Receptor-dependent mitophagy: BNIP3/Nix mediates the translocation of DRPI to mitochondria, split mitochondria into small fragments,
then activate PINK1/Parkin pathway and initiate mitophagy. FUNDCI and FKBP8 can interact with LC3 to initiate mitophagy. PHB2 mediates stabilization of PINK| on the
OMM, and recruits Parkin. Then, PHB2 is externalized to the OMM and combines to LC3, leading to mitophagy. CL can be externalized to the OMM and directly bind to
LC3 to induce mitophagy.

Abbreviations: PINKI, PTEN induced putative kinase |; OMM, outer mitochondrial membrane; BNIP3, Bcl2/adenovirus EIB 19 ku interacting protein 3; Nix, Bnip3-like;
FUNDCI, FUNI4 domain-containing |; FKBP8, FK506-binding protein 8; PHB2, Prohibitin 2; CL, cardiolipin; DRPI, dynamin-related protein |; IMM, inner mitochondrial
membrane.

RTECs.?” Knock-down of PINK1 or parkin inhibited the accumulation of OPTN and led to mitophagy disorder.>’ Fu

et al®®

showed that in ischemia/reperfusion (I/R)-induced AKI BNIP3 overexpression significantly reversed renal I/R
injury (IRI), decreased mitophagy in renal tubular hypoxia-inducible factor-la (HIF-1a) knockout mice, and prevented
the aggravation of the renal injury. The aforementioned studies suggested that PINK1/parkin and BNIP3-mediated
mitophagy have an important protective role in mitochondrial quality control and cell damage in the cell survival and
function of AKI tubular.

CKD remains a major public health problem with poor outcomes.*” Eleven percent of individuals with stage 3 CKD
will eventually progress to end-stage renal disease (ESRD), requiring dialysis or kidney transplantation.>® Mitophagy
levels were increased in AKI, whereas they were lowered in CKD. In the 5/6 nephrectomy model, mitochondrial volume
was increased, fission level was reduced due to hyperperfusion of the kidney, and mitophagy was reduced.*® A recent
study found that PINK1/parkin-mediated mitophagy was attenuated in a cisplatin-induced CKD mouse model, and
nuclear factor erythroid 2-related factor 2 (Nrf2) inducers could improve PINKI/parkin-mediated mitophagy and
effectively inhibit cisplatin-induced inflammation and renal fibrosis, providing a potential therapeutic target for
CKD.*' In obesity-related CKD, chicoric acid could activate Nrf2 pathway, increase the expressions of PINK and
parkin, and then improve mitophagy to alleviate mitochondrial damage in RTECs.** Another study explored the effect of
the recently discovered mitophagy-inducing chemical UMI-77 on mitophagy activation in a mouse model of CKD with
unilateral ureteral obstruction (UUO).43 In UUO mice, mitochondrial damage, ROS production, activation of the
transforming growth factor (TGF)-f1/Smad pathway, and phenotypic transition of epithelial-mesenchymal cells and
renal fibrosis were observed. These changes were ameliorated after using UMI-77 by enhancing mitophagy.** The PI3K/
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AKT/mTOR pathway might also play an important role in the inflammatory response caused by mitophagy disorder in
CKD 4445

The studies on DKD also found that mitophagy disorder is the key pathological mechanism of the occurrence and
development of DKD.* In a streptozotocin (STZ)-induced diabetic rat model, the expression of PINKI1 in the renal
cortex of early diabetic rats was increased.*’ As DKD progresses, mitophagy becomes overwhelmed, resulting in
fragmented mitochondria accumulation and cell death.*® The in vitro study by Xiao et al found that PINK1 and parkin
were significantly reduced in the tubules of diabetic mice and HK2 under high glucose conditions, resulting in mitophagy
impairment of RTECs.** Our preliminary study also confirmed these results.’® PINK I/Parkin-mediated mitophagy was
also involved in mesangial cells apoptosis and mitigated by erythropoietin (EPO).”" Other studies found that disrupting
PHB2 mediated mitophagy could aggravate RTECs injury> and suppression of FUNDC1-mediated mitophagy-induced
podocytes injury™ in DKD. Improving mitophagy by metformin or antioxidants may prevent DKD kidney
damage. 495455

Recent studies have found that mitophagy is also involved in developing lupus nephritis (LN). In a model of LN
podocytes in vitro, it was found that the expressions of PINK1 and LC3 were up-regulated, while the expression of p62
was down-regulated. PINK 1-specific siRNA could reduce the expression of PINK1 and inhibit mitophagy.’® However,
there are still few related studies. The kidney is particularly sensitive to different mutations in mitochondrial
DNA.>” Mitochondrial dysfunction also plays an important role in inherited renal tubulointerstitial diseases.”’®

With the in-depth study of mitophagy, it has recently been found that it is also associated with the inflammatory
response triggered by inflammasome activation.”® Damaged mitochondria release mtDNA, mtROS, CL, and other

59,60

triggers under disease conditions, thereby activating the inflammasomes, which are involved in disease initiation

and progression.

Inflammasomes

Overview of inflammasomes
The inflammasomes are multi-protein complexes composed primarily of receptor proteins, adaptor proteins, and down-
stream caspases that regulate cytokine maturation, inflammation, and cell death.®!

According to the activation of cysteinyl aspartate-specific protease (caspase) during the formation of inflammasomes,
they can be divided into two categories: “canonical” and “non-canonical”®® The “canonical” inflammasome mainly
activates caspase-1, whereas the “non-canonical” inflammasome activates caspases other than caspase-1.°> The “cano-
nical” inflammasome generally includes the NOD receptor (NLRs) family, AIM2, and the pyrin inflammasome.®® The
NLRs family shares common structural features, including a carboxy-terminal leucine-rich repeat (LRR) domain,
a central nucleotide-binding oligomerization domain (NOD), and a variable amino-terminal domain.®**> NLRs can be
divided into five subtypes and 22 members according to the different amino acid terminal domains.®*%® (1) NLRA (also
known as MHC class II transactivator, CIITA), containing an acidic transactivation domain; (2) NLRB (also known as
neuronal apoptosis inhibitory protein, NAIP), containing baculovirus inhibitor repeats (BIR); (3) NLRC, including
NODI, NOD2 and NLRC3-5, containing Caspase Activation and Recruitment Domain (CARD); (4) NLRP1-14, contains
pyrin domain (PYD); (5§) NLRX1, the domain is unknown. NOD1, NOD2, NLRP10, NLRCS, CIITA and NLRX1 do not
form inflammasomes to activate caspase-1, but activate canonical signaling pathways, such as nuclear factor kappa-B
(NF-xB), mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), p38 and extracellular regulated
protein kinases (ERK), then promote tumor necrosis factor (TNF-a), interleukin (IL)-1B, IL-6, IL-18, IL-12, and other
inflammatory factors to initiate immune responses.’” Activation of the ‘canonical’ inflammasome depends on pattern
recognition receptors (PRRs), which play a pathophysiological role only upon detection of microbial pathogens or
damage-associated molecular patterns. The identified PRR families are the followings: AIM2-like receptors (ALRs),
NLRs, RIG-I-like receptors (RLRs), toll-like receptors (TLRs) and C-type lectin receptors (CLRs). In the structure of the
inflammasome, PRRs are present in the cytoplasm and do not have a transmembrane domain. The inflammasome and its
homologous proteins are used to hydrolyze related proteins through PYD and/or CARD, and finally activate caspase-1,
thereby enabling the activation of caspase-1. Inflammatory factors, like IL-1p and IL-18, are matured and secreted
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extracellularly, and gasdermin D (GSDMD) is cleaved, eventually leading to inflammation and cell death (Figure 2).
GSDMD is a key protein involved in pyroptosis and a substrate protein of caspase.

The “non-canonical” inflammasomes primarily activate caspase-4°® and caspase-5 in humans,’® and caspase-11 in
mice.®” The activation of caspase-8 mediated by inflammation has also been identified as a “non-canonical” inflamma-
some pathway that may result in the maturation of IL-1B.”® Inflammasomes can activate caspase-11, caspase-4 and
caspase-5 by interacting with lipopolysaccharide (LPS) and its component lipid A through the CARD.**’ Subsequently,
GSDMD is cleaved, resulting in cell death (Figure 2). Nevertheless, activation of these “non-canonical” inflammasomes
may also induce activation of the canonical inflammasome, such as the NLRP3 inflammasome, leading to the “canonical”

inflammasome pathway.®*

Inflammasomes and Kidney Diseases

Inflammasomes attend in the pathogenesis and development of many kinds of diseases in humans, including metabolic
diseases,”' cancer,”” lung injury,”® cardiovascular diseases (CVD),”* neurodegeneration’> and so on. Recent studies also
showed that inflammasomes formation and activation occur not only in immune cells of the kidney, for instance,
activated macrophages or dendritic cells, but also in renal tissue resident cells, such as RTECs and podocytes,®® resulting
in histopathological damage. This showed the significance of inflammasomes in the pathogenesis and progression of
kidney diseases.®*

The NLRP3 inflammasome was discovered in 2002. The NLRP3 inflammasome was initially thought to be a high
molecular weight protein oligomeric complex consisting of NLRP3, the CARD-containing apoptosis-associated speck
protein (ASC), and caspase-1 that regulates IL-1f and IL-18 maturation. NLRP3 is the most widely studied inflammatory
gene in kidney disease by far.°' Numerous studies had investigated the role of the NLRP3 inflammasome in various
models of kidney diseases,®' including obstructive nephropathy,’® tubulointerstitial nephritis,”’ metabolic syndrome-
related kidney disease,”® hyperhomocysteinemia-induced glomerulonephritis,”” albumin overload-induced kidney
damage,* hypertension-related renal damage,®' DKD,* AKIL®® immune complex-related glomerulonephritis,* LN,*’
5/6 nephrectomy,®® human immunodeficiency virus (HIV) infection-related nephropathy,®” and HIV infection-related
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Figure 2 Overview of inflammasome pathway. The “canonical” inflammasome pathway: After PRRs recognize PAMPs and DAMPs, NLRs, AIM2 and pyrin form
inflammasome complexes with ASC, pro-caspase | through PYD and/or CARD, and then activate caspase-|. Inflammatory factor such as IL-1f and IL-18 are matured
and secreted, and eventually results in inflammation and cell death. The “non-canonical” inflammasome pathway: Inflammasomes directly bind to LPS to activate caspase-| I,
caspase-4 and caspase-5 through the CARD, resulting in cell death.

Abbreviations: PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular patterns; LPS, lipopolysaccharide; LDL, low-density lipoprotein;
PRRs, pattern recognition receptors; ALRs, AIM2-like receptors; NLRs, NOD-like receptors; RLRs, RIG-I-like receptors; TLRs, toll-like receptors; CLRs, C-type lectin
receptors; ASC, apoptosis-associated speck-like protein CARD; CARD, caspase activation and recruitment domain; PYD, pyrin domain.
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nephropathy et al.**® Taken together, these studies reveal distinct roles for the NLRP3 inflammasome in kidney
diseases.

AIM2 acts as a cytoplasmic innate immune receptor by recognizing double-stranded DNA (dsDNA) released during
the damage of cells and pathogenesis.”™’' Sensing dsDNA in the cytoplasm by AIM2 is critical for mediating protection
from invading pathogens including bacteria, viruses, fungi, and parasites.”” The dsDNA released from damaged host
cells can also activate AIM2, leading to the secretion of inflammatory cytokines that promote the progression of different
diseases, such as skin diseases, neurological diseases, CKD, CVD, and diabetes.”® AIM?2 inflammasome is also involved
in kidney disease. In thabdomyolysis-induced acute kidney injury, dSDNA-induced AIM2 macrophages pyroptosis may
play an important role in promoting the recovery of renal injury.”> Zhen et al found that AIM2 is related to hepatitis
B virus (HBV)-related glomerulonephritis, and the expressions of AIM2 and inflammatory factors caspase-1, IL-1p and
IL-18 were increased in the tissues and cell lines of patients with HBV-related glomerulonephritis.”> The expression of
caspase-1, IL-1p and IL-18 were reduced in HBV-infected and uninfected human mesangial cells following AIM2
knockout.”® In 2018, Komada et al reported the role of AIM2 on kidney injury in CKD human and UUO mouse
models.”* Compared with normal kidney tissue, the expression of AIM2 in RTECs and infiltrating leukocytes was
increased in renal biopsies from patients with DKD or hypertensive nephrosclerosis.”* Immunofluorescence detection of
renal tissue from patients with LN showed that the expression of AIM2 was significantly increased.”® These results
suggested that AIM2 inflammasome activation may lead to renal injury. However, a recent study found that AIM2
expression was increased in parietal epithelial cells within the crescent in patients with anti-glomerular basement
membrane (anti-GBM) disease.”® In the nephrotoxic serum (NTS)-induced glomerulonephritis model, glomerular
crescent formation, tubular damage, inflammation and proteinuria were more severe in AIM2 " (B6) mice.”® In addition,
AIM2 may also be a therapeutic target for acute renal transplantation rejection.”’ It was suggested that AIM2 has atypical
effects of inhibiting inflammation and epithelial cell proliferation in the process of nephritis.’®

NLRC4 can directly recruit and activate pro-caspase-1 in the absence of ASC. Current studies indicated that NLRC4
plays an important role in defense against enteric pathogens, while its role in non-enteric pathogen infection is still poorly
understood. Yuan et al reported that the NLRC4 inflammasome is associated with human and mouse DKD. NLRC4-
deficient diabetic mice had improved hyperglycemia and diabetic glomerulopathy than diabetic wild-type controls.”®"
Our study also demonstrated that the expression of NLRC4 was increased in the kidney tissue of DKD patients and HK2
cells under high glucose environment. The down-regulation of NLRC4 could alleviate the damage of HK2 cells under
high glucose environment.'® However, further studies are needed to confirm the role of the NLRC4 inflammasome in
kidney diseases.

NLRCS5 is a transcriptional activator of histocompatibility complex (MHC) class I genes.'®! In mice models of AKI
induced by IRI or cisplatin, NLRC5 overexpression inhibited the expression of carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAMI) to active ERK1/2 and Akt, hence enhancing the renal damage.'®* In animal models of
AKI, the importance of NLRC5 was found by bone marrow chimera-related experiments.'® NLRCS5 is also found to be
expressed in the glomeruli of DKD patients. It could promote DKD by inducing inflammation and fibrosis in mesangial
cells and macrophages of patients, partly by affecting NF-kB and TGF-p/Smad signaling pathways.'%*

NLRP1 plays a significant role in inflammation and autoimmunity, including vitiligo-related autoimmune disease,
Addison disease, rheumatoid arthritis, and systemic lupus erythematosus (SLE).'** Studies have also found that NLRP1
and its gene polymorphisms are involved in the progression of DKD.'%*

NLRP6 is found to be a protective role in cisplatin-induced AKL'®> NLRP6 expression was downregulated in
cisplatin-induced AKI, and NLRP6 deficiency increased the severity of AKI.'®> Functional studies confirmed that,
NLRP6 might regulate RTECs apoptosis by MAPK activation, inflammatory factor expression and cell death in AKI.'*®

NLRX1 (NOD-like receptor family member X1) is localized to mitochondria and has a pronounced anti-inflammatory
effect.'%'%7 NLRX1 protected renal parenchymal cells in the renal IRI model by inhibiting oxidative phosphorylation
and protecting the integrity of the cell membrane.'*®

In addition to the above inflammasomes, no other inflammasomes have been studied in renal disorders. Further
research is needed to uncover the role of the inflammasomes in kidney diseases.
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The Interaction Between Mitophagy and Inflammasomes May Be a New

Target for the Treatment of Kidney Diseases

Despite accumulating evidence for the link between mitophagy and inflammasomes in human health and diseases, few
studies have revealed how mitophagy and inflammasomes are reciprocally regulated.'’ The balance of the inflamma-
some-mitochondrial pathway may help protect host immunity and maintain human health.'' However, dysregulation
between inflammasomes and mitophagy may lead to pathological inflammatory responses. In this section, we mainly
summarized the studies on the interaction between mitophagy and inflammasomes in different kidney diseases.

AKI

In the mice model of sepsis-related AKI, parkin knockout increased the expression of NLRP3, ASC, caspase-1, and IL-
1B in renal tissue, suggesting that decreased mitophagy may activate the NLRP3 inflammasome.'® RTECs undergo
mitophagy during both in vivo and in vitro contrast agent-induced AKI (CI-AKI)."'® When PINK1 or parkin was
silenced, contrast-induced mitophagy impairment, mitochondrial damage, and mtROS production increased, leading to
the increase of NLRP3, cleaved caspase-1, and mature IL-1f in mice and in vitro RTECs."'® Thus, apoptosis of RTECs
and renal injury were both increased.''® These results suggested that PINK 1/parkin mediated mitophagy protects against
AKI by inhibiting the activation of the NLRP3 inflammasome. Nonetheless, other studies indicated that the inflamma-
some seems to be sent back to regulate mitophagy. NLRP3 or caspase-1 knockout CI-AKI mice were found to up-
regulate cellular responses to hypoxia, mitochondrial oxidation, and autophagy, indicating that inhibition of the NLRP3
inflammasome leads to up-regulation of hypoxia signaling pathways and mitophagy.''" In NLRP3 or caspase-1 knockout
CI-AKI mice and iohexol-treated HK-2 cells, BNIP3 and LC3II were overexpressed, LC3II colocalized with BNIP3 and
mitochondria, and mitochondria colocalized with lysosomes.''' These results indicated that inhibition of NLRP3
inflammasome activation up-regulated mitophagy and protected RTECs from iohexol-induced damage.''" In the cispla-
tin-induced AKI model, the expression of IL-1f, caspase-1, and NLRP3 was enhanced, and RTECs exhibited mitochon-
drial dysfunction.''? SS31 treatment could effectively inhibit mtROS, improve damage, and reduce the expression of
NLRP3, IL-1, and caspase-1.""? IL-22 can significantly attenuate the accumulation of ROS in acute pancreatitis (APAP)
renal injury both in vitro and in vivo, improve mitochondrial dysfunction, downregulate APAP-induced NLRP3
inflammasome activation and release of mature IL-1B, and ultimately reduce APAP-induced RTECs death.''
Consequently, the mitophagy-NLRP3 inflammasome pathway may become a target for AKI therapy.

CKD

Proteinuria and hypertension are two important factors in the progression of CKD. In 2014, Zhuang et al of Nanjing
University found that proteinuria may result in the activation of the NLRP3 inflammasome and the marked abnormalities
of mitochondria, manifesting as functional and morphological impairments.*® This mitochondrial abnormality could be
reversed by marked blockade of the NLRP3/caspase-1 signaling pathway.®*® These studies suggested that the NLRP3
inflammasome/caspase-1/mitochondrial axis contributed to albumin-induced tubular injury. Another study found that
albumin stimulation could increase the production of mtROS and the expression levels of NLRP3, IL-1f, and IL-18 in
cultured HK2 cells, whereas the ROS scavenger N-acetyl-1-cysteine (NAC) inhibited the expression of NLRP3, IL-1p,
and IL-18."'* In aldosterone-treated mice kidney tissue, mtROS production, mitochondrial dysfunction, and NLRP3
inflammasome activation were increased. In vivo, the application of mitochondria-targeted antioxidants could signifi-
cantly improve renal function and mitochondrial dysfunction, reduce NLRP3 inflammasome activation, and alleviate
renal injury.'’> In hyperuricemia-induced CKD, PINK 1/parkin-mediated mitophagy was impaired, thereby activating
NLRP3, resulting in increased production of pro-inflammatory cytokines IL-1B, IL-6, and TNF-a, leading to RTECs
injury.''® Mitophagy was also activated in angiotensin II-treated RTECs; PHB2 knockdown decreased mitophagy levels
and increased cell death, whereas PHB2 overexpression enhanced mitochondrial dysfunction and inhibited NLRP3
inflammasome activation.''” This suggested that PHB2-mediated mitophagy via the inflammasome may be a future
therapeutic target for CKD."'” Florfenidone, a new pyridone, reduced renal fibrosis by inhibiting the overproduction of
mtROS and activation of the NLRP3 inflammasome in activated peritoneal-derived macrophages and RTECs.''®
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Compound K significantly reduced mitochondrial damage, mtROS generation, and mtDNA release in LPS-activated
macrophages, inhibited NLRP3 inflammasome activation, and alleviated renal interstitial tubule lesions.''” Based on the
preceding, it can be observed that targeting mitophagy-mtROS-inflammasome may be an effective strategy to pre-
vent CKD.

DKD

In kidney tissues of DKD patients and db/db mice, mtROS was overproduced and the expression of NLRP3/IL-1f was
increased.'*” Intraperitoneal injection of the mitoquinone mesylate (mitoQ, a kind of mitochondria-targeted antioxidant)
reversed the increased expression of NLRP3/IL-1p in db/db mice.'? Thioredoxin-interacting protein (TXNIP) can bind
to NLRP3 and trigger its activation after dissociating from thioredoxin (TRX) in response to different stimuli.'?! MitoQ
treatment of HK-2 cells under a high glucose environment could inhibit the dissociation of TRX and TXNIP, thereby
blocking the interaction between TXNIP and NLRP3. Then, NLRP3 inflammasome activation and IL-1f maturation were
inhibited."?® TXNIP siRNA pretreatment enhanced the effect of mitoQ, while monosodium urate (MSU, a kind of
cellular inflammation inducer) and TRX siRNA pretreatment eradicated the effect of mitoQ.'*® These results suggested
that mtROS-TXNIP/NLRP3/IL-1p axis activation is associated with tubular oxidative damage in DKD. One study found
that under high glucose conditions, overexpression of OPTN increased the co-staining of LC3II and OMM 20 translocase
in mice RTECs cultured in vitro, while enhancing mitophagy, and significantly reducing the expression of NLRP3, the
cleavage levels of caspase-1 and IL-1pB, and the releases of IL-1p and IL-18.'** Furthermore, the high glucose (HG)-
induced NLRP3 inflammasome activation could be recovered by mitochondrial division inhibitor 1(Mdivi-1) by blocking
the overexpression of OPTN.'** This suggested that OPTN inhibited the activation of the NLRP3 inflammasome by
promoting mitophagy and ameliorated RTECs injury in DKD. As a class B scavenger receptor, CD36, inhibited
mitochondrial fatty acid oxidation (FAO) in RTECs of DKD, stimulated the production of mtROS, and then activated
the NLRP3 inflammasome.'** Mitochondrial antioxidants could reduce the activation effect of CD36 overexpression on
NLRP3. Inhibition of CD36 could increase intracellular adenosine 5’-monophosphate (AMP)-activated protein kinase
(AMPK, a key molecule in the regulation of biological energy metabolism) activity and mitochondrial FAO level, while
inhibiting the expression of NLRP3 and IL-1 mRNA, thereby decreasing tubulointerstitial inflammation and RTECs
apoptosis in DKD.'** Thus, due to the abundance of mitochondria in renal tubular epithelial cells, the mitophagy-
inflammasome axis plays a crucial role in the RTECs injury of DKD. Moreover, Ding et al found that the mitophagy-
inflammasome axis may be involved in the mechanism of podocyte injury in DKD.'** Icariin could promote mitophagy
in STZ-treated rats and HG-treated mice podocyte cell line (MPC-5) to inhibit NLRP3 inflammasome activation via the
Nrf2 pathway.'?* Several studies have shown that the role of the mitophagy-inflammasome axis in DKD requires further
exploration.

The Potential Interaction Between Mitophagy and Inflammasomes in Kidney Diseases
Currently, the NLPR3 inflammasome is most studied in the kidney disease involved in mitophagy. Nevertheless, in other
disease models, we found that the NLRC4, AIM2, and NLRX1 inflammasomes may be involved in mitophagy. Induction
of myocardial infarction in a mouse model of type 2 diabetes (T2 DM) may result in impaired mitophagy and increased
mtDNA release in the peri-infarct area of the left ventricle.'?® This resulted in hyperactivation of AIM2 and NLRC4
inflammasomes and caspase-1 in cardiomyocytes and macrophages in the infarcted area, cardiomyocyte death, and
increased IL-18 secretion.'® It is suggested that mitophagy disorder may contribute to T2DM-induced myocardial
infarction through AIM2 and NLRC4 inflammasome. In an Alzheimer’s disease (AD) mouse model of, the mitophagy
receptor OPTN was found to inhibit the activity of caspase-1 and IL-1p in microglia by inhibiting the expression of
AIM2 and ASC.'?® Then it blocked the action of AP oligomer (APo) to activate the AIM2 inflammasome, thereby
reducing inflammation.'*® NLRX1 is the only NLR family member with a mitochondrial targeting sequence, which
contains an LIR and directly binds to LC3 via LIR."*” NLRX1 and its LIR sequence are required for the induction of
mitophagy by Listeria.'” Both NLRX1 deficiency and the use of mitophagy inhibitors increased mtROS production,
thereby inhibiting Listeria survival.'?” Mechanistically, Listeria and the virulence factor listeriolysin O (LLO) induce
oligomerization of NLRX1, which promotes the binding of its LIR sequence to LC3 and induces mitophagy.'?’ In a study
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of intestinal IR injury, it was found that the expression of NLRX1 was significantly down-regulated after intestinal IR
injury.'*® Intestinal IR injury and mitochondrial dysfunction were ameliorated in rats with overexpressing NLRX1.'%
Functional studies showed that IR injury decreased the expression of NLRX1 and promoted the phosphorylation of
FUNDC]1."*® Immunoprecipitation studies showed that phosphorylated FUNDC1 could not combine to the mitophagy
related signaling protein non-neuronal SNAP25-like protein homolog 1 and 2 (NIPSNAP 1 and 2) on the OMM of
damaged mitochondria, thereby failing to initiate mitophagy, leading to accumulation of damaged mitochondria and
apoptosis of epithelial cells.'*® These results suggested that NLRX1 may be involved in cell damage by regulating
mitophagy. The AIM2, NLRC4 and NLRX1 inflammasome in the above study are all involved in the pathogenesis of
kidney diseases, so whether they interact with mitophagy through different signaling pathways to participate in the
pathogenesis of kidney disease is worthy of further exploration.

Conclusion and Future Prospects

Mitophagy belongs to specific autophagy, which can selectively clean up damaged mitochondria, engulf them into
autophagosomes, fuse with lysosomes, and then start to cleave, and finally maintain the stability of the intracellular
environment. Mitophagy disorder is indispensable in cell damage and disease progression. Therefore, studies on
mitophagy can not only provide more information on cellular regulation, but also further reveal the relationship between
mitophagy and disease. In recent years, more and more attention has been paid to the study of inflammasomes in the
progression of diseases. At present, the role of the interaction between mitophagy and inflammasomes activation in
diseases has become a hot spot in the field of medical biology. There is increasing evidence that the interaction between
mitophagy and inflammasomes is closely related to the pathogenesis of kidney disease. However, the current studies are
mainly focused on mitophagy and NLRP3 inflammasome, while studies on the interaction between AIM2, NLRC4,
NLRX1 inflammasome and mitophagy in kidney diseases is still less. We need to conduct more in-depth studies in order
to discover more pathogenic mechanisms of kidney diseases and formulate more effective treatment strategies.
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