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Abstract

In both humans and mice, repair of acute kidney injury is worse in males than in females. 

Here, we provide evidence that this sexual dimorphism results from sex differences in ferroptosis, 

an iron-dependent, lipid-peroxidation-driven regulated cell death. Using genetic and single-cell 

transcriptomic approaches in mice, we report that female sex confers striking protection against 

ferroptosis, which was experimentally induced in proximal tubular (PT) cells by deleting 

glutathione peroxidase 4 (Gpx4). Single-cell transcriptomic analyses further identify the NFE2-

related factor 2 (NRF2) antioxidant protective pathway as a female resilience mechanism against 

ferroptosis. Genetic inhibition and pharmacological activation studies show that NRF2 controls 

PT cell fate and plasticity by regulating ferroptosis. Importantly, pharmacological NRF2 activation 
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protects male PT cells from ferroptosis and improves cellular plasticity as in females. Our data 

highlight NRF2 as a potential therapeutic target to prevent failed renal repair after acute kidney 

injury in both sexes by modulating cellular plasticity.

In brief

Repair of acute kidney injury is worse in males than in females. Ide et al. report that this sexual 

dimorphism results from sex differences in ferroptosis. Single-cell transcriptomics identifies NRF2 

as a female resilience mechanism and regulator of cellular plasticity. Targeting NRF2 holds the 

promise to improve acute kidney injury outcomes.

Graphical Abstract

INTRODUCTION

Acute kidney injury (AKI) is a major health problem, afflicting 1.2 million hospitalized 

patients annually in the US (Chawla et al., 2014; Lewington et al., 2013). Up to half of 

these patients fail to undergo renal repair and progress to chronic kidney disease (CKD), 

a condition associated with significantly increased morbidity and mortality (Chawla et 

al., 2014; Ferenbach and Bonventre, 2015; Goldstein et al., 2013). Kidney damage is 

also common in COVID-19 disease, with 30%–50% of hospitalized patients manifesting 

AKI and some survivors progressively losing kidney function (Bowe et al., 2021; Nadim 

et al., 2020). To interrupt these devastating disease outcomes, we urgently need new 
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therapeutic approaches. One clue to achieving this goal is the sexual dimorphism seen in 

kidney injury and repair processes (Bairey Merz et al., 2019; Mauvais-Jarvis et al., 2020). 

Increasing evidence shows that men are disproportionately and more severely affected by 

AKI than women (Bagshaw et al., 2005; Hsu et al., 2013; Neugarten and Golestaneh, 

2018; Neugarten et al., 2018), including COVID-19-associated AKI (Fisher et al., 2020; 

Nadim et al., 2020). In humans, male kidneys transplanted to premenopausal women are 

protected from ischemia-reperfusion injury (IRI), suggesting a protective effect of the 

female hormonal environment (Aufhauser et al., 2016). Indeed, AKI is less prevalent in 

transfeminine individuals under-going gender-affirming hormone therapy compared with 

those not receiving hormone therapy (Eckenrode et al., 2022). Preclinical rodent studies 

have also repeatedly found that female kidneys are resistant to acute and chronic injuries, 

and this is partly dependent on sex hormonal environment (Bairey Merz et al., 2019; Harris 

and Zhang, 2020). Together, these observations suggest that elucidating sex-dependent 

molecular mechanisms underlying resilience to injury will point to new therapeutic 

approaches.

Ferroptosis is a distinct, non-apoptotic form of regulated cell death triggered by the 

pathologic accumulation of toxic membrane lipid peroxides in an iron-dependent manner 

(Dixon et al., 2012; Jiang et al., 2021; Yang et al., 2014; Zou and Schreiber, 2020). Cellular 

sensitivity and resistance to ferroptosis are primarily determined by transcriptional and 

metabolic cell states under complex interactions between cells and their microenvironment 

(Jiang et al., 2021; Zou and Schreiber, 2020). Importantly, ferroptosis is emerging as a 

critical driver of acute and chronic kidney diseases in mice and humans (Balzer et al., 

2022; Friedmann Angeli et al., 2014; Guan et al., 2021; Ide et al., 2021; Li et al., 2021; 

Linkermann et al., 2014; Maremonti et al., 2022; Muller et al., 2017; Wenzel et al., 2017). 

For example, insufficient activity of glutathione peroxidase 4 (GPX4), the central defense 

pathway against ferroptosis, causes an imbalance in the generation and elimination of toxic 

lipid peroxides and increases ferroptotic stress in proximal tubular (PT) epithelial cells, 

triggering ferroptotic cell death and promoting maladaptive renal repair (Friedmann Angeli 

et al., 2014; Ide et al., 2021; Ingold et al., 2018; Maremonti et al., 2022). Moreover, estradiol 

has been shown to affect the cellular redox state in humans and to prevent ferroptosis in cell 

culture (Bellanti et al., 2013; Mishima et al., 2020). These observations raise the intriguing 

idea that ferroptosis is a sex-dependent regulated cell death process in the kidney.

Here, using complementary mouse genetic and single-cell transcriptomic approaches, we 

have uncovered a protective role of female sex against ferroptosis in the kidney. In 

addition, our single-cell transcriptomics studies reveal that NF-E2-related factor 2 (NRF2) 

(Yamamoto et al., 2018) is a potential regulator of ferroptotic resilience in females. Our 

genetic loss-of-function and pharmacological gain-of-function studies show that NRF2 

functions as a molecular “rheostat,” modulating the ferroptosis sensitivity of PT cells in 
vivo, and provide a molecular explanation for female resilience against ferroptosis. Taken 

together, our results raise the possibility that NRF2 can be therapeutically harnessed to 

inhibit ferroptosis in kidneys and thereby improve renal repair and regeneration after injury 

in both sexes.
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RESULTS

Female sex protects renal tubular epithelial cells from ferroptosis

PT cells are among the most severely affected targets of acute ischemic and toxic injuries 

and are vulnerable to ferroptotic stress and ferroptosis (Ferenbach and Bonventre, 2015; 

Friedmann Angeli et al., 2014; Guan et al., 2021; Ide and Souma, 2022; Ide et al., 2021; 

Linkermann et al., 2014). To identify potential sex differences in the ferroptotic process 

in kidneys, we first generated a mouse line (Pax8rtTA; tetO-Cre; Gpx4fl/fl, herein Gpx4 
conditional knockout [cKO]) in which ferroptotic stress and ferroptosis can be selectively 

induced in adult renal tubular epithelial cells in a doxycycline-inducible manner (Figure 

1A). Doxycycline feeding robustly induced Cre-mediated deletion of exons 2–4 of the Gpx4 
allele, including the region encoding the catalytically active selenocysteine site of the GPX4 
protein. We confirmed the consistent deletion of Gpx4 at mRNA and protein levels in both 

males and females (Figures S1A and S1B).

In male, but not female, mice, Gpx4 deletion caused tubular epithelial injury and reduced 

kidney function, marked by doubling of serum creatinine levels on day 10 (Figures 1B 

and 1C; Figure S1E). Gpx4-deleted male kidneys also exhibited significant accumulation 

of 4-hydroxynonenal (4-HNE), a highly reactive and pathogenic molecule generated 

during lipid peroxidation (Figures S1C and S1D). We observed robust induction of 

tubular injury markers, such as kidney injury molecule-1 (KIM1; encoded by Havcr1) 

(Ichimura et al., 2008), cytokeratin 20 (Krt20) (Liu et al., 2017), and neutrophil gelatinase-

associated lipocalin (NGAL; encoded by Lcn2) (Paragas et al., 2011) in male Gpx4 cKO 

kidneys (Figures 1D and 1E; Figure S1F). Moreover, these kidneys show deposition of 

extracellular matrix components such as collagen 1a1 and increased numbers of renal 

F4/80+ macrophages (Figures 1D and 1E; Figure S1F), which are characteristic of failed 

repair after AKI (Ferenbach and Bonventre, 2015; Ide et al., 2021).

We assessed cell death using the terminal deoxynucleotidyl transferase-mediated dUTP nick 

end labeling (TUNEL) assay, which detects ferroptotic cell death in Gpx4-deleted tissues 

(Friedmann Angeli et al., 2014; Grasl-Kraupp et al., 1995; Ide and Souma, 2022; Ide et 

al., 2021; Maremonti et al., 2022). Consistent with the known central role of GPX4 in 

preventing ferroptosis (Friedmann Angeli et al., 2014; Ingold et al., 2018; Yang et al., 2014), 

genetic deletion of Gpx4 results in increased TUNEL+ tubular epithelial cells in male, but 

not female, cKO kidneys at this time (Figures 1F and 1G). The male cKO kidneys were 

negative for cleaved caspase 3, providing further evidence that ferroptosis is distinct from 

apoptosis (Figure S1G) (Friedmann Angeli et al., 2014; Ingold et al., 2018). Strikingly, 

as indicated, female Gpx4 cKO mice did not show increases in tubular injury markers 

(Kim1, Krt20, and Lcn2), lipid peroxidation (4-HNE), collagen production, or TUNEL+ 

cells. Their kidney function also did not change from baseline (Figures 1B and 1D–1G; 

Figures S1C–S1F). In summary, our comparative analyses of male and female Gpx4 cKO 

kidneys demonstrate that female kidneys are markedly resistant to Gpx4 deletion-induced 

acute kidney damage and ferroptosis.
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Intact ovarian function is essential for female ferroptosis resilience

In mammals, sex differences in biological and pathological processes arise from an intricate 

network of factors including developmental pathways, products of the neuroendocrine axis, 

and genes located on sex chromosomes (Bairey Merz et al., 2019; Mauvais-Jarvis et 

al., 2020). To investigate the potential role of the sex hormonal environment on female 

resistance to renal tubular ferroptosis, we evaluated the female kidneys from ovariectomized 

(OVX) and sham-operated (hormonally intact) Gpx4 cKO mice and their littermates (Figure 

2A). As expected, Gpx4-deficient kidneys from sham-operated mice did not show signs of 

kidney injury, including no elevation of serum creatinine, induction of renal tubular injury 

markers (KIM1 and KRT20), or increased cell death (TUNEL+ cells) (Figure 2; Figure S2). 

However, ovariectomy attenuated the female protection of Gpx4 cKO mice. Ovariectomy 

(OVX) worsened the kidney function of Gpx4-deficient female kidneys (Figure 2B) and 

increased expressions of KIM1 and 4-HNE and the number of TUNEL+ cells (Figures 2C–

2G; Figure S2), although the magnitude of injury was still not as severe as seen in male 

Gp×4 cKO kidneys. Collectively, our data demonstrate that female sex confers resilience 

to ferroptosis and ferroptotic stress in kidneys through ovarian-dependent and -independent 

mechanisms.

scRNA sequencing identifies inflammatory PT cells in male Gpx4-deficient kidneys

Next, we utilized single-cell RNA sequencing (scRNA-seq) to uncover additional 

mechanisms by which female kidneys are resistant to ferroptotic stress in vivo and decipher 

cellular states that accompany following GPX4 loss of function. Kidneys of male and 

female Gpx4 cKO mice as well as their littermates were harvested for scRNA-seq analysis 

at 10 days after initiating doxycycline feeding, a time when we observed significant and 

most extensive female protection against ferroptosis (Figure 3A). Data from 8 independent 

kidneys were filtered to eliminate potential doublets and low-quality cells, followed by 

integration to minimize potential batch effects while maintaining biological variables 

(30,927 cells; Figure 3B; Figure S3A) (Hafemeister and Satija, 2019; Hao et al., 2021). 

We then performed unsupervised clustering analysis of the integrated dataset. Uniform 

manifold approximation and projection (UMAP) resolved all major cell types in the kidneys 

(Figure 3B). The cellular identity of each cluster was determined based on the known 

cell-type-specific markers, as we previously demonstrated (Figure S3B) (Ide et al., 2021).

We identified a unique cluster of cells that are mostly derived from male Gpx4 cKO kidneys 

(damage-associated PT [DA-PT] cells in Figure 3B). The transcriptional signature of the 

cells in this cluster resembles that of recently described inflammatory PT cells (Figures 

S3C and S3D), a pathologic cell state associated with maladaptive and failed renal repair 

and characterized by expression of Sry-box 9 (SOX9) and vascular cell adhesion molecule 

1 (VCAM1) (Gerhardt et al., 2021; Ide et al., 2021; Kirita et al., 2020). Inflammatory PT 

cells express high levels of injury and regeneration-related genes but reduced expression 

of mature PT cell genes as observed previously after ischemic and toxic injuries (Figure 

3C) (Gerhardt et al., 2021; Ide et al., 2021; Kirita et al., 2020; Lu et al., 2021). Our 

computational inference using Monocle 3 (Cao et al., 2019) suggests that inflammatory PT 

cells are derived from mature PT cells in male Gpx4 KO mice, as in IRI models (Gerhardt 

et al., 2021; Ide et al., 2021; Kirita et al., 2020) (Figure 3D). Immunofluorescence and qRT-
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PCR analyses validated the accumulation of SOX9+VCAM1+ cells in male Gpx4-deleted 

kidneys but not in other conditions (Figures 3E and 3F). Interestingly, we also observed 

the accumulation of SOX9+VCAM1+ PT cells in ovariectomized Gpx4-deficient female 

kidneys, whereas none were observed in Gpx4-deficient female kidneys of hormonally 

intact controls (Figures S2F and S2G). This result suggests that an intact female hormonal 

environment is a key determinant of PT cell fate. Together with our recent report (Ide et al., 

2021), our results substantiate our model that ferroptotic stress governs PT cell plasticity and 

cell-fate decision in a sex-dependent manner.

scRNA-seq identifies potential molecular pathways underlying female resilience to 
ferroptosis

We hypothesized that female resilience against ferroptosis is controlled by gene sets that 

are highly expressed in female PT cells compared with male, both at baseline and after 

Gpx4 deletion. We identified 128 genes that fall into this category. Their analysis using 

“Enrichr” (Kuleshov et al., 2016) identified the NRF2 antioxidant cellular defense pathway 

(Yamamoto et al., 2018) as a top candidate protective pathway, among others (Figures 4A–

4C). To further dissect the transcriptional regulatory networks underlying sex-dependent 

responses to ferroptotic stress, we performed additional computational analyses using 

single-cell regulatory network inference and clustering (SCENIC), which infers candidate 

transcription factors governing cell states across conditions by linking cis-regulatory 

sequence information with the co-expression pattern of transcription factors and target genes 

in each cell (Figure 4D) (Aibar et al., 2017). We applied SCENIC to a total of 15,416 PT 

cells from all four conditions, allowing us to cluster each cell based on its gene regulatory 

network activity or regulons. Our analyses identified distinct patterns of regulatory nodes 

that are active in PT cells in an unbiased way. For example, we noticed that some regulons 

are highly active in both male and female Gpx4 KO PT cells (e.g., Atf4, Xbp1, Cebpb), but 

others are differentially enriched in one or other sex (Figure 4D; Figure S4).

The SCENIC analysis again identified NRF2 as the highly over-represented regulon 

enriched in female PT cells from both Gpx4-intact and KO mice (Figure 4D). UMAP 

representation of NRF2 regulon activity clearly shows much higher activity in female 

compared with male PT cells. Moreover, the number of cells with high NRF2 regulon 

activity was increased by Gpx4 deletion in both sexes but, again, to a higher level in females 

(Figure 4D). These two independent analyses suggest that NRF2 signaling is a potential 

pathway that confers female resilience to ferroptotic stress. In support of our finding, higher 

female NRF2 activity than male at baseline was observed in mouse and human livers (Liu 

et al., 2021; Rooney et al., 2018), suggesting that the role of NRF2 in conferring ferroptosis 

resilience in females may extend to other organ systems.

Nrf2-target genes are differentially regulated in PT cells between sexes

Among the differentially expressed genes, Gsta4, Gstm1, and Mgst1 are of particular 

interest due to their known functions in cellular redox regulation (Figures S5 and S6). 

The glutathione transferases encoded by these genes are crucial for protecting cells 

against electrophiles and oxidative stress, and they are effectors of NRF2 signaling 

(Hayes et al., 2005; Yamamoto et al., 2018). GSTA4 is the major enzyme that detoxifies 
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4-HNE and is protective against renal inflammation and fibrosis in a ureteral obstruction 

model (Liangetal.,2012). GSTM1-null variants are highly prevalent in the general human 

population, ranging from 25% to 50%, and increase the risk of heart failure and end-

stage kidney diseases (Gigliotti et al., 2020; Tin et al., 2017). MGST1 protects human 

pancreatic cancer cell organoids from ferroptosis (Kuang et al., 2021). We confirmed the 

NRF2-mediated regulation of these genes by applying a potent pharmacological inducer of 

NRF2 (1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl] imidazole [CDDO-Im]) (Nezu et 

al., 2017; Yates et al., 2007). These genes were significantly induced by CDDO-Im in mouse 

kidneys but not in Nrf2-null mouse embryonic fibroblasts (MEFs) (Figure S7).

UMAP representation of each gene clearly shows the higher expression in female PT 

cells compared with males (Figures S6A, S6D, and S6G). In support of our computational 

analyses, studies using qRT-PCR and RNAScope in situ hybridization with a validation 

cohort of mice confirmed the higher expression of these genes in lotus-tetragonolobus lectin 

(LTL)-expressing female PT cells than in male PT cells (Figure S6). Our validation studies 

also confirmed the female-enriched expression pattern of other predicted female resilience 

genes, which have roles for cysteine synthesis (cystathionine gammalyase [Cth]) (Zhu et al., 

2019) and inactivation of highly reactive lipid aldehydes such as 4-HNE (carbonyl reductase 

1 [Cbr1]) (Oppermann, 2007) (Figures S5B and S5C).

To test the effects of male and female sex hormones on these glutathione metabolic genes, 

we performed OVX in females and orchiectomy (ORX) in males (Figure S8A). While 

OVX did not alter the expression levels, we observed a robust induction of these genes 

in male kidneys from orchiectomized mice (Figures S8B–S8D). These data suggest that a 

low-testosterone female microenvironment underlies the sexual dimorphism of glutathione 

metabolic gene expression.

Collectively, our data suggest two significant conclusions: that sex differences in NRF2 

activity underlie the resilience of female PT cells to ferroptosis and that promoting NRF2 

expression levels in male PT cells may confer resistance to ferroptosis as in females.

Genetic loss of Nrf2 in inflammatory PT cells prevents renal repair after IRI

While the role of NRF2 in ferroptosis resistance has been postulated from studies using 

cancer cells (Kuang et al., 2021; Sun et al., 2016; Takahashi et al., 2020), it has been 

underappreciated as to how NRF2 regulates ferroptotic stress and governs epithelial cell fate 

during tissue repair in vivo. We hypothesized that Nrf2 gene activity acts as a “molecular 

rheostat” to control PT cell fate under high ferroptotic stress such as after IRI. We tested 

this hypothesis using combined genetic loss-of-function, pharmacological inhibitor, and 

fate-mapping studies (Figures 5A and 6A). We generated a mouse line in which Nrf2 can 

be selectively and conditionally deleted using a CreERT2 allele of Sox9, a gene that is 

highly induced in damaged and repairing PT cells after IRI (Ide et al., 2021; Kang et al., 

2016; Kumar et al., 2015). In this mouse line, tamoxifen administration deletes exon 5 

(encoding the DNA-binding domain) of the Nrf2 allele in Sox9-lineage cells (Sox9CreERT2; 

Nrf2flox/flox; herein, Nrf2 cKO) after IRI (Figure 5A). PT cells of the contralateral uninjured 

kidney (CLK) are not targeted by this Cre line as the Sox9 gene is only induced in PT cells 

after renal damage (Ide et al., 2021; Kumar et al., 2015).
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We subjected Nrf2 cKO mice and Cre-negative control littermates (Nrf2flox/flox) to mild 

renal ischemic stress (ischemic time: 20 min). All mice received tamoxifen to eliminate 

confounding by tamoxifen injection (Figure 5A). In this condition, the kidneys of control 

mice successfully repair on day 21 after IRI, as previously reported (Ide et al., 2021). 

Nrf2-deleted kidneys exposed to IRI robustly expressed KIM1 and showed a higher number 

of SOX9+VCAM1+ inflammatory PT cells on day 21 after IRI compared with Nrf2-intact 

IRI kidneys (Figures 5B–5E; see CLK data in Figure S9B). Nrf2 deletion also increased 

ferroptotic stress markers (4-HNE and acyl-CoA synthetase long-chain family member 4 

[ACSL4]) and the number of TUNEL+ cells (Figures 5F–5I; see CLK data in Figures 

S9B and S9C), and these pathological changes were associated with an increase of F4/80+ 

macrophages and collagen 1 deposition (Figures S9D and S9E). By contrast, Nrf2-intact 

control littermate kidneys that underwent the same ischemic stress did not show these 

pathological changes, indicating that these kidneys successfully repaired after IRI (control 

IRI; Figure 5; Figure S9). Collectively, these data indicate that genetic deletion of Nrf2 in 

Sox9-lineage cells is sufficient to prevent normal renal repair after mild ischemic injury and 

to induce failed renal repair phenotypes.

Pharmacological inhibition of ferroptosis rescues the PT cell plasticity after IRI

Genetic Nrf2 deletion increased the number of 4-HNE and TUNEL+ cells in IRI kidneys, 

suggesting that NRF2 controls PT cell fate by mitigating ferroptotic stress and inhibiting 

ferroptosis. To directly evaluate the contribution of NRF2 in regulating ferroptotic stress, we 

administered liproxstatin-1 (Lip-1), an in vivo scavenger of toxic lipid peroxides that inhibits 

ferroptosis (Friedmann Angeli et al., 2014; Ide and Souma, 2022), to our Nrf2 cKO mice 

that underwent renal IRI (cKO, Lip-1), (Figure 6A). The same volume of vehicle solution 

(1% dimethyl sulfoxide in phosphate-buffered saline) was administered to cKO mice that 

underwent the same ischemic stress and tamoxifen injections (cKO, vehicle).

Vehicle-treated cKO kidneys show accumulation of SOX9+ VCAM1+ inflammatory PT cells 

on day 21 after IRI, whereas daily Lip-1 treatment significantly reduced the number of 

these cells (Figures 6B and 6C). To follow the fate of SOX9+ cells after Nrf2 deletion, 

we then introduced the Rosa26tdTomato lineage reporter in this mouse line (Sox9CreERT2; 

Nrf2flox/flox; Rosa26tdTomato) (Ide et al., 2021). We observed a significant reduction of 

VCAM1 expression, a molecular marker for failed repair state (Kirita et al., 2020), in Nrf2-

deleted Sox9-lineage cells in Lip-1-treated IRI kidneys compared with the vehicle-treated 

IRI kidneys (Figures 6D and 6E). This result indicates that Lip-1 improved the plasticity of 

Sox9-lineage cells and facilitated their re-differentiation to a normal quiescent state (Figure 

6F). Moreover, we observed a marked reduction of 4-HNE and TUNEL+ cells in IRI kidneys 

from Lip-1-treated Nrf2 cKO mice compared with vehicle-treated cKO mice (Figures 6G–

6J). Collectively, these data substantiate our previously proposed model (Ide et al., 2021) 

that ferroptotic stress drives the accumulation of inflammatory PT cells by preventing their 

re-differentiation and identify NRF2 as the key in vivo regulator of PT cell fate and plasticity 

by inhibiting ferroptotic stress (Figure 6K).
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Pharmacological activation of NRF2 protects kidneys from ferroptosis

Next, we tested our hypothesis that induction of NRF2 renders male PT cells resistant to 

ferroptosis in vivo like female PT cells. We administered a pharmacological activator of 

NRF2 (CDDO-Im, 16 mg/kg body weight) by oral gavage to the Gpx4 cKO mice and 

their Gpx4-intact littermates (Figure 7A). In addition, vehicle solution was administered 

to each genotype of mice as controls. CDDO-Im improved kidney function in Gpx4 cKO 

mice (Figure 7B) and potently induced the genes associated with female resilience to 

ferroptosis in Gpx4-deleted male kidneys, as hypothesized (Figure S10B). Vehicle-treated 

Gpx4 cKO kidneys showed an increase in KIM1 expression and the accumulation of 

SOX9+VCAM1+ inflammatory PT cells after Gpx4 deletion, whereas CDDO-Im treatment 

significantly mitigated these pathological changes (Figures 7C and 7D; Figures S10C and 

S10D). Moreover, we observed a significant reduction of TUNEL+ cells by CDDO-Im 

in Gpx4 cKO mice compared with vehicle-treated cKO mice (Figures 7E and 7F). The 

improvement in tubular injury and cell death in CDDO-Im-treated Gpx4 cKO mice was 

associated with reduced 4-HNE, macrophage accumulation, and collagen 1 deposition 

(Figures S10E–S10H).

We then tested whether CDDO-Im-mediated protection is cell autonomous and conserved 

across species using a cell-based assay. We subjected human and pig PT cell lines (HK2 and 

LLC-PK1, respectively) with a ferroptosis inducer, erastin (Dixon et al., 2012). CDDO-Im 

effectively prevented erastin-induced ferroptosis in both human and pig PT cells (Figure 

7G) but failed to rescue Nrf2-deficient MEFs from ferroptotic death (Figure 7H), supporting 

our contention that NRF2 activation in PT cells mitigates ferroptosis of these cells across 

species. Collectively, our results strongly suggest that NRF2 is a central regulator of 

ferroptosis sensitivity and a critical determinant of PT cell fate and plasticity in vivo (Figures 

6K and 7I).

DISCUSSION

Identifying the mechanisms that regulate ferroptosis is critical for designing therapeutic 

interventions to a wide range of human pathologies, such as cardiovascular diseases, 

neurodegeneration, chemotherapy-resistant cancers, ischemia reperfusion, and acute and 

chronic kidney diseases (Jiang et al., 2021; Zou and Schreiber, 2020). Multiple high-

throughput cell-based screening assays have been applied to advance the field (Jiang et al., 

2021; Zou and Schreiber, 2020). However, the molecular mechanisms governing differential 

ferroptosis sensitivity in vivo are poorly understood. In this study, we uncovered that 

ferroptosis sensitivity of PT cells is markedly different between sexes. We show that PT 

cells in female kidneys are resistant to ferroptosis, whereas male PT cells are vulnerable. 

Mechanistically, our single-cell transcriptomic analyses find distinct regulatory nodes that 

likely determine PT cell state and sensitivity to ferroptosis and identify NRF2 as a key 

molecule that underpins ferroptosis resilience in female cells. Our study also establishes 

a critical role for NRF2 in regulating cell fate and plasticity in adaptive reprogramming 

processes of kidney injury and repair by inhibiting ferroptotic stress.

Based on our surprising finding that female PT cells are markedly resistant to ferroptosis 

in vivo, we reasoned that by defining and comparing cell states of both sexes after genetic 

Ide et al. Page 9

Cell Rep. Author manuscript; available in PMC 2022 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



perturbation, we could identify molecular regulators of differential ferroptosis sensitivity 

at single-cell resolution in vivo. Through unbiased computational inference, we found 

a distinct pattern of regulatory nodes in normal and Gpx4-deleted PT cells from both 

sexes. Some regulatory nodes are already highly enriched in PT cells at baseline in 

females, and others emerge in the Gpx4-deficient state, suggesting that female ferroptosis 

resilience is both constitutive and adaptive. Moreover, we found that female resistance to 

ferroptosis is significantly, but partly, conferred by the female sex hormonal environment, 

supporting the idea that the regulation of ferroptosis sensitivity involves multiple interactions 

between cells and their environment. Our data also provide mechanistic insight into the 

clinical observation that the female hormonal environment protects, and the male hormonal 

environment aggravates, acute and chronic kidney injuries (Aufhauser et al., 2016; Bairey 

Merz et al., 2019; Harris and Zhang, 2020). In light of the fact that female PT cells undergo 

cyclic stress during the estrous cycle in humans (Seppi et al., 2016), we surmise that female 

resilience to ferroptosis is part of a natural system that guards against the cyclic changes of 

microenvironment and physiological increase of metabolic demand that strains renal tubular 

cells during pregnancy, as in the other systems (Nakada et al., 2014).

Our scRNA-seq analyses identified NRF2, a cap’n’collar (CNC) transcription factor and 

the master regulator of antioxidative stress responses (Yamamoto et al., 2018), as the top 

candidate for female ferroptosis resilience. Several lines of evidence implicate NRF2 as a 

critical regulator of acute and chronic kidney diseases. Genome-wide association studies 

identify single-nucleotide polymorphisms near the NRF2 locus with kidney function (Morris 

et al., 2019), and NRF2 serves as a signaling hub for human CKD progression (Martini 

et al., 2014). Preclinical studies support the protective role of NRF2 in AKI (Liu et al., 

2014; Nezu et al., 2017), and pharmacological activators of NRF2 are under phase 2/3 

clinical trials for multiple forms of kidney diseases (Ito et al., 2020; Yamamoto et al., 

2018). However, given the increasing attention on NRF2 inhibition as a therapeutic strategy 

for therapy-resistant cancers and concern about a cardiovascular adverse event tied to use 

of an NRF2 inducer in a clinical trial on advanced diabetic kidney disease (Ito et al., 

2020; Yamamoto et al., 2018), we need to deepen our understanding of the NRF2 pathway 

and identify downstream molecular and cellular regulators that can be targeted in human 

populations at risk.

Through pharmacological gain-of-function, genetic loss-of-function, and genetic lineage-

tracing studies, we found that NRF2 governs PT cell fate and plasticity by inhibiting 

ferroptosis. Thus, NRF2 controls cell fate and plasticity in terminally differentiated 

epithelial cells in their adaptive reprogramming during tissue injury and repair (Jessen et al., 

2015; Tata et al., 2021), in addition to regulating stem cell renewal and differentiation (Dai 

et al., 2020). Our data also provide direct preclinical evidence that NRF2 is a therapeutic 

target to modulate ferroptosis sensitivity in vivo. Moreover, our finding that a low expression 

level of the Gstm1 gene is associated with high occurrence of ferroptosis may explain the 

clinical observation that null mutation in GSTM1 increases the risk of end-stage kidney 

disease in humans (Tin et al., 2017). Interestingly, higher consumption of NRF2-inducing 

diets was associated with better renal outcomes in this population, and Gstm1-null mice 

exhibit much higher lipid peroxidation in chronic kidney injury models (Gigliotti et al., 

Ide et al. Page 10

Cell Rep. Author manuscript; available in PMC 2022 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2020). Therefore, we anticipate that the GSTM1-null population may benefit from NRF2 

induction or ferroptosis inhibition when kidneys are damaged acutely.

In summary, our data establish that the NRF2 pathway is a potent inhibitor of ferroptosis in 
vivo in kidneys and substantiate our model in which NRF2 acts as a “molecular rheostat” 

modulating ferroptosis sensitivity, thus governing cell fate and plasticity (Figure 7I). More 

broadly, our results pinpoint the significant possibility that endogenous female resilience 

factors can be therapeutically harnessed to inhibit ferroptosis in both sexes during AKI in 

order to prevent transition to CKD.

Limitations of the study

Using tamoxifen-inducible Gpx4 KO mouse lines, prior studies showed the critical role of 

GPX4 in maintaining tubular epithelial health (Friedmann Angeli et al., 2014; Van Coillie 

et al., 2022). They reported early lethality due to severe AKI. To avoid the potential bias 

of tamoxifen, a selective estrogen receptor modulator, in sex hormonal effects on kidney 

injury and repair processes, we selectively used a doxycycline-inducible, tubule-specific 

Gpx4 KO mouse line. Potentially due to the differences in genetic targeting strategies, our 

model showed a milder AKI phenotype compared with the previous reports and avoided the 

reported early lethality. Additional studies are needed to determine the precise molecular 

mechanisms as to how our Gpx4 cKO mice circumvented the lethality and whether sex 

differences in ferroptosis are observed in other models and tissues.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Tomokazu Souma 

(tomokazu.souma@duke.edu).

Materials availability—This study did not generate new unique materials. All mouse lines 

used in this manuscript are available from the Jackson Laboratory.

Data and code availability—Single-cell RNA-seq data that support the findings of 

this study have been deposited at Gene Expression Omnibus (GEO, GEO accession: 

GSE197528) and are publicly available as of the date of publication. All other data reported 

in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies—All animal experiments were approved by the Institutional Animal 

Care and Use Committee at Duke University (A051–18-02 and A014–21-01) and conform 

to the NIH Guide for the Care and Use of Laboratory Animals. Animal husbandry 

Ide et al. Page 11

Cell Rep. Author manuscript; available in PMC 2022 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and veterinary care were provided by Duke University’s Division of Laboratory Animal 

Resources (DLAR). Male and female mice aged between 4 and 16 weeks were used for the 

studies. The following mouse lines were used for our study: Pax8rtTA (Jackson lab, stock 

#007176), tetO-Cre (Jackson lab, stock #006234), Gpx4flox (Jackson lab, stock# 027964), 

Nrf2flox (Jackson lab, stock# 025433), Rosa26tdTomato (Jackson lab, stock #007914), 

Sox9IRES-CreERT2, and C57BL/6J (Jackson lab, stock# 000664) (Kong et al., 2011; Madisen 

et al., 2010; Perl et al., 2002; Soeda et al., 2010; Traykova-Brauch et al., 2008; Yoo et al., 

2012). Mice were backcrossed into a C57BL/6J background at least 4 times and maintained 

in our specific-pathogen-free facility. Mice were genotyped using the primers listed in Table 

S1. Timed genetic deletion of target genes was achieved as follows. We deleted Gpx4 in 

renal tubular epithelial cells by using a Pax8rtTA; tetO-Cre system (Traykova-Brauch et al., 

2008) with doxycycline treatment in drinking water (0.2% (wt/vol) doxycycline and 5% 

(wt/vol) sucrose) for 7 days. For the long-term observational study (day 28), these mice were 

further fed with a doxycycline-containing diet (625 mg/kg, TD.08541, Envigo, Indianapolis, 

IN). Deletion of Nrf2 in Sox9-lineage cells was achieved using a Sox9IRES-CreERT2 system 

(Ide et al., 2021; Soeda et al., 2010) with 3 doses of intraperitoneal injections of tamoxifen 

(100 mg/kg body weight, Sigma, St. Louis MO) on alternate days. The first dose of 

tamoxifen was administered immediately before the surgical intervention. Control mice were 

subjected to the same drug treatment regimen. To avoid confounding effects of age and 

strain background, littermate controls were used for all phenotypic analyses of genetically 

modified mouse lines, and the data were combined to obtain the experimental sample 

sizes. Serum creatinine levels were measured at Bioanalytical Core of O’Brien Center 

for Acute Kidney Injury Research, University of Alabama at Birmingham using LC-mass 

spectrometry.

Cell culture studies—Human and pig male proximal tubular cell lines (HK2, ATCC, 

CRL-2190; LLC-PK1, ATCC, CL-101) were obtained from the Cell Culture Facility (CCF) 

at Duke University. Wild-type and Nrf2 knockout male mouse embryonic fibroblasts (MEFs) 

were a generous gift from Drs. Wakabayashi, Yagishita, and Kensler (Wakabayashi et al., 

2010). Cells were seeded on 96-well tissue culture assay plates at 2,500 cells/well with 

3 biological replicates per condition, and they were cultured with standard methods in a 

humidified incubator at 37°C with 5% CO2. HK2 and LLC-PK1 cells were cultured in 

DMEM high glucose (Corning) supplemented with 10% fetal bovine serum (Corning, 35–

010-CV) and 1% penicillin/streptomycin (Sigma). MEFs were cultured in IMDM (Thermo, 

76,050) supplemented with 10% fetal bovine serum and 1% primocin (Invivogen, ANT-

PM-1) (Wakabayashietal.,2010). Cells were tested to be mycoplasma free by Duke CCF. 

The cell lines have not been authenticated in our lab.

METHOD DETAILS

Surgical models—Mice were anesthetized with isoflurane and provided preemptive 

analgesics (buprenorphine SR). The body temperature of mice was monitored and 

maintained on a heat-controlled surgical pad. Adult male mice aged between 8 and 16 

weeks were used for unilateral IRI with mild ischemic time (20 min) using an atraumatic 

vascular clip (Roboz, RS-5435, Gaithersburg, MD). We induced ischemia by clamping the 

left renal pedicle through dorsal incision (Ide et al., 2021). Contralateral kidneys (CLK) 
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and vehicle-injected kidneys were used as controls as described in the individual figure 

legends and experimental schemes. Juvenile female mice aged 4–5 weeks old were subjected 

to ovariectomy (OVX). Ovaries were exposed and located through dorsal single midline 

incision. The ovaries were then isolated, ligated, and removed. Sham-treated animals 

underwent the same surgical procedure except the ovaries were left intact. All animals 

were allowed to recover for 4 weeks before initiating doxycycline feeding to genetically 

delete the Gpx4 gene. Adult male mice aged 7–9 weeks old were subjected to orchiectomy 

(ORX). Testes were exposed and located through single ventral incision on scrotal sac. 

Testes were then isolated, ligated, and removed. Sham-treated animals underwent the same 

surgical procedure except testes were left intact. All animals were allowed to recover for 

3 weeks before harvesting kidneys. The operators were blinded to mouse genotypes when 

inducing surgical injury models.

Pharmacological ferroptosis inhibition—Pharmacological inhibition of ferroptosis in 

mice was performed using liproxstatin-1 (Lip-1; (Friedmann Angeli et al., 2014; Ide et 

al., 2021). Mice were randomly assigned to vehicle (1% dimethyl sulfoxide in phosphate-

buffered saline) and Lip-1 (10 mg/kg, Selleckchem, S7699) groups. Mice were administered 

either vehicle or Lip-1 daily by intraperitoneal injections starting from 1 h before renal 

ischemia. All the mice were subjected to the same ischemic stress (20-min ischemic time) 

and tamoxifen treatment to avoid potential confounding. The mice were euthanatized, and 

kidneys were harvested on day 21 after IRI.

Pharmacological activation of NRF2—CDDO-Im (Tocris Bioscience, #47–371-0) was 

dissolved in vehicle (10% dimethyl sulfoxide, 10% Kolliphor-EL [Sigma, C5135] in PBS) 

and administered at 30 μmol/kg body weight orally to mice on alternate days (Nezu et al., 

2017). Vehicle was administered to control group. Mice were euthanized at indicated time 

points in the scheme and figure legend.

scRNAseq—To prepare single-cell suspension of whole kidneys, the kidneys were 

dissociated with liberase TM (0.3 mg/mL, Roche, Basel, Switzerland, #291963), 

hyaluronidase (10 μg/mL, Sigma, H4272), DNaseI (20 μg/mL) at 37°C for 20 min, followed 

by incubation with 0.25% trypsin EDTA at 37°C for 10 min. Trypsin was inactivated using 

10% fetal bovine serum in PBS. Cells were then resuspended in PBS supplemented with 

0.01% BSA. Our protocol yielded high cell viability (>90%) and very few doublets (Ide 

et al., 2021). After filtration through a 40 μm strainer, cells were processed at the Viral 

Genetic Analysis Core Facility at Duke Human Vaccine Institute. The samples were targeted 

to 10,000 cell recovery and processed using 10x Chromium Single Cell 3’ Reagent kit v3.1 

(10x Genomics, Pleasanton, CA). cDNA libraries were sequenced using HiSeq X Ten with 

150-bp paired-end sequencing. Each condition contains the cells from two mice to minimize 

potential biological and technical variability.

Data preprocessing, unsupervised clustering, and cell type annotation—
Analysis of the scRNAseq of mouse kidneys was performed by processing FASTQ files 

using 10x Genomics Cell Ranger (ver. 6.0.1), and reads were mapped on the mm10 mouse 

genome reference. Unique molecular identifier (UMI) counts were then further analyzed 
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using an R package Seurat v.4.06 for quality control, dimensionality reduction, and cell 

clustering (Hao et al., 2021). The scRNAseq matrices were filtered by custom cutoff (genes 

expressed in >1 cells, cells expressing more than 300 and less than 7,500 detected genes, and 

cells with %mitochondrial genes<0.7 were included) to remove potential empty droplets and 

doublets. Relationships between the number of UMI/cell and genes/cell were comparable 

across the condition (Figure S3A). DoubletFinder (ver. 2.03) and SoupX (ver. 1.5.2) were 

used to remove predicted doublets and ambient RNA contamination (McGinnis et al., 2019; 

Young and Behjati, 2020). After these quality control steps, the filtered libraries were 

normalized using SCTransform (Hafemeister and Satija, 2019). To remove an additional 

confounding source of variation, the mitochondrial mapping percentage was regressed out. 

UMI count matrices from each condition were integrated using Seurat’s integration and label 

transfer method, which corrects potential batch effects (Chazarra-Gil et al., 2021; Hao et 

al., 2021). The integrated dataset was used for all the downstream analyses. The number 

of principal components (PC) for downstream analyses were determined using elbow plot 

to identify knee point, and we included the first 25 PCs for the downstream analyses. A 

graph-based clustering approach in Seurat was used to cluster the cells in our integrated 

dataset, and the resolution was set at 2.0. Cluster-defining markers for each cluster were 

obtained using the Seurat’s FindAllMarkers command (genes at least expressed in 20% of 

cells within the cluster, log fold change> 0.25) with the Wilcoxon Rank-Sum test. Based on 

the marker genes and manual curation of the gene expression pattern of canonical marker 

genes in UMAP plots, we assigned a cell identity to each cluster. We manually combined 

clusters of proximal tubular cells from different segments (S1, S2, and S3) into 1 cluster 

(PT) to generate a more coarse-grained cell-type annotation and data visualization.

Differential gene expression analyses—To predict signaling pathways governing cell 

state, we performed Enrichr analyses using differentially expressed genes obtained by 

FindMarkers command in Seurat with Wilcoxon rank-sum test (Kuleshov et al., 2016). 

Log2 fold changes and p-values of each gene extracted were shown in a volcano plot using 

an R package EnhancedVolcano v1.10.0 (Figure S5A and supplementary data files). The 

top 100 genes in inflammatory PT cells in the ischemia-reperfusion-injured kidneys were 

obtained from GSE161201 and used as a gene list characterizing inflammatory PT cells 

(Supplementary data file 1). The mean values of the scaled scores for this gene list were 

calculated and visualized in the UMAP plot.

Pseudotime trajectory analyses—To infer the dynamic cellular process after Gpx4 
deletion, we performed single-cell trajectory analyses on the clusters of interest (PT and 

DA-PT) in our integrated Seurat object. We used Monocle 3 (version 1.0.0) with default 

parameters to identify a pseudotime trajectory (Cao et al., 2019). We used the UMAP 

space area occupied by the cells with high Slc34a1, a gene that is highly expressed in 

differentiated PT cells as the starting state.

Gene regulatory network analysis—To predict candidate transcription factors 

governing each cell state, we used SCENIC (ver.1.2.4), which infers the gene regulatory 

network based on co-expression of transcription factors and their target genes with cis-

regulatory sequence information. Based on the workflow provided by Aerts lab (Aibar et 
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al., 2017), we included the genes with at least 6 UMI counts and detected at least in 10% 

of PT cells for downstream analyses. Network regulatory activity was analyzed in each PT 

cell from our integrated Seurat object with all conditions. Regulon activity of each cell was 

then scored using AUCell and projected onto UMAP, and the average regulon activities were 

clustered based on experimental condition and shown as heatmap.

Tissue collection and histology—Kidneys were prepared as follows. For cryosections 

(7 μm), the tissues were fixed with 4% paraformaldehyde in PBS at 4°C for 4 h and 

then processed through a sucrose gradient. Kidneys were embedded in OCT compound 

for sectioning. For paraffin sections (5 μm), the tissues were fixed with 10% neutral 

buffered formalin overnight at 4°C and processed at Substrate Services Core & Research 

Support at Duke. Sections were blocked (animal-free blocker [Vector, SP-5030], with 0.5% 

Triton x-100) for 30 min and incubated with the primary antibodies overnight at 4°C. 

Primary antibodies used were as follows: KIM1 (R&D Systems, Minneapolis, MN, AF1817, 

1:400), NGAL (Abcam, ab70287, 1:400), COL1A1 (CST, E8F4L, 1:200), F4/80 (Bio-rad, 

Hercules, CA, MCA497G, 1:200), SOX9 (Abcam, Cambridge, UK, ab196450 or ab185966, 

1:200), VCAM1 (CST, 39036S or 33901S, 1:200), LTL (Vector, Burlingame, CA, FL-1321, 

1:200), 4-HNE (Abcam, ab46545, 1:200), cleaved caspase 3 (CST, 9661S, 1:400), ACSL4 

(Abcam, Ab155282, 1:200), and GPX4 (Abcam, ab125066, 1:200). Alexa Fluor-labeled 

secondary antibodies were used appropriately for immunofluorescence. ImmPRESS HRP 

reagent kit was used for immunohistochemistry (Vector, MP-7401). Heat-induced antigen 

retrieval was performed using pH 6.0 sodium citrate solution (eBioscience). Experiments for 

RNAScope in situ hybridization was performed as recommended by the manufacturer using 

Multiplex Fluorescent Reagent Kit v.2 (Cat. #323100, Advanced Cell Diagnostics, ACD, 

Newark, CA) and RNA Protein Co Detection kit (Cat. #323180). The following probes were 

used: Mm-Gstm1 (ACD, 503,461), Mm-Gsta4 (ACD, 1,132,411), and Mm-Mgst1 (ACD, 

861,961). TUNEL staining was performed following the manufacturer’s instruction (Abcam, 

ab206386). To ensure the TUNEL signal’s specificity, we used sections treated with DNase 

I as a positive control and a section treated without terminal deoxynucleotidyl transferase as 

a negative control, as recommended by the manufacturer. Sections stained for TUNEL were 

counterstained with methyl green. To evaluate apoptosis, we used spleens from the mice 

subjected to a single dose of 5 mg/kg lipopolysaccharide (LPS, E. Coli serotype O111:B4; 

Sigma, L2630) intraperitoneally and harvested 24 h after injection as a positive control. 

Periodic acid Schiff (PAS) staining was performed following manufacturer’s protocol 

(Sigma, 395B). Images were captured using Axio imager and 780 confocal microscopes 

(Zeiss, Oberkochen, Germany). More than three randomly selected areas from at least three 

kidneys were imaged and quantified using ImageJ (Ide et al., 2021). Quantifications were 

performed by two independent investigators to ensure reproducibility. Stitched large areas 

were used for quantification to alleviate the selection bias in the acquisition of images. All 

representative images were from more than 3 kidneys tested.

RNA extraction and real-time quantitative PCR—Total RNA was extracted from 

kidneys using the TRIzol reagent (Invitrogen, 15,596,026). 3 μg of total RNA was reverse 

transcribed with Maxima H minus cDNA synthesis master mix (Invitrogen, M1662), and 

equivalent amounts of diluted cDNA from each sample were analyzed with real-time PCR 
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with the primers listed in Table S2 using the Powerup SYBR Green reagent (Invitrogen, 

A25776) on a QuantStudio 3 real-time PCR systems (Thermo). 18S rRNA expression was 

used to normalize samples using the ΔΔCT-method.

Cell culture—To induce ferroptosis, cells were incubated with erastin (Tocris, 5449) for 

48 h, then cellular viability was evaluated with PrestoBlue viability reagent (Invitrogen, 

A13262) on a microplate reader (BMG labtech, Fluostar Optima). CDDO-Im (100 nM 

for LLC-PK1 and 10 nM for HK2 and MEF cells) or vehicle (dimethyl sulfoxide) were 

pretreated for 24 h to evaluate the contribution of NRF2 in ferroptosis. Cellular viability 

assays were repeated at least for 3 times, and representative experimental results are shown 

(all experiments showed the same trend). Relative viability was normalized to the respective 

erastin-free conditions. Sigmoidal nonlinear regression models were used to compute the 

regression fitting curves using GraphPad Prism.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism software. Statistical methods 

relevant to each figure are outlined in the figure legend. To determine experimental sample 

sizes to observe significant differences reproducibly, data from our previous studies were 

used to estimate the required animal numbers. The number of biological replicates is 

represented by n in each figure legend. Experiments were performed on at least three 

biological replicates. Each graphed point corresponds to a single biological replicate. 

Animals were allocated randomly into the experimental groups and analyses, while ensuring 

inclusion criteria based on sex, age, and genotypes. All tested animals were included in 

data analyses, and outliers were not excluded. In animal experiments, two-tailed unpaired 

Student’s t-test was used for two groups, and one-way analysis of variance (ANOVA) 

followed by Sidak multiple comparison test was used for more than two groups. For cellular 

viability assays, two-way ANOVA followed by Sidak multiple comparison test was used. 

All results from in vivo experiments are represented as means ± SEM and results from 

cell-based assays are shown as means ± SD. A p value less than 0.05 was considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Female sex confers striking protection against ferroptosis in mouse kidneys

• NRF2 antioxidant pathway is a female resilience mechanism against 

ferroptosis

• NRF2 controls cell fate and plasticity by regulating ferroptosis

• Female resilience factors can be harnessed to improve kidney injury and 

repair
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Figure 1. Female kidneys are protected from ferroptosis
(A) Experimental workflow for genetic deletion of Gpx4, encoding a canonical anti-

ferroptosis enzyme, in renal tubular epithelial cells. Doxycycline was given to control and 

Gpx4 cKO mice for 7 days, and kidneys were harvested on day 10.

(B) Serum creatinine levels in control versus Gpx4 cKO male and female mice. n = 4–5.

(C) Representative images of periodic-acid Schiff (PAS)-stained kidneys. *, hyaline casts. n 

= 4.
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(D) Immunostaining for tubular injury markers (KIM1 and NGAL), macrophages (F4/80), 

and fibrosis (COL1A1). For quantification, see Figure S1F. n = 4–5.

(E) Real-time PCR analyses of gene expression. n = 5–6.

(F and G) TUNEL staining for evaluating cell death. Quantification of TUNEL+ area is 

shown in (G) n = 3–4. Arrowheads, TUNEL+ cells. cKO, conditional knockout. One-way 

ANOVA with post hoc multiple comparisons test. n.s., not significant. *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. Scale bars: 50 μm in (C) and (D) and 20 μm in (F). Data are 

represented as mean ± SEM.

See also Figure S1.
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Figure 2. Intact ovarian function underlies female ferroptosis resilience
(A) Experimental workflow for testing ovarian function in female ferroptosis resistance by 

ovariectomy (OVX). Animals were allowed to recover for 4 weeks after OVX and then 

treated with doxycycline for 7 days to delete Gpx4. Kidneys were harvested on day 10. 

Control, Gpx4-intact control genotype; Sham, sham-operated mice.

(B) Serum creatinine levels. n = 5–6.

(C) Immunostaining for KIM1 (n = 4) and 4-HNE, a toxic lipid peroxide product (n = 3–4). 

Arrowheads, 4-HNEhigh cells. For quantification of KIM1, see Figure S2B.
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(D) Quantification of 4-HNE+ cells in (C). n = 3–4.

(E) Real-time PCR analyses of indicated gene expression. n = 4–5.

(F and G) TUNEL staining for evaluating cell death. Quantification of TUNEL+ area is 

shown in (G) n = 3–4. Arrowheads, TUNEL+ cells.

One-way ANOVA with post hoc multiple comparisons test. n.s., not significant. *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bars: 50 μm in (C) and 20 μm in (F). Data 

are represented as mean ± SEM.

See also Figure S2.
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Figure 3. scRNA-seq identifies inflammatory PT cells in male Gpx4-deficient kidneys
(A) Experimental workflow for single-cell RNA sequencing (scRNA-seq). Mice were fed 

with doxycycline-containing water for 7 days, and kidneys were harvested on day 10 to 

generate scRNA-seq datasets.

(B) Integrated single-cell transcriptome map. Unsupervised clustering identified all major 

renal cell types in the UMAP plot. PT, proximal tubule; DA-PT, damage-associated PT; 

TL, thin limb; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting 

tubule; CD, collecting duct; PC, principal cells; IC, intercalated cells; Mes, mesangial cells; 

Ide et al. Page 27

Cell Rep. Author manuscript; available in PMC 2022 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Endo, endothelial cells; SMC, smooth muscle cells; Fib, fibroblasts; Mac, macrophages; 

Mono/DC, monocytes and dendritic cells; Neut, neutrophils.

(C) UMAP plots showing the expression of indicated genes in PT and DA-PT clusters. 

Differentiated/mature PT cell markers: Slc34a1 (sodium-dependent phosphate transporter 2a 

[NaPi2a]), Lrp2 (megalin), and acyl-coenzyme A synthetase (Acsm2), and damage-induced 

genes: Sry-box 9 (Sox9), vascular adhesion molecule 1 (Vcam1), and Havcr1 (KIM1). 

Arrowheads: DA-PT.

(D) Pseudotime trajectory analysis of proximal tubular cells (PT and DA-PT) from male 

Gpx4 cKO mice. A region occupied with cells with high Slc34a1 expression was set as a 

starting state.

(E) Immunostaining for SOX9 and VCAM1. n = 3. Arrowheads: SOX9+/VCAM1+ cells.

(F) Real-time PCR analyses of indicated gene expression. n = 5–6.

One-way ANOVA with post hoc multiple comparisons test. n.s., not significant. **p < 0.01; 

***p < 0.001; ****p < 0.0001. Scale bars: 50 μm in (E). Data are represented as mean ± 

SEM.

See also Figure S3 and Data S1.
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Figure 4. scRNA-seq identifies NRF2 as a mechanism for female ferroptosis resilience
(A and B) Experimental workflow for identifying regulatory nodes underlying sex 

differences of ferroptosis sensitivity. A total of 15,146 PT cells from all conditions was 

used for downstream analyses.

(C) Differential gene expression analyses identify 128 genes that are highly expressed in 

female PT cells compared with male counterparts both at Gpx4-intact control and Gpx4-

knockout conditions. The 128 genes were subjected to Enrichr analysis. Overrepresented 

signaling pathways and enriched transcription factors are shown.
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(D) Single-cell regulatory network inference and clustering (SCENIC) identifies potential 

nodes that regulate PT cell states in the ferroptotic process. Heatmap of regulons derived 

from SCENIC is shown. Regulon activity for NFE2-related factor 2 (NRF2; also known as 

Nfe2l2) antioxidant transcription factor is shown on UMAP of PT cells (red dots represent 

cells with high NRF2 activity). AUC, enrichment score for the activity of each regulon.

See also Figures S4–S8 and Data S2.
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Figure 5. Nrf2 deletion prevents successful renal repair after IRI
(A) Experimental workflow for testing Nrf2 function in regulating PT cell fate after IRI. 

Nrf2 cKO mice and their littermate controls (control) were subjected to the same ischemic 

stress (20 min) and tamoxifen treatment. Nrf2 is deleted in Sox9-lineage cells after IRI with 

tamoxifen administration. Kidneys were harvested on day 21 post-IRI.

(B and C) Immunostaining for indicated proteins. Representative images are shown. 

Arrowheads, SOX9+/VCAM1+ cells. See Figure S8F for KIM1 quantification.

(D) Real-time PCR analyses of indicated gene expression. n = 6.
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(E) Quantification of SOX9+/VCAM1+ cells (arrowheads in C). n = 4–5.

(F and G) Immunostaining for 4-HNE and ACSL4. Quantifications are shown in (G). n = 

4–5. Arrowheads, ACSL4+ cells.

(H and I) TUNEL staining for evaluating cell death. Quantification of TUNEL+ cells is 

shown in (I). n = 4. Arrowheads, TUNEL+ cells.

One-way ANOVA with post hoc multiple comparisons test for (D), (G), and (I) and t test for 

(E). n.s., not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bars: 

50 μm in (B), (C), and (F) and 20 μm in (H). Data are represented as mean ± SEM.
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Figure 6. NRF2 governs PT cell fate and plasticity by mitigating ferroptotic stress
(A) Experimental workflow for testing NRF2 function in regulating ferroptotic stress and 

ferroptosis. Nrf2 cKO mice were subjected to ischemic stress (20 min) and tamoxifen 

treatment. The same volume of liproxstatin-1 (Lip-1) or vehicle was intraperitoneally 

injected daily into the mice. Kidneys were harvested on day 21 post-IRI.

(B and C) Immunostaining for SOX9 and VCAM1. Representative images are shown. 

Arrowheads, SOX9+/VCAM1+ cells. Quantification is shown in (C). n = 4.
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(D and E) Immunostaining for VCAM1 and fate mapping using tdTomato fluorescence. 

Sox9-lineage cells express tdTomato. Insets: individual fluorescence channels of the dotted 

box area. Quantification of VCAM1+ cells in Sox9-lineage cells is shown in (E). n = 6–7.

(F) Schematic model for PT cell state changes after IRI.

(G and H) Immunostaining for 4-HNE and its quantification. n = 5.

(I and J) TUNEL staining for evaluating cell death. Quantification of TUNEL+ cells is 

shown in (J). n = 4. Arrowheads, TUNEL+ cells.

(K) Schematic model. Nrf2 regulates PT cell fate by mitigating ferroptotic stress.

Student’s t test for (C) and (E) and one-way ANOVA with post hoc multiple comparisons 

test for (H) and (J). n.s., not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001. Scale bars: 50 μm in (B), (D), and (G) and 20 μm in (I). Data are represented as 

mean ± SEM.
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Figure 7. Pharmacological NRF2 activation prevents ferroptosis in Gpx4-deficient kidneys
(A) Experimental workflow for testing NRF2 function in regulating ferroptotic stress and 

ferroptosis using Gpx4 cKO mice. Gpx4 cKO mice were administered either vehicle or 

CDDO-Im (NRF2 inducer) on alternate days. Doxycycline was given for 7 days, and mice 

were harvested on day 10.

(B) Serum creatinine levels in vehicle- versus CDDO-Im-treated Gpx4 cKO mice. n = 4.
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(C) Immunostaining for KIM1, SOX9, and VCAM1. See Figure S10D for KIM1 

quantification. Representative images are shown. Arrowheads, SOX9+/VCAM1+ cells. n 

= 4.

(D) Real-time PCR analyses of indicated gene expression. n = 4.

(E and F) TUNEL staining for evaluating cell death. Quantification of TUNEL+ area is 

shown in (F). n = 4. Arrowheads, TUNEL+ cells.

(G) Cellular viability assays using pig (LLC-PK1) and human (HK2) proximal tubular cell 

lines.

(H) Cellular viability assays using wild-type (WT) and Nrf2 knockout mouse embryonic 

fibroblasts (MEFs). Erastin (system Xc− inhibitor) was used for inducing ferroptosis in these 

cells.

One-way ANOVA (B, D, and F) and two-way ANOVA (G and H) with post hoc multiple 

comparisons test. n.s., not significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Scale bars: 50 μm in (C) and 20 μm in (E). Data are represented as mean ± SEM in (B, D, 

and F) and mean ± SD in (G and H).

(I) Proposed model. NRF2 acts as a rheostat for modulating ferroptosis sensitivity of 

proximal tubular cells.
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