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Summary 
Trimethylamine N-oxide (TMAO), a bioactive metabolite of gut 
microbes, plays a pivotal role in the pathogenesis of kidney 
diseases by activating programmed cell death (PCD) pathways. 
However, whether trimethylamine (TMA) contributes to chronic 
kidney injury and which kind of PCD is involved in TMA-induced 
chronic kidney injury has not been previously evaluated. To 
observe the effect of TMA, male C57BL/6J mice were randomly 
divided into two groups: the Control group and the TMA group. 
The mice in the TMA group were intraperitoneally injected with 
100 μmol/kg/day TMA for three months, whereas the mice in the 
Control group were injected with normal saline for the same 
period. After three months, plasma creatinine and blood urea 
nitrogen levels, indicators of kidney function, increased 
significantly in the TMA group as compared with those in the 
Control group. Furthermore, Masson staining assay showed that 
TMA treatment led to a larger area of fibrosis than the Control 
group. TMA treatment did not change the Bax/Bcl-2 ratio, RIP1, 
RIP3 and MLKL phosphorylation, or iron and malondialdehyde 
levels in kidney tissues, indicating that apoptosis, ferroptosis and 
necroptosis were not involved in TMA-induced chronic kidney 
injury. However, compared with the Control group, TMA 
treatment significantly upregulated NLRP3, Caspase-1, IL-1β, 
cleaved-Caspase 8, Caspase-8, and ZBP1 protein expression in 
kidney tissues. These results indicated that the ZBP1-NLRP3 
inflammasome pathway was involved in TMA-induced chronic 
kidney injury. In conclusion, our studies revealed that the ZBP1-
NLRP3 inflammasome may take part in the progression of TMA 
induced chronic kidney injury. 
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Introduction 
 

Chronic kidney disease (CKD) is a clinical 
syndrome secondary to various causative factors induced 
by kidney damage and is characterized by an irreversible 
and progressive loss of kidney functions. Currently, it is 
a major public health concern with an increased 
prevalence with age [1]. Therefore, it is crucial to 
elucidate the exact pathogenic mechanisms for effective 
management. Accumulating evidence has shown a strong 
association between gut microbe-derived metabolites and 
CKD onset and development [2]. Trimethylamine (TMA) 
is a gut microbiota-derived metabolite which comes from 
diets rich in choline, betaine or L-carnitine by intestinal 
microbial enzymes (such as CutC/D and CntA/B) and can 
be further converted to trimethylamine N-oxide (TMAO) 
in the liver by the host enzyme flavin-containing 
monooxygenase 3. As a bioactive metabolite of gut 
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microbes, TMAO plays a pivotal role in the pathogenesis 
of various diseases, including cardiovascular disease, 
neurological disorders, and most importantly, 
CKD development [3-4]. Some clinical studies have 
demonstrated that circulating TMAO levels was 
accumulated in CKD patients and increased with the 
severity of kidney function damage [5]. Some animal 
studies have suggested that chronic dietary exposure to 
either choline or TMAO can cause progressive renal 
fibrosis and dysfunction [6-7]. However, other studies 
have found that TMAO had a beneficial effect [8], 
whereas TMA but not TMAO had a negative effect [9]. 
Therefore, it is crucial to determine whether TMA causes 
chronic kidney injury. 

The death of parenchymal cells and subsequent 
proliferation of non-adaptive cells contribute to the 
pathogenesis of kidney disease. In this process, the 
dysregulation of programmed cell death (PCD) pathways, 
including apoptosis, ferroptosis, necroptosis, and 
pyroptosis, plays a crucial role [10]. Several studies have 
suggested that TMAO aggravates organ damage by 
activating PCD pathways. For example, TMAO 
exacerbated cognitive dysfunction and neuropathological 
changes by increasing oxidative stress-induced 
neuroinflammation and apoptosis [11]. TMAO also 
enhanced the infiltration of M1 macrophages in the atria 
and induced cardiac pyroptosis, ultimately causing atrial 
structural remodeling [12]. However, whether and which 
PCD is involved in TMA-induced chronic kidney injury 
has not been previously evaluated. 

Therefore, the present study was aimed  
to investigate whether TMA contributes to chronic  
kidney injury and the precise molecular mechanisms 
involved. 
 
Material and Methods 
 
Animals and treatments 

Male C57BL/6J mice purchased from Vital 
River Laboratories (Beijing, China), were housed in 
plastic cages with 12 h light/12 h dark cycles at 22-24 °C 
with 60 % humidity and ad libitum access to standard rat 
chow and sterile tap water. 

To observe the effect of TMA, male C57BL/6J 
mice were randomly divided into two groups (n=8): the 
Control group and the TMA group. The mice in the 
TMA group were intraperitoneally injected with TMA 
(100 μmol/kg/day, Aladdin Biochemical Technology Co., 
Ltd., China) for three months, whereas the mice in the 

Control group were injected with normal saline for the 
same period. 

After three months, the mice were euthanized by 
intraperitoneally injecting an overdose of pentobarbital 
(100 mg/kg). Subsequently, blood was collected from the 
abdominal aorta to obtain plasma. The kidney tissue 
samples were rapidly removed and frozen at -80 °C or 
fixed with 4 % paraformaldehyde until further analysis. 

All animal experiments were performed 
according to the Guide for the Care and Use of 
Laboratory Animals published by the US National 
Institutes of Health (NIH Publication, 8th Edition, 2011) 
and approved by the Ethics Committee for Laboratory 
Animals Care and Use of Hebei Medical University. 
 
Measurements of creatinine (Cre) and blood urea 
nitrogen (BUN) concentrations in plasma 

Mouse blood samples were collected in EDTA 
anticoagulant tubes and immediately centrifuged at 
1200× g for 15 min to obtain plasma. 

Plasma Cre levels were measured using Cre assay 
kits (Jiancheng Bioengineering Institute, China). Briefly, 
after the reagents were added in turn, the samples were 
incubated at 37 °C for 5 min twice according to the 
manufacturer’s instructions. The absorbance was then 
measured twice at 546 nm, and the Cre content was 
calculated using two absorbances according to the formula. 

Plasma BUN levels were measured using BUN 
assay kits (Jiancheng Bioengineering Institute, China). 
Briefly, reagent preparation and reaction system addition 
were performed following the manufacturer’s 
instructions. After incubation at 37 °C for 10 min, 
absorbance was measured at 640 nm. 
 
Masson’s trichrome analysis 

After being fixed in 4 % paraformaldehyde for 
48 h, the kidney tissues were dehydrated, permeabilized, 
embedded in paraffin, sectioned at 5-μm thickness, and 
stained with Masson’s trichrome to identify collagen 
deposition, which is shown in blue. Renal sections were 
examined using an optical microscope (Olympus, Japan) 
and the collagen volume fraction was calculated as the 
percentage of collagen (blue-stained area) relative to the 
total renal area under direct vision. 
 
TUNEL staining 

Apoptotic levels in kidney tissue samples were 
evaluated using a terminal deoxynucleotidyl transferase 
dUTP nick-end labeling (TUNEL) assay with 
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a TUNEL apoptosis detection kit (Roche, the United 
States) following the manufacturer’s instructions. Cell 
nuclei that stained red were defined as TUNEL-positive 
nuclei and were monitored using a fluorescence 
microscope (Olympus, Japan). 
 
Measurements of malondialdehyde (MDA) and iron 
levels in kidney tissue samples 

The levels of MDA in the kidney tissue samples 
were measured using MDA assay kits (Jiancheng 
Bioengineering Institute, China). After mechanical 
homogenization and centrifugation, the protein 
concentration in the supernatant was quantified using the 
BCA method (Beytime Institute of Biotechnology, China). 
Subsequently, reagent preparation and reaction system 
addition were performed following the manufacturer’s 
instructions. After boiling for 40 min and cooling, the 
absorbance was measured at 532 nm. MDA concentrations 
were standardized using protein content. 

The iron levels in the kidney tissue samples were 
measured using iron assay kits (Jiancheng Bioengineering 
Institute, China). After mechanical homogenization and 
centrifugation, the protein concentration in the 
supernatant was quantified using the BCA method 
(Beytime Institute of Biotechnology, China). 
Subsequently, reagent preparation and reaction system 
addition were performed following the manufacturer’s 
instructions. Samples were boiled for 5 min, cooled, and 
centrifuged at 1200× g for 20 min. The absorbance of the 
supernatants was measured at 520 nm. The iron 
concentrations were standardized by protein content. 
 
Western blot analysis 

Frozen kidney tissue samples were homogenized 
with ice-cold RIPA lysis buffer. Proteins were extracted 
and quantified using the BCA method. Equal amounts of 
protein samples were separated on 10 % SDS-PAGE gels 
and transferred to polyvinylidene fluoride membranes. The 
membranes were blocked with 5 % non-fat milk for 1 h 
and incubated with primary antibodies that recognized  
Z-DNA binding protein 1 (ZBP1, 1:500, Proteintech 
Biotechnology, the United States), Caspase-8 (1:500, 
Proteintech Biotechnology, the United States), NOD-like 
receptor protein 3 (NLRP3, 1:1000, Proteintech 
Biotechnology, the United States), Caspase-1 (1:1000, 
Proteintech Biotechnology, the United States), inter-
leukin-1β (IL-1β, 1:1000, Proteintech Biotechnology, the 
United States), mixed-lineage kinase domain-like 
pseudokinase (MLKL, 1:2000, Proteintech Biotechnology, 

the United States), phosphorylation of MLKL (p-MLKL, 
1:1000, Abcam, the United States), receptor-interacting 
protein kinase 1 (RIP1, 1:1000, Proteintech Biotechnology, 
the United States), phosphorylation of RIP1 (p-RIP1, 
1:1000, Abcam, the United States), receptor-interacting 
protein kinase 3 (RIP3, 1:1000, Proteintech Biotechnology, 
the United States), phosphorylation of RIP3 (p-RIP3, 
1:1000, Abcam, the United States), Bcl-2-asso-
ciated X protein (Bax, 1:1000, Proteintech Biotechnology, 
the United States), B-cell lymphoma-2 (Bcl-2, 1:1000, 
Proteintech Biotechnology, the United States), nuclear 
factor erythroid 2-related factor 2 (NRF2, 1:1000, 
Proteintech Biotechnology, the United States), glutathione 
peroxidase 4 (GPX4, 1:1000, Proteintech Biotechnology, 
the United States), ferroportin (FPN, 1:2000, Proteintech 
Biotechnology, the United States), ferritin heavy chain 
(FTH, 1:2000, Immunoway, the United States), transferrin 
receptor 1 (TFR1, 1:1000, Abcam, the United States), and 
GAPDH (1:5000, Proteintech Biotechnology, the United 
States) at 4 °C overnight. The membranes were then 
incubated with horseradish peroxidase-conjugated 
secondary antibodies for 1 h after washing with TBST. 
Specific bands were detected using supersignal west Pico 
chemiluminescent substrate (Thermo, Scientific-Pierce, the 
United States). The band intensity was quantified using 
Image J software. 
 
Statistical analysis 

Results were presented as mean ± SEM and 
statistical significance was assessed with SPSS (SPSS 
17.0, Inc., the United States) using an independent t-test 
to compare values between two groups. P<0.05 was 
considered statistically significant. 
 
Results 
 
TMA induced chronic kidney injury  

As was shown in Figure 1, the plasma Cre 
(Fig. 1A) and BUN (Fig. 1B) levels, indicators of kidney 
function, increased significantly in the TMA group as 
compared with those in the Control group. Additionally, 
the results of Masson staining assay showed that 
TMA treatment led to a larger area of fibrosis than the 
Control group (Fig. 1C-D). 
 
Apoptosis was not involved in TMA-induced chronic 
kidney injury 

As was shown in Figure 2A, TMA treatment did 
not affect the Bax/Bcl-2 ratio (Fig. 2A). Additionally, no 
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TUNEL-positive cells (stained with red fluorescence) 
were found in the kidney tissue samples after 
TMA treatment (Fig. 2B). These results indicated that 
apoptosis was not involved in TMA-induced chronic 
kidney injury. 
 
Ferroptosis was not involved in TMA-induced chronic 
kidney injury 

As was shown in Figure 3, compared with the 
Control group, TFR1 (Fig. 3A), FTH (Fig. 3B), FPN 
(Fig. 3C), and NRF2 (Fig. 3E) protein expression in 
kidney tissue samples was significantly downregulated in 
the TMA group, whereas GPX4 protein expression was 
significantly upregulated (Fig. 3F). However, no 
significant difference in the iron (Fig. 3D) and MDA 
(Fig. 3G) levels was found between the TMA and Control 
groups. These results indicated that ferroptosis was not 
involved in TMA-induced chronic kidney injury. 
 
RIP1/RIP3/MLKL-mediated necroptosis was not involved 
in TMA-induced chronic kidney injury 

As was shown in Figure 4, compared with the 

Control group, TMA treatment did not change the 
phosphorylation of RIP1 (Fig. 4A), RIP3 (Fig. 4B), and 
MLKL (Fig. 4C), indicating that RIP1/RIP3/MLKL-
mediated necroptosis was not involved in TMA-induced 
chronic kidney injury. 
 
NLRP3 inflammasome-mediated pyroptosis was involved 
in TMA-induced chronic kidney injury 

As was shown in Figure 5, compared with the 
Control group, TMA treatment significantly upregulated 
NLRP3 (Fig. 5A), Caspase-1 (Fig. 5B), and IL-1β 
(Fig. 5C) protein expression in the kidney tissue samples, 
indicating that NLRP3 inflammasome-mediated pyroptosis 
was involved in TMA-induced chronic kidney injury. 
 
ZBP1 mediated TMA-induced chronic kidney injury 

As was shown in Figure 6, compared with the 
Control group, TMA treatment significantly upregulated 
cleaved-Caspase 8 (Fig. 6A), Caspase-8 (Fig. 6B), and 
ZBP1 (Fig. 6C) protein expression in the kidney tissue 
samples. These results indicated that ZBP1-mediated cell 
death was involved in TMA-induced chronic kidney injury. 

 
 

 
 
Fig. 1. TMA induced chronic kidney injury. (A) Creatinine (Cre) levels in the plasma after TMA treatment. (B) Blood urea nitrogen 
(BUN) levels in the plasma after TMA treatment. (C) The quantitative analysis for collagen volume fraction (%) in kidney tissues after 
TMA treatment. (D) Representative Masson’s trichrome-stained kidney sections after TMA treatment. Results are expressed as 
mean ± SEM. A P<0.05 was considered significant. 
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Fig. 2. Apoptosis was not involved in TMA-induced chronic kidney injury. (A) Representative Western blots and quantitative analysis for 
Bax/Bcl-2 protein expression in kidney tissues after TMA treatment. (B) Representative TUNEL-stained kidney sections after 
TMA treatment. Results are expressed as mean ± SEM. A P<0.05 was considered significant. 
 
 

 
 
Fig. 3. Ferroptosis was not involved in TMA-induced chronic kidney injury. (A-C) Representative Western blots and quantitative analysis 
for TFR1, FTH, and FPN protein expression in kidney tissues after TMA treatment. (D) Iron levels in kidney tissues after TMA treatment. 
(E-F) Representative Western blots and quantitative analysis for NRF2 and GPX4 protein expression in kidney tissues after 
TMA treatment. (G) MDA levels in kidney tissues after TMA treatment. Results are expressed as mean ± SEM. A P<0.05 was considered 
significant. 
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Fig. 4. RIP1/RIP3/MLKL-mediated necroptosis was not involved in TMA-induced chronic kidney injury. (A-C) Representative Western 
blots and quantitative analysis for p-RIP1/RIP1, p-RIP3/RIP3 and p-MLKL/MLKL protein expression in kidney tissues after 
TMA treatment. Results are expressed as mean ± SEM. A P<0.05 was considered significant. 
 
 

 
 
Fig. 5. NLRP3 inflammasome-mediated pyroptosis was involved in TMA-induced chronic kidney injury. (A-C) Representative Western 
blots and quantitative analysis for NLRP3, Caspase-1, and IL-1β protein expression in kidney tissues after TMA treatment. Results are 
expressed as mean ± SEM. A P<0.05 was considered significant. 
 
 

 
 
Fig. 6. ZBP1 mediated TMA-induced chronic kidney injury. (A-C) Representative Western blots and quantitative analysis for cleaved-
Caspase 8, Caspase-8, and ZBP1 protein expression in kidney tissues after TMA treatment. Results are expressed as mean ± SEM. 
A P<0.05 was considered significant. 
 
 
Discussion 
 

The results of this study demonstrated that TMA 
directly damaged the kidney and that the ZBP1-NLRP3 
inflammasome pathway was involved in TMA-induced 
chronic kidney injury. 

TMAO is a gut-microbiota metabolite derived 
from diets rich in choline, phosphatidylcholine, betaine, 
and carnitine. Given that the kidney mostly clears plasma 
TMAO, elevated TMAO concentration associates 
positively with renal impairment and dysfunction. 
Furthermore, TMAO directly caused progressive renal 



2024  TMA Induced Chronic Kidney Injury by ZBP1-NLRP3 Pathway    785  
 

fibrosis and dysfunction in animal models [7]. The 
present study showed that plasma Cre and BUN levels, 
indicators of kidney function, increased significantly in 
mice treated with TMA. The Masson staining assay 
showed that TMA treatment led to a larger fibrosis area 
than the Control group. These results suggested that 
TMA could directly cause kidney injury and fibrosis. In 
line with our findings, inhibition of TMA generation 
using a choline TMA-lyase inhibitor, which effectively 
blocked the conversion of choline into TMA, attenuated 
CKD development and preserved kidney function [13]. 
According to the literature, PCD pathways, including 
apoptosis, ferroptosis, necroptosis, and pyroptosis, play 
a crucial role in the pathogenesis of kidney diseases, 
including CKD [14]. However, whether PCD is involved 
in TMA-induced chronic kidney injury and its exact 
molecular mechanisms remain unclear. 

As a classic form of cell death, apoptosis plays  
a well-established role in the pathophysiology of kidney 
diseases [15]. It was reported that TMAO could promote 
hyperoxaluria-induced kidney injury by activating 
apoptosis [16]. Yong et al. also reported that TMAO 
induced renal tubule apoptosis by regulating ASK1-JNK 
phosphorylation [17]. However, in the present study, no 
apoptosis was found in kidney tissue samples after direct 
treatment with TMA, indicating that TMA-induced 
chronic kidney injury was not caused by oxidation to 
TMAO in vivo. 

Ferroptosis is a newly recognized type of PCD 
that differs morphologically, biochemically, and 
genetically from other types of PCD. Iron overload, 
which originates from abnormal iron metabolism or 
maladjustment of redox systems, is the key trigger of 
ferroptosis [18-19]. Cellular iron homeostasis is tightly 
regulated by a dynamic process that includes iron uptake, 
storage, and export. Iron uptake relies primarily on TFR1, 
which internalizes transferrin-bound iron. Cytoplasmic 
iron is stored in ferritin, an iron storage protein complex 
comprising ferritin light chain and FTH. Furthermore, 
excess Fe2+ can be oxidized to Fe3+ and exported by FPN. 
Under pathological conditions, excessive iron induces the 
rapid accumulation of intracellularly lethal reactive 
oxygen species (ROS) through the Fenton reaction. If the 
activity of antioxidant systems, including GPX4 and 
NRF2 decreases, ROS will not be scavenged in time, 
contributing to subsequent lipid peroxidation and 
triggering ferroptosis. Recently, ferroptosis has been 
studied primarily in acute kidney injury (AKI), but 
studies on ferroptosis and CKD remain limited [20]. In 

the present study, treatment with TMA for three months 
caused chronic kidney injury, and TFR1, FTH, FPN, and 
NRF2 protein expression in kidney tissue samples was 
significantly downregulated, whereas GPX4 protein 
expression was significantly upregulated. However, 
compared with the Control group, TMA treatment 
induced insignificant changes in iron and MDA contents, 
which are key molecular markers for detecting of 
ferroptosis and lipid peroxidation. These results indicated 
that ferroptosis was not involved in TMA-induced 
chronic kidney injury, and that changes in TFR1, FTH, 
FPN, NRF2, and GPX4 protein expression may be caused 
by a compensatory mechanism. Ferroptosis could have 
occurred during AKI, however, in the process of AKI 
transforming into CKD, ferroptosis markers tended to 
remain at normal levels through compensation. 
Consistent with this study, no increase in iron content 
was found even in cells developing ferroptosis or kidney 
tissues of mice with AKI [21]. Another study also found 
that tocilizumab mimotope alleviated renal fibrosis by 
regulating the ferroptosis signaling pathway, but they 
failed to directly prove that ferroptosis was involved in 
this progression [22]. Considering that studies involving 
TMA or TMAO-induced CKD and ferroptosis remain 
lacking, a better understanding of the relevant 
mechanisms needed to be further carried out. 

Apoptosis or ferroptosis was reportedly more 
involved in AKI [23]. Pyroptosis and necroptosis, the 
lytic, inflammatory types of PCD, were found to play 
important roles in the progression of AKI into CKD and 
result in lasting tissue injury [24-25]. 

Necroptosis is an inflammatory form of cell 
death that can be triggered by perturbations in 
extracellular or intracellular homeostasis through death 
receptors, toll-like receptors, or cytoplastic nucleic acid 
sensor ZBP1. Activation of these receptors leads to 
necrosome assembly which consists of RIP1, RIP3 and 
its substrate MLKL. Subsequent RIP3-mediated 
phosphorylation of MLKL triggers MLKL oligomeri-
zation and translocation to the plasma membrane to 
disrupt membrane integrity and cause cytokine and 
potassium efflux, leading to inflammation responses 
termed necroinflammation [26-27]. RIP3, MLKL, and  
p-MLKL were upregulated in patients with CKD, 
suggesting that necroptosis of renal tubular epithelial 
cells occurred, which mediated renal tubular interstitial 
fibrosis [28]. Contrarily, RIP3 and MLKL deficiency or 
knockdown prevented the tubular interstitial fibrosis [29]. 
In the present study, we found that treatment with TMA 
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did not change RIP1, RIP3 and MLKL phosphorylation, 
indicating that RIP1/RIP3/MLKL-mediated necroptosis 
was not involved in TMA-induced chronic kidney injury. 
Furthermore, whether TMAO induces kidney injury 
through necroptosis remains unreported. 

Pyroptosis is another inflammatory form of cell 
death triggered by certain inflammasomes leading to cell 
swelling, membrane perforation, and the release of 
intracellular contents. The NLRP3 inflammasome, 
a multimolecular complex including NLRP3 (a sensor 
protein), an apoptosis-associated speck-like protein 
containing CARD (an adapter protein), and procaspase-1 
(an effector protease), is a core player in the canonical 
pathway of pyroptosis. After recognizing endogenous and 
exogenous stimuli, the expression of the NLRP3 
inflammasome protein is upregulated, and then assembled 
and activated. Once activated, it excites caspase-1, 
leading to the IL-1β and IL-18 maturation and secretion 
[30-31]. Several studies have suggested that pyroptosis 
contributes to the transition from AKI to CKD  
and the development of kidney fibrosis directly or by 
stimulating inflammatory responses [32]. In this study, 
TMA treatment significantly upregulated NLRP3, 
Caspase-1, and IL-1β protein expression in kidney tissue 
samples, indicating that NLRP3 inflammasome-mediated 
pyroptosis was involved in TMA-induced chronic kidney 
injury. Currently, no research on TMA directly leading to 
pyroptosis exists. However, TMAO has been found to be 
involved in various diseases by inducing pyroptosis. It 
was revealed that TMAO-induced graft-versus-host 
disease progression was mediated by polarized 
M1 macrophages requiring NLRP3 inflammasome 
activation [33]. In addition, TMAO promoted vascular 
calcification by activating of NLRP3 inflammasome 
signals [34]. The inhibition of TMAO attenuated 
neointimal formation by reducing the inflammasome in 
a mouse model of carotid artery ligation [35]. 

ZBP1 was initially recognized as a key 
cytoplasmic sensor for viral and endogenous nucleic acid 
ligands that trigger innate immune responses. Recent 
studies have highlighted its central role in the 

inflammatory PCD pathway by forming the ZBP1-RIP3-
FADD-cassase-8 complex, a large multifaceted cell death 
complex called the ZBP1-PANoptosome. Upon acti-
vation, ZBP1 initiates ZBP1-PANoptosome assembly to 
drive pyroptosis and necroptosis, causing cell death and 
inflammation [36-37]. In this study, TMA treatment 
significantly upregulated cleaved-Caspase 8, Caspase-8, 
and ZBP1 protein expression in kidney tissue samples. 
Meanwhile, although the necroptosis pathway protein 
changed insignificantly, the pyroptosis pathway protein 
was significantly upregulated. These results indicated that 
the ZBP1-NLRP3 inflammasome pathway was involved 
in TMA-induced chronic kidney injury. Consistent with 
our findings, it has been reported that ZBP1 regulated 
NLRP3 inflammasome activation and proinflammatory 
cytokine production during IAV infection independent of 
the necroptosis executioner MLKL [38]. ZBP1 was also 
found to promote hepatocellular pyroptosis [39], whereas 
inhibition of ZBP1/NLRP3 pathway-mediated pyroptosis 
could attenuate acute pancreatitis [40]. 

This study had several limitations. First, TMA 
could be converted into TMAO, which was closely related 
to CKD, by hepatic flavin monooxygenases, therefore, the 
role of TMAO in TMA-induced chronic kidney injury 
could not be ruled out and should be considered. Second, 
we evaluated whether apoptosis, ferroptosis, necroptosis, 
and pyroptosis were involved in TMA-induced chronic 
kidney injury and found that TMA induced chronic kidney 
injury via ZBP1-NLRP3 inflammasome pathway-mediated 
pyroptosis. However, other forms of PCD, such as auto-
phagy should be considered. 

In conclusion, our studies revealed that the 
ZBP1-NLRP3 inflammasome may take part in the 
progression of TMA induced chronic kidney injury. 
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