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Purpose: The distal nephron of kidney plays a pivotal role in advancing acute kidney injury (AKI). Understanding the role of distal 
nephrons in AKI and identifying markers of injured distal nephrons are critical to comprehending the mechanism of renal injury and 
identifying novel therapeutic targets.
Methods: We analyzed single-cell RNA sequencing (scRNA-seq) data from mice with AKI induced by ischemia-reperfusion (IR), 
unilateral ureteral obstruction (UUO), cisplatin (CP), sodium oxalate (SO) and lipopolysaccharide (LPS). Additionally, we analyzed 
renal transcriptomics samples for AKI. Subsequently, we validated the effectiveness of targeting the biomarker Gclc in vitro and 
in vivo through metabolomics and immunofluorescence.
Results: The LOH-Inj and DCT-Inj subtypes were identified through scRNA-seq. Compared to normal distal nephrons, the injured 
distal nephrons exhibited higher levels of ferroptosis, pro-inflammation, and fibrosis. The expression of ferroptosis-related gene Gclc 
were high in various AKI models. Furthermore, Gclc was exclusively expressed in the distal nephron and upregulated in the injury 
subtype. To confirm our findings, we suppressed GCLC expression in the kidneys, resulting to aggravated IR-induced AKI. Inhibition 
of Gclc promoted damage to primarily renal tubular epithelial cells by promoting inflammatory infiltration, inhibiting glutathione 
metabolism and exacerbating oxidative stress.
Conclusion: Our research findings suggest that Gclc is a potential marker for injured distal nephron.
Keywords: Gclc, distal nephron, acute kidney injury, single-cell sequencing

Introduction
Acute kidney injury (AKI) is a prevalent complication amongst clinical critical patients, with an incidence rate of 15% in 
hospitalized patients.1,2 AKI patients face a 2–3 times higher risk of death compared to the average patient,3 resulting in 
significant economic and emotional burdens on both patients and society.

As the typical markers of renal function, serum creatinine (CR) and blood urea nitrogen (BUN) are relatively delayed 
and imprecise to determine the alterations in renal function.4,5 Furthermore, CR lacks the sensitivity and specificity to 
differentiate between parenchymal and functional renal injury.6 Consequently, there is an urgent need for new biomarkers 
for AKI. In fact, novel biomarkers have become a research hotspot in recent years to improve early detection and 
treatment of renal injury. However, trustworthy methods for reversing renal damage are still elusive.7 Therefore, it is 
crucial to explore renal injury markers in AKI for preventing and delaying the advancement of kidney disease.

In recent years, considerable advancements have been made in characterizing AKI and fibrosis through the utilization 
of single-cell sequencing (scRNA-seq) technology.8,9 Research has demonstrated that energy impairment in the highly 
metabolically active segments of the kidney, specifically the thick ascending limb (TAL) and proximal tubule (PT), is one 
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of the mechanisms of renal injury, which subsequently results in the transition of renal tubular epithelial cells from 
transient hypoxia to renal failure.10 Therefore, this study focused on distal tubular epithelial cells.

GCLC, which is known as the glutamate cysteine ligase catalytic subunit, is an antioxidant enzyme that acts as the 
rate-limiting step in glutathione (GSH) biosynthesis.11 It has been utilized by various studies as an indicator of reactive 
oxygen species (ROS) levels in cells or organisms.12,13 In addition, studies have linked GCLC to ferroptosis, which is 
characterized by lipid peroxidation and is dependent on both iron and ROS.14 It has been suggested that Gclc is 
a ferroptosis-related gene and a new prognostic biomarker for patients with lung adenocarcinoma.15 Overexpression of 
GCLC inhibited ferroptosis induced by Influenza A virus in human nasal epithelial progenitor cells, consequently 
suppressing the inflammatory response of nasal mucosal epithelium.16

Limited research has been conducted on Gclc in kidney, but studies on other organs suggest that Gclc knockout 
contribute to disease progression. Specifically, mice with Gclc deletion in pancreatic endocrine progenitor cells exhibited 
a progressive diabetic phenotype,17 while lack of Gclc in the central nervous system of mice resulted in mitochondrial 
damage and neurodegeneration.18 Bone marrow mesenchymal stem cells that overexpress GCLC was found to alleviate 
acute lung injury through anti-apoptotic effects.19

In this study, the transcriptional characteristics of distal renal tubules in various AKI models were analyzed using 
scRNA-seq data from Zhimin Chen et al.20 The marker Gclc of the distal renal tubule was identified through scRNA-seq 
and renal transcriptomics data. Furthermore, the role of Gclc in acute kidney injury was explored by targeting Gclc. This 
research laid a solid foundation for discovering therapeutic targets for AKI.

Material and Methods
Ethics Statement
The Human Ethics Approval has been approved by the Medical Ethics Committee of Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and Technology (TJ-IRB20230446). Data on patients with renal transplant 
dysfunction were obtained from pathological specimens of kidney punctures of hospitalized patients at Tongji Hospital, 
Tongji Medical College, Huazhong University of Science and Technology.

The animal ethics approval has been approved by the Science Ethics Committee of Huazhong Agricultural University 
(HZAUMO-2023-0022). This study was conducted in accordance with the tenets of the Declaration of Helsinki and all 
procedures involving animal testing were conducted in accordance with the Regulations on the Administration of 
Experimental Animals in China (1988, amended in 2017).

Bioinformatics Analysis
The single-cell RNA sequencing (scRNA-seq) data used in this article was from the GSE197266 dataset on the GEO 
platform. The IR H5 transcriptome data was obtained from GSE185383, the UUO H3 transcriptomics data was from 
GSE174289, and CP H48 and LPS H48 data were derived from GSE240304.

Seurat R package version 4.2.0 was used for further analysis. We excluded cells with gene counts below 400 and 
above 4000, as well as high mitochondrial transcription levels exceeding 30%, to eliminate low-quality cells. In total, 
81383 cells were retained for subsequent analysis. The initial analysis identified 2000 highly variable genes for SCT 
integration. Clustering results were visualized using Umap and Tsne analysis. Pathway enrichment analysis was 
performed using ClusterProfiler package. Cell gene expression was analyzed and visualized using Plot1cell package. 
For comprehensive intercellular communication analysis, Cellchat package was utilized. Finally, we utilized the Scenic 
package to perform analysis of transcription factors.

Mice Model
C57BL/6 male mice weighing 18–25g were obtained from Beijing Huafu Kang Biotechnology Co., Ltd. All animals 
were housed in a standard specific pathogen-free (SPF) environment and received complimentary food and water.

The bilateral renal ischemia-reperfusion (IR) injury model: Anesthetize the mice and use a temperature regulator (from 
FHC in the US) to maintain their body temperature at 36.8–37.2°C. Then, remove hair from the back of the mice, disinfect 
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with iodine, cut open the skin and muscle layer, detach the bilateral kidneys, and clamp the renal blood vessels of the mice 
with arterial clamps (from Roboz Surgical Instrument Co, Germany) for 30 minutes. Finally, release the arterial clamp and 
suture the incision. Collect kidney samples on days 1, 7, and 14 post-reperfusion for further experimentation.

The unilateral ureteral obstruction (UUO) injury model starts with anesthesia, followed by temperature adjustment of the 
mice to 36.8–37.2 °C using a temperature regulator (from FHC in the United States). The next steps include removing hair 
from the back of the mice, disinfecting with iodine, cutting open the skin and muscle layer from the back, separating the 
unilateral kidneys, using tweezers to puncture the kidneys from the lower pole, and pulling the silk thread back from the 
opposite side to ligate the ureter. Collect kidney samples for further experiments at 1 day, 7 days, and 14 days post-ligation.

The procedure for the 5/6 nephrectomy (5/6 Nx) injury model involves anesthetizing the mice, using the temperature 
regulator (from FHC in the US) to adjust their temperature to 36.8–37.2 °C, and then removing hair from the back of the 
mice, disinfecting with iodine, cutting open the skin and muscle layer from the back to separate their kidneys. To preserve 
the adrenal gland, separate it from the kidneys without damaging blood vessel formation. Afterwards, remove both poles of 
the left kidney and then remove the right kidney. Collect kidney samples for further experiments 14 days after nephrectomy.

The Folic acid (FA) injury model consists of the following procedures: intraperitoneal injection of FA (250mg/kg), 
and collection of kidney samples for further experiments one day later.

Histopathology
The kidney was fixed in polyformaldehyde, dehydrated, and embedded in paraffin. The sections underwent staining by 
Periodic Acid Schiff (PAS) and Sirius Red (SR). Two renal pathologists, working in a blinded manner, assessed the 
staining in ten randomly chosen fields.

The steps of PAS were as follows: the kidney slices were dewaxed and hydrated, soaked in periodic acid for 20 
minutes, stained using Schiff reagent, and the staining was terminated when the kidneys turned red. Using hematoxylin to 
stain the nuclei and then sealing the slices with neutral gum. Evaluation of renal tubular injury based on the extent of 
renal tubular injury: 0, 0%; 1, <=10%; 2, 11–25%; 3, 26–45%; 4, 46–75%; 5, >76%. Renal tubular injury includes cell 
necrosis, tubular swelling, tubular dilation, cast formation and brush border loss.

The SR steps are as follows: after dewaxing and hydration of kidney slices, soak them in Sirius Red staining solution 
for 40 minutes. Subsequently, soak them in anhydrous ethanol for 5 seconds, and then seal them with neutral gum. We 
determine the degree of renal fibrosis based on the area of stained deep red interstitial collagen fibers.

Culture of Primary Renal Tubular Epithelial Cells
Under sterile conditions, the mice kidneys were cut into small pieces and digested with 0.2% collagenase IV for one hour 
to obtain a single-cell suspension. The red blood cells were lysed. The resulting precipitate was then resuspended and 
transferred to a Falcon bacterial culture dish (351029, Corning). It was left to stand for one hour. Interstitial cells and 
other miscellaneous cells settled at the bottom of the dish. Finally, transfer the supernatant to a new cell culture dish 
(353003, Corning) containing DMEM/F12 medium supplemented with primary renal tubular epithelial cell growth 
factors for cultivation and subsequent passage after 72 hours.

Dihydroethidium Staining
Dihydroethidium (DHE) was acquired from Beyotime Biotech based in Shanghai, China. Primary renal tubular epithelial 
cells in the culture plate were incubated with 2 µM DHE in dark at 37 °C for 30 minutes. Then, wash the cells with new 
culture medium for three times and observe them under a fluorescence microscope.

Gclc siRNA Transfection
In vivo, C57 mice were subcapsularly injected with 20nmol/20g of Gclc siRNA or NC siRNA (RiboBio, China) 
dissolved in sterile PBS. Three days later, the mice were subjected to IR. One day after the induction of IR, the mice 
were euthanized, and plasma and kidney samples were collected for experimental analysis.

In vitro, primary renal tubular epithelial cells were cultured until they reached 60% confluence. Dissolve the 
powdered siRNA at a final concentration of 20 μM by adding RNase-sterile PBS to the Gclc siRNA or NC siRNA 
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(RiboBio, China) packaging tube. Then, siRNA and RNA iMAX reagent (Invitrogen, USA) were added in a 1:1 ratio to 
1.5 mL RNase Free EP tubes containing Opti-MEM solution (Gibco, USA). For every 200 μL Opti-MEM, 5 μL of Gclc 
siRNA was added, mixed well by blowing and suction, and left to stand for 10 minutes. The mixed liquid was then added 
to DMEM/F12 culture medium to transfect cells. After 8 hours, replace it with complete medium. On the third day after 
transfection, cells were harvested for further experiments and analysis.

Oxygen Glucose Deprivation/Reoxygenation (OGD/R) Model
Cultivate primary renal tubular epithelial cells to a fusion degree of 80–90%, and replace the cell culture medium with 
D-Glucose free medium (11,966, Gibco, USA). After placing the cells in a 1% hypoxia incubator for 6 hours, replace the 
medium with normal DMEM/F12 medium and incubate them conventionally for 3 hours of reoxygenation.

Immunofluorescence and Immunohistochemistry Staining
The steps for immunofluorescence staining are as follows: After dewaxing and hydrating the paraffin slides, heat repair 
was performed using citrate or EDTA. Then, the slides were incubated with serum to block non-specific antigens. The 
primary antibody was incubated at 4°C overnight, followed by incubation with the second antibody at 37°C for 1 hour. 
DAPI staining was performed for 10 minutes, and the sample was sealed with glycerol.

The steps for immunohistochemistry staining are as follows: After dewaxing and hydrating the paraffin slides, heat repair 
was performed using citrate or EDTA. Block the endogenous catalase with 3% H2O2. Then, the slides were incubated with 
serum to block non-specific antigens. The primary antibody was incubated at 4°C overnight, followed by incubation with 
the second antibody at 37°C for 1 hour. Develop color with DAB staining solution, and stain nucleus with hematoxylin.

Serum SOD and MDA Detection
The SOD concentration was measured with SOD (G4306) kits from Servicebio (China) in accordance with the 
instructions provided by the manufacturer of the reagent. The MDA (G4300) concentration was measured with MDA 
kits from Servicebio (China) in accordance with the instructions provided by the manufacturer of the reagent.

Untargeted Metabolomics Analysis Technology
Untargeted metabolomics analysis (LC-MS/MS) was conducted by Novogene Co., Ltd from China. This project utilized 
LC-MS technology for non-targeted metabolomics research. The experimental process involved sample metabolite 
extraction, LC-MS/MS detection, and qualitative and quantitative analysis of metabolites. The original files obtained 
from mass spectrometry detection were imported into Compound Discoverer 3.1 software, spectrum processing and 
database searching were performed, qualitative and quantitative results of metabolites were obtained, and then quality 
control of the data was performed to ensure the accuracy and reliability of the results. Multivariate statistical analysis, 
including qualitative and quantitative analysis, partial least squares discriminant analysis (PLSDA), and metabolite 
correlation analysis, were conducted to reveal changes in metabolites under different cell treatment conditions.

Quantitative Real Time-PCR
Renal RNA was extracted using Trizol reagent (Invitrogen, USA), followed by reverse transcription into single-stranded 
cDNA using reverse transcription reagent (Vazyme, China). Quantitative PCR detection was then performed using SYBR Mix 
(Vazyme, China) on the Step One real-time PCR system (ABI, USA). Relative gene expression was calculated using 2 − ΔΔ CT 

with Gapdh as the endogenous control gene. The primer sequences used are listed in Table 1.

Renal Function
The serum creatinine concentration was measured with the QuantiChromTM Creatinine Assay Kit (BioAssay Systems, 
USA) in accordance with the instructions provided by the manufacturer of the reagent. The serum blood urea nitrogen 
(BUN) concentration was measured with the QuantiChromTM Urea Assay Kit (BioAssay Systems, USA) in accordance 
with the instructions provided by the manufacturer of the reagent.
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Statistical Analysis
The data were analyzed using GraphPad Prism software version 6.0. The normal distribution data was represented by the 
mean ± SEM.* P < 0.05, * * P < 0.01, * * * P < 0.001.

Results
Injured Distal Nephron Exhibited Higher Activity Than the Normal Distal Nephron
We analyzed the transcriptional characterization of kidneys in AKI models induced by cisplatin (CP), folic acid (FA), 
ischemia-reperfusion (IR), sodium oxalate (SO) and unilateral ureteral obstruction (UUO) using scRNA-seq data 
obtained from GSE197266. We defined 14 cell types, including T lymphocytes (T cell), B lymphocytes (B cell), 
macrophages (Macro), endothelial cells (EC), neutrophils (Neutro), dendritic cells (DC), natural killer cells (NK), 
proximal renal tubular cells (PT), loop of Henle cells (LOH), distal convoluted tubule cells (DCT), intercalated cells 
of collecting duct cells (CDIC), principal cells of collecting duct cells (CDPC), podocytes (Podo) and myoblasts (Myo) 
(Figure 1A–B). Subsequently, we isolated LOH, DCT, CDIC and CDPC as distal nephron for further analysis and 
identified two injury subtypes as DCT-Inj and LOH-Inj (Figure 1C). LOH-Inj was co-labeled with the LOH markers 
Umod and Slc12a1, as well as injury markers Havcr1 and Krt20. DCT-Inj was co-labeled with DCT markers Slc12a3 and 
Trpm6, along with injury markers Il1f6 and Nrp1 (Figure 1D). The proportion of injury distal renal tubules was basically 
higher in CP, FA, IR, SO and UUO models when compared to normal cells (Figure 1E).

Meanwhile, we analyzed the crosstalk between different cells in AKI with Cellchat package. DCT-Inj and LOH-Inj 
communicated more closely with other cells as senders or receivers compared to DCT and LOH (Figure 1F). In AKI 
induced by IR (Supplementary Figure S1A–S1B) and UUO (Supplementary Figure S1C–S1D), our findings indicated 
that injured distal nephron associated with activated SPP1 pathway in both IR and UUO models. In IR, the inflammatory 
pathway was more pronounced whereas in UUO, the fibrotic pathway was more prominent.

This suggested that in AKI, the injured distal nephron exhibited higher activity than the normal distal nephron.

The Levels of Ferroptosis Increased in DCT-Inj and LOH-Inj When Compared to 
Normal DCT and LOH
After analyzing the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway in DCT-Inj and LOH-Inj, we observed 
elevated levels of ferroptosis, ECM-receptor interaction, and focal adhesion when compared to normal DCT and LOH. 
Meanwhile, we found that the levels of oxidative phosphorylation (OXPHOS) and citrate cycle (TCA) decreased 
(Figure 2A–B).

Table 1 List and Sequence for Primers Used for qRT-PCR

Gene Forward(5’to3’) Reverse(5’to3’)

Gapdh TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG

Gclc GGGGTGACGAGGTGGAGTA GTTGGGGTTTGTCCTCTCCC

Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

Il1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Nox2 TGTGGTTGGGGCTGAATGTC CTGAGAAAGGAGAGCAGATTTCG

Sod1 AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG

Acsl4 CTCACCATTATATTGCTGCCTGT TCTCTTTGCCATAGCGTTTTTCT

Lpcat2 GACGGGGACATGGGAGAGA GTAAAACAGAGCCAACGGGTAG
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Figure 1 An Atlas of Single-Cell Sequencing of Kidney in AKI in Mice. (A) Umap plot of scRNA-seq from mice kidneys of AKI induced by cisplatin (CP), folic acid (FA), 
ischemia-reperfusion (IR), sodium oxalate (SO) and unilateral ureteral obstruction (UUO). (B) Vlnplot of marker genes in different cell subtypes. (C) Tsne plot of subtypes of 
distal nephron. (D) Dotplot of injury subtypes in distal nephrons. (E) Proportion of distal renal tubular cells in CP, FA, IR, SO and UUO models. (F) DCT, DCT-Inj, LOH and 
LOH-Inj served as senders and receivers to communicate with other cells, respectively. 
Abbreviations: T cell, T lymphocyte; B cell, B lymphocyte; Macro, macrophage; EC, endothelial cell; Neutro, neutrophil; DC, dendritic cell; NK, natural killer cell; PT, 
proximal renal tubular cell; LOH, loop of Henle cell; DCT, distal convoluted cell; CDIC, intercalated cells of collecting duct; CDPC, principal cells of collecting duct; Podo, 
Podocyte; Myo, Myoblast.
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Figure 2 The levels of ferroptosis increased in DCT-Inj and LOH-Inj. (A) DCT-Inj upregulated and downregulated KEGG pathways compared to DCT. (B) LOH-Inj 
upregulated and downregulated KEGG pathways compared to LOH. (C) GO pathways enriched in DCT-inj compared to LOH-inj. (D) Ferroptosis, apoptosis, oxidative 
phosphorylation (OXPHOS) and tricarboxylic acid cycle (TCA) scores of distal renal tubule cells. The pathways in red are upregulated KEGG pathways of interest, and 
pathways in blue are downregulated KEGG pathways of focus. ***P < 0.001 as determined by one-way ANOVA. Data represent mean ± SEM.
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The Gene Ontology (GO) analysis between DCT-Inj and LOH-Inj revealed that DCT-Inj was more responsive to 
oxidative stress, whereas LOH-Inj was more involved in histone modification and autophagy(Figure 2C). The ferroptosis, 
apoptosis, OXPHOS and TCA levels in different status distal nephron were scored (Figure 2D). Injured distal nephrons 
exhibited higher levels of ferroptosis and apoptosis and lower levels of OXPHOS and TCA compared to normal distal 
nephrons.

This indicated that DCT-Inj and LOH-Inj shared similarities while also presenting differences. Among these, an 
increase in ferroptosis levels was one commonality between DCT-Inj and LOH-Inj.

Gclc Was an Injury Marker for Distal Tubular Cells
Analysis of genesets related to ferroptosis in renal bulk-RNA sequencing from AKI models with IR H5, UUO H3, CP 
H48, and LPS H48 demonstrated a significant increase in Gclc expression (Figure 3A).

Upon analyzing the expression of Gclc, Acsl4, and Spp1 in renal cells with scRNA-seq, we discovered that Gclc was 
specifically expressed in distal nephron, while ferroptosis marker Acsl4 was expressed in both distal nephron and 
podocytes. Meanwhile, Spp1 displayed wider expression and was detected in most cells (Figure 3B). Further analysis 
indicated that Gclc expression was higher in DCT-Inj and LOH-Inj compared to normal DCT and LOH (Figure 3C).

The characteristics of transcription factors in DCT-Inj and LOH-Inj were analyzed using the Scenic package. The 
results indicated that the highly active transcription factor ZMIZ1 in DCT-inj and the highly active transcription factor 
BHLHE40 in LOH-inj promoted the transcription of Gclc (Supplementary Figure S2A–S2B). The representative 
transcription factors, Zmiz1 and Ppargc1a, exhibited opposing transcriptional activity sites between DCT-Inj and DCT 
(Supplementary Figure S2C). Similarly, Bhlhe40 and Hnf4a exhibited opposite sites of transcriptional activity between 
LOH-Inj and LOH (Supplementary Figure S2D). Meanwhile, we utilized the JASPAR database and the Scenic R package 
to predict the motifs of the transcription factors ZMIZ1 and BHLHE40, as well as their binding sites to the target gene 
Gclc (Supplementary Figure S2E–S2F).

Due to the significant increase in ferroptosis levels in IR and the subsequent increase observed in UUO, as shown in the 
study by Zhimin Chen et al,20 we established mouse models for both IR and UUO at 1 day, 7 days, and 14 days. In IR, we noted 
a gradual worsening of renal injury and fibrosis over time, along with a significant increase for ACSL4 as early as IR D1 
(Supplementary Figure S3A). In UUO, we observed a gradual worsening of renal injury and fibrosis over time, with the 
ferroptosis marker ACSL4 gradually increases over time (Supplementary Figure S3B). Immunofluorescence staining with 
kidney injury marker KIM-1 confirmed extensive damage to renal tubules following IR and UUO, indicating successful 
modeling (Supplementary Figure S3C). Due to the significant increase in ferroptosis levels during IR D1, we decided to use 
the IR D1 model for subsequent intervention experiments.

The expression of GCLC was confirmed in Sham, IR D1, IR D7, IR D14, UUO D1, FA D1, and 5/6 nephrectomy (5/6 
Nx) D14, by immunofluorescence staining. Notably, GCLC was upregulated in IR, UUO, FA and 5/6 Nx models 
(Figure 3D). Additionally, GCLC was upregulated in renal tubular cells in transplant renal insufficiency patients compare 
to minimal change disease patients (Figure 3E). To confirm the expression site of GCLC in the kidney, we co-stained 
GCLC with markers for the distal convoluted tubule (NCC), loop of Henle (AQP1), collecting duct (DBA), injury distal 
tubule (LCN2), and proximal tubule (LTL). We found that GCLC was not expressed in the proximal tubule or 
glomerulus, but in the injury distal tubule. The site marked by white dotted lines represents the glomerulus (Figure 3F).

These results indicated that Gclc was upregulated in multiple kidney injury models, and Gclc was expressed in injury 
distal renal tubular epithelial cells.

Targeted Gclc Exacerbated IR-Induced AKI
To confirm the effect of Gclc in renal injury, Gclc expression was suppressed by injecting Gclc siRNA into the renal subcapsule 
before IR. The inhibitory effect was confirmed by immunofluorescence (Figure 4A). Results from PAS, KIM-1 and ACSL4 
immunofluorescence, and renal function markers (BUN and CR) demonstrated that the inhibition of Gclc exacerbated renal 
injury even further (Figure 4B–D). The levels of SOD and MDA in mice serum, as well as staining with DHE (capable for 
detecting reactive oxygen species) in primary renal tubular epithelial cells in oxygen glucose deprivation/reoxygenation (OGD/ 
R), demonstrated that inhibition of Gclc intensified oxidative stress (Figure 4D–E), resulting in the progression of kidney 
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Figure 3 GCLC expression was upregulated in various kidney injury models. (A) Transcriptome heatmaps related to renal ferroptosis at IR H5, UUO H3, CP H48, and LPS 
H48. (B) Vlnplot of Gclc, Acsl4, and Spp1 in different cell subtypes. (C) Dotplot of Gclc in different subtypes of distal nephron. (D) Immunofluorescence and scoring of GCLC 
in IR D1, IR D7, IR D14, UUO D1, FA D1, and 5/6 Nx D14 (n = 4–5 per group). (E) Immunohistochemical staining of GCLC in minimal change disease patients and 
transplant renal insufficiency patients. (F) Immunofluorescence co-staining of GCLC with distal convoluted tubule marker NCC, loop of Henle marker AQP1, collecting duct 
marker DBA, injury distal tubule marker LCN2, and proximal tubule marker LTL, respectively. Site marked by white dotted lines was glomeruli. *P < 0.05, ***P < 0.001 as 
determined by one-way ANOVA. Scale bar, 20 μm. Data represent mean ± SEM.
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Figure 4 Targeted Gclc exacerbated IR induced AKI. (A) Immunofluorescence staining of GCLC, as well as PAS staining, and their corresponding scoring in the Sham, IR D1, 
and Gclc siRNA+IR D1 groups (n = 4–5 per group). Scale bar, 20 μm. (B) Immunofluorescence staining and scoring of KIM-1 in Sham, IR D1, and Gclc siRNA+IR D1 groups 
(n = 4–5 per group). Scale bar, 20 μm. (C) Immunofluorescence staining and scoring of ACSL4 in Sham, IR D1, and Gclc siRNA+IR D1 groups (n = 5 per group). Scale bar, 20 
μm. (D) Detection of BUN and CR, as well as serum SOD and MDA in Sham, IR D1, and Gclc siRNA+IR D1 groups (n = 4–5 per group). (E) Dihydroethidium (DHE) staining 
and scoring of oxygen glucose deprivation/reoxygenation (OGD/R) and Gclc siRNA+ OGD/R groups in primary renal tubular epithelial cells (n = 5–6 per group). Scale bar, 
50 μm. (F) The levels of Gclc, inflammation-related factors (Ccl2, Il1b, and Tnf), oxidative stress-related indicators (Nox2 and Sod1), and ferroptosis-related indicators (Acsl4 
and Lpcat2) were measured using RT-qPCR. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by one-way ANOVA. Data represent mean ± SEM.
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disease. Using RT-qPCR, we confirmed that silencing Gclc resulted in a decrease in its expression level. Furthermore, the levels 
of inflammation-related factors (Ccl2, Il1b, and Tnf), oxidative stress-related indicators (Nox2 and Sod1), and ferroptosis- 
related indicators (Acsl4 and Lpcat2) suggested an increase in renal inflammation, oxidative stress, and ferroptosis(Figure 4F).

At the same time, we conducted metabolomics analysis on primary renal tubular epithelial cells after OGD/R, and 
PLSDA plot showed significant differences between the OGD/R and Gclc siRNA + OGD/R groups (Figure 5A). After 
Gclc inhibition, reduced glutathione, L (-)-carnitine, and the glutathione precursor Cys-Gly decreased, while noradrena-
line, prostaglandin, histamine, LPS and S-(Methyl)glutathione significantly increased (Figure 5B–C). Of note, S-(Methyl) 
glutathione suppressed the activity of the detoxification enzyme glyoxalase 1, leading to cytotoxicity and tissue damage. 
Correlation analysis revealed that reduced glutathione, L (-) - carnitine, and Cys-Gly were negatively correlated with 
noradrenaline, prostaglandin, histamine, S-(Methyl)glutathione and LPS (Figure 5D).

Therefore, we concluded that inhibition of Gclc exacerbated renal injury. Inhibition of Gclc promoted damage to renal 
tubular epithelial cells by inhibiting glutathione metabolism and exacerbating oxidative stress.

Discussion
Renal tubular injury plays a crucial role in the development of renal disease. Currently, there has been extensive research 
on proximal renal tubular injury,21–23 whereas studies on markers of distal renal tubular injury and patterns of injury have 
been limited due to the complexity of distal nephron origins and the diversity of cellular subpopulations.24,25 Long-term 
renal injury has been found to result in increased expression of Sox4 and Hox genes in distal tubular segments.26 

However, the patterns of acute-phase injury in these segments remain poorly understood. Consequently, a thorough 
evaluation of crucial molecules and intercellular communication linked to distal renal tubular injury in AKI is necessary.

Figure 5 Targeting Gclc altered metabolic levels in the kidney. (A) PLSDA plots of OGD/R group and Gclc siRNA +OGD/R group in metabolomics (n = 4 per group). (B) 
Lollipop plot of representative metabolites in the Gclc siRNA+OGD/R group compared to OGD/R group (n = 4 per group). (C) Radar plot of representative metabolites in 
the Gclc siRNA+OGD/R group compared to OGD/R group (n = 4 per group). (D) Correlation analysis plot of representative metabolites (n = 4 per group). *P < 0.05, **P < 
0.01, ***P < 0.001 as determined by one-way ANOVA.
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First, through scRNA-seq analysis, we discovered novel subtypes of injured DCT and LOH cells. We observed that 
both DCT-Inj and LOH-Inj exhibit increased ferroptosis levels when compared to normal distal renal tubular cells. The 
transcriptomic characteristics associated with renal ferroptosis in AKI caused by IR, UUO, CP, and LPS were analyzed, 
revealing high Gclc expression levels. ScRNA-seq data indicated that Gclc expression was exclusive to distal nephron, 
with significant levels observed in DCT-Inj and LOH-Inj cells. These results suggested that Gclc was a potential marker 
of renal injury in distal tubular cells.

Numerous studies have confirmed that Gclc functions as an antioxidant and inhibits ferroptosis.27–30 Since Gclc was 
significantly upregulated at 5 hours after IR and 3 hours after UUO, we hypothesized that the increase in Gclc expression 
in distal nephron during the early stage of renal injury was a self-help mechanism of tubular cells. The tubular cells likely 
attempted to resist further damage through anti-oxidative stress. The upregulation of Gclc expression was probably 
earlier than most other markers of kidney injury.

To investigate why GCLC express in injured distal renal tubular epithelial cells, we analyzed transcription factor 
activities using the Scenic package. We found that ZMIZ1 and BHLHE40 promote gene transcription of Gclc in DCT-Inj 
and LOH-Inj, respectively. We predicted the possible binding sites of ZMIZ1 and BHLH40 as transcription factors to the 
Gclc promoter region. This demonstrated that DCT-Inj and LOH-Inj may promote Gclc gene transcription through 
ZMIZ1 and BHLH40 activation. Studies revealed that ZMIZ1 was closely associated with oxidative stress,31 while 
BHLH40 mediated lipid peroxidation, a classical feature of ferroptosis.32 This suggests that injured renal tubular 
epithelial cells may activate ZMIZ1 and BHLH40 to promote GCLC expression after renal injury. However, further 
mechanistic studies are necessary to obtain definitive evidence.

To confirm the protective function of Gclc in kidney injury, we inhibited Gclc expression by injecting Gclc siRNA 
into the subcapsular space in the kidney. Our findings indicated that inhibiting Gclc intensified kidney injury. At the same 
time, we conducted metabolomics analysis on primary renal tubular epithelial cells after OGD/R. After inhibiting Gclc, 
the levels of reduced glutathione and the glutathione precursor Cys-Gly decreased. Meanwhile, metabolites like LPS and 
histamine that promote cell damage increased. This suggests that inhibiting Gclc worsens the harm to renal tubular cells 
by inhibiting glutathione metabolism and exacerbating oxidative stress.

When analyzing the communication of DCT-Inj and LOH-Inj with other kidney cells, we found that the secreted 
phosphoprotein 1 (SPP1) pathway was co-activated in injury distal renal tubular cells in both IR and UUO. In IR, DCT- 
Inj served as a sender and receiver in SPP1 signaling pathway, while LOH-Inj primarily received SPP1 signals from 
almost all cells. In UUO, LOH-Inj mainly send signals to CDIC, DCT-Inj, and Podo. Studies have demonstrated that 
SPP1, a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family,33,34 is involved in the 
pathogenicity of the renal tubular microenvironment.35 Ferroptosis was suppressed in astrocytes and neuroblastoma N2a 
cells by targeting SPP1.36,37 Our hypothesis suggests that co-activation of SPP1 in IR and UUO models leads to 
increased levels of ferroptosis.

Except for SPP1, DCT-Inj and LOH-Inj had unique communication modes in both IR and UUO. Specifically, in IR, 
DCT-Inj send MIF and PDGF signals, and received TNF and TWEAK signals, whereas LOH-Inj send CX3C and PGDF 
signals, and received TNF and TWEAK signals. In UUO, DCT-Inj received the TGFb signal. This demonstrated that the 
communication patterns of DCT-Inj and LOH-Inj in IR and UUO are similar but differentiated. Inflammatory pathways 
were more pronounced in IR and fibrotic pathways in UUO.

Current studies have demonstrated increased Gclc expression in kidney injury induced by UUO and IR.38,39 Moreover, 
in Atrazine (ATR)-induced kidney injury, there’s an upregulation of GCLC.40 Our research confirms the upregulation of 
GCLC expression in various injury models and specifically identifies its expression in the injured distal renal tubules. 
Furthermore, intervening in GCLC exacerbates kidney injury, representing the innovative aspect of our study.

In conclusion, our study highlights the potential of Gclc as a therapeutic target for distal renal tubular injury. Gclc 
protects the kidneys by inhibiting inflammation and oxidative stress and promoting glutathione metabolism.

Conclusion
Gclc is a potential marker for injured distal nephron. Gclc protects the kidneys by inhibiting inflammation and oxidative 
stress and promoting glutathione metabolism.
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