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A B S T R A C T   

Acute kidney injury (AKI) is in high prevalence worldwide but with no therapeutic strategies. Programmed cell 
death in tubular epithelial cells has been reported to accelerate a variety of AKI, but the major pathways and 
underlying mechanisms are not defined. Herein, we identified that pyroptosis was responsible for AKI pro-
gression and related to ATP depletion in renal tubular cells. We found that FAM3A, a mitochondrial protein that 
assists ATP synthesis, was decreased and negatively correlated with tubular cell injury and pyroptosis in both 
mice and patients with AKI. Knockout of FAM3A worsened kidney function decline, increased macrophage and 
neutrophil cell infiltration, and facilitated tubular cell pyroptosis in ischemia/reperfusion injury model. 
Conversely, FAM3A overexpression alleviated tubular cell pyroptosis, and inhibited kidney injury in ischemic 
AKI. Mechanistically, FAM3A promoted PI3K/AKT/NRF2 signaling, thus blocking mitochondrial reactive oxygen 
species (mt-ROS) accumulation. NLRP3 inflammasome sensed the overload of mt-ROS and then activated 
Caspase-1, which cleaved GSDMD, pro-IL-1β, and pro-IL-18 into their mature forms to mediate pyroptosis. Of 
interest, NRF2 activator alleviated the pro-pyroptotic effects of FAM3A depletion, whereas the deletion of NRF2 
blocked the anti-pyroptotic function of FAM3A. Thus, our study provides new mechanisms for AKI progression 
and demonstrates that FAM3A is a potential therapeutic target for treating AKI.   

1. Introduction 

Over 13 million patients are suffering acute kidney injury (AKI) each 
year, and AKI is with a high mortality up to 23 % [1–3]. As one of the 
main reasons of chronic kidney disease (CKD) and end-stage renal dis-
ease (ESRD), AKI not only brings a threat to individual health but also 
imposes a high cost to social economy. However, except for supportive 
therapies, no treatment strategies for AKI are available nowadays [3]. 
Thus, finding new strategies of AKI prevention is of great value to all 
nephrologists. 

Programmed cell deaths primarily include apoptosis, necroptosis, 
ferroptosis, pyroptosis, and others. In AKI progression, tubular epithelial 
cells could undergo one or multiple forms of cell death to contribute a 
variety of pathological changes [4]. Recently, cell pyroptosis, 

characterized by cell swelling and highly triggering inflammation, is an 
especial form of tubular cell death in AKI [5]. Pyroptosis is driven by the 
activation of endogenous danger or stress responses-stimulated 
NLRP3/ASC inflammasome [6]. After that, Caspase-1 is recruited and 
activated to subsequently induce proteolysis of interleukin-1β (IL-1β) 
and interleukin-18 (IL-18) and the transformation into their mature 
forms. Moreover, activated Caspase-1 cleaves Gasdermin-D (GSDMD) to 
generate N-terminal fragment (GSDMD-N) to trigger transmembrane 
pores formation. Active IL-1β and IL-18 are then released and along with 
GSDMD-N to strongly promote inflammation, cell swelling, and cell 
destruction [7]. Of note, NLRP3 inflammasome activation, inflamma-
tion, and cell destruction are also the typical characteristics of AKI [5,8, 
9], suggesting the existence of cell pyroptosis in AKI. However, this 
should be clarified in detail. 
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Mitochondrion is the central organelle to produce adenosine 5′- 
triphosphate (ATP) for energy supply. Mitochondrial dysfunction not 
only leads to the decrease in ATP production, but also triggers the 
production of mitochondrial reactive oxygen species (mt-ROS). The high 
production of mt-ROS has been indicated as an important mediator of 
AKI progression [10,11]. Notably, mt-ROS is also a strong inducer to cell 
pyroptosis, suggesting cell pyroptosis could be an important 

pathogenesis in AKI. However, their relationships are poorly 
understood. 

FAM3 family is a novel cytokine-like gene family including four 
members like FAM3A, FAM3B, FAM3C, and FAM3D [12]. Among them, 
FAM3A is a new identified mitochondrial protein that interacts with 
F1-ATP synthase to enhance ATP generation [13]. Recent reports have 
shown that FAM3A deficiency could reduce ATP production in 

Fig. 1. Tubular cell pyroptosis is critical to AKI progression and highly related to energy production barrier. (A–H) The relative levels of GSDMD, IL-1β, IL- 
18, NLRP3, Caspase-1, Kim-1, NGAL, and GSDME in kidneys from different groups as indicated. n = 37 controls, n = 105 BD-IR, n = 64 CD-IR. (I) Representative 
micrographs show immunohistochemical staining of GSDMD-N, IL-1β, and IL-18 in kidneys from normal and AKI patients. Arrows indicate positive staining. Scale 
bar, 50 μm. (J–K) The levels of IL-18 and NGAL in urine from healthy subjects and AKI patients. *P < 0.05 versus healthy subjects. n = 21 healthy subjects, n = 71 
AKI patients. (L) tSNEs show cell population in kidneys of sham and IRI at 1,2, and 3 days. The range of red broken line presents tubular cells. Total cell numbers, 
33,518. Tubular cells numbers, 14,150. (M) tSENs show the pyroptotic tubular cells. (N) Graphic presentation shows the proportion of apoptotic, pyroptotic, fer-
roptotic, and necroptotic tubular cells. (O) Cells ratio of pyroptotic tubular cells in different groups as indicated. (P) Go enrichment shows the top 10 down-regulated 
BP (biological process) pathways in pyroptotic tubular cells compared to the normal. Arrows denote mitochondria ATP synthesis-related pathways. 
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hepatocytes, smooth muscle cells, and endothelial cells [14–16]. 
Furthermore, ATP binds with P2 receptor to induce PI3K/AKT pathway 
activation (so-called ATP signaling) [12,14]. Recent studies found 
FAM3A is highly involved in hepatic steatosis, liver ischemia/r-
eperfusion injury, brain impairment, and vascular remodeling [14, 
17–19], however, its role in kidney diseases has not been reported. As a 
mitochondrial protein, FAM3A possibly plays a key role in tubular cell 
homeostasis and highly involved in AKI. However, this should be thor-
oughly investigated. 

In this study, we identified that pyroptosis is an important form of 
tubular cell death in AKI. FAM3A was significantly decreased in AKI, and 
intimately correlated with kidney function preservation. FAM3A was a 
promising protector against renal tubular cell pyroptosis and AKI by 
activating PI3K/AKT/NRF2 pathway. Our findings provide a new 
mechanism for the pathogenesis of AKI and propose a promising ther-
apeutic strategy for treating AKI. 

2. Results 

2.1. Tubular cell pyroptosis is critical to AKI progression, and is related to 
mitochondrial dysfunction 

We first analyzed transcriptomics data of human ischemia- 
reperfusion (IR)-affected kidneys, including BD-IR (brain-dead IR kid-
neys) or CD-IR (cardiac-dead IR kidneys), from published dataset [20] to 
assess the expression of pyroptosis-related genes and tubular injury 
markers. As shown, the pyroptotic genes such as GSDMD, NLRP3, 
Caspase-1, IL-18, and IL-1β, as well as tubular injury markers NGAL and 
Kim-1, were increased in IR (Fig. 1A–G). However, GSDME, another 
important Gasdermin protein member, showed no significant changes in 
IR kidneys (Fig. 1H), suggesting that GSDMD could play a critical role in 
AKI. The staining also showed in clinical AKI patients, GSDMD-N, IL-1β, 
and IL-18 were significantly increased when compared with healthy 
control (Fig. 1I). We also found urinary IL-18 level was increased in AKI 
patients, accompanied by the elevation of NGAL, β2-MG, and UACR 
(Fig. 1J–K and Figs. S1A–B), indicating the intimate association of 
pyroptosis with tubular injury. 

Furthermore, cell death was evaluated in murine AKI model using 
single-cell RNA-seq dataset [1,21]. We extracted tubular epithelial cells, 
including proximal straight tubule, proximal convoluted tubule, loop of 
Henle, and distal convoluted tubule (Fig. 1L). According to different lists 
of programmed cell death markers, we identified the percentage of 
tubular cells undergoing apoptosis, pyroptosis, ferroptosis, and nec-
roptosis, was 12.43 %, 14.25 %, 12.01 %, and 13.76 %, respectively 
(Fig. 1M − N and Figs. S1C–E), suggesting tubular cell pyroptosis is the 
major form of death in AKI. However, the cell viability of cultured 
tubular cells under treating with hypoxia/reoxygenation (H/R), could 
be improved by applying pyroptosis, ferroptosis, apoptosis, and nec-
roptosis inhibitors, suggesting that all forms of tubular cell death 
contribute to the progression of AKI (Fig. S1F). Notably, cell pyroptosis 
happened at an early stage and continuously remained at a high level 
following AKI progression (Fig. 1O and S1G-I). Gene ontology (GO) 
enrichment analysis revealed that in these pyroptotic tubular cells, ATP 
metabolic process, cellular respiration, mitochondrion organization, 
and others are greatly downregulated (Fig. 1P), suggesting pyroptosis is 
highly related to energy production obstacles. However, the underlying 
mechanisms need to be further explored. 

2.2. Mitochondrial FAM3A is decreased in AKI and associated with 
tubular epithelial cell pyroptosis 

Through analyzing sc-RNA-seq data, we found that FAM3A was 
downregulated in all segments of tubules in AKI (Fig. S1J). Furthermore, 
the correlation network analysis showed that FAM3A was highly 
correlated with cell pyroptosis, cellular carbohydrate metabolic process, 
etc. In addition, the sc-RNA-seq analysis revealed that its 

downregulation was most pronounced in pyroptotic tubular cells 
(Fig. 2A–B). To induce pyroptosis, TNF-α and NLRP3 activators were 
administered into cultured tubular cells. NLRP3 and GSDMD-N levels 
were upregulated and this indicated the cell pyroptosis (Fig. 2C and 
Fig. S1K-L). In addition, FAM3A was downregulated accompanied by 
reduced TOMM20, a mitochondrial mass marker (Fig. 2C–D and 
Fig. S1M − N). Co-staining of FAM3A and tubular segment-specific 
markers showed that FAM3A was expressed in all segments of tubules 
in health control mice (Fig. 2E). We also isolated mitochondria and 
found FAM3A was located in mitochondria and was strongly decreased 
after IRI (Fig. 2F–G). Furthermore, we performed double staining of 
FAM3A with TOMM20. As shown in Fig. 2H, FAM3A was down-
regulated in those tubules with decreased TOMM20. To further identify 
the expression of FAM3A in tubules in AKI, we isolated primary renal 
tubules from IRI mice at different time points (6h, 24h, 48h, 7day). As 
shown, FAM3A expression was decreased at an early stage (6h) in AKI 
mice, and maintained decreasing following AKI progression (Fig. 2I). In 
IRI-affected kidneys, FAM3A was greatly decreased, and accompanied 
by the increase in GSDMD-N (Fig. 2J,K and Fig. S1P). Immunostaining 
showed GSDMD-N was highly increased in AKI mice. The decrease in 
FAM3A in AKI was also testified by qPCR (Fig. S1Q). We also found that 
the downregulation of FAM3A was likely pronounced in the proximal 
tubules rather than the distal tubules (Fig. S1O). 

The downregulation of FAM3A was also demonstrated in patients 
with AKI, both by staining in kidney biopsy and by analysis of RNA-seq 
data (Fig. 2L-M). Of interest, co-staining showed the tubules with lower 
expression of FAM3A had strong expression of GSDMD-N (Fig. 2N). 
Furthermore, urinary FAM3A excretion was significantly increased in 
AKI (Fig. 2O-P and Fig. S1R), and importantly, it was positively corre-
lated with IL-18, NGAL, and β2-MG levels in urine from AKI patients 
(Fig. 2Q–S). These findings indicate repressed FAM3A plays a key role in 
AKI and is associated with tubular cell pyroptosis. 

2.3. Gene ablation of FAM3A aggravates kidney injury in IRI model 

To investigate the role of FAM3A in AKI, we constructed tubular cell- 
specific FAM3A knockout mice (FAM3ACKO). The successful gene abla-
tion in proximal tubules was confirmed by PCR, immunostaining, and 
immunoblotting (Fig. 3A–E, F-G). Sex- and age-matched WT and 
FAM3ACKO mice were used to construct ischemic AKI model and the 
experiment design was shown in Fig. 3B. Expectedly, serum creatinine 
and BUN were significantly upregulated in IRI mice. However, these 
indexes were further increased in IRI-affected FAM3ACKO mice, indi-
cating that FAM3A depletion worsens AKI (Fig. 3C–D). Consistently, the 
results of immunoblotting or immunostaining showed the tubular injury 
markers NGAL and Kim-1 were further elevated, while the epithelial 
marker E-cadherin and mitochondrial marker TOMM20 were further 
lost in FAM3ACKO mice after IRI surgery (Fig. 3F, H-J, and Figs. S2A–B). 
The PAS staining also showed the injury tubules were further increased 
in IRI-affected FAM3ACKO mice (Fig. 3J–K). Notably, the expression of 
P2Y1, a purinergic P2 receptor, was reduced in WT mice after IRI sur-
gery and further downregulated due to gene ablation of tubular FAM3A, 
suggesting that the ATP signaling inhibition could be the major cause to 
mediate FAM3A depletion-aggravated AKI (Fig. S2C). Moreover, gene 
ablation of FAM3A exacerbated the infiltration of inflammatory cells 
such as F4/80+ macrophages and Ly6G+ neutrophils (Fig. 3L-N). We 
also found renal function and morphological features of nephrons were 
normal after tubular FAM3A knockout in WT mice. These results indi-
cated that gene deletion of FAM3A worsens AKI through inhibiting ATP 
signaling and facilitating inflammation. 

2.4. Knockout of FAM3A aggravates tubular cell pyroptosis via 
suppressing PI3K/AKT/NRF2 pathway 

To further evaluate the mechanism by which FAM3A deletion ag-
gravates AKI, RNA sequencing was performed in IRI-affected WT and 
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Fig. 2. Mitochondrial FAM3A is downregulated and associated with tubular cell pyroptosis in AKI. (A) Network analysis of FAM3A-related genes in biological 
process enrichment. (B) The expression of FAM3A in normal, apoptotic, pyroptotic, ferroptotic, and necroptotic tubular cells. Broken line denotes the level of FAM3A 
in pyroptotic tubular cells. (C) Representative Western blot shows the protein levels of NLRP3, GSDMD, GSDMD-N, TOMM20, and FAM3A. (D) Representative 
micrographs show immunofluorescent co-staining of FAM3A and TOMM20 in normal and pyroptotic HKC-8 cell. Scale bar, 10 μm. (E) Representative micrographs 
show immunofluorescent co-staining of FAM3A with different tubular segment markers, LTL (proximal tubule), PNA (distal tubule), and DBA (collecting duct) in 
mouse kidney. Arrows indicate co-staining area. Scale bar, 50 μm. (F) Western blot analyses show the expression of FAM3A in the mitochondria of sham and IRI 
kidneys. (G) Quantitative determination of FAM3A levels in the mitochondria of sham and IRI kidneys (normalized by VDAC). *P < 0.05 versus Sham (n = 5). (H) 
Representative images of TOMM20 and FAM3A immunofluorescent staining and PAS in normal and IRI kidneys. Scale bar, 50 μm. (I) Graphic presentation shows the 
relative FAM3A mRNA level in different groups as indicated. *P < 0.05 versus Sham (n = 5). (J) Western blot shows the level of FAM3A and GSDMD-N in sham and 
IRI kidneys. (K) Representative images of GSDMD-N immunohistochemical staining in normal and IRI kidneys. Arrow indicates the positive staining. Scale bar, 50 
μm. (L) The relative levels of FAM3A in kidneys from different groups as indicated. n = 37 controls, n = 105 BD-IR, n = 64 CD-IR. (M) Representative micrographs 
show immunohistochemical staining of FAM3A in kidneys from normal and AKI patients. Arrow indicates positive staining. Scale bar, 50 μm. (N) Immunofluorescent 
staining of kidney sections show the location of FAM3A and GSDMD-N. Arrows indicate the interlace colocalization of FAM3A and GSDMD-N in tubules. Scale bar, 
50 μm. (O) Representative western blotting shows the protein levels of FAM3A in urines from healthy and AKI patients. (P) Graphic presentation shows the level of 
FAM3A in urine from healthy subjects and AKI patients. *P < 0.05 versus healthy subjects. n = 21 healthy subjects, n = 71 AKI patients. (Q–S) The positive cor-
relation between FAM3A levels and IL-18, NGAL, and β2-MG levels in AKI urine. 
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Fig. 3. FAM3A deficiency exacerbates ischemic kidney injury. (A) Mice were genotyped by using specific primers for FAM3Aflox and ggt1-cre. Mice carrying both 
FAM3Aflox and ggt1-cre were considered FAM3ACKO. (B) Experimental design of ischemic AKI model in different groups of mice. Red arrows indicate the time points 
undergoing IRI. (C–D) Serum creatinine and BUN level in different groups as indicated. *P < 0.05 versus WT controls, #P < 0.05 versus WT-IRI mice (n = 6). (E) 
Representative micrographs show immunofluorescent co-staining of FAM3A with LTL in kidneys from different groups. Arrow indicates positive staining. Scale bar, 
50 μm. (F) Representative Western blot shows the protein levels of FAM3A, TOMM20, and NGAL. (G–I) Graphic presentation shows FAM3A, TOMM20, and NGAL 
protein levels in different groups. *P < 0.05 versus WT controls, #P < 0.05 versus WT-IRI mice (n = 6). (J) Representative images of PAS, immunofluorescent and 
immunohistochemical staining show injured tubules, Kim-1, and E-cadherin abundance in different groups. Arrows indicate the injured tubules or the positive 
staining. Scale bar, 50 μm. (K) Quantitative determination of injured tubules ratio per high power field (HPF) in different groups. *P < 0.05 versus WT controls, #P <
0.05 versus WT-IRI mice (n = 6). (L) Representative images of kidney sections show immunohistochemical staining for the macrophage marker F4/80, or neutrophile 
marker Ly6G. Arrows indicate the positive cells. Scale bar, 50 μm. (M − N) Quantitation of F4/80+ and Ly6G+ cells per HPF. *P < 0.05 versus WT controls, #P < 0.05 
versus WT-IRI group (n = 6). 
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FAM3ACKO mice. 223 genes showed significant changes in FAM3ACKO 

mice when compared with WT mice after IRI (Fig. S3A). GO enrichment 
exhibited knockout of FAM3A inhibited the biological processes of 
tubular cells in response to oxidative stress, fatty acid metabolism, etc., 
while the KEGG enrichment showed that inflammatory signaling and 
NOD-like receptor signaling pathway were up-regulated in FAM3ACKO 

mice (Fig. S3B–C). Moreover, heatmap and gene set enrichment analysis 
(GSEA) suggested that FAM3A depletion suppressed PI3K-AKT signaling 
pathway, NRF2-regulated genes, and importantly induced pyroptosis 
(Fig. 4A–B, Figs. S3D–F). Subsequently, the abundance of p-PI3K, p-AKT, 
p-NRF2, and pyroptosis-related genes in tubules were detected by im-
munostaining and immunoblotting. As shown in Fig. 4C–D, the levels of 
p-PI3K, p-AKT, and p-NRF2 were mainly increased in tubules from IRI 
mice. However, these phosphorylated proteins were significantly 
reduced in tubules of FAM3ACKO mice (Fig. S3G–I). Furthermore, we 
performed the staining of FAM3A, p-PI3K, p-AKT, and p-NRF2 on 
sequential kidney sections from IRI-affected FAM3ACKO mice. As shown, 
along with the deficiency of FAM3DA, PI3K/AKT/NRF2 pathway was 
also inhibited (Fig. S3J). Moreover, the expression of NRF2-regulated 
genes Nqo1 and Sod1 was suppressed, and the accumulation of mt- 
ROS was promoted in IRI-affected FAM3ACKO mice (Fig. 4E–H). 
Importantly, knockout of FAM3A further elevated the upregulation and 
activation of NLRP3, Caspase-1, IL-1β, IL-18, and GSDMD in IRI mice 
(Fig. 4H–J, and Fig. S4A–G). The staining on sequential sections showed 
in the same tubules, decreased FAM3A induced the upregulation of 
NLRP3 and GSDMD-N (Fig. 4I). Interestingly, we also assessed GSDME 
and found it was not changed after knockout of tubular FAM3A in AKI 
(Fig. S4H–I). These findings demonstrated that knockout of FAM3A fa-
cilitates tubular cell pyroptosis via inhibiting PI3K/AKT/NRF2 pathway. 

2.5. Overexpression of FAM3A protects against AKI and alleviates 
tubular cell pyroptosis through promoting PI3K/AKT/NRF2 pathway 

FAM3A was overexpressed by intravenous injection of FAM3A 
expression plasmid (pFAM3A) through a hydrodynamic-based gene 
delivery approach 2 days before IRI surgery (Fig. 5A). Overexpression of 
FAM3A was verified by immunoblotting and immunostaining 
(Fig. 5B–E). In contrast to the findings in FAM3ACKO mice, FAM3A 
overexpression inhibited the downregulation of P2Y1 and the increase 
in serum creatinine and BUN after IRI (Fig. 5F–H). PAS staining and 
Kim-1 immunostaining showed injury tubules increased in IRI mice, but 
were decreased by FAM3A overexpression (Fig. 5I–K). Consistently, E- 
cadherin and TOMM20 were decreased, and NGAL was increased in IRI 
mice but they were blocked by FAM3A overexpression (Fig. 5I, andL-O). 
Furthermore, F4/80 and Ly6G staining showed macrophages and neu-
trophils were massively aggregated in IRI, but they were greatly 
decreased by ectopic FAM3A (Fig. 5P-R). 

Mechanistically, overexpression of FAM3A promoted the activation 
of PI3K, AKT, and NRF2 in tubules in IRI mice (Fig. 6A–F). We then 
performed the staining of FAM3A, p-PI3K, p-AKT, and p-NRF2 on 
sequential sections from IRI mice with ectopic expression of FAM3A. As 
shown, in FAM3A-positive tubules, p-PI3K, p-AKT, and p-NRF2 were 
also strongly induced (Fig. 6C). Furthermore, IRI-induced mt-ROS pro-
duction (Fig. 6G–H) and the activation of NLRP3, Caspase-1, GSDMD, IL- 
1β, and IL-18, could be downregulated by overexpression of FAM3A 
(Fig. 6I-N). Similar results were observed in the immunohistochemical 
staining of GSDMD-N and NLRP3 (Fig. 6O and Fig. S5). We also per-
formed the staining of FAM3A, NLRP3 and GSDMD-N on sequential 
sections from FAM3A-overexpressed IRI mice. As shown, in FAM3A- 
positive tubules, NLRP3 and GSDMD-N were greatly inhibited 
(Fig. 6P). These results further clarified that FAM3A protects against AKI 
and inhibits tubular cell pyroptosis through PI3K/AKT/NRF2 signaling. 

2.6. Knockdown of FAM3A aggravates tubular cell pyroptosis in vitro 

In vitro experiments, the human proximal tubular epithelial cell line 

HKC-8 cells were cultured and treated with H/R or cisplatin. As shown in 
Fig. 7A, FAM3A was downregulated after H/R stimulation. To assess the 
role of FAM3A in tubular cells, siRNA was transfected into HKC-8 to 
knock down FAM3A expression (Fig. S6A–C). We also found that 
knockdown of FAM3A further reduced ATP production in cells after 
treating H/R (Fig. 7B). To assess the role of FAM3A in tubular cell death, 
cell viability and, LDH release, a cell death marker, were then tested. As 
shown, H/R-decreased cell viability was aggravated by knockdown of 
FAM3A. Interestingly, this phenomenon was reversed by adoption of 
pyroptotic inhibitors Ac-YVAD-cmk and Disulfiram, rather than in-
hibitors of ferroptosis, apoptosis, and necroptosis (Fig. 7C and D). 
Importantly, knockdown of FAM3A mainly promoted the expression of 
genes associated with pyroptosis although also induced others to some 
extent (Fig. S6D). Furthermore, pyroptosis-related proteins NLRP3, 
Caspase-1, IL-18, IL-1β, and GSDMD were further exacerbated by 
knockdown of FAM3A (Fig. 7E and Fig. S6E–I). However, the activation 
of GSDME was not changed after knockdown of FAM3A (Fig. S6J–K). 
Scanning electron microscope (SEM) images showed that small protru-
sion bodies were formed on the cell surface after H/R stimulation, and 
these phenomena were more prominent in FAM3A-interffered cells 
(Fig. 7F). Consistently, we also found that the loss of cell viability and 
LDH release in cisplatin-treated cells were also aggravated by knock-
down of FAM3A, but this was inhibited by pyroptotic inhibitor rather 
than others (Fig. S7A–B). Moreover, the activation of NLRP3, Caspase-1, 
IL-18, IL-1β, and GSDMD were further increased by knockdown of 
FAM3A in cells treating with cisplatin (Fig. S7C–H). There is also no 
change in GSDME activation in cisplatin-treated cells with indifference 
of FAM3A Fig. S7I–J. The facilitation of FAM3A knockdown in cisplatin- 
induced tubular cell pyroptosis was also detected by SEM (Fig. S7K). 

Mechanistically, knockdown of FAM3A suppressed the activation of 
PI3K and AKT and reduced the accumulation of NRF2 in the nucleus 
(Fig. 7G–J and Fig. S8A–D). Importantly, the production of mt-ROS was 
further triggered by knockdown of FAM3A in H/R or cisplatin- 
stimulated cells (Fig. 7K-L and Fig. S8E–F). HKC-8 cells were then pre-
treated with AKT activator SC79, or NRF2 activator Olipraz. As shown, 
knockdown of FAM3A aggravated LDH release, but this was signifi-
cantly inhibited by co-treatment with SC79 or Olipraz (Fig. 7M and 
Fig. S8G). Furthermore, knockdown of FAM3A increased GSDMD-N 
expression, but this was also blocked by addition of SC79 or Olipraz 
(Fig. 7N-O and Figs. S8H–I). To demonstrate that whether knockdown of 
FAM3A suppressed PI3K/AKT/NRF2 via ATP pathway, HKC-8 cells were 
pretreated with ADP. The results showed that treatment with ADP could 
improve cell pyroptosis and increase PI3K/AKT/NRF2 activation in 
FAM3A-interffered HKC-8 cells during H/R stimulation (Fig. 7P and 
Fig. S8J-M). These findings further demonstrated that FAM3A protects 
against cell pyroptosis through PI3K/AKT/NRF2 pathway. 

2.7. NRF2 ablation eliminates the inhibitory of effects of FAM3A in cell 
pyroptosis 

To investigate the important role of NRF2 in FAM3A pathway, pri-
mary tubular cells were isolated from NRF2 knockout mice (NRF2KO) or 
wild-type mice (Fig. 8A–B, Fig. S9A). In WT primary tubular cells, 
FAM3A expressing plasmid (pFAM3A) or empty vector (pcDNA) was 
transfected into cells. After overexpression of FAM3A, the phosphory-
lation of PI3K, AKT, NRF2, and ATP production, were all increased 
(Fig. 8C–H). However, this pathway was suppressed after treatment with 
neutralizing antibody to P2Y1 (Fig. S9B–E). Notably, ectopic FAM3A 
inhibited H/R-increased LDH production in WT primary tubular cells, 
but not in NRF2KO primary tubular cells (Fig. 8I). H/R induced very 
pronounced characteristics of cell pyroptosis in WT primary tubular 
cells, but overexpression of FAM3A inhibited it. Howevere, this could 
not be seen in NRF2KO primary tubular cells (Fig. 8J). In addition, the 
beneficial effects of FAM3A in reducing mt-ROS were blocked when 
NRF2 was knocked out (Fig. 8J–K). Importantly, overexpression of 
FAM3A repressed the activation of NLRP3, Caspase-1, IL-18, IL-1β, and 
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GSDMD in H/R-stimulated WT cells, but not in NRF2 knockout cells 
(Fig. 8L-R). These results suggest that NRF2 plays a key role in FAM3A 
pathway. 

2.8. Activation of NRF2 ameliorates cell pyroptosis in IRI-FAM3ACKO 

mice 

We further assessed whether treatment with NRF2 activator could 
alleviate tubular epithelial cell pyroptosis in IRI-FAM3ACKO mice. We 
treated these mice with a natural compound of NRF activator, sulfo-
raphane (SFN) (Fig. 9A). NRF2 was activated and its downstream targets 
Nqo1 and Sod1 were both upregulated by SFN (Fig. 9B–F). Of note, mt- 
ROS accumulation was suppressed by co-treatment with SFN 
(Fig. 9G–H). Of interest, cell pyroptosis-related proteins NLRP3, 
Caspase-1, IL-18, IL-1β, and GSDMD-N were all further activated in IRI- 
affected FAM3ACKO mice, but these were blocked by co-treatment with 
SFN (Fig. 9I-N). Similar results were observed when GSDMD-N and 
NLRP3 were examined by immunohistochemistry (Fig. 9O-Q). 

Importantly, FAM3A ablation aggravated the increase in serum 
creatine and BUN levels in IRI mice, while co-treatment with SFN 
significantly decreased them (Fig. 10A–B). Co-treatment with SFN could 
also significantly alleviate tubular injury, decreased NGAL and Kim-1 
expression, and inhibited macrophage and neutrophil infiltration in 
IRI-affected FAM3ACKO mice (Fig. 10C–I). Hence, as the schematic 
representation (Fig. 10J), we found FAM3A is an important target for 
treating AKI, which participates in ATP synthesis and secretion in 
tubular epithelial cells. Through inducing P2Y1/PI3K/AKT/NRF2 
pathway, FAM3A plays a key role in protecting against tubular cell 
pyroptosis and AKI. 

3. Discussion 

The numbers of patients with AKI are greatly increasing. AKI is 
facing no effective therapeutic strategies and unclear mechanisms [3,4]. 
Renal tubular cells are major components of kidney parenchyma and are 
vulnerable to multiple injuries. They could undergo a variety of trans-
formation processes such as proliferation, epithelial-mesenchymal 
transitions, cell cycle arrest, vacuolar degeneration, and even cell 
death [22–24]. Of note, tubular cell death is the most important cause of 
rapid progression of AKI disease, which could trigger cast formation to 
induce oliguria or anuria. Understanding the underlying mechanisms of 
tubular cell death is of great value in clarifying the pathogenesis of AKI 
and finding new effective therapeutic strategies. 

Our study demonstrates that tubular cell pyroptosis is an important 
form of programmed cell death in AKI and reveals that impairment of 
mitochondrial energy production may be a critical mechanism. Espe-
cially, mitochondrial FAM3A is reduced in tubular epithelial cells in AKI, 
and is associated with tubular cell pyroptosis. FAM3A deficiency in 
proximal tubules worsens, whereas FAM3A overexpression protects 
against pyroptosis in AKI. The PI3K/AKT/NRF2 axis is a downstream 
signaling of FAM3A, which assists in mt-ROS clearance via regulating 
antioxidative gene expression. However, FAM3A is deficient in AKI, 
which suppresses PI3K/AKT/NRF2 signaling axis, thus limiting mt-ROS 
clearance and ultimately evoking pyroptosis (Fig. 10J) 

Tubular cell death could present multiple forms, such as apoptosis, 

ferroptosis, pyroptosis, and necroptosis, which all participate in AKI [4]. 
Even if apoptosis is considered an important tubular cell death form in 
AKI, however, inhibition of apoptosis has been reported no effects to 
ameliorate AKI, suggesting that another type of cell death may be pri-
marily responsible for disease progression [25,26]. Among multiple 
forms of cell death, ferroptosis and pyroptosis were found to primarily 
participate in the progression of AKI in recent study [1]. However, 
which one is more important has not been elucidated. In this study, we 
performed single-cell sequencing data analysis and found that 
pyroptosis-positive tubular epithelial cells occupied the highest pro-
portion in ischemic kidneys. Our study innovatively uncovers the most 
important contribution of tubular epithelial cell pyroptosis in AKI. 
Consistently, a previous report has shown that knockout 
pyroptosis-associated genes, such as NLRP3, Caspase-1, Caspase-11, and 
GSDMD, could improve kidney function in cisplatin or contrast-induced 
AKI [27,28]. However, the underlying mechanisms of cell pyroptosis in 
tubular cells have not been clarified. 

From our results, GO enrichment reveals that mitochondrial energy 
production was impaired in the pyroptotic tubular cells. To date, the 
mechanism of mitochondrial dysfunction facilitating pyroptosis has 
been mainly focused on mt-ROS [10,29,30], but how reduced ATP 
synthesis itself promotes pyroptosis remains unclear. Our present study 
observed that the mitochondrial protein FAM3A was dramatically 
reduced in pyroptotic tubular cells during IRI. FAM3A is located in the 
mitochondrial matrix and inner membrane and interacts with F1-ATP 
synthase to regulate its activity [13]. It has been observed that 
FAM3A deficiency reduces ATP production and secretion in hepato-
cytes, smooth muscle cells, endothelial cells and so on [14–16]. The role 
of FAM3A in kidney remains to be demonstrated in detail. Although 
previous findings in neuronal cells and chondrocytes have shown that 
FAM3A attenuates apoptosis [31,32]. Combined with bioinformatics 
analysis, clinical research, and in vivo and in vitro studies, the present 
data reveal that FAM3A was negatively associated with tubular cell 
pyroptosis in AKI, but not so relevant with apoptosis, ferroptosis, or 
necroptosis. The discrepancy may be due to the distinct pathological 
conditions or different types of cells. Actually, the role of energy stress 
with excessive ATP depletion in regulating the forms of programmed cell 
death is controversial. For example, it has been reported that long-term 
or severe energy stress in tumor cells eventually induces apoptosis [33, 
34]. However, glucose starvation in mouse embryonic fibroblasts in-
hibits ferroptosis by activating AMPK [35]. Additionally, Berry et al. 
observed that disrupting mitochondrial oxygen consumption and sup-
pressing ATP generation in CD4+ T cells ultimately triggered pyroptosis 
[36]. This finding is supportive to our results to implicate that the loss of 
FAM3A in proximal tubular cells reduced ATP generation and then 
facilitated pyroptosis in AKI. 

It is interesting to find that FAM3A levels were elevated in urine from 
AKI patients. FAM3A is primarily localized in mitochondria, but it has 
been reported that it could be secreted by myogenic cells [37]. Despite 
its high expression in normal kidney and strong secretory capacity of 
proximal tubules, FAM3A was undetectable in the urine of healthy 
volunteers, suggesting that FAM3A is unlikely to be secreted by tubular 
cells. Notably, renal tubular cell detachment and loss are hallmarks of 
the pathology of AKI. Therefore, the injured tubular cells could fall into 
the urine, which triggers the strong induction of FAM3A in urine. 

Fig. 4. FAM3A deficiency promotes pyroptosis by suppressing PI3K/AKT/NRF2 pathway. (A) The heatmap shows PI3K-AKT signaling, NRF2 regulated genes, 
and pyroptosis in WT and FAM3ACKO mice in IRI (n = 3 per group). (B) GSEA shows that the decreased PI3K-AKT signaling and NRF2-regulated genes enrichment, 
and increased pyroptosis in FAM3ACKO mice compared with WT mice. (C) Representative micrographs show the abundance of p-PI3K, p-AKT, and p-NRF2. Arrows 
indicate positive staining. Scale bar, 20 μm. (D) Representative Western blot shows the protein levels of p-PI3K, PI3K, p-AKT, AKT, p-NRF2, and NRF2 in different 
groups as indicated. (E–F) qPCR analyses show the expression of Nqo1 and Sod1 in the kidneys from different groups as indicated. *P < 0.05 versus WT controls, #P 
< 0.05 versus WT-IRI mice (n = 6). (G) Quantitation of Mito-SOX fluorescence intensity in different groups. *P < 0.05 versus WT controls, #P < 0.05 versus WT-IRI 
mice (n = 6). (H) Representative images of Mito-SOX staining and immunohistochemical staining of GSDMD-N and NLRP3. Arrows indicate positive staining. Scale 
bar, 50 μm. (I) Representative micrographs show the expression of FAM3A, NLRP3 and GSDMD-N on the sequential kidney sections from IRI-affected FAM3ACKO 

mice. Arrows indicate positive staining. Scale bar, 50 μm. (J) Representative western blotting shows the protein levels of renal NLRP3, Pro-caspase-1, Cleaved- 
caspase-1, Pro-IL-18, Cleaved-IL-18, Pro-IL-1β, Cleaved-IL-1β, GSDMD, and GSDMD-N in different groups as indicated. 
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Furthermore, we also tested the correlation between urinary FAM3A and 
NGAL, a marker for tubular cell injury, and found they were intimately 
correlated. All these suggest urinary FAM3A primarily originates from 
injured tubular cells. However, it is difficult to isolate the falling cells 
from urine, and further to identify the cell death condition in these cells 
because of the urine flushing, changes in mechanical stress, etc. Hence, it 
is very difficult to demonstrate urinary FAM3A exactly does come from 
pyroptotic tubular cells or other dead cell types. However, urinary 
FAM3A was positively correlated with urinary IL-18, a marker of cell 
pyroptosis, and multiple results in this study suggest that loss of FAM3A 
in tubules strongly mediates cell pyroptosis during AKI. 

ATP-P2 receptor axis mediated FAM3A function in various tissues or 
cells [14,15]. Two distinct P2 receptors, P2X and P2Y receptors, mediate 
such actions. P2X receptor is a ligand-gated ion channel that is perme-
able to cations, while P2Y receptor is a G-protein-coupled receptor that 
stimulates PLC/IP3 to activate downstream pathway of PI3K/AKT. It has 
been reported that P2Y receptors, including P2Y1, P2Y2, P2Y4, and 
P2Y6 are mainly expressed in proximal tubular cells, and it is more 
sensitive to ATP than P2X receptor [38]. Our present data revealed that 
P2Y1 was down-regulated after IRI and mediated the function of FAM3A 
in tubules. In AKI, FAM3A deficiency facilitates tubular cell pyroptosis 
through inhibiting P2Y1/PI3K/AKT pathway. 

By RNA-seq analysis, we identified NRF2 as a downstream regulator 
of FAM3A. NRF2 is a redox-regulated transcription factor that combines 
with Keap1 and is located in the cytoplasm in normal conditions. Upon 
oxidative stress, NRF2 translocates to the nucleus and binds to the 
antioxidant response element (ARE), thus regulating the expression of 
antioxidant proteins, such as Ho1, Sod1, and Nqo1, to assist in ROS 
clearance [39]. The function interaction between NRF2 and PI3K/AKT 
pathway has been well demonstrated in various cells. Inhibition of 
PI3K/AKT signal reduces the nuclear accumulation of NRF2 [40,41]. 
Consistent with these findings, the present study reveals that when 
knockout of FAM3A suppressed PI3K/AKT activation, the nuclear 
translocation of NRF2 was inhibited in tubules after injury, resulting in 
increased mt-ROS accumulation. The overloaded mt-ROS eventually 
induces pyroptosis. Pharmacological activation of NRF2 improves the 
negative impacts of FAM3A deficiency on promoting tubular cell 
pyroptosis in AKI. Conversely, depletion of NRF2 eliminates the pro-
tective effect of FAM3A overexpression on alleviating tubular cell 
pyroptosis. These observations highlight the critical role of NRF2 in the 
protection of FAM3A against pyroptosis. 

mt-ROS is a damage-associated molecular patterns (DAMPs) signal, 
which could be sensed by NLRP3 inflammasome to activate Caspase-1/ 
GSDMD pathway [30]. In FAM3A-deficient tubular epithelial cells, we 
found the accumulation of large amounts of mt-ROS, which originates 
from the inhibition of NRF2 activation. Interestingly, we also found 
FAM3A deficiency mediated pyroptosis in AKI primarily through 
GSDMD-N, rather than GSDME-N, both of them are reported to drive 
tubular cell pyroptosis. The pyroptotic cells release various 
pro-inflammatory factors, such as IL-1β and IL-18, to form an inflam-
matory microenvironment. This could not only modulate neutrophils 
and macrophages infiltration but also induce more and more damage to 

tubular cells [5,7]. Reports have shown pro-inflammatory factors are the 
accelerators of pyroptosis [42], this may explain why pyroptosis main-
tains at a high level throughout AKI process. 

Our findings also observed that the downregulated FAM3A promoted 
the loss of mitochondrial mass. It is well known that mitochondrion is a 
sensitive and brittle organelle that can be injured in various pathological 
conditions, such as inflammation, ROS, ischemia and hypoxia [11]. The 
loss of mitochondria in injured cell due to suppressed mitochondrial 
biogenesis facilitates mitochondrial fragmentation. Oxidative stress 
could aggravate mitochondrial mass loss, but FAM3A could inhibit 
oxidative stress by activating NRF2 signaling. Hence, FAM3A not only 
regulates mitochondrial respiratory function, but also affects the ho-
meostasis of mitochondrial mass. However, this should be clarified in 
detail in the future. 

Another important finding is we found FAM3A was a sensitive in-
dicator for mitochondrial injury. As we know, in IRI mice or AKI pa-
tients, the hypoxia microenvironment in whole kidney would affect all 
types of cells, especially the tubules with huge consumption of oxygen. 
Based on the different extents of hypoxia microenvironment in whole 
kidney, cell injury would be exhibited in different extents. Hence, even if 
some tubules look like normal in visual, however, the hypoxia and re- 
perfusion microenvironment would still lead to the damage of organ-
elles with sensitive sensing ability, such as mitochondria. Interestingly, 
we found in those tubules not dilated, and with no loss of cells and no 
casts, which look like normal in morphology just under visual obser-
vation, however, their expression of TOMM20 was already decreased, 
suggesting the mitochondrial damage. Concomitantly, the expression of 
FAM3A in those tubules with loss of TOMM20, was also greatly 
decreased. But in PAS staining, those tubules still look like normal with 
no evident phenomena of dilation and casts formation. Therefore, we 
thought FAM3A was a sensitive indicator of tubular cell mitochondrial 
injury even in those tubules with no evident morphology changes yet. 

In conclusion, our findings provide strong evidences that mito-
chondrial dysfunction contributes to AKI and associates with tubular cell 
pyroptosis. We also found that FAM3A represents a potential novel 
protective target against AKI. 

4. Materials and methods 

4.1. Animal models 

Male C57BL/6 mice at 8–12 weeks weighting about 20–25g were 
supplied from the Southern Medical University Animal Center 
(Guangzhou, China). All mice were housed in a pathogen-free, humid-
ity- and temperature-controlled environment and maintained with 
standard diet and water. The ischemic/reperfusion AKI model was built 
according to established protocol [43,44]. Briefly, mice were randomly 
divided into different groups as indicated and anesthetized with sodium 
pentobarbital (60 mg/ml). Subsequently, a midline abdominal incision 
was made and bilateral renal pedicles were clipped by microaneurysm 
clamps for 30 min at 37.5 ◦C. After 48 h, mice were sacrificed and serum 
and kidney tissues were collected for further analyses. In 

Fig. 5. Overexpression of FAM3A improves AKI. (A) Experimental design. Triangles denote the time points of pcDNA3 or pFAM3A injection. Red arrows indicate 
the time points undergoing IRI. (B) Representative Western blot shows the protein level of FAM3A in different groups as indicated. (C) Quantitative determination of 
FAM3A expression in different groups. *P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI mice (n = 5–6). (D) Representative image of FAM3A immuno-
histochemical staining. Arrows indicate positive staining. Scale bar, 50 μm. (E) Quantitation of FAM3A staining area in different groups. *P < 0.05 versus controls, 
#P < 0.05 versus pcDNA3-IRI mice (n = 5–6). (F) qPCR analyses show the expression of P2Y1 in the kidneys from different groups as indicated. *P < 0.05 versus 
controls, #P < 0.05 versus pcDNA3-IRI mice (n = 5). (G–H) Serum creatinine and BUN level in different groups as indicated. *P < 0.05 versus controls, #P < 0.05 
versus pcDNA3-IRI mice (n = 5–6). (I) Representative images of PAS, immunofluorescent and immunohistochemical staining show injured tubules, Kim-1, and E- 
cadherin expression in different groups. Arrows indicate the injured tubules or the positive staining. Scale bar, 50 μm. (J–L) Quantitation of injured tubules ratio 
(HPF), Kim-1 staining positive area, and E-cadherin staining fluorescence intensity of kidneys from different groups. *P < 0.05 versus controls, #P < 0.05 versus 
pcDNA3-IRI mice (n = 5–6). (M) Representative Western blot shows the protein levels of NGAL and TOMM20. (N–O) Graphic presentation shows the relative NGAL 
and TOMM20 protein abundance in different groups as indicated. *P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI mice (n = 5–6). (P) Representative 
micrographs of immunohistochemical staining for the macrophage marker F4/80, or neutrophile marker Ly6G. Arrows indicate the positive staining. Scale bar, 50 
μm. (Q–R) Quantitation of the number of F4/80+ and Ly6G+ cells per HPF. *P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI mice (n = 5–6). 
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Fig. 6. FAM3A overexpression alleviates pyroptosis by activating PI3K/AKT/NRF2 signaling. (A) Representative Western blot shows the protein levels of p- 
PI3K, PI3K, p-AKT, AKT, p-NRF2, and NRF2 in different groups as indicated. (B) Representative micrographs show the abundance of p-PI3K, p-AKT, and p-NRF2. 
Arrows indicate positive staining. Scale bar, 20 μm. (C) Representative micrographs show the co-localization of FAM3A, p-PI3K, p-AKT, and p-NRF2 in renal tubules 
in FAM3A-overexpressed IRI mice. Arrows indicate positive staining. Scale bar, 20 μm. (D–F) Quantitative proteins expression of p-PI3K, PI3K, p-AKT, AKT, p-NRF2, 
and NRF2. *P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI group (n = 6). (G) Representative images show mt-ROS levels in the kidneys of mice from 
different groups. Arrows indicate positive staining. Scale bar, 50 μm. (H) Quantitative determination of Mito-SOX staining fluorescence intensity in different groups. 
*P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI group (n = 5–6). (I) Representative western blotting shows the protein levels of renal NLRP3, Pro-caspase-1, 
Cleaved-caspase-1, Pro-IL-18, Cleaved-IL-18, Pro-IL-1β, Cleaved-IL-1β, GSDMD, and GSDMD-N in different groups as indicated. (J–N) Quantitation of the protein 
levels of NLRP3, Cleaved-caspase-1, Cleaved-IL-18, Cleaved-IL-1β, and GSDMD-N in different groups. *P < 0.05 versus controls, #P < 0.05 versus pcDNA3-IRI group 
(n = 6). (O) Representative micrographs of immunohistochemical staining show the abundance of GSDMD-N and NLRP3. Arrows indicate positive staining. Scale bar, 
50 μm. (P) Representative micrographs show the expression of FAM3A, NLRP3 and GSDMD-N on the sequential kidney sections from FAM3A-overexpressed IRI mice. 
Scale bar, 50 μm. 
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Fig. 7. Knockdown of FAM3A accelerates tubular epithelial cell injury. (A) Western blotting and quantitation show the expression of FAM3A in HKC-8 after H/R 
treatment. *P < 0.05 versus control group, (n = 4). (B) Graphic presentation shows the relative ATP content in HKC-8 from different groups as indicated. *P < 0.05 
versus normal negative controls, #P < 0.05 versus the cell treatment with H/R (n = 6). (C) Graphic presentation shows the viability of cells from different groups as 
indicated. *P < 0.05 versus controls, #P < 0.05 versus the cell treated with si-NC and H/R, &P < 0.05 versus the cell treated with si-FAM3A and H/R (n = 6). ns, no 
significant difference. (D) Graphic presentation shows the cellular LDH release ratio in different groups as indicated. *P < 0.05 versus controls, #P < 0.05 versus the 
cell treated with si-NC and H/R, &P < 0.05 versus the cell treated with si-FAM3A and H/R (n = 6). ns, no significant difference. (E) Representative western blotting 
shows the protein levels of NLRP3, Pro-caspase-1, Cleaved-caspase-1, Pro-IL-18, Cleaved-IL-18, Pro-IL-1β, Cleaved-IL-1β, GSDMD, and GSDMD-N in different groups 
as indicated. (F) SEM images show the phenotype of pyroptosis of HKC-8 after H/R stimulation. Arrows indicate the protrusion bodies. Scale bar, 2 μm. (G) 
Representative Western blot shows the protein levels of p-PI3K, PI3K, p-AKT, and AKT in different groups as indicated. (H) Quantitation of the levels of PI3K, p-PI3K, 
AKT, p-AKT in cells stimulated with H/R. *P < 0.05 versus controls, #P < 0.05 versus the cell received si-NC and H/R (n = 4). (I) Western blot shows the accu-
mulation of NRF2 in nucleus. (J) Graphic presentation shows the relative NRF2 protein abundance. Data were normalized by TBP. *P < 0.05 versus controls, #P <
0.05 versus the cell received si-NC and H/R (n = 4). (K) Representative image of Mito-SOX red staining in the HKC-8 from different groups as indicated. Arrows 
indicate positive staining. Scale bar, 50 μm. (L) Quantitation of Mito-SOX red staining fluorescence intensity of HKC-8 from different groups as indicated. *P < 0.05 
versus controls, #P < 0.05 versus the cell received si-NC and H/R (n = 4). (M) Graphic presentation shows the cellular LDH release ratio in different groups as 
indicated. SC79, AKT agonist. Olipraz, NRF2 agonist. *P < 0.05 versus the cell received si-FAM3A and H/R (n = 6). (N) Representative Western blot shows the 
protein levels of GSDMD and GSDMD-N. (O) Quantitation of the protein expression of GSDMD-N. *P < 0.05 versus the cell received si-FAM3A and H/R (n = 4). (P) 
Representative western blotting shows the protein levels of p-PI3K, PI3K, p-AKT, AKT, p-NRF2, NRF2, GSDMD, and GSDMD-N in different groups as indicated. 
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Fig. 8. The key role of NRF2 in FAM3A-alleviated pyroptosis. (A) The brief procedure of isolation and culture of primary tubular cells. (B) Representative mi-
crographs exhibit freshly isolated tubules, primary tubular cells and their identified staining of E-cadherin. (C) Representative Western blot shows the expression of 
FAM3A, p-PI3K, PI3K, p-AKT, AKT, p-NRF2, and NRF2 in cells after transfecting with pcDNA or pFAM3A. (D–G) Quantitation of the protein levels of FAM3A, p-PI3K/ 
PI3K, p-AKT/AKT, and p-NRF2/NRF2. *P < 0.05 versus pcDNA (n = 4). (H) Graphic presentation shows the relative ATP content in primary tubular cells from pcDNA 
or pFAM3A groups. *P < 0.05 versus pcDNA (n = 4). (I) Graphic presentation shows the cellular LDH release ratio in different groups. *P < 0.05 versus the cells 
received pcDNA and H/R, #P < 0.05 versus the cell received pFAM3A and H/R (n = 4). (J) Representative image of SEM and Mito-SOX red staining of tubular cells. 
Arrows indicate the protrusion bodies or positive staining. Scale bar, 2 μm (upper) or 50 μm (under). (K) Quantitative determination of Mito-SOX red staining 
fluorescence intensity in different groups as indicated. *P < 0.05 versus the cells received pcDNA and H/R, #P < 0.05 versus the cell received pFAM3A and H/R (n =
4). (L) Representative Western blot shows the protein levels of NRF2, NLRP3, Pro-caspase-1, Cleaved-caspase-1, Pro-IL-18, Cleaved-IL-18, Pro-IL-1β, Cleaved-IL-1β, 
GSDMD, and GSDMD-N in different groups as indicated. (M–R) Quantitation of the protein expression showed in (M). *P < 0.05 versus the cells received pcDNA and 
H/R, #P < 0.05 versus the cells received pFAM3A and H/R (n = 4). 
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Fig. 9. NRF2 activator SFN ameliorates tubular cell pyroptosis. (A) Experiment design. SFN (10 mg/kg) was given at 2 days before IRI surgery for a continuous 
treatment of 4 days by intraperitoneal injection. (B) Western blot shows the levels of p-NRF2 and NRF2 in the kidneys from different groups as indicated. (C) 
Quantitation of the protein levels of NRF2 and p-NRF2. *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group (n = 5). (D) Representative mi-
crographs of p-NRF2 immunohistochemical staining in different groups. Arrows indicate positive staining. Scale bar, 20 μm. (E–F) qPCR showed that SFN increased 
NRF2-regulated genes Nqo1 and Sod1 expression. *P < 0.05 versus FAM3ACKO mice (n = 5). (G) Representative images of Mito-SOX red staining show mt-ROS levels 
in the kidneys from different groups as indicated. Arrows indicate positive staining. Scale bar, 50 μm. (H) Quantitative determination of Mito-SOX staining fluo-
rescence intensity in different groups. *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group (n = 5). (I) Representative western blotting shows the 
protein levels of NLRP3, Pro-caspase-1, Cleaved-caspase-1, Pro-IL-18, Cleaved-IL-18, Pro-IL-1β, Cleaved-IL-1β, GSDMD, and GSDMD-N in different groups as indi-
cated. (J–N) Quantitation of the protein expression showed in (I). *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group (n = 5). (O) Representative 
micrographs of immunohistochemical staining show the abundance of GSDMD-N and NLRP3. Arrows indicate positive staining. Scale bar, 50 μm. (P–Q) Quantitative 
determination of GSDMD-N and NLRP3 staining positive area in different groups as indicated. *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group 
(n = 5). 
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pharmacological experiments, NRF2 agonist sulforaphane (SFN) was 
dissolved in 5 % DMSO in saline and then was administered 2 days 
before IRI surgery for continuous treatment of 4 days by intraperitoneal 
injection (10 mg/kg per day). The control mice received equal vehicle 
solutions. 

All mice were randomly divided into different groups as indicated by 
using the online tool (Research Randomizer). All animal experiments 
were designed according to the principles of the 3Rs (Replacement, 
Refinement and Reduction) to minimize animal pain and reduce the 

number of mice used in our experiments. All animal experiments were 
performed in accordance with the policies of the Animal Care and Use 
Committee and approved by the Animal Ethic Committee at the Nanfang 
Hospital, Southern Medical University (Approval No. IACUC-LAC- 
20220713-005). 

4.2. FAM3A conditional knockout mice and genotyping 

Tubule-specific FAM3A knockout mice (FAM3ACKO) were birthed by 

Fig. 10. Treatment with NRF2 activator improves AKI. (A–B) Serum creatinine and BUN level in different groups as indicated. *P < 0.05 versus WT-IRI group, #P 
< 0.05 versus FAM3ACKO-IRI group (n = 5). (C) Representative Western blot shows the protein levels of NGAL. (D) Graphic presentation shows the relative NGAL 
protein abundance in different groups as indicated. *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group (n = 5). (E) Representative PAS and 
immunohistochemical staining show injured tubules, Kim-1 expression, F4/80+ macrophage and Ly6G+ neutrophile infiltration in different groups. Arrows indicate 
the injured tubules or the positive staining. Scale bar, 50 μm. (F–I) Quantitative determination of injured tubules ratio per HPF, the number of F4/80+ and Ly6G+

cells per HPF. *P < 0.05 versus WT-IRI group, #P < 0.05 versus FAM3ACKO-IRI group (n = 5). (J) Schematic representation of the study findings. Physiologically, 
mitochondrial FAM3A participates in ATP synthesis and secretion in tubular epithelial cells. Secreted ATP can activate the P2Y1/PI3K/AKT/NRF2 axis to assist mt- 
ROS clearance and then retard AKI. After FAM3A deficiency, the P2Y1/PI3K/AKT/NRF2 signaling axis are inhibited and the mt-ROS is accumulated. NLRP3 
inflammasome senses excessive mt-ROS and then activates Caspase-1, which cleaves GSDMD, IL-1β, and IL-18, ultimately resulting in pyroptosis and worsening AKI. 
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mating FAM3A-floxed mice with Ggt1-cre mice, both of them were 
purchased from Cyagen Biosciences (Guangzhou, China). All mice were 
C57BL/6 N genetic background and maintained in Experimental Animal 
Center of Southern Medical University. The subsequent generations of 
mice were genotyped by PCR by using one pair of flox-specific primers 
and one pair of Cre-specific primers (Table S1). Age- and sex-matched 
FAM3ACKO were subjected to IRI. 

4.3. NRF2 global knockout mice and genotyping 

Global NRF2 knockout mice (NRF2KO) were generated and bred by 
Cyagen Biosciences (Guangzhou, China). All the mice were C57BL/6 N 
genetic background and maintained in Experimental Animal Center of 
Southern Medical University. The subsequent generations of mice were 
genotyped by PCR by using one pair of NRF2-KO primers and one pair of 
WT primers (Table S1). 

4.4. Overexpression of FAM3A in vivo 

In vivo overexpression of FAM3A in mice was carried out by 
hydrodynamic-based gene delivery approach as described previously 
[43–45]. Briefly, the mouse FAM3A gene sequences were ligated into 
pcDNA3.1 plasmid. Two days before IRI, the plasmids were diluted 
using PBS and injected into mice via the tail vein at a dose of 2ug/g in a 
volume of 2 ml. The success of FAM3A overexpression was confirmed by 
Western blot and immunohistochemical staining. 

4.5. Human kidney biopsy and urine samples 

All human samples (kidney biopsy and urine) were collected from 
patients with AKI at the Third Affiliated Hospital of Southern Medical 
University following provision of written consent. The basic character-
istics of AKI patients were presented in Supplementary Tables 2–3. 
Normal kidney tissue adjacent to tumors was collected from patients 
who has renal carcinoma. Healthy subjects’ urines were collected from 
healthy volunteers. All of the experiments involving human samples 
were approved by the Ethic Committee on Human Subjects of the Third 
Affiliated Hospital of Southern Medical University (Approval No. 2023- 
LS-074). 

4.6. Elisa 

Human FAM3A Assay Kit was purchased from Raybiothech (ELH- 
FAM3A-1, USA), and the human IL-18 and NGAL Assay Kit was pur-
chased from Cusabio (CSB-E07450h and CSB-E09408h, China). Human 
urinary FAM3A, IL-18, and NGAL were measured according to the 
procedures specified by the manufacturer. 

4.7. Serum creatinine and BUN measurement 

Serum creatinine and blood urea nitrogen (BUN) levels were deter-
mined by an automatic chemistry analyzer (AU480 Chemistry Analyzer, 
Beckman Coulter, Atlanta, Georgia). The levels of serum creatinine and 
BUN were expressed as mg/dl. 

4.8. Cell culture and treatment 

Human proximal tubular epithelial cells (HKC-8) were provided by 
Dr. Lorraine C. Racusen (Johns Hopkins University, Baltimore, MD) and 
cultured in DMEM/F12 containing 10%FBS at 37 ◦C in 5 % CO2. To 
induce cell pyroptosis, TNF-α (20 ng/ml) and NLRP3 activator (10 μM, 
HY-139396, MCE) were added for 24h. In hypoxia/reoxygenation (H/ 
R)-induced injury experiment, cells were incubated in glucose-free me-
dium in a tri-gas incubator (94 % N2, 5 % CO2, and 1.0 % O2) at 37 ◦C for 
24 h. Subsequently, cells were cultured in complete medium under 
normal conditions for 4 h for reoxygenation. In cisplatin stimulation 

experiments, HKC-8 cells were first cultured in serum-free DMEM/F12 
overnight and then were treated with 20 μM cisplatin for another 24h. 

For knocking down or overexpression of FAM3A expression, HKC-8 
cells were transfected with human FAM3A siRNA (sense: 5′- GCA-
GUGGCUUUCCUCG-CAUTT-3′, antisense: 5′- AUGCGAGGAAAGCCA-
CUGCTT-3′) or FAM3A plasmid, respectively, by using Lipofectamine 
2000 transfection reagent (11668019, Thermo). 

In pharmacological experiments, HKC-8 cells were pretreated with 
10 μM PI3K/AKT activator, SC79 (HY-18749); or 10 μM NRF2 activator, 
Oltipraz (HY-12519); or 5 mM ADP (HY–W010918); or 5 μg/ml P2Y1 
neutral antibody (APR-009, Alomone); or 10 μM Caspase-1 (pyroptosis) 
inhibitor, Ac-YVAD-cmk (HY-16990); or 10 μM GSDMD (pyroptosis) 
inhibitor, Disulfiram (HY–B0240); or 500 nM RIP kinase (necroptosis) 
inhibitor, Necrostain-1; or 0.23 nM Caspase-3 (apoptosis) inhibitor, Ac- 
DEVD-CHO (HY–P1001); or 60 nM ferroptosis inhibitor, Ferrostain-1 
(HY-100579), for 1 h. All the activators and inhibitors were purchased 
from MCE (MedChemExpress, USA). 

4.9. Isolation and culture of primary tubular epithelial cells 

The isolation and culture of primary tubular epithelial cells were 
performed with modified procedures as previously described [44]. 
Briefly, the kidneys from 8 to 10 weeks old male WT or NRF2KO mice 
were minced and digested with the pre-warmed collagenase IV solution 
(17104-019, Gibco, USA, dissolved in serum-free DMEM/F12 medium) 
for 10–15min. The undigested tissue blocks were removed by a 100 μm 
mesh sieve. Subsequently, the renal tubules were separated on a density 
gradient by ultracentrifugation and the band containing predominantly 
proximal tubules was collected. The freshly isolated tubules were 
cultured in DMEM/F12 containing 10%FBS at 37 ◦C. After 72 h, the 
primary tubular epithelial cells were identified by E-cadherin immu-
nofluorescent staining, and the following treatment was as same as that 
of HKC-8. 

4.10. Mitochondrial isolation 

Kidneys’ mitochondria were collected using Tissue Mitochondria 
Isolation Kit (C3606, Beyotime, Shanghai, China) according to the 
procedures specified by the manufacturer. Firstly, fresh renal tissues 
were digested by trypsin-EDTA solution and then resuspended in mito-
chondrial isolation buffer. Secondly, the solution was centrifuged at 
1000g for 10min at 4 ◦C to remove the nucleus and unbroken cells, the 
supernatant was further centrifuged at 9000g for 10min at 4 ◦C. After 
centrifuging, the supernatant was collected as cytoplasmic protein, 
whereas the pellet was isolated mitochondria. Finally, the isolated 
mitochondria were lysed with RIPA to obtain mitochondrial proteins for 
further experiments. 

4.11. Nuclear and cytoplasmic fraction isolation 

HKC-8 cells nuclear fraction was separated using nuclear protein 
extraction kit (BB-3102, BestBio, Shanghai, China) according to the 
procedures specified by the manufacturer. Briefly, HKC-8 cells were 
washed with cold PBS after being digested by trypsin solution. Subse-
quently, the solution was centrifuged at 500g for 5min at 4 ◦C to remove 
supernatant, 200 μl of cold extract A solution was added to the cell 
pellet, and the mixture was oscillated at 2–8 ◦C for 10–30 min. After 
mixing, the mixture was centrifuged at 2000g for 5min at 4 ◦C, and the 
80 μl of cold extract B solution was added to the pellet and the mixture 
was oscillated at 2–8 ◦C for 30–40 min. Finally, the solution was 
centrifuged at 12000g for 10min at 4 ◦C, and the supernatant was 
collected as nuclear protein. 

4.12. Mito-SOX staining 

Kidney frozen sections and HKC-8 cells were used for detecting 
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mitochondrial ROS via Mito-SOX (M36008, Thermo Fisher) staining 
according to the manufacturer’s instructions. To measure the level of 
tissular mito-ROS, fresh renal tissues were embedded with OCT com-
pound (#4583, Sakura) and quickly frozen with liquid nitrogen. 3 μm 
kidney frozen sections were prepared and incubated with 5 μM Mito- 
SOX solution in dark at room temperature for 30 min. Subsequently, 
the sections were fixed with 4 % paraformaldehyde solution for 15 min, 
followed by washing with PBS, and incubated with DAPI. Finally, the 
images were captured by confocal microscopy and the fluorescence in-
tensity was calculated to reflect the level of mito-ROS. 

4.13. Scanning electron microscope (SEM) 

The cultured cells were fixed in 1.25% glutaraldehyde/0.1 M phos-
phate buffer for 2h at room temperature and then saved at 4 ◦C. Sub-
sequent electron microscopy embedding and photographing was 
performed by Huayin Medical Laboratory (Guangzhou, China). 

4.14. Lactate dehydrogenase (LDH) release assay 

The supernatant of HKC-8 cells was used to quantify LDH release as a 
measure of cytotoxicity with an LDH Cytotoxicity Assay Kit (C0016, 
Beyotime, China) according to the manufacturer’s instructions. 

4.15. Cell viability assay 

After different treatments, the viability of HKC-8 cells was detected 
by using MTT Cell Proliferation Assay Kit (C0009S, Beyotime, China) 
according to the manufacturer’s instructions. Briefly, the cells were 
incubated with 0.5 mg/ml MTT solution in dark at 37 ◦C for 4h. Sub-
sequently, the cells were dissolved with DMSO and the absorbance was 
measured at 490 nm. 

4.16. Determination of ATP content 

The content of ATP of culture cells was measured with ATP Assay Kit 
(S0027, Beyotime, China) according to the manufacturer’s instructions. 
ATP level was normalized by protein centration in the same sample and 
presented as fold changes from the control. 

4.17. Western blot analysis 

Western blot analysis was performed as established protocol [45,46]. 
The primary antibodies used were as follows: anti-FAM3A 
(NBP2-75487, Novus), anti-NGAL (ab70287, abcam), anti-VDAC 
(#4661, CST), anti-NLRP3 (#15101, CST), anti-Caspase-1 (M025280 
M, Abmart), anti-IL-18 (ab207323, abcam), anti-IL-1β (ab283818, 
abcam), anti-TOMM20 (ab186735, abcam), anti-GSDMD (ab219800, 
abcam; #69469, CST), anti-GSDME (ab215191, abcam), anti-p-PI3K 
(Tyr458, #4228, CST), anti-PI3K (#4292, CST), anti-AKT (#4685, 
CST), anti-p-AKT (Ser473, #4060, CST), anti-NRF2 (#12721, CST), 
anti-p-NRF2 (Ser40, ab76026, abcam), anti-TBP (#44059, CST), anti--
α-tubulin (BM1452, Boster), anti-β-actin (BA2305, Boster), anti-GAPDH 
(BM1623, Boster). 

4.18. Histology and immunohistochemical staining 

Paraffin-embedded kidney sections (3 μm) were prepared in a 
routine procedure. Sections were stained with periodic acid-schiff (PAS, 
G1281, Solarbio) according to the manufacturer’s instructions to iden-
tify injured tubules. Immunohistochemical staining was performed as 
established protocol. The antibodies used were as follows: anti-FAM3A 
(NBP2-75487, Novus), anti-Kim-1 (BA3537, Boster), anti-GSDMD-N 
(#36425, CST), anti-NLRP3 (#15101, CST), anti-p-PI3K (Tyr458, 
#4228, CST), anti-p-AKT (Ser473, #4060, CST), anti-p-NRF2 (Ser40, 
ab76026, abcam), anti-F4/80 (GB11027, Servicebio), anti-Ly6g 

(GB11229, Servicebio). 

4.19. Quantifications of injured tubules 

Kidney sections were stained with PAS and then ten high-powered 
(x400) fields were captured randomly from each section by micro-
scope (Olympus, Japan). Criteria for quantifying injury tubules from 
renal sections were executed as described previously. The injury tubules 
were assessed by tubular dilation, hyaline casts, detached epithelial cells 
in tubular lumens, and detached brush borders. The ratio of injury tu-
bules was calculated by three experienced observers in a blinded 
fashion. 

4.20. Immunofluorescence staining 

After dewaxing, hydrating and antigen retrieving, paraffin- 
embedded kidney sections were incubated with primary antibodies as 
follows: anti-E-cadherin (#3195, CST), anti-FAM3A (NBP2-75487, 
Novus), anti-TOMM20 (ab186735, abcam), anti-Lotus Tetragonolobus 
Lectin (LTL) (FL-1321; VECTOR Laboratories), anti-Peanut Agglutinin 
(PNA) (FL-1071; VECTOR Laboratories), anti-Dolichos Biflorus Agglu-
tinin (DBA) (FL1031; VECTOR Laboratories). 

For cell immunofluorescence staining, HKC-8 cells cultured on cov-
erslips were fixed with cold 4% paraformaldehyde at room temperature 
for 15 min, followed by washing with PBS, blocking with 10% normal 
donkey serum, and incubating with primary antibodies as indicated. 

4.21. qRT-PCR 

qRT-PCR was performed as previously described [46–48]. Briefly, 
total RNA was extracted by using TRIzol RNA isolation system (Life 
Technologies, Grand Island, NY) according to the manufacturer’s in-
struction. Then, 2 μg RNA was reverse-transcribed into cDNA using a 
PrimeScript RT reagent kit (R323-01, Vazyme, China), and RT-PCR was 
performed using SYBR Green PCR Master Mix (Q341-02, Vazyme, 
China) on a StepOnePlus Real-time PCR System (Applied Biosystems, 
USA). The primers used were listed in Table S1. 

4.22. RNA sequencing and data analysis 

The technology of transcriptome sequencing analysis was supported 
by Novogene (Beijing, China). The primary experimental procedures 
included total RNA extraction, qualification, quantification, library 
construction, clustering and sequencing, and final data analysis. The 
library quality was assessed on the Agilent Bioanalyzer 2100 system. 
Differential expression analysis was performed using the DESeq2 R 
package. Genes with an adjusted P < 0.05 were considered significantly 
differential expression. GO enrichment analysis of differentially 
expressed genes was performed using the cluster Profiler R package. 
GSEA analysis of different signaling pathways was performed based on 
the Molecular Signatures Database of GSEA web interface. 

4.23. Single-cell RNA-seq data analysis 

The technology of single-cell RNA-seq analysis was supported by 
Novogene (Beijing, China). Briefly, raw fastq files were obtained from 
previous studies [1,21] (Data include n = 2 sham, n = 6 IRI samples. 
Among these samples, sham-1, sham-2, IRI-1-1, IRI-1-2, IRI-3-1, IRI-3-2 
data were obtained from GSE180420, IRI-1-3 and IRI-2-1 data obtained 
from GSE139506) and then were aligned to the mm10 
(EnsemblGRCm38.93) reference genome and quantified using Cell-
Ranger. Seurat was used for data quality control according to the gene 
detected number, mitochondrial UMI ratio, etc. To ensure the reliability 
and accuracy of the subsequent analysis results, DoubletFinder was used 
for estimating doublets in scRNA-sequencing data and excluding the 
doublet-like cells. After excluding 5538 poor-quality cells, 33,518 
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singlet cells remained. For cell clustering, highly variable genes were 
selected and the principal component maps were constructed based on a 
list of marker genes [1], which was segmented with a resolution of 0.6. 
14,150 tubular cells, including proximal straight tubule, proximal con-
voluted tubule, distal convoluted tubule, and loop of Henle, were used 
for further analysis. To identify different forms of programmed tubular 
cell death, markers for apoptosis (Casp3, Casp8, Bad, Bak1, Bax, Casp7, 
Bcap31, Bnip3, Ctsh, Ctsc, Dapk3, Mtch2, Ppp2r1a), pyroptosis (Casp1, 
Casp4, Pycard, Nlrp3, Aim2, Gsdmd, Gsdme, Il1b, Il18, Scaf11, Nod2, 
Naip2, Naip5), ferroptosis (Ptgs2, Chac2, Acsl4, Slc7a11, Hmox1, Trp53, 
Slc3a2, Map1lc3b, Trf, Cybb) and necroptosis (Fas, Fasl, Cflar, Ripk1, 
Chmp7, Hsp90aa1, Hsp90ab1) were used. Gene Ontology (GO) enrich-
ment analysis of specific cell clusters was implemented using cluster-
Profiler R package, in which gene length bias was corrected. GO terms 
with corrected P value less than 0.05 were considered significantly 
enriched by marker gene. To compare gene expression between different 
samples, edgeR package was carried out to obtain zone-specific marker 
genes. 

4.24. FAM3A network analysis 

To identify the link between FAM3A and programmed cell death, 
network analysis was carried out. 53 FAM3A-related genes (Table S4) 
were extracted from previous studies and were used for network anal-
ysis. Among these genes, 7 genes were identified as the upstream signals 
of FAM3A, 29 genes were downstream signals of FMA3A and 17 genes 
were associated with the regulation of PI3K/AKT on cell death. Cyto-
scape and ClueGO were used to visualize the enriched biological pro-
cesses associated with these genes. 

4.25. Human genome Microarray analysis 

The transcriptomics data of control kidney biopsies (n = 37), and the 
data of brain-dead kidney donors (n = 105) and cardiac-dead kidney 
donors (n = 64) after cold ischemia/reperfusion were obtained from 
previous study (GSE43974) [20]. The expression of FAM3A and 
pyroptosis-related genes and the correlation between FAM3A and 
pyroptosis were analyzed using Origin. 

4.26. Statistical analyses 

All data were expressed as mean ± standard error of the mean (SEM). 
Statistical analysis was performed using SPSS 19.0 (SPSS Inc, Chicago, 
USA). For comparisons between two groups, an unpaired two-tailed 
Student’s t-test was used, and one-way analysis of variance (ANOVA) 
followed by the Least Significant Difference or Dunnett’s T3 procedure 
for comparison of more than two groups. Bivariate correlation analysis 
was performed using Pearson and Spearman rank correlation analysis. 
The value of P < 0.05 was considered to be statistically significant. 
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