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Chronic kidney disease (CKD) is a major public health issue that is highly prevalent worldwide. Pyroptosis is an important
pathological mechanism underlying kidney cell damage in CKD and is associated with the classic caspase-1-mediated pathway
and nonclassic caspase-4/5/11-mediated pathway. The NLRP3-caspase-1-GSDMD signaling pathway is the key mechanism of
kidney cell pyroptosis in CKD, and noncoding RNAs such as IncRNAs and miRNAs are important regulators of kidney cell
pyroptosis in CKD. In addition, the NLRP1/AIM2-caspase-1-GSDMD and caspase-3-GSDME signaling pathways have also been
shown to mediate kidney cell pyroptosis. Traditional Chinese medicine (TCM) and extracts can interfere with the occurrence and
development of kidney cell pyroptosis in CKD by inhibiting the NLRP3 signaling pathway and oxidative stress, activating Nrf-2
signaling, protecting mitochondrial integrity, regulating AMPK signaling, and regulating TXNIP/NLRP3 axis, which have become
increasingly prominent. It is critical to explore the effects of TCM on kidney cell pyroptosis in CKD and its mechanisms to identify

targets and develop new and effective drugs.

1. Introduction

Chronic kidney disease (CKD) is recognized as a major
public health concern. According to a report published in
The Lancet in 2020, CKD is still a highly prevalent disease
worldwide, affecting 9.1% of the world’s population. In 2040,
this number is estimated to increase to 2.2-4 million. The
number of CKD patients in China has reached 132.3 million,
the incidence is as high as 10.8% [1], and many CKD patients
are more likely to progress to end-stage renal disease, se-
riously endangering public health [2]. Thus, early detection
and intervention are crucial for CKD patients. However, no
specific drug is available to reverse or block the progression
of CKD, and the pathogenesis remains largely elusive.
Several studies [3] have shown that CKD is closely related to
inflammation. Cellular pyroptosis is an important

mechanism associated with inflammatory damage to renal
tissue and progression in CKD, which is an inflammatory
disease.

Pyroptosis, also known as inflammatory apoptosis, is a
mode of programmed cell death that relies on cysteine-
containing aspartate-specific proteases (Caspases). Pyrop-
tosis possesses some characteristics of apoptosis and ne-
crosis, including the basic characteristics of DNA damage
and membrane damage [4]. During pyroptosis, several kinds
of pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) trigger
inflammasome formation, which activates caspases, thereby
cleaving gasdermin D (GSDMD) or gasdermin E (GSDME),
the effector proteins of pyroptosis. These cleaved gasdermins
bind with the lipids of the cell membrane to form membrane
pores and cause pyroptosis [5].
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Pyroptosis is widely involved in the occurrence and
development of kidney, infectious, and atherosclerotic
diseases [6-8]. CKD is a serious threat to human health.
Currently, no effective medicine or desirable method is
available to reverse or block the progression of CKD;
therefore, it is urgent to find novel treatment approaches and
drugs [9]. Through syndrome differentiation and treatment,
traditional Chinese medicine (TCM) has exhibited good
efficacy in the treatment of CKD, and the effects of TCM on
pyroptosis have become increasingly prominent [10]. Ex-
ploring the effects and mechanisms of TCM on CKD-as-
sociated pyroptosis is of great importance in pathological
research, clinical prevention, and the development of new
drugs.

2. Pyroptosis and CKD

Pyroptosis can occur and develop in various CKDs, such as
diabetic nephropathy (DN), obstructive nephropathy, renal
fibrosis, and crystal-related nephropathy. The mechanisms
underlying pyroptosis include classic and nonclassic path-
ways [11, 12].

2.1. The Classic Pyroptosis Pathway in CKD.
Caspase-1-dependent cell death is known as a classic pyroptosis
pathway [11, 13]. The caspase family is typically divided into
two subfamilies, apoptotic caspases and inflammatory caspases,
which play important roles in innate immunity and include
caspase-1, 4, 5, 11, and 12 [14]. Caspase-1 is the main mediator
of pyroptosis. The inflammasomes involved in the classic
pyroptosis pathway in CKD mainly include NOD-like receptor
protein 3 (NLRP3) and NLRP1 and absent in melanoma 2
(AIM2) inflammasomes [13].

2.1.1. The NLRP3 Inflammasome Signaling Pathway. The
inflammasome, also known as the pyroptotic body [15],is a
complex formed by the assembly of multiple proteins, such
as pattern recognition receptor (PRRs), in cells. Inflam-
masomes are generally composed of receptor molecules,
adapter molecules, and effector molecules. Receptor mol-
ecules include NOD-like receptor (NLR) family molecules
and AIM2-like receptor (ALR) family molecules. The
former are the most important type of PRR [16] and include
14 members of the NLRP subfamily (NLRP1-NLRP14) and
NLRC4 [17].

The receptor molecule of the NLRP3 inflammasome is
NLRP3. The adapter molecule is called apoptosis-related
punctate protein with caspase activation and recruitment
domains (ASC), and the effector molecule is caspase-1 [18].
PAMPs are expressed by CKD-associated pathogens, and
DAMPs are released by chronic renal damage and include
extracellular matrix components such as reactive oxygen
species (ROS), extracellular ATP, uric acid, and disac-
charides [17, 19]. PAMPs and DAMPs activate NLRP3,
which oligomerizes to form the NLRP3 complex; the
complex then recruits procaspase-1 monomers through the
adapter protein ASC, activating caspase-1. Caspase-1
processes the proinflammatory cytokine pro-IL-1p/pro-IL-
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18 to generate mature IL-153/IL-18, which is released by cell
lysis during pyroptosis [20]. GSDMD is cleaved to produce
N-terminal GSDMD (GSDMD-NT), which binds to lipids
in cell membranes to form pores of 1 to 2nm and initiate
pyroptosis. Pyroptosis is characterized by cell swelling and
high permeability of the plasma membrane followed by
lysis and the release of cytoplasmic contents, which trigger
necrotizing inflammation [3]. Pyroptosis promotes the
extracellular release of IL-13/IL-18, initiates the inflam-
matory response, and promotes the release of intracellular
DAMPs, further inducing pyroptosis in other cells and
forming a positive feedback loop, thereby exacerbating
inflammation-mediated kidney damage [21]. The specific
mechanism is shown in (1) in Figure 1. Pyroptosis is
mediated by the NLRP3/caspase-1/GSDMD signaling
pathway and is an important mechanism of inflammatory
renal injury in CKD [18, 21]. In renal macrophages,
podocytes, endothelial cells, and other intrinsic cells, the
NLRP3 inflammasome can be activated to promote in-
flammatory responses and accelerate the progression of
CKD [22]. Studies [18, 23] have shown activation of the
NLRP3 inflammasome in various CKDs, such as ob-
structive nephropathy, chronic type II crystalline ne-
phropathy, DNP, lupus nephritis, and IgA nephropathy,
further exacerbating kidney damage. However, no NLRP3
antagonists have been approved for treatment to date, and
there is an urgent need for specific NLRP3 inhibitors, which
would provide a wide range of therapeutic potential for the
treatment of CKD.

2.1.2. The NLRPI Inflammasome Signaling Pathway. The
NLRP1 inflammasome is composed of NLRP1, ASC, and
caspase-1 [24]. As ligands of NLRP1, bacterial muramyl
dipeptide, anthrax toxin, toxoplasma gondii, etc., can acti-
vate the NLRP1 inflammasome [25]. The specific mechanism
is shown in (2) in Figure 1. Yu et al. [4] reported that high
glucose and high insulin induced NLRP1 inflammasome
activation in glomerular mesangial cells and that caspase-1
expression was upregulated, which led to pyroptosis and an
inflammatory response. Downregulating NLRP1 could in-
hibit pyroptosis. NLRP1 contains a C-terminal CARD,
which can be directly activated by interacting with the
CARD of procaspase-1 [20], but ASC transduction can
enhance the activity of procaspase-1. However, Finger et al.
reported that NLRP1 was activated in an ASC-dependent
manner [19, 26].

2.1.3. The AIM2 Inflammasome Signaling Pathway. The
AIM2 inflammasome is composed of AIM2, ASC, and
caspase-1 [27]. The dsDNA released by pathogens or kidney
damage is an AIM2 ligand. dsDNA can bind to and activate
the C-terminal HIN200 domain of AIM?2 [28], and the PYD
domain of activated AIM2 molecule interacts with that of
ASC molecule to activate ASC. The activated CARD of ASC
binds with the CARD of procaspase-1 to assemble and form
the AIM2 inflammasome [20], and procaspase-1 cleaves and
activates itself, eventually causing pyroptosis [20, 29]. The
specific mechanism is shown in (3) in Figure 1. Sharma et al.
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FiGure 1: Mechanisms of kidney cell pyroptosis in chronic kidney disease. (1) (NLRP3-caspase-1-GSDMD pathway) PAMPs and DAMPs
activate NLRP3 molecules, NLRP3 oligomerizing to form the NLRP3 complex, which recruits procaspase-1 monomers through the adapter
protein ASC, activating caspase-1. Caspase-1 processes the pro-IL-15/pro-IL-18 to generate mature IL-153/IL-18, and in the meantime,
GSDMD is cleaved to produce GSDMD-NT, which damage the cell membrane eventually leading to pyroptosis. Then, IL-1/5 and IL-18 are
released extracellularly, initiating the inflammatory response. Simultaneously, pyroptosis promotes the release of intracellular DAMP,
further inducing pyroptosis in other cells and forming a positive feedback loop, aggravating renal inflammation damage. (2) (NLRPI-
caspase-1-GSDMD pathway) Bacterial muramyl dipeptide, anthrax toxin, etc., can activate the NLRP1 inflammasome. The NLRP1 molecule
C-terminal CARD domain can be directly activated by interacting with the CARD domain of procaspase-1, then activating caspase-1. The
next steps are similar to the NLRP3 pathway. (3) (AIM2-caspase-1-GSDMD pathway) dsDNA can bind to and activate the C-terminal
HIN200 domain of AIM2, and the PYD domain of the activated AIM2 molecule interacts with that of the ASC molecule to activate ASC. The
CARD domain of activated ASC combines with the CARD domain of procaspase-1 to form AIM2 inflammasome, and procaspase-1 cuts
and activates itself, eventually causing pyroptosis. (4) (LPS-caspase-4/5/11-GSDMD pathway) When the pathogen invades the kidney cells,
the component of LPS, lipid A, binds to and activate the CARD domain of caspase-11, thereby cleaving GSDMD and causing pyroptosis.
Meanwhile, the gap junction protein 1 (pannexin 1) transmembrane channel is cleaved, forming a pathway, along which the intracellular
ATP is released. ATP binds to the membrane P2X7 receptor, opening the nonselective P2X7 positive ion channel, which causes intracellular
K+ outflow and extracellular Na+ and Ca2+ inflow, and finally the cell membrane is damaged, leading to pyroptosis. (5) (ATP-caspase-3-
GSDME pathway) ATP can activate caspase-3 in macrophages and lyse GSDME protein to produce GSDME-NT. GSDME-NT is similar to
GSDMD-NT, leading to membrane pore formation, eventually resulting in pyroptosis.

IL-18)

[30] showed that acute kidney injury leads to tubular cell
necrosis and the release of DNA, which is taken up by
neighboring macrophages. The AIM2 inflammasome is then
activated, leading to the production of proinflammatory
cytokines, such as IL-1f and IL-18, thereby promoting
chronic kidney inflammation. Komada et al. [31] found that
in the course of CKD, DNA from damaged cells was the
main DAMP, activating the AIM2 inflammasome in mac-
rophages and leading to pyroptosis and the promotion of
inflammation to accelerate fibrosis. Other DAMPs can si-
multaneously activate the NLRP3 inflammasome, exacer-
bating the occurrence of pyroptosis.

2.2. The Nonclassic Pyroptosis Pathway in CKD. The mode of
cell death that relies on caspase-4/5/11 is the nonclassic
pyroptosis pathway [12]. Human caspase-4/5 and mouse
caspase-11 serve the same function. When a pathogen in-
vades kidney cells, lipopolysaccharide (LPS), also known as

lipid A, binds to and activates the CARD of caspase-11 [32],
which then cleaves GSDMD and induces pyroptosis.
Moreover, the gap junction protein 1 (pannexin 1) trans-
membrane channel is cleaved, forming a pathway through
which intracellular ATP is released. ATP binds to the
membrane receptor P2X7, opening the nonselective P2X7
positive ion channel, which causes intracellular K+ efflux,
extracellular Na+ and Ca2+ influx, and ultimately cell
membrane damage, leading to pyroptosis [33-35]. The
specific mechanism is shown in (4) in Figure 1. Yang et al.
[36] found that ischemia-reperfusion could induce caspase-
11-mediated pyroptosis in renal tubular epithelial cells in
mice. The caspase-11-mediated nonclassic pyroptosis
pathway leads to intracellular DAMP release and K" efflux,
which activates the NLRP3 inflammasome and induces the
classic, caspase-1-mediated pyroptosis pathway. Further-
more, inflammatory cytokines such as IL-1 are released to
exacerbate inflammatory injury. Caspase-11 gene knockout
can reduce the expression of LPS-induced pyroptosis-related



proteins and the release of inflammatory factors in renal
tubular epithelial cells, thereby reducing the progression of
CKD [37, 38].

In addition, it was recently discovered that the caspase-3/
GSDME signaling pathway could also induce pyroptosis.
GSDME is another gasdermin family protein [28]. Zeng et al.
[39] found that when the classic NLRP3 signaling pathway
was blocked, ATP could activate caspase-3 in macrophages
and lyse GSDME, leading to GSDME-NT production,
membrane pore formation, and the resulting pyroptosis. The
specific mechanism is shown in (5) in Figure 1. Through
animal experiments and cell culture, Li [40] demonstrated
that caspase-3 could specifically cleave GSDME to induce
kidney cell pyroptosis in DN. Zhou’s [41] Western Blot test
confirmed that BSA can induce the exposure of GSDME-
NT, a protein related to early cell pyroptosis. The activation
of NLRP3 inflammasome may mediate the pyroptosis of
kidney NRK-52E cells induced by BSA. Caspase-3 cuts
GSDME and exposes GSDME-NT, thereby inducing cell
death by pyroptosis before apoptosis. Tu [42] found that
Huaier, a traditional Chinese medicine, can regulate the
pyroptosis of mesangial cells by inhibiting the caspase-3/
GSEME signaling pathway, reducing the release of inflam-
matory factors, and exerting renal protection. Wang [43]
showed that TNF-a and chemotherapy drugs could activate
the caspase-3/GSDME pathway in cancer cells and induce
pyroptosis. Thus, the role of caspase-3-GSDME in CKD
pyroptosis is important for future research.

2.3. The Regulatory Mechanism of Noncoding RNAs in Kidney
Cell Pyroptosis in CKD. Long noncoding RNAs (IncRNAs)
and microRNAs (miRNAs), as well as other noncoding
RNAs, are important regulators of kidney cell pyroptosis in
CKD [44]. As novel nonprotein gene expression regulators,
miRNAs play important roles in CKD, and IncRNAs can
improve CKD by regulating miRNA expression [45].

2.31. MALATI and miR-23¢/miR-30c. Metastatic-associated
lung adenocarcinoma transcript 1 (MALATI) and
miR-23¢/miR-30c belong to the IncRNA and miRNA
families, respectively. It was found that in the pathogenesis
of diabetic nephrosis (DN), MALAT] and miR-23c are
characterized by pro- and antipyroptotic properties, re-
spectively [46]. MALATI can trap miR-23c¢ and down-
regulate the expression of miR-23c, while the target gene of
miR-23c is the pyroptosis-related protein ELAV-like protein
1 (ELAVLL). The upregulation of ELAVLI can induce the
expression of NLRP3 and other downstream pyroptosis-
related molecules, resulting in pyroptosis. MALATI] ex-
pression was significantly increased in the kidneys of STZ-
induced diabetic rats and HK-2 cells treated with high
glucose, whereas the expression of miR-23¢ was significantly
decreased, leading to the upregulation of ELAVLI1 and
downstream pyroptosis-related molecules. Therefore, the
expression of ELAVL1, NLRP3, caspase-1, and IL-1f3 in DN
kidneys was positively regulated by MALAT1 and negatively
regulated by miR-23c. Liu et al. [47] found that MALAT1 can
also inhibit miR-30c targeting NLRP3 through a similar
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pathway to regulate the pyroptosis of renal tubular epithelial
cells induced by high glucose.

2.3.2. GAS5 and miR-452-5p. Growth arrest-specific tran-
script 5 (GAS5) and miR-452-5p belong to the IncRNA and
miRNA families, respectively. Unlike MALAT1 and miR-
23c, GAS5 possesses antipyroptotic properties, while miR-
452-5p, the target molecule of GAS5, has propyroptotic
properties.

In human tubular epithelial cells (HK-2) induced by high
glucose, the classic pyroptosis signaling pathway is activated.
Therefore, ROS, NLRP3, caspase-1, IL-1, GSDMD-NT, and
other pyroptosis-related molecules, as well as IL-6, TNF-a,
MCP-1, and other inflammatory factors and miR-452-5p,
are significantly upregulated, and GAS5 is downregulated.
MiR-452-5p interference can inhibit the expression of
pyroptosis-related molecules. GAS5 directly targets miR-
452-5p, and high GAS5 expression can inhibit high glucose-
induced pyroptosis in renal tubular epithelial cells by
downregulating the expression of miR-452-5p [45].

Table 1 summarizes the different types of pyroptosis in
kidney cells.

3. Effects of Traditional Chinese Medicine
or Extracts

3.1. Regulation of the NLRP3/Caspase-1/IL-15 Signaling
Pathway. The main mechanism of pyroptosis in CKD is the
classic pathway, which is mediated by the NLRP3 inflam-
masome. TCM or extracts can directly or indirectly inhibit
NLRP3 signaling pathway molecules and pyroptosis, slow-
ing the development of CKDs, such as DN, obstructive
nephropathy, and lupus nephropathy. Liang et al. [10] re-
ported that huayu jiedu recipe (HJR) (Astragalus mem-
branaceus, vinegar turtle shell, batryticated silkworm, black
tip snake, earthworm, radix paeoniae rubra, Salvia mil-
tiorrhiza, radix scutellariae, honeysuckle, dandelion, and
rhubarb) could downregulate mDCT-induced NLRP3
inflammasome expression in rat kidneys with unilateral
ureteral obstruction (UUO) and renal tubular epithelial cells,
regulate the NLRP3-caspase-1-IL-1faxis/IL-18 axis, inhibit
pyroptosis, and antagonize inflammatory lesions, thus
slowing the progression of obstructive nephropathy. Wang
etal. [51] discovered supplemented Gegen Qinlian decoction
formula (SGDF), composed of Pueraria lobata, Coptis,
Scutellaria, raw licorice, rhubarb, and cinnamon. It can
improve the degree of immunostaining of NLRP3, caspase-
1, GSDMD-N, and IL-1f in the glomerulus of diabetic
nephropathy model mice and the protein expression level in
kidney tissue, thereby reducing podocyte pyroptosis. Guo
Xiaoyuan [52] found that Zi Shen Wan (ZSW: composed of
Phellodendron amurense, Anemarrhena, and cinnamon) can
reduce the pyroptosis of renal tubular epithelial cells in db/
db mice by inhibiting the activation of NLRP3 inflamma-
somes and can effectively inhibit the mesenchymal changes,
and the migration ability of HK-2 cells induced by high
glucose can reduce nuclear damage and cell membrane
damage, inhibit the expression of pyroptosis-related
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TaBLE 1: Different types of pyroptosis in kidney cells.
Classification Description Kidney cells Mechanism Signaling Reference
pathways
Cultured primary RTE cells,
NLPR3 inflammasome induced Renal tubular (48]
renal tubular epithelial cells epithelial cells
necrosis.
(1) During hyperhomocysteinemia,
Activate NLRp3  Podocyte injury and glomerular NLRP3 NLRP3-
. sclerosis are consequences of .
inflammasome : L inflammasome  caapse-1-
signaling pathway NLRP3 inflammasome activation. activation IL-1B/IL-18
(2) And high glucose treatment in Podocyte [23, 49]
. mice induced NADPH oxidase [22, 50]
The classic . S
. activity, triggering NLRP3
pyrl(l)ptoavs inflammasome activation in
I();éDway n glomerular podocytes and leading
to podocyte injury during DN.
Activate NLRp1 11D glucose and high insulin NLRP1 NLRP1-
. induced NLRP1 inflammasome Glomerular .
inflammasome R . . inflammasome caspase-1- [4]
Lo activation in glomerular mesangial ~mesangial cells. o
signaling pathway cells. activation IL-1B
Kidney injury leads to tubular cell Expressed in
Activate AIM2 necrosis and the release of DNA, o rg erular and AIM2 AIM2-
inflammasome  which is taken up by neighboring tlglrbular epithelial inflammasome  caspase-1-  [30, 31]
signaling pathway macrophages, the AIM2 cel{)s activation IL-1B/IL-18
inflammasome is then activated.
Ischemia-reperfusion could induce
caspase-11-mediated pyroptosis in
renal tubular epithelial cells in
mice. CHOP/
Caspase.— 4/5/11- Caspase-11 gene knockout can Renal tubular Caspase-11 LPS-
mediated . 1 L. [36-38]
. reduce the expression of LPS- epithelial cells activation caspase-11-
pyroptosis induced pyroptosis-related IL-1B
The proteins and the release of
nonclassic inflammatory factors in renal
pyroptosis tubular epithelial cells.
pathway in 1. Human tubular
CKD epithelial cells
(HK-2 cells)
Caspase-3/ Caspase-3 could specially cleave 2. Glomerular Caspase-3 cleaved Caspase-3-
GSDME mediated =~ GSDME to induce kidney cell = mesenchymal GSDME-induced GSpEME [40-42]
pyroptosis pyroptosis in DN. cells (RGMCs pyroptosis
cells)
3. Kidney NRK-
52E cells
inflammatory factors, and reduce early renal damage in DN.  quercetin could downregulate the expression of renal

Feng et al. [53] found that the Yiqi Jianpi Xiezhuo decoction
(consisting of Astragalus, Angelica, white peony root, yam,
mulberry parasitic, dogwood, Smilax, and Alisma) can in-
hibit the activation of NLRP3 inflammasomes and inhibit
renal cell pyroptosis, reduce kidney inflammation damage,
and alleviate kidney inflammation damage in pregnant rats
with chronic kidney disease. Zhao et al. [54] found that
ginsenoside Rh2 is an effective component of traditional
Chinese medicine ginseng, which can improve DN kidney
damage by regulating caspase-1-mediated cell pyroptosis.
Quercetin is the active ingredient of the Chinese herbal
medicines Bupleurum root, mulberry leaf, locust horn, spiral
flower, and hawthorn that has anti-inflammatory, antioxi-
dant, and anticancer effects. Hu et al. [55] found that

NLRP3, ASC, and caspase-1, inhibit activation of the NLRP3
inflammasome, and improve the accumulation and damage
of renal lipids under increased uric acid conditions and
hyperlipidemia.

3.2. Inhibition of Oxidative Stress. Oxidative stress is a cel-
lular stress response caused by ROS or the relative overload
of free radicals [56]. ROS mainly refer to oxygen-containing
compounds whose chemical properties are more active than
those of oxygen. Disturbances in the homeostasis of oxi-
dative and antioxidative systems give rise to excessive ROS
production, weakened superoxide dismutase (SOD) activity,
and increased lipid peroxide (LPO) production. SOD is the



main scavenger of oxygen free radicals in the body and can
protect cells from oxidative stress damage. SOD activity
indirectly reflects the body’s ability to remove ROS. LPO is
the product of ROS attack of polyunsaturated fatty acids in
phospholipids in biofilms and induce lipid peroxidation,
which can reflect the degree and rate of lipid peroxidation.
Given insufficient antioxidant capacity, ROS can induce
oxidative stress and activate the NLRP3 inflammasome,
leading to caspase-1-mediated pyroptosis. Chronic inflam-
mation and oxidative stress play key roles in the develop-
ment of CKD.

Neferine is an effective component of lotus seed em-
bryos and has biological properties such as antioxidant and
anti-inflammatory effects. High glucose can induce oxi-
dative stress in mesangial cells in DN [57]. Neferine can
inhibit the production of ROS, increase the activity of SOD,
and inhibit LPO. Neferine has a free radical scavenger-like
effect, and ROS are activators of the NLRP3 inflammasome.
By regulating ROS, neferine inhibits oxidative stress and
activation of the NLRP3/caspase-1 signaling pathway to
inhibit pyroptosis, thereby providing a basis for the
treatment of CKD [58]. Trehalose from the TCM seaweed
and Psidium guajava from plant-based herbal medicines
also exert antioxidant effects. The combination of these two
treatments can reduce the level of IL-B-induced inflam-
mation in the kidney in diabetic rats by reducing the type 2
diabetes-induced ROS levels in kidney tissue, thus inhib-
iting kidney cell pyroptosis and exerting a protective effect
on the kidneys [59].

3.3. Activation of Nrf-2 Signaling. Nuclear factor erythroid-2-re
lated factor 2 (Nrf-2), the most important regulator of oxidative
stress [60], regulates the expression of protective antioxidant
genes to reduce systemic oxidative overload [61], thus reducing
oxidative stress and inflammation [62]. Sulforaphane, which is
an extract of cruciferous plants such as broccoli, kale, and
northern carrot, is a common antioxidant. Studies [63] have
shown that sulforaphane is an activator of Nrf-2 that can
antagonize ROS, inhibit oxidative stress, and activate the
NLRP3 inflammasome. Chung et al. [64] reported that UUO-
induced oxidative stress and inflammation and exacerbated
pyroptosis, but sulforaphane could reduce pyroptosis caused by
inflammasome activation and obstructed kidney damage by
activating Nrf-2 signaling, increasing nuclear Nrf-2 translo-
cation, promoting antioxidant gene expression, detoxifying
ROS, and inhibiting UUO-induced oxidative stress and NLRP3
inflammasome activation.

3.4. Protection of Mitochondrial Integrity. Mitochondrial
damage can promote the release of mitochondrial DNA,
ROS, and other cytoplasmic components, activating the
NLRP3 inflammasome and leading to pyroptosis. The mi-
tochondrial inner membrane is rich in highly unsaturated
fatty acids but is vulnerable to ROS attack. Therefore, mi-
tochondria are not only the main site of ROS production in
vivo but also extremely sensitive to ROS-mediated oxidative
damage [65]. Resveratrol is a polyphenol compound
extracted from various Chinese herbal medicines, such as
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Polygonum cuspidatum. Ya [66] reported that resveratrol
could inhibit mitochondrial damage in macrophages, reduce
mitochondrial DNA transposition to the cytoplasm, and
inhibit NLRP3 and NLRP1 inflammasome activation,
thereby inhibiting the classic caspase-1-mediated pyroptosis
pathway and alleviating renal inflammation-induced dam-
age in mice with progressive IgA nephropathy.

3.5. Regulation of AMPK Signaling. AMP-activated protein
kinase (AMPK) is a pivotal molecule that regulates energy
metabolism and affects a series of cellular metabolic pro-
cesses. AMPK maintains a balance between ATP con-
sumption and production in eukaryotic cells by sensing the
energy state of the cell, which is known as energy homeo-
stasis. It was found that [67] AMPK was significantly ac-
tivated during ATP-induced pyroptosis. AMPK signaling
can regulate the activation of inflammasomes and pyroptosis
induced by LPS+ ATP, and enhanced AMPK activity can
significantly promote pyroptosis. Piperine, the active in-
gredient of the TCM black pepper, has a number of func-
tions, such as antitumor and antioxidative activities. Studies
[68] have shown that piperine can block AMPK signaling,
significantly inhibit the expression of key molecules in the
NLRP3 inflammasome in the kidneys of lupus nephritis
mice, inhibit the caspase-1-mediated classic pyroptosis
pathway, and reduce the release of proinflammatory cyto-
kines such as IL-1, blocking renal tubular epithelial cell
pyroptosis and thereby inhibiting the progression of lupus
nephritis. In addition, the AMPK agonist metformin can
bypass the activity of piperine and activate NLRP3
inflammasome-mediated recovery of pyroptosis. The spe-
cific mechanisms by which AMPK signaling regulates
NLRP3 inflammasome activation and pyroptosis still require
further investigation.

3.6. Regulation of Thioredoxin-Interacting Protein TXNIP/
NLRP3 Axis. Thioredoxin-interacting protein (TXNIP) is an
oxidative stress regulator protein involved in cell prolifer-
ation, differentiation, and apoptosis. TXNIP inhibits its
antioxidant activity by combining with the endogenous
antioxidant thioredoxin (TRX) [50]. Both TRX and TXNIP
are expressed in the cytoplasm and mitochondria. TXNIP is
a protein that connects oxidative stress and activates in-
flammation. It can activate ROS and also induce the pro-
duction of ROS. The overproduction of mitochondrial ROS
is a key factor in the activation of NLRP3 inflammasome.
The inflammasome activator can induce the dissociation of
TXNIP from TXNIP/TRX in a ROS-dependent manner. The
oxidized TRX is in a free state and is easily combined with
the leucine-rich repeat sequence structure of NLRP3, leading
to the activation of NLRP3 inflammasome. Chi kun [48]
found high uric acid can promote the dissociation of
TXNIP/TRX through ROS, which in turn leads to the ac-
tivation of NLRP3 inflammasomes, causing endothelial cell
inflammation and pyroptosis.

Polyphenols are natural antioxidants, which are found in
varjious human dietary components, such as fruits, vegeta-
bles, and tea, and play a protective role in many chronic
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TaBLE 2: Effects of traditional Chinese medicine or extracts on kidney cells pyroptosis in chronic kidney disease.

Traditional Chinese

Medicine or extracts Description Mechanism of activation Regulatory mechanisms Reference
Rat kidneys with unilateral
Huayu jiedu recipe ureteral obstruction (UUO) and [10]
(HJR) cultivated renal tubular
epithelial cells
Supplemented Gegen Diabetic nephropathy model
Qinlian decoction Traditional Chinese mice, reducing podocyte [51]
formula (SGDF) medicine compound pyroptosis Regulation of the NLRP3/caspase-1/IL-
Renal tubular epithelial cells in 18 signaling pathway
Zi Shen Wan (ZSW) db/db mice; HK-2 cells induced [52]
by high glucose
Yiqi Jianpi Xiezhuo Pregnant rats with chronic
. . . [53]
decoction kidney disease
Ginsenoside Rh2 An active ingredient of Diabetic nephropathy [54]
ginseng
. Trametes robiniophila ~ Mesangial cells in a rat model of Lo
Huaier Murr nephritis Caspase-3/GSDME signaling pathway [42]
The active ingredient of r?rfgﬁ?l?(llzt;zr;::iiizz:zgeuiifc Downregulate expression of renal
Quercetin the Chinese herbal P o NLRP3, ASC, and caspase-1 and inhibit [55]
. acid conditions and o .
medicines .. . activation of the NLRP3 inflammasome
hyperlipidemia
Neferine An effective component High glucose 1n§uce 0x1fiat1ve 57, 58]
of lotus seed embryos  stress in mesangial cells in DN By reculating ROS. inhibits oxidative
Trehalose TCM seaweed Y €8 & . tr;ss xidativ
L . Plant-based herbal Type 2 diabetes [59]
Psidium guajava ..
medicines
Sulforaphane An extract of cruciferous UUO—1ndu.ced 0X1dathlve stress  Activating Nrf-2 signaling, increasing ) ¢4
plants and inflammation nuclear Nrf-2 translocation
Inhibit mitochondrial damage in
Polyphenol compound  Renal inflammation-induced ~ macrophages, reduce mitochondrial
Resveratrol extracted from various damage in mice with DNA transposition to the cytoplasm, [66]
Chinese herbal medicines progressive IgA nephropathy and inhibit NLRP3 and NLRP1
inflammasome activation
Block AMPK signaling, inhibit the
L The active ingredient of e caspase-1-mediated classic pyroptosis
Piperine the TCM black pepper Lupus nephritis mice pathway, and block renal tubular (68]
epithelial cell pyroptosis
The main component of . o
. . o Reduce pyroptosis by inhibiting the
Punicalagin pomegranate Diabetic nephropathy TXNIP/NLRP3 axis [49]
polyphenols

diseases, such as diabetes, cardiovascular diseases, and
neurodegenerative diseases. Pomegranate is a widely grown
and edible fruit that contains many polyphenols. Punica-
lagin is the main component of pomegranate polyphenols.
Abaiset al. [49] showed that excessive production of mito-
chondrial ROS (mtROS) leads to the separation of TXNIP
from its binding protein Trx, which subsequently binds to
NLRP3, leading to the activation of NLRP3 inflammasome.
Punicarin can reduce pyroptosis by inhibiting the TXNIP/
NLRP3 axis, thereby inhibiting the development of DN.
Inhibiting the inflammatory response caused by pyroptosis
is an important part of punicalagin to protect the kidneys.

Table 2 summarizes the effects of traditional Chinese
medicine or extracts on kidney cells pyroptosis in chronic
kidney disease.

4. Conclusion

Pyroptosis is an important pathological mechanism un-
derlying kidney cell damage in CKD, including classic
pyroptosis mediated by caspase-1 and nonclassic pyroptosis
mediated by caspase-4/5/11. The NLRP3-caspase-1-
GSDMD signaling pathway is the main mechanism of
kidney cell pyroptosis in CKD. Noncoding RNAs such as
IncRNAs and miRNAs are key regulators of kidney cell
pyroptosis in CKD. Herbal compound formulas, TCM ex-
tracts, and effective components can suppress kidney cell
pyroptosis by inhibiting the expression of the NLRP3
inflammasome and oxidative stress, activating Nrf-2 sig-
naling, protecting mitochondrial integrity, regulating
AMPK signaling, and regulating TXNIP/NLRP3 axis.



To date, although specific drugs are not available for the
treatment of kidney cell pyroptosis, TCM has achieved re-
markable effects in the treatment of CKD. The role of TCM is
characterized by multiple targets and complexity. Therefore,
in-depth study on the molecular mechanisms of pyroptosis
in the occurrence and progression of kidney disease is
warranted to provide more objective evidence for clinical
treatment and is critical for identifying targets and devel-
oping new and effective drugs.

Data Availability

All data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

Baozhu Ding and Guoping Ma contributed equally to this
work.

Acknowledgments

The authors thank the National College Student Innovation
and Entrepreneurship Training Program Project (grant no.
202014432007), Key Projects of Science and Technology
Research in Hebei Province (grant no. ZD2021330), and
Hebei Provincial Administration of Traditional Chinese
Medicine Project (grant no. 2019110), for providing the
financial base to start our research group. The authors also
thank the American Journal Experts for editing of this
article.

References

[1] A. Boris Caroline, “Global, regional, and national burden of
chronic kidney disease, 1990-2017: a systematic analysis for
the Global Burden of Disease Study 2017,” Lancet, vol. 395,
no. 10225, pp. 709-733, 2020.

[2] Y. Zhong, M. C. Menon, Y. Deng, Y. Chen, and J. C. He,
“Recent advances in traditional Chinese medicine for kidney
disease,” American Journal of Kidney Diseases, vol. 66, no. 3,
pp. 513-522, 2015.

[3] T.Komada and D. A. Muruve, “The role of inflammasomes in
kidney disease,” Nature Reviews Nephrology, vol. 15, no. 8,
pp. 501-520, 2019.

[4] Y. Yu, L. J. He, and H. M. Wang, “NLRP1 inflammasome
promotes hyperglycemia and insulin induced mesangial cell
pyroptosis,” Chinese Journal of Cellular and Molecular Im-
munology, vol. 34, no. 5, pp. 442-447, 2018.

[5] D. Martin-Sanchez, J. Poveda, M. Fontecha-Barriuso et al.,

“Targeting of regulated necrosis in kidney disease,” Nepro-

logia, vol. 38, no. 2, pp. 125-135, 2018.

M. Wang, L. Yang, J. Yang, and C. Wang, “Shen Shuai

ITRecipe attenuates renal injury and fibrosis in chronic kidney

disease by regulating NLRP3 inflammasome and Sirt1/Smad3

deacetylation pathway,” BMC Complementary and Alternative

Medicine, vol. 19, no. 1, p. 107, 2019.

[6

Evidence-Based Complementary and Alternative Medicine

[7] P. Orning, E. Lien, and K. A. Fitzgerald, “Gasdermins and
their role in immunity and inflammation,” Journal of Ex-
perimental Medicine, vol. 216, no. 11, pp. 2453-2465, 2019.

[8] J. Pan, L. Han, J. Guo et al., “AIM2 accelerates the athero-
sclerotic plaque progressions in ApoE—/— mice,” Biochemical
and Biophysical Research Communications, vol. 498, no. 3,
pp. 487-494, 2018.

[9] M. Ruiz-Ortega, S. Rayego-Mateos, S. Lamas, A. Ortiz, and
R. R. Rodrigues-Diez, “Targeting the progression of chronic
kidney disease,” Nature Reviews Nephrology, vol. 16, no. 5,
pp. 269-288, 2020.

[10] W.]J. Liang, X. L. Ma, X. Wang, Y. Z. Xiong, X. T. Wang, and
Q. Y. Xu, “Effect of Huayu Jiedu Recipe on the expressions of
NLRP3, Caspasel, and IL-1Bin kidneys of obstructive ne-
phropathy rats,” Chinese Journal of Integrated Traditional and
Western Medicine, vol. 37, no. 4, pp. 470-475, 2017.

[11] J. Shi, Y. Zhao, K. Wang et al., “Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death,”
Nature, vol. 526, no. 7575, pp. 660-665, 2015.

[12] Q.Y.Huang, C.J. Du, Y. Z. Zhang, H. W. Cao, and H. F. Hao,
“Research progress of pyroptosis,” Chinese Journal of Im-
munology, vol. 36, no. 2, pp. 245-250, 2020.

[13] F. Lu, Z. Lan, Z. Xin et al., “Emerging insights into molecular
mechanisms underlying pyroptosis and functions of
inflammasomes in diseases,” Journal of Cellular Physiology,
vol. 235, no. 4, pp. 3207-3221, 2020.

[14] Y. H. Yu, Z. M. Xu, H. Zeng, R. X. Ni, and P. Li, “Advances in
the study of relationship between Caspases and innate im-
munity,” Journal of China Pharmaceutical University, vol. 50,
no. 5, pp. 622-630, 2019.

[15] B. G. Byrne, J. F. Dubuisson, A. D. Joshi, J. J. Persson, and
M. S. Swanson, “Inflammasome components coordinate
autophagy and pyroptosis as macrophage responses to in-
fection,” mBio, vol. 4, no. 1, 12 pages, Article ID e00620, 2013.

[16] T. Strowig, J. Henao-Mejia, E. Elinav, and R. Flavell,
“Inflammasomes in health and disease,” Nature, vol. 481,
no. 7381, pp. 278-286, 2012.

[17] H.-J. Anders and D. A. Muruve, “The inflammasomes in
kidney disease,” Journal of the American Society of Nephrol-
0gy, vol. 22, no. 6, pp. 1007-1018, 2011.

[18] S. R. Mulay, “Multifactorial functions of the inflammasome
component NLRP3 in pathogenesis of chronic kidney dis-
eases,” Kidney International, vol. 96, no. 1, pp. 58-66, 2019.

[19] F. Awad, E. Assrawi, C. Louvrier et al., “Photoaging and skin
cancer: is the inflammasome the missing link?” Mechanism of
Ageing and Development, vol. 172, pp. 131-137, 2018.

[20] L. Li, W. Tang, and F. Yi, “Role of inflammasome in chronic
kidney disease,” Advances in Experimental Medicine ¢ Bi-
ology, vol. 1165, pp. 407-421, 2019.

[21] Y. G. Kim, S. M. Kim, K. P. Kim, S. H. Lee, and J. Y. Moon,
“The role of inflammasome-dependent and inflammasome-
independent NLRP3 in the kidney,” Cells, vol. 8, no. 11, 2019.

[22] S. M. Conley, J. M. Abais, K. M. Boini, and P. L. Lj,
“Inflammasome activation in chronic glomerular diseases,”
Current Drug Targets, vol. 18, no. 9, pp. 1019-1029, 2017.

[23] F. Yi, A. Y. Zhang, N. Li et al., “Inhibition of ceramide-redox
signaling pathway blocks glomerular injury in hyper-
homocysteinemic rats,” Kidney International, vol. 70, no. 1,
pp. 88-96, 2006.

[24] J. L. S. Soares, F. P. Fernandes, T. A. Patente et al., “Gain-of-
function variants in NLRP1 protect against the development
of diabetic kidney disease: NLRP1 inflammasome role in
metabolic stress sensing?” Clinical Immunology, vol. 187,
pp. 46-49, 2018.



Evidence-Based Complementary and Alternative Medicine

[25] C.-H. Yu, J. Moecking, M. Geyer, and S. L. Masters,
“Mechanisms of NLRP1-mediated autoinflammatory disease
in humans and mice,” Journal of Molecular Biology, vol. 430,
no. 2, pp. 142-152, 2018.

[26] J. N. Finger, J. D. Lich, L. C. Dare et al., “Autolytic proteolysis
within the function to find domain (FIIND) is required for
NLRP1 inflammasome activity,” Journal of Biological
Chemistry, vol. 287, no. 30, pp. 25030-25037, 2012.

[27] A. Linkermann, S. P. Parmentier, and C. Hugo, “We AIM2
inflame,” Journal of the American Society of Nephrology,
vol. 29, no. 4, pp. 1077-1079, 2018.

[28] M. Lamkanfi and V. M. Dixit, “Mechanisms and functions of
inflammasomes,” Cell, vol. 157, no. 5, pp. 1013-1022, 2014.

[29] S. M. Man, R. Karki, and T.-D. Kanneganti, “AIM2 inflam-
masome in infection, cancer, and autoimmunity: role in DNA
sensing, inflammation, and innate immunity,” European
Journal of Immunology, vol. 46, no. 2, pp. 269-280, 2016.

[30] B.R. Sharma, R. Karki, and T. D. Kanneganti, “Role of AIM2
inflammasome in inflammatory diseases, cancer and infec-
tion,” European Journal of Immunology, vol. 49, no. 11,
pp. 1998-2011, 2019.

[31] T. Komada, H. Chung, A. Lau et al., “Macrophage uptake of
necrotic cell DNA activates the AIM2 inflammasome to regulate
a proinflammatory phenotype in CKD,” Journal of the American
Society of Nephrology, vol. 29, no. 4, pp. 1165-1181, 2018.

[32] N.-J. Miao, H.-Y. Xie, D. Xu et al., “Caspase-11 promotes renal

fibrosis by stimulating IL-18 maturation via activating cas-

pase-1,” Acta Pharmacologica Sinica, vol. 40, no. 6,

pp. 790-800, 2019.

N. Kayagaki, M. T. Wong, I. B. Stowe et al., “Noncanonical

inflammasome activation by intracellular LPS independent of

TLR4,” Science, vol. 341, no. 6151, pp. 1246-1249, 2013.

D. Yang, Y. He, R. Munoz-Planillo, Q. Liu, and G. Nz,

“Caspase-11 requires the pannexin-1 channel and the puri-

nergic P2X7 pore to mediate pyroptosis and endotoxic shock,”

Immunity, vol. 43, no. 5, pp. 923-932, 2015.

X. Liu, Z. Zhang, J. Ruan et al, “Inflammasome-activated

gasdermin D causes pyroptosis by forming membrane pores,”

Nature, vol. 535, no. 7610, pp. 153-158, 2016.

[36] J.-R. Yang, F.-H. Yao, J.-G. Zhang et al., “Ischemia-reperfu-
sion induces renal tubule pyroptosis via the CHOP-caspase-
11 pathway,” American Journal of Physiology-Renal Physiol-
ogy, vol. 306, no. 1, pp. F75-F84, 2014.

[37] K. Koselny, N. Mutlu, A. Y. Minard, A. Kumar, D. J. Krysan,
and M. Wellington, “A genome-wide screen of deletion
mutants in the filamentous Saccharomyces cerevisiae back-
ground identifies ergosterol as a direct trigger of macrophage
pyroptosis,” mBio, vol. 9, no. 4, 2018.

[38] Z.Ye, L. Zhang, R. Li et al., “Caspase-11 mediates pyroptosis
of tubular epithelial cells and septic acute kidney injury,”
Kidney & Blood Pressure Research, vol. 44, no. 4, pp. 465-478,
2019.

[39] C. Y. Zeng, C. G. Li, J. X. Shu et al., “ATP induces caspase-3/
gasdermin E-mediated pyroptosis in NLRP3 pathway-blocked
murine macrophages,” Apoptosis: An International Journal on
Programmed Cell Death, vol. 24, no. 9-10, pp. 703-717, 2019.

[40] S. Y. Li, The Study on GSDME Induced Pyroptosis Indiabetic
Nephropathy, Tianjin Medical University, Tianjin, China,
2019.

[41] Y. Zhou, Mechanism Study on the Treatment of Chronic
Kidney Disease with Invigorate the Circulation of Blood-Clear
and Disinhibit-Detoxicate Herbs, Nanjing University of
Chinese Medicine, Nanjing, China, 2018.

(33

[34

[35

[42] C. Tu, Chinese Medicine Huaier Plays a Role in Kidney Pro-
tection by Regulating Mesangial Cell Pyroptosis, Guangzhou
University of Chinese Medicine, 2019.

[43] Y. Wang, W. Gao, X. Shi et al,, “Chemotherapy drugs induce
pyroptosis through caspase-3 cleavage of a gasdermin,” Na-
ture, vol. 547, no. 7661, pp. 99-103, 2017.

[44] P. Trionfini, A. Benigni, and G. Remuzzi, “MicroRNAs in
kidney physiology and disease,” Nature Reviews Nephrology,
vol. 11, no. 1, pp. 23-33, 2015.

[45] C.Xie, W. Wu, A. Tang, N. Luo, and Y. Tan, “IncRNA GAS5/
miR-452-5p reduces oxidative stress and pyroptosis of high-
glucose-stimulated renal tubular cells,” Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy, vol. 12,
pp. 2609-2617, 2019.

[46] X.Li, L. Zeng, C. Cao et al., “Long noncoding RNA MALATI
regulates renal tubular epithelial pyroptosis by modulated
miR-23¢ targeting of ELAVLI in diabetic nephropathy,”
Experimental Cell Research, vol. 350, no. 2, pp. 327-335, 2017.

[47] C. Liu, H. Zhuo, M. Y. Ye, G. X. Huang, M. Fan, and
X. Z Huang, “LncRNA MALATI promoted high glucose-
induced pyroptosis of renal tubular epithelial cell by sponging
miR-30c targeting for NLRP3,” The Kaohsiung Journal of
Medical Sciences, vol. 36, no. 9, pp. 682-691, 2020.

[48] A. A. Shigeoka, S. G. Kasimsetty, S. E. Dewoif, and
D. B. Mckay, “Regulation of TLR2 and NLRP3 in primary
murine renal tubular epithelial cells,” Nephron, vol. 127, no. 1-
4, pp. 119-123, 2014.

[49] J. M. Abais, C. Zhang, M. Xia et al., “NADPH oxidase-mediated
triggering of inflammasome activation in mouse podocytes and
glomeruli during hyperhomocysteinemia,” Antioxidants and
Redox Signaling, vol. 18, no. 13, pp. 1537-1548, 2013.

[50] P. Gao, F. F. He, H. Tang, C. T. Lei, and C. Zhang, “NADPH
oxidase-induced NALP3 inflammasome activation is driven
by thioredoxin-interacting protein which contributes to
podocyte injury in hyperglycemia,” Journal of Diabetes Re-
search, vol. 2015, no. 6, 12 pages, Article ID 504761, 2015.

[51] M. Z. Wang, L. J. Yue, L. G. Wan, H. Huang, W. Wu, and
Y. Xu, “Effects and mechanisms of Supplemented Gegen
Qinlian Decoction Formula against podocyte pyroptosis and
insulin resistance in model rats with diabetic kidney disease,”
China Journal of Chinese Materia Medica, vol. 24, no. 5, p. 406,
2021.

[52] X.Y. Guo, Effect and Mechanism of ZiShenWan on Pyroptosis
of Renal Tubular Epithelial Cells in Diabetic Nephropathy,
Beijing University of Chinese Medicine, Beijing, China, 2021.

[53] T. H. Feng, W. K. Liu, and N. Wu, “Effect of Yiqi Jianpi
Xiezhuo decoction on NLRP3/caspase-1/IL-18 signaling
pathway and pyroptosis in pregnant rats with chronic kidney
disease,” Modernization of Traditional Chinese Medicine and
Materia Medica-World Science and Technology, vol. 23, no. 2,
pp. 451-461, 2021.

[54] W. C. Zhao, C. Y. He, and F. C. Wang, “Screening potential
Chinese materia medica and their monomers for treatment of
diabetic nephropathy based on caspase-1-mediated pyrop-
tosis,” Journal of Southern Medical University, vol. 40, no. 9,
pp. 1280-1287, 2020.

[55] Q.-H. Hu, X. Zhang, Y. Pan, Y.-C. Li, and L.-D. Kong,
“Allopurinol, quercetin and rutin ameliorate renal NLRP3
inflammasome activation and lipid accumulation in fructose-
fed rats,” Biochemical Pharmacology, vol. 84, no. 1,
pp. 113-125, 2012.

[56] W. J. Liang, J. C. Bi, and Q. Y. Xu, “The role of NLRP3
inflammsome in chronic kidney disease and the intervention



10

[57

(58

[59

(60

[61

(62

(63

[64

[65

[66

[67

[68

]

]

]

]

]

]

]

]

mechanisms of TCM,” Pharmacology and Clinics of Chinese
Materia Medica, vol. 32, no. 3, pp. 208-211, 2016.

L. P. Zhou, J. Chen, and Y. Xu, “RIPK2-mediated autophagy
activates expressions of ROS, caspase-1 and IL-1fin high
glucose-induced mouse glomerular mesangial cells,” Basic ¢
Clinical Medicine, vol. 38, no. 10, pp. 1389-1396, 2018.
Y.-S. Tang, Y.-H. Zhao, Y. Zhong et al., “Neferine inhibits
LPS-ATP-induced endothelial cell pyroptosis via regulation of
ROS/NLRP3/Caspase-1 signaling pathway,” Inflammation
Research, vol. 68, no. 9, pp. 727-738, 2019.

C.-F. Lin, Y.-T. Kuo, T.-Y. Chen, and C.-T. Chien, “Quer-
cetin-rich guava (Psidium guajava) juice in combination with
trehalose reduces autophagy, apoptosis and pyroptosis for-
mation in the kidney and pancreas of type II diabetic rats,”
Molecules, vol. 21, no. 3, p. 334, 2016.

E. H. Kobayashi, T. Suzuki, R. Funayama et al., “Nrf2 sup-
presses macrophage inflammatory response by blocking
proinflammatory cytokine transcription,” Nature Commu-
nications, vol. 7, no. 1, Article ID 11624, 2016.

J. Donate-Correa, D. Luis-Rodriguez, and E. Martin-Nunez,
“Inflammatory targets in diabetic nephropathy,” Journal of
Clinical Medicine, vol. 9, no. 2, 2020.

1. Lazaro, L. Lopez-Sanz, S. Bernal et al., “Nrf2 activation
provides atheroprotection in diabetic mice through concerted
upregulation of antioxidant, anti-inflammatory, and auto-
phagy mechanisms,” Frontiers in Pharmacology, vol. 9, p. 819,
2018.

P. Hennig, M. Garstkiewicz, S. Grossi, M. Di Filippo,
L. E. French, and H. D. Beer, “The crosstalk between Nrf2 and
inflammasomes,” International Journal of Molecular Sciences,
vol. 19, no. 2, 2018.

S. D. Chung, T. Y. Lai, C. T. Chien, and H. J. Yu, “Activating
Nrf-2 signaling depresses unilateral ureteral obstruction-
evoked mitochondrial stress-related autophagy, apoptosis and
pyroptosis in kidney,” PLoS One, vol. 7, no. 10, Article ID
e47299, 2012.

T. T. Yan, Y. Z. Zhao, X. W. Yi, and G. C. Xu, “Effects of
oxidative stress and inflammation on diabetic nephropathy,”
Journal of Xinxiang Medical University, vol. 36, no. 8,
pp. 701-705, 2019.

Y.-P. Chang, S.-M. Ka, W.-H. Hsu et al., “Resveratrol inhibits
NLRP3 inflammasome activation by preserving mitochon-
drial integrity and augmenting autophagy,” Journal of Cellular
Physiology, vol. 230, no. 7, pp. 1567-1579, 2015.

H. X. Wei, C. G. Li, and Y. D. Liang, “Metformin enhances
ATP-stimulated inflammasome activation in LPS-primed
peritoneal macrophages,” Chinese Pharmacological Bulletin,
vol. 33, no. 4, pp. 474-479, 2017.

X. Peng, T. Yang, G. Liu, H. Liu, Y. Peng, and L. He, “Piperine
ameliorated lupus nephritis by targeting AMPK-mediated
activation of NLRP3 inflammasome,” International Immu-
nopharmacology, vol. 65, pp. 448-457, 2018.

Evidence-Based Complementary and Alternative Medicine



