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Background: Acute kidney injury (AKI) is associated with higher perioperative mortality and morbidity, as well as increased medical 
expenses. The molecular mechanisms underlying ischemia-reperfusion (I/R)-induced AKI remain unclear.
Methods and Results: We applied an RT-qPCR assay to measure the expression of mmu-lncRNA129814, hsa-lncRNA582795, and 
miRNA-494-5p, immunoblotting to detect IL-1α and cleaved caspase-3 expression, and TUNEL staining and flow cytometry (FCM) to 
evaluate apoptosis. The experiments were conducted using BUMPT and HK-2 cells, as well as C57BL/6J mice. Mechanistically, mmu- 
lncRNA129814 could sponge miRNA-494-5p and upregulate IL-1α expression to promote cell apoptosis. Furthermore, knockdown of 
mmu-lncRNA129814 ameliorated I/R-induced progression of AKI by targeting the miRNA-494-5p/IL-1α pathways. Interestingly, hsa- 
lncRNA582795, a homolog of mmu-lncRNA129814, also promoted I/R-stimulated HK-2 cell apoptosis and AKI progression by 
regulating the miRNA-494-5p/IL-1α axis. Finally, we found that patients with I/R-induced AKI exhibited significantly elevated plasma 
and urinary levels of hsa-lncRNA582795 compared to those who underwent ischemia-reperfusion without developing AKI. 
Spearman’s test demonstrated a significant correlation between serum creatinine and plasma hsa-lncRNA582795 in I/R patients. 
Plasma hsa-lncRNA582795 showed high sensitivity but low specificity (86.7%) compared to urinary hsa-lncRNA582795.
Conclusion: The mmu-lncRNA129814/hsa-lncRNA582795/miRNA-494-5p/IL-1α axis was found to modulate the progression of 
ischemic AKI, and hsa-lncRNA582795 could act as a diagnosis biomarker and potential therapy target of I/R-induced AKI.
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Background
Acute kidney injury (AKI), a prevalent and serious complication, occurs in approximately 5–42% of 2 million cardiac 
surgeries annually.1–4 Ischemia-reperfusion (I/R)-induced AKI, which ranks as the first leading cause of AKI in the 
intensive care unit, is associated with high perioperative mortality and morbidity as well as increased medical expense.5,6 

Although various factors such as inflammation, neurohormonal activation, oxidative stress, nephrotoxicity, and metabolic 
factors can contribute to the development of AKI, ischemia-reperfusion is still considered the primary cause.5,7 Over the 
past two decades, numerous signaling pathways have been identified as being related to the development of ischemia- 
reperfusion-induced AKI.8–10 However, the exact mechanism of this disease remains largely unknown. In addition, many 
biomarkers, such as alkaline phosphatase (AP), γ-glutamyl transpeptidase (GGT), KIM1, IL-18, NGAL, cystatin 
C (CST3C), liver fatty acid-binding protein (L-FABP), insulin-like growth factor-binding protein 7 (IGFBP7) and tissue 
inhibitor of metalloproteinases 2 (TIMP2), hold potential for the diagnosis of I/R-induced AKI.11–13 However, these 
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biomarkers belong to protein markers for AKI.14,15 Therefore, it is of utmost urgency to discover a new nucleic acid 
biomarker for early diagnosis and treatment of I/R-induced AKI.

It has been recently found that long non-coding RNAs (lncRNAs), > 200 nucleotides, were involved in the 
progression of ischemic AKI.16 Some LncRNAs including SNHG14, eosinophil granule ontogeny transcript (EGOT), 
X–inactive specific transcript (XIST), GAS5,00520, MEG3, mmu-lncRNA 121686/hsa-lncRNA 520657, lncRNA 
148400, and lncRNA147219 promoted the development of ischemic AKI.16–25 Other lncRNAs including lncRNA 
00052, H19, TUG1, 00963, lncRNA 171502, lncRNA 122049, and lncRNA 136131 could alleviate cell apoptosis during 
ischemic AKI.4,26–31 Typically, lncRNAs sponged miRNAs to induce the target gene expression.32 However, whether 
these lncRNAs exhibit a potential diagnosis value for I/R-induced AKI remains largely unknown. We found that mmu- 
lncRNA129814 was localized at Chromosome 11: 108,528,241–108,751,079. However, its function, regulation mechan-
ism, and potential diagnosis value in I/R-induced AKI are still unclear.

In the present study, mmu-lncRNA129814 sponged miRNA-494-5p to induce the expression of interleukin 1 alpha 
(IL-1α) and then mediate I/R-stimulated BUMPT cell death by modulating the miRNA-494-5p/IL-1α axis. Interestingly, 
hsa-lncRNA582795 exhibited the same function and regulatory mechanism with homologous mmu-lncRNA129814. 
Furthermore, the plasma and urinary levels of hsa-lncRNA 582795 could serve as a potential diagnosis biomarker for I/ 
R-induced AKI.

Materials and Methods
Clinical Data and Specimens
We collected blood and urine samples from patients after obtaining ethical approval from the First Affiliated Hospital of 
Zhengzhou University (2022-KY-0270). The patients, who were treated with cardiopulmonary bypass during cardiac 
surgery, were enrolled between September 1, 2022, and April 30, 2023. Patients with previous renal disease, renal 
replacement therapy, malignancy, and taking nephrotoxic drugs were excluded. Patients who fell into the following 
categories were also excluded: under the age of 18, over the age of 80. All patients provided written informed consent. 
Healthy controls were collected from the physical examination department. Clinical data such as demographic char-
acteristics, comorbidities, vital signs, type of surgery, operation time, cost, serum creatinine and blood urea nitrogen on 
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admission were recorded. According to the combination status of acute kidney injury, these patients were assigned to 
CSA-AKI group (n = 30) and CSA-non-AKI group (n = 30). A healthy group served as the control (n = 15).

Antibodies and Regents
IL-1α (Cat#2170) was obtained from ABclonal company (Wuhan City, China). Anti-Cle-Casp3 (Cat#9661s) and Casp3 
(Cat#9662s) were supplied by Cell Signaling Technology (MA, USA). Anti-tubB (Cat#T0023) was purchased from 
Affinity Biosciences (OH, USA). Lipofectamine 2000 (Cat#11668019) was supplied by Invitrogen (CA, USA). TRIzol 
reagent (Cat#AG21102), SYBR Green ProTaq HS premix (Cat#AG11701), and Evo M-MLV RT Mix Kit 
(Cat#AG11711) were obtained from Accurate Biology (Changsha, China). Trypsin-EDTA (Cat#C100C1) was purchased 
from NCM Biotech (Suzhou, China). HBSS (Cat#AWC0157a) was obtained from Changsha Abiowell Biotechnology 
(Changsha, China). Fluorescein isothiocyanate (FITC) and Annexin-V-FITC kit (Cat#556547) were obtained from BD 
Pharmingen (CA, USA). Dual-luciferase assay (Cat#E1910) was obtained from Promega (WI, USA). The mmu- 
lncRNA129814 siRNA, mmu-miRNA-494-5p mimic, mmu-miRNA-494-5p inhibitor and IL-1α siRNA were purchased 
from Ribo (Guangzhou, China). The mmu-lncRNA 129814 plasmid and hsa-lncRNA 582795 plasmid were purchased 
from Tsingke Biotechnology (Beijing, China).

Cell Culture, Ischemic Model, and Transfection
BUMPT and HK-2 cells were cultured in DMEM (Cat#C11995500BT, Gibco, Thermo, USA) and DMEM/F12 
(Cat#1130500BT, Gibco, Thermo, USA) medium, respectively, containing 10% FBS (Cat#16000-044, Gibco, Thermo, 
USA) and 1% antibiotics (penicillin-streptomycin, Cat#15140122, Gibco, Thermo, USA) under a constant temperature of 
37°C and 5% CO2. The BUMPT and HK-2 cells ischemia model was constructed with antimycin A (10 µM, 
Cat#MS0070, MK Biological technology, Shanghai, China) and calcium ionophore (1.5 µM, Cat#C346574, XI’an 
Aladdin Biological technology, China).16 The mmu-lncRNA129814 siRNA or plasmid, hsa-lncRNA 582795 plasmid, 
miRNA-494-5p mimic, miRNA-494-5p inhibitor, IL-1α siRNA or the negative control were transfected with Lip2000.

Ischemic AKI Mouse Model
Male C57BL/6J mice (8–10 weeks, weighted 20–25 g) were supplied by Hunan Slaike Jingda Laboratory Animal 
Company (Hunan, China), and gave adaptive feeding for 1 week. Before the ischemic surgery, the mmu-lncRNA 129814 
siRNA (15 mg/kg) and hsa-lncRNA 582795 plasmid (25 ug) was administrated into each mouse through its tail vein once 
daily, and saline or vector was injected as control group. The renal pedicles were clamped bilaterally with arterial clips 
for 28 minutes and then subjected to reperfusion for 24 or 48 h.

Renal Function, Morphology, and Apoptosis
Blood specimens were withdrawn from the eyeballs of all mice at the end of the experiment flowed by the detection of 
renal function according to the protocols of BUN and sCr kits (Nanjing-Jiancheng-Bioengineering-Institute, Jiangsu, 
China). The left kidneys of all mice were removed and denatured with paraformaldehyde (4%) for 24 h. The sections of 
kidney were embedded in paraffin for Harris hematoxylin staining to assess the pathological changes of renal tissue. 
Histology was assessed by H&E staining based on the criteria for scoring renal tubular injury as previously described.16 

Apoptosis was evaluated using TUNEL staining, following the methods outlined in previous studies. The quantitative 
measure of apoptosis was determined based on the percentage of TUNEL-positive cells in 10 to 20 microscopic fields per 
tissue section.16

qRT-PCR Assays
Trizol (AG, Changsha, China) was used to isolate total RNA from cells or tissues. Reverse transcription was carried 
out for cDNA synthesis in line with the instructions of Evo M-MLV RT Mix Kit (Cat#AG11711). PCR reaction 
system was set up based on the protocol of Ag SYBR Green Pro Taqhs premix (Cat#AG11701). The expression 
levels of mmu-lncRNA129814, hsa-lncRNA 582795, mmu-miRNA-494-5p, hsa-miRNA-494-5p, and IL-1α were 
examined by LightCycler® 480 II (Roche, Switzerland). The expression profiles of all lncRNAs in ischemic AKI 
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were examined using a gene chip. Firstly, C57BL/6 mice were treated with I (28 min)/R (24h/48 h), and total RNA 
was extracted from the kidney cortex tissue for the lncRNA chip assay. Notably, the I/R group showed a significant 
upregulation of lncRNAs compared to the sham group. Among these, mmu-lncRNA 129814 (GenID: 
ENSMUST00000129814.8) was particularly upregulated at 48h. We used the UCSC Genome Browser to screen 
for human lncRNAs through gene conservation analysis. Ultimately, hsa-lncRNA 582795 (GenID: 
ENST00000582795.5) was identified through this conservative analysis. We found that both mmu-lncRNA 129814 
and hsa-lncRNA 582795 contained the complementary sequences of several miRNAs via a target-prediction analysis 
software. And miR-494-5p is the only meaningful miRNA by qRT-PCR assay. Therefore, we focus on mmu- 
lncRNA129814, hsa-lncRNA582795 and miRNA-494-5p. The sequences of mmu-lncRNA 129814 and the hsa- 
lncRNA582795 were obtained from the Ensembl database (GenID:ENSMUST00000129814.8; Gen ID: 
ENST00000582795.5). The primer sequences were as follows: mmu-lncRNA129814: 5’- ACTCTCAGC 
GGAAACAGCAGTTG-3’ (F) and 5’-TTGACAGCAGTCTCATG GTCCTTTG-3’ (R); hsa-lncRNA582795.5:5’- 
AGGCGGCTCCAGGATGTTAGAC-3’ (F) and 5’-TTCTCTGCACATCGCACCTGATTAG-3’ (R); IL-1α:5’-TACAG 
TTCTGCCATTGACCATCT-3’ (F) and 5’-GTTGCTTGACGTTGCTGATACTG-3’ (R); β-actin: 5’-GGCTGTATT 
CCCCTCCATCG-3’ (F) and 5’-CCAGTTGGTAACAATGCCATGT-3’ (R); U6:5’-CTCGCTTCGGCAGCACA-3’ 
(F) and 5’-AACGCTTCACGAATTTGCGT-3’ (R). The primer sequences of miRNA-494-5p were supplied by 
Ribo bio (Guangzhou, China). The 2−∆∆CT method was applied for the above mentioned lncRNA or miRNA 
expression.

Immunoblot Analysis
The lysates from the renal cortex and whole cells were separated by SDS-PAGE and then transferred onto PVDF 
membranes. After blocking with 5% milk for 60 minutes, primary antibodies were applied and incubated overnight at 
4°C. Following membrane washing, secondary antibodies were added and incubated for 60 minutes. 
Electrochemiluminescence (ECL) was used to detect the signals. Grayscale scanning was performed using a gel imaging 
analysis system.

Fluorescence in situ Hybridization (FISH)
The fluorescent probes of mmu-LncRNA129814, hsa-lncRNA582795, and miRNA-494-5p were designed and synthe-
sized by GenePharma (Shanghai, China). FISH was carried out in line with the protocol of the in-situ hybridization kit 
(C10910, Ruibo).

Flow Cytometry (FCM) Analysis
The Annexin V/PI double staining was conducted to examine BUMPT and HK-2 cell death. Following digestion with 
EDTA-free trypsin, the cells were collected in a centrifuge tube, followed by washing with pre-cooled PBS twice and 
centrifugation at 4°C and 300 g for 5 min each time. The cell suspensions were added into the flow tube. FCM analysis 
was performed in accordance with the protocol of Annexin V kit (Cat#556547; BD Pharmingen, USA).

Statistical Analysis
Graphpad 9.5 and SPSS 25 were used for statistical analysis. The Student’s t-test was employed to compare the responses 
between two groups, while one-way ANOVA was utilized to compare the responses among multiple groups. The 
Kruskal-Walls test was employed for non-normally distributed data. The Chi-squared test was utilized for comparing 
categorical variables. The Spearman rank correlation coefficient was used to assess correlations among variables. 
Numerical data were expressed as mean ± standard error (SD). Sample means were compared with Mann–Whitney 
U-test. P < 0.05 was deemed statistically significant.
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Results
Expression of Mmu-lncRNA129814 is Stimulated in BUMPT Cells and Mouse Kidneys 
After I/R
We examined whether I/R can affect the expression of mmu-lncRNA129814. Firstly, male C57BL/6J mice were treated 
with I (28 min)/R (24, 48 h). The serum concentrations of blood urea nitrogen (BUN) and creatinine (sCr) were elevated 
after reperfusion for 24 h and achieved a peak at 48 h (Figure 1A and B). These changes were consistent with the renal 
tubular injury degree assessed by both H&E staining and renal tubular damage scores (Figure 1C and D). The qRT-PCR 
assay revealed that mmu-lncRNA129814 expression was elevated after reperfusion for 24 h and achieved a peak at 48 
h (Figure 1E), which is in line with the trend of the immunoblotting data of Cle-Casp3 (Figure 1F and G). BUMPT cells 
were incubated with calcium ionophore and antimycin A for 2 h and then subjected to reperfusion for 0, 2, and 4 h. The qRT- 
PCR assay showed that mmu-lncRNA129814 expression was remarkably elevated after reperfusion, achieved a peak at 2 h, 
and then decreased at 4 h (Figure 1H). This tend is consistent with the immunoblotting results of Cle-Casp3 (Figure 1I and 
J). Finally, FISH analysis indicated that mmu-lncRNA129814 was mainly localized in BUMPT cell cytoplasm (Figure 1K). 
Collectively, the data imply that mmu-lncRNA129814 expression can contribute to ischemic AKI progression.

Knockdown of Mmu-lncRNA129814 Attenuates I/R-Stimulated BUMPT Cell Death
We further investigated the effect of mmu-lncRNA129814 on BUMPT cell apoptosis during I/R. After transfection with 
mmu-lncRNA129814 siRNA, I(2-h)/R(2-h) treatment was carried out. The qRT-PCR assay demonstrated that mmu- 
lncRNA129814 siRNA inhibited its expression level under saline or I/R condition (Figure 2A). The FCM assessment 
demonstrated that I/R-stimulated BUMPT cell death was markedly inhibited by mmu-lncRNA129814 siRNA (Figure 2B 
and C). This effect was further verified by immunoblotting of Cle-Casp3 (Figure 2D and E). Collectively, these findings 
showed that mmu-lncRNA129814 was an apoptotic inducer during I/R.

Overexpression of Mmu-lncRNA129814 Enhances I/R-Stimulated BUMPT Cell Death
The siRNA targeting mmu-lncRNA129814 showed a reduction in cell death. Therefore, we proceeded to investigate 
whether overexpression of mmu-lncRNA129814 has the opposite effect. The qRT-PCR assay demonstrated that mmu- 
lncRNA129814 plasmid enhanced its expression level under saline or I/R condition (Figure 3A). In addition, mmu- 
lncRNA129814 could also enhance I/R-stimulated apoptosis in BUMPT cells, as examined by FCM and immunoblotting 
of Cle-Casp3 (Figure 3B–E). These data supported the conclusion that mmu-lncRNA129814 was an apoptosis inducer.

mmu-lncRNA 129814 Sponges miRNA-494-5p
Previous reports have demonstrated that lncRNAs can function as ceRNAs by binding to miRNAs. Through analysis with 
RegRNA v2.0, it has been found that mmu-lncRNA129814 contains complementary sequences to miRNA-494-5p (Figure 4A). 
It was found that the luciferase activity of mmu-lncRNA129814-WT, but not mmu-lncRNA129814-Mut, was noticeably 
suppressed by miRNA-494-5p mimic (Figure 4B). The FISH analysis showed that miRNA-494-5p and mmu-lncRNA129814 
were interacted and co-localized in BUMPT cell cytoplasm and mouse kidneys under saline or sham and ischemic injury 
conditions (Figure 4C). Furthermore, qRT-PCR data revealed that knockdown of mmu-lncRNA 129814 could increase miRNA- 
494-5p expression under saline and ischemic injury conditions. In contrast, overexpression of mmu-lncRNA129814 inhibited its 
expression (Figure 4D and E). The data suggest that mmu-lncRNA129814 sponges miRNA-494-5p.

miRNA-494-5p Mimic Ameliorates BUMPT Cell Apoptosis Induced by I/R
Next, we assessed the effect of miRNA-494-5p on BUMPT cell death during ischemic injury. After transfection with 
miRNA-494-5p mimic, I(2-h)/R(2-h) treatment was carried out. The qRT-PCR assay showed that miRNA-494-5p mimic 
could increase miRNA-494-5p expression under saline or I/R condition (Figure 5A). The FCM evaluation indicated that 
I/R-stimulated BUMPT cell death was inhibited by the miRNA-494-5p mimic (Figure 5B and C). This effect was 
demonstrated by immunoblotting of Cle-Casp3 in BUMPT cells (Figure 5D and E). The data suggest that miRNA-494-5p 
can suppress I/R-stimulated BUMPT cell death.
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Figure 1 Ischemic AKI increases mmu-lncRNA129814 expression in BUMPT cells and C57/BL6J mice. The bilateral renal artery of C57/BL6J mice was clamped for 28 
minutes followed by the reperfusion for 24 or 48 hours. BUMPT cells were exposed to I(2-h)/R(0/2/4-h). (A) BUN of the mice. (B) sCr of the mice. (C) H&E staining of 
mouse kidneys. (D) Tubular damage score (TDS). (E) qRT-PCR assay of mmu-lnRNA129814 in mouse kidney. (F) Immunoblotting of Casp3, Cle-Casp3, and tubB in mouse 
kidney. (G) The results of grayscale assessment. (H) qRT-PCR assay of mmu-lnRNA129814 in BUMPT cells. (I) Immunoblotting of Casp3, Cle-Casp3, and tubB in BUMPT 
cells. (J) The results of grayscale analysis. (K) FISH probe was applied to examine the localization of mmu-lncRNA129814 in BUMPT cells. U6 and 18S were employed as 
controls for nuclei and cytoplasms, respectively. Scale bar = 20 uM. Mean±SD (n = 6). #p < 0.05, I/R vs control or sham.
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Figure 2 Knockdown of mmu-lncRNA129814 ameliorates I/R-stimulated BUMPT cell death. After transfection with 100 nM mmu-lncRNA129814 siRNA or scramble, saline 
or I(2-h)/R(2-h) exposure was conducted. (A) qRT-PCR assay of mmu-lnRNA129814 in BUMPT cells. (B) FCM evaluation of BUMPT cell death. (C) Apoptotic rate of 
BUMPT cells. (D) Immunoblotting of Casp3, Cle-Casp3, and tubB in BUMPT cells. (E) The results of grayscale assessment. Mean ± SD (n = 6). #p < 0.05, mmu- 
lncRNA129814 siRNA or scramble + I/R vs scramble + saline; *p < 0.05, mmu-lncRNA129814 siRNA + I/R vs scramble + I/R.
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Figure 3 Overexpression of mmu-lncRNA129814 enhances I/R-stimulated BUMPT cell death. After transfection with 2 μg mmu-lncRNA129814 plasmid or vector, saline or 
I(2-h)/R(2-h) exposure was conducted. (A) The qRT-PCR assay of mmu-lnRNA129814 in BUMPT cells. (B) FCM evaluation of BUMPT cell death. (C) Apoptotic rate of 
BUMPT cells. (D) Immunoblotting of Casp3, Cle-Casp3, and tubB in BUMPT cells. (E) The results of grayscale assessment. Mean ± SD (n = 6). #p < 0.05, mmu- 
lncRNA129814 plasmid or vector + I/R vs vector; *p < 0.05, mmu-lncRNA129814 plasmid + I/R vs vector + I/R.
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Figure 4 Mmu_lncRNA129814 competitively binds to miRNA-494-5p. (A) The sequence of mmu-lncRNA129814 is complementary to miRNA-494-5p. (B) Luciferase 
activity was examined after co-transfection of miRNA-494-5p mimic with mmu-lncRNA129814-WT or mmu-lncRNA129814-MUT into BUMPT cells. (C) FISH assessment of 
the co-localization of mmu-lncRNA129814 and miRNA-494-5p in BUMPT cells and mouse kidney. (D&E) RT- qPCR assay of miRNA-494-5p in BUMPT cells. Mean ± SD (n 
= 6). ∆p < 0.05 co-transfection of miRNA-494−5p mimic and mmu-lncRNA129814-WT vs mmu-lncRNA129814-WT. #p < 0.05, mmu-lncRNA129814 siRNA or mmu- 
lncRNA 129814 plasmid or scramble or vector with I/R vs scramble or vector + saline; *p < 0.05, mmu-lncRNA129814 siRNA or plasmid + I/R vs scramble or vector + I/R.
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Figure 5 Overexpression of miRNA-494-5p attenuates I/R-stimulated BUMPT cell death. After transfection with 100 nM mmu-miRNA-494-5p mimic or scramble, saline or 
I(2-h)/R(2-h) exposure was conducted. (A) qRT-PCR assay of mmu-miRNA-494-5p expression in BUMPT cells. (B) FCM evaluation of BUMPT cell death. (C) Apoptotic rate 
of BUMPT cells. (D) Immunoblotting of Casp3, Cle-Casp3, and tubB in BUMPT cells. (E) The results of grayscale assessment. Mean ± SD (n = 6). #p < 0.05, mmu-miRNA 
-494-5p mimic + saline or scramble + I/R vs scramble; *p < 0.05, mmu-miRNA-494-5p mimic + I/R vs scramble + I/R.
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IL-1α is a Target Gene of miRNA-494-5p
Despite its known anti-apoptotic function, the regulatory mechanism of miRNA-494-5p has remained elusive. However, 
through prediction analysis on the mirdb.org website, we identified IL-1α as a target gene of miRNA-494-5p. The 
sequence of IL-1α 3’UTR is complementary to miRNA-494-5p (Figure 6A). The luciferase reporter analysis showed that 

Figure 6 IL-1α is a direct target gene of mmu-miRNA-494-5p. After transfection with mmu-miRNA-494-5p mimic (100 nM) or IL-1α siRNA (100 nM) or scramble, saline or I(2-h)/ 
R(2-h) exposure was conducted. (A) The sequence of IL-1α 3’UTR is complementary to miRNA-494-5p. (B) Determination of Luciferase activity. (C) qRT-PCR assay of IL-1α in 
BUMPT cells. (D) Immunoblotting of IL-1α and tubB in BUMPT cells. (E) The results of grayscale assessment. (F) Immunoblotting of IL-1α, Casp3, Cle-Casp3, and tubB in BUMPT 
cells. (G) The results of grayscale assessment. Mean ± SD (n = 6). ∆p < 0.05, miRNA-494−5p mimic and IL-1α 3’UTR-WT co-transfection vs IL-1α 3’UTR-WT. #p < 0.05, mmu- 
miRNA-494-5p mimic + saline or IL-1α siRNA + saline or scramble + I/R vs scramble + saline; *p < 0.05, mmu-miRNA-494-5p mimic or IL-1α siRNA + I/R vs scramble + I.
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the luciferase activity of IL-1α3’ UTR-WT but not IL-1α3’ UTR-Mut was inhibited by miRNA-494-5p (Figure 6B). 
Furthermore, the miRNA-494-5p mimic was transfected into BUMPT cells, and then exposed to I(2-h)/R(2-h). The qRT- 
PCR assay demonstrated that miRNA-494-5p mimic markedly reduced IL-1α expression under saline or I/R condition 
(Figure 6C). This effect was further verified by immunoblotting of IL-1α (Figure 6D and E). These findings indicate that 
IL-1α can directly target miRNA-494-5p. To further investigate the effect of IL-1α on BUMPT cell death induced by I/R, 
IL-1α siRNA transfection and I(2-h)/R(2-h) exposure were conducted. The immunoblotting results demonstrated that IL- 
1α siRNA further suppressed I/R-stimulated upregulation of Cle-Casp3 (Figure 6F and G). These data imply that IL-1α is 
an apoptotic inducer during ischemic injury.

The Anti-Apoptotic Effect of mmu-lncRNA129814 siRNA on BUMPT Cells is 
Reversed by miRNA-494-5p Inhibitor During Ischemic Injury
To verify whether mmu-lncRNA129814 mediates apoptosis in BUMPT cells via sponging miRNA-494-5p, the miRNA- 
494-5p inhibitor and mmu-lncRNA19814 siRNA were co-transfected into BUMPT cells. The qRT-PCR assay revealed 
that mmu-lncRNA129814 siRNA inhibited mmu-lncRNA129814 expression, whereas transfection with miRNA-494-5p 
inhibitor suppressed the increased expression of miRNA-494-5p induced by mmu-lncRNA129814 siRNA during 
ischemic injury (Figure 7A and B). Both FCM and immunoblotting showed that knockdown of mmu-lncRNA 129814 
markedly inhibited I/R-stimulated BUMPT cell death and reduced the expression of IL-1α and Cle-Casp3, and the 
miRNA-494-5p inhibitor could reverse these effects (Figure 7C–F). The data indicate that mmu-lncRNA 129814 can 
sponge miRNA-494-5p to induce BUMPT cell apoptosis.

Knockdown of Mmu-lncRNA129814 Ameliorates I/R Injury in Mice by Regulating the 
miRNA-494-5p/ IL-1α Axis
To clarify whether suppression of mmu-lncRNA129814 can prevent the progression of ischemic AKI, mmu- 
lncRNA129814 siRNA or saline was administrated into each mouse through its tail vein for 12 h prior to I(28 min)/R 
(48 h) exposure. The I/R-stimulated upregulation of BUN and sCr was markedly reduced by mmu-lncRNA129814 
siRNA (Figure 8A and B). Consistently, H&E and TUNEL staining indicated that I/R-stimulated renal tubular injury and 
cell death were ameliorated by the mmu-lncRNA129814 siRNA (Figure 8C–F). The qRT-PCR assay demonstrated that 
mmu- lncRNA129814 siRNA inhibited its expression levels under sham or I/R condition (Figure 8G), however, it 
reversed the I/R-stimulated inhibition of miRNA-494-5p (Figure 8H). The immunoblotting indicated that I/R-stimulated 
upregulation of Cle-Casp3 and IL-1α was markedly ameliorated by mmu-lncRNA129814 siRNA (Figure 8I and J). 
Altogether, knockdown of mmu-lncRNA129814 protected against ischemic AKI by regulating I/R via the miRNA-494- 
5p/IL-1α axis.

I/R Induces Hsa-lncRNA 582795 Expression in HK-2 Cells
Hsa-lncRNA582795 (Ensemble: ENST00000582795.5) was identified from the Homo database (https://www.ncbi.nlm. 
nih.gov/). Interestingly, the common sequence between hsa-lncRNA 582795 and mmu-lncRNA129814 accounted for 
63% of the mmu-lncRNA129814 sequence, while it comprised 86% of the hsa-lncRNA 582795 sequence (Figure S1A), 
suggesting a relatively high degree of homology between them. The qRT-PCR assay indicated that hsa-lncRNA 582795 
expression was slightly elevated after reperfusion, achieved a peak at 2 h, and subsequently reduced at 4 h. This change 
was consistent with that of mmu-lncRNA129814 (Figure S1B). The immunoblotting result of Cle-Casp3 also aligned 
with the trend in hsa-lncRNA582795 expression during ischemic injury (Figure S1C and D). FISH analysis showed that 
hsa-lncRNA582795 was mainly localized in HK-2 cell cytoplasm (Figure S1E). In sum, these findings suggest that the 
expression of hsa-lncRNA582795 is increased in HK-2 cells following ischemic AKI.
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Figure 7 Mmu-miRNA-494-5p inhibitor reverses the anti-apoptotic effect of mmu-lncRNA 129814 siRNA during I/R treatment. After transfection with mmu-miRNA-494- 
5p inhibitor (100 nM) and mmu-lncRNA129814 siRNA (100 nM) or scramble, saline or I(2-h)/R(2-h) exposure was conducted. (A) qRT-PCR assay of mmu-lncRNA129814 
expression in BUMPT cells. (B) qRT-PCR assay of mmu-miRNA-494-5p in BUMPT cells. (C) FCM evaluation of BUMPT cell death. (D) Apoptotic rate of BUMPT cells. (E) 
Immunoblotting of IL-1α, Casp3, Cle-Casp3, and tubB in BUMPT cells. (F) The results of grayscale assessment. Mean±SD (n = 6). #p < 0.05, scramble + I/R vs scramble + 
saline; *p < 0.05, mmu-lncRNA129814 siRNA + I/R vs scramble + I/R. Δp > 0.05, mmu-lncRNA129814 siRNA and mmu-miRNA-494-5p inhibitor + I/R vs scramble + I/R.
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Figure 8 Knockdown of mmu-lncRNA 129814 ameliorates I/R-stimulated AKI progression by targeting the miRNA-494-5p/IL-1α axis. mmu-lncRNA129814 siRNA (15 mg/ 
kg) was administrated into each mice through its tail vein for 12 h, and its bilateral renal artery was clamped for 28 min and subsequently subjected to reperfusion for 48 
h. (A) BUN of the mice. (B) sCr of the mice. (C) H&E staining of mice kidneys. (D) TUNEL staining of mice kidneys. (E) TDS. (F) TUNEL-positive cells/mm2. (G) qRT-PCR 
assay of mmu-lncRNA129814 in mice kidneys. (H) qRT-PCR assay of mmu_miRNA-494-5p in mice kidneys. (I) Immunoblotting of IL-1α, Casp3, Cle-Casp3, and tubB in mice 
kidneys. (J) The results of grayscale assessment. Mean ± SD (n = 6). #p < 0.05, scramble + I/R or mmu-lncRNA129814 siRNA + sham vs scramble + sham; *p < 0.05, mmu- 
lncRNA129814 siRNA + I/R vs sham + I/R.
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Hsa-lncRNA 582795 Enhances I/R-Stimulated HK-2 Cell Death by Regulating the 
miRNA-494-5p/IL-1α Axis
To verify the effect of hsa-lncRNA 582795 on HK-2 cell death during ischemic AKI, transfection of hsa-lncRNA 582795 
plasmid was conducted, followed by I(2-h)/R(2-h) exposure. The qRT-PCR assay demonstrated that hsa-lncRNA 582795 
plasmid enhanced its expression levels under saline or I/R condition (Figure S2A). The FCM data indicated that 
overexpression of hsa-lncRNA 582795 could enhance I/R-stimulated HK-2 cell death (Figure S2B and C). The sequence 
of hsa-lncRNA 582795 is complementary to miRNA-494-5p; while that of miRNA-494-5p is complementary to IL-1α 
3’UTR (Figure S2D). The qRT-PCR assay indicated that overexpression of hsa-lncRNA 582795 could suppress miRNA- 
494-5p expression under saline or I/R condition (Figure S2E). In contrast, the expression of IL-1α was increased by hsa- 
lncRNA 582795 overexpression under saline or I/R condition (Figure S2F). The immunoblotting results indicated that I/ 
R-stimulated upregulation of Cle-Casp3 and IL-1α was further induced by hsa-lncRNA 582795 overexpression (Figure 
S2G and H). These findings demonstrate that hsa-lncRNA 582795 enhances I/R-stimulated HK-2 cell death via 
regulation of the miRNA-494-5p/IL-1α axis.

Overexpression of Hsa-lncRNA582795 Enhanced I/R Injury in Mice via Regulating the 
miRNA-494-5p/IL-1α Axis
To further demonstrate that hsa-lncRNA582795 has the same function as mm-lncRNA129814 in ischemic AKI, hsa- 
lncRNA582795 plasmid or vector was administrated into each mouse through its tail vein for 12 h before I(28 min)/R(48 
h) exposure. I/R-stimulated upregulation of BUN and sCr was markedly increased by hsa-lncRNA582795 plasmid 
(Figure S3A and B). Consistently, H&E and TUNEL staining indicated that I/R-stimulated renal tubular injury and cell 
death were enhanced by hsa-lncRNA582795 plasmid (Figure S3C–F). The qRT-PCR assay demonstrated that hsa- 
lncRNA582795 plasmid enhanced its expression levels under sham or I/R condition (Figure S3G), Additionally, it 
aggravated the I/R-stimulated inhibition of miRNA-494-5p (Figure S3H). The immunoblotting results showed that the I/ 
R-stimulated upregulation of Cle-Casp3 and IL-1α was markedly promoted by hsa-lncRNA582795 plasmid (Figure S3I 
and J). Taken together, overexpression of hsa-lncRNA582795 promotes ischemic AKI by regulating I/R via the miRNA- 
494-5p/ IL-1α axis.

hsa-lncRNA 582795 is a Diagnostic Marker of I/R-Induced AKI
It is well known that cardiac surgery can cause ischemic acute kidney injury (AKI). In this study, 60 post-cardiac surgery 
patients were enrolled, divided into the CSA-non-AKI group (n = 30) and the CSA-AKI group (n = 30), with a Healthy 
group (n = 15) serving as controls. Blood and urine samples were collected within 24 hours post-surgery. The baseline 
characteristics of all patients are presented in Table 1. Notably, the average ages of AKI and non-AKI patients were 55.8 
± 11.47 years and 46.83 ± 16.72 years, respectively. In AKI group, 10 (33.3%), 9 (30%) and 11 patients (66.7%) 
belonged to AKI stages 1, 2, and 3, respectively. The duration of cardiac surgery and the cost of hospitalization were 
higher in the AKI group compared to the non-AKI group (p < 0.05). To assess whether hsa-lncRNA 582795 was 
a diagnosis marker for cardiac surgery patients with ischemic AKI, total RNA was isolated from the blood and urine of 
healthy, non-AKI, and AKI groups (Figure S4A). The standard curve of absolute quantification PCR (AQ-PCR) was 
constructed using the hsa-lncRNA 582795 plasmid. Equation of regression is as follows: Y = −3.1136x + 35.434 (R = 
0.9935) (Figure S4B). AQ-PCR assay indicated that the plasma and urinary levels of hsa-lncRNA582795 were slightly 
elevated in non-AKI patients compared with the healthy group, and those in AKI patients were noticeably increased 
compared to non-AKI patients (Figure S4C and D). Furthermore, the plasma and urinary concentrations of hsa-lncRNA 
582795 were slightly increased in patients with Kidney Disease: Improving Global Outcomes (KDIGO) AKI stage II 
compared to those with KDIGO AKI stage I. In patients with KDIGO AKI stage III, these concentrations were markedly 
increased compared to those with KDIGO AKI stage II (Figure S4E and F). Additionally, the plasma and urinary levels 
of hsa-lncRNA 582795 were remarkably correlated with sCr (r = 0.824, p < 0.001; r = 0.734, p < 0.001, respectively) 
(Figure S4G and H). At the same time, we found that the elevated level of urinary hsa-lncRNA 58279 was consistent 
with the changing trend of plasma hsa-lncRNA 582795 (r = 0.816, p < 0.001) (Figure S4I). Our analysis confirmed that 
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urinary hsa-lncRNA582795 had a strong correlation with urinary [TIMP2]*[IGFBP7](r = 0.789, p < 0.001;)(Figure S4J). 
To further evaluate the diagnostic value of hsa-lncRNA 582795, receiver operating characteristic (ROC) curves were 
established. As displayed in Figure S4K, the area under the ROC curve (AUC) of plasma hsa-lncRNA 582795 was 0.889 
(95% CI, 0.808–0.970) with the sensitivity and specificity of 76.7% and 86.7%, respectively, at a cut-off value of 
183.9×10−3 fg/L. The AUC of urinary hsa-lncRNA 582795 was 0.804 (95% CI, 0.693–0.916) with the lower sensitivity 
of 63.3% and higher specificity of 93.3% compared to its plasma level (Figure S4L). The data verify that hsa-lncRNA 
582795 is an early marker for I/R-induced AKI during cardiac surgery.

Discussion
This is the first study demonstrated that mmu-lncRNA129814/hsa-lncRNA 582795 promoted renal tubular cell apoptosis 
to drive the I/R-stimulated progression of AKI in cell and animal models. Mechanistically, mmu-lncRNA129814/hsa- 
lncRNA 582795 sponged miRNA-494-5p to increase the expression of IL-1α. Furthermore, the data suggested that 
plasma and urinary hsa-lncRNA 582795 had a potential diagnosis value for I/R-induced AKI patients.

Previous reports showed that lncRNAs could contribute to the development of ischemic AKI.16 Some lncRNAs 
protected against the progression of ischemic AKI,16–25 while others mediated the development of ischemic AKI.4,26–31 

Here, we discovered that mmu-lncRNA 129814/hsa-lncRNA582795 not only mediated I/R-stimulated BUMPT and HK-2 

Table 1 The Baseline Clinical Characteristics and Laboratory Values of the Patients

AKI (N=30) Non-AKI (N=30) P value

Gender, No (%)
Male 16 (53.3) 17 (56.7) 0.795

Female 14 (46.7) 13 (43.3)

Age, mean (SD), year 55.8 (11.47) 46.83 (16.72) 0.252
Height, mean (SD), cm 165.54 (8.71) 164.11 (10.29) 0.777

Weight, mean (SD), kg 70.71 (16.01) 62.69 (11.99) 0.02

BMI, mean (SD), kg/m2 26.61 (3.92) 24.54 (7.83) 0.393
Temperature, mean (SD), °C 36.47 (0.19) 36.53 (0.44) 0.253

Heart rate, mean (SD), beats/min 80.33 (11.96) 84.1 (17.68) 0.559
Respiratory rate, mean (SD), times/min 18.8 (2.265) 19.83 (2.09) 0.736

MAP, mean (SD), mmHg 90.8 (15.42) 91.64 (11.96) 0.668

Cardiac EF, mean (SD),% 58.56 (8.76) 61.69 (5.71) 0.225
Comorbidities, No (%)

Diabetes 2 (6.7) 2 (6.7) 0.765

Hypertension 16 (53.3) 8 (26.7) 0.277
Coronary heart disease 7 (23.3) 3 (10) 0.274

Cerebrovascular diseases 2 (6.7) 3 (10) 0.789

Renal function (at hospital admission)
BUN, mean (SD), mmol/L 6.55 (2.25) 5.92 (2.27) 0.815

Creatine, mean (SD), umol/L 82.39 (16.64) 67.67 (13.83) 0.396

AKI stage (KIDIGO), No (%)
Stage 1 10 (33.3)

Stage 1 9 (30)

Stage 1 11 (36.7)
Surgery type, No (%)

Valve surgery 14 (46.7) 25 (83.3) 0.877

Ascending aorta surgery 9 (30) 3 (10) 0.482
GABG surgery 6 (20) 1 (3.3) 0.314

Other cardiac surgery 1 (3.3) 1 (3.3) 0.892

Cardiac surgery time, mean (SD), min 360.07 (133.24) 262.83 (99.69) 0.027
Length of inhospital, mean (SD), d 30.23 (12.31) 25.13 (9.52) 0.25

Cost of inhospital, mean (SD), yuan 268,952.45 (98,593.76) 192,297.62 (57,137.47) 0.003
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cell death, but also aggravated the progression of ischemic AKI mice (Figures 2, 3, 8, S2 and S3). LncRNAs usually act as 
ceRNAs to promote the expression of target genes.33 It was observed that miRNA-494-5p was a target miRNA of mmu- 
lncRNA129814/hsa-lncRNA 582795 (Figures 4 and S2). Previous studies have also reported that miRNA-494-3p and 
miRNA-494-5p are two mature forms of miRNA-494. However, the effect of miRNA-494 on cell apoptosis remains 
controversial. Some studies have demonstrated that miRNA-494 mediated human nucleus pulposus and liver cell 
apoptosis.34,35 In contrast, other studies have found that miRNA-494 has the opposite effect on apoptosis in cardiomyocytes 
and vascular smooth muscle cells.36,37 The effect of miRNA-494-3p on apoptosis was similar with that of miRNA-494.38–40 

However, the role of miRNA-494-5p in apoptosis is still unclarified. Herein, we reported for the first time that miRNA-494- 
5p had an anti-apoptotic function in renal tubular cell apoptosis during ischemic AKI (Figures 4, 5, 7, and 8). Our dual- 
luciferase reporter assays and qRT-PCR analysis showed that IL-1α was a target gene of miRNA-494-5p. Previous studies 
demonstrated that inhibition of IL-1α attenuated ischemic injury-induced myocardial injury and brain damage via 
suppression of apoptosis.41,42 Consistently, we also showed that the knockdown of IL-1α alleviated renal cell death induced 
by I/R (Figure 6). Interestingly, the findings showed that hsa-lncRNA 582795 was identical to mmu-lncRNA129814 and 
could modulate I/R-stimulated HK-2 cell death by regulating the miRNA-494-5p/IL-1α axis both in vitro and in vivo 
(Figures S2 and S3). In summary, the mmu-lncRNA129814/hsa-lncRNA 582795 miRNA-494-5p/IL-1α axis mediates the 
progression of I/R-induced AKI.

Early diagnosis of I/R-induced AKI can effectively improve the patient’s clinical outcome and mortality.43–46 Several 
studies reported that miRNA-21 had a diagnostic value for I/R-induced AKI. The area under the ROC curve ranged from 
0.701 to 0.81 for plasma and from 0.68 to 0.9 for urine)\, respectively.47–49 However, these studies did not explore the 
sensitivity and specificity of miRNA-21 for diagnosing I/R-induced AKI. Recent studies suggest that lncRNAs belong to 
a novel class of diagnostic markers because they have tissue type-, cell type-, disease state- or developmental stage- 
specific patterns,50 which are easily detectable and highly stable in serum and urine.51 This is the first study indicated that 
hsa-lncRNA 582795 had a diagnosis value for I/R-induced AKI. The range of area under the ROC curve showed 
relatively high value of 0.889 (plasma) and moderate value of 0.804 (urine) compared to miRNA-21. Moreover, the data 
indicated that urinary hsa-lncRNA 582795 had a high specificity (93.3%) and low sensitivity (63.3%) compared to 
plasma hsa-lncRNA 582795 (86.7% and 76.7%, respectively). In addition, urinary hsa-lncRNA582795 was highly 
correlated with [TIMP2]*[IGFBP7] approved by FDA of Europe and the United States.52–54 This further confirms the 
ability of hsa-lncRNA582795 in diagnosing AKI (Figure S4). Collectively, these data show that hsa-lncRNA 582795 is 
a potential biomarker of I/R-induced AKI.

Conclusion
In summary, our study demonstrates that the mmu-lncRNA129814/hsa-lncRNA582795/miRNA-494-5p/IL-1α axis can 
contribute to the progression of I/R-induced AKI. The plasma and urinary hsa-lncRNA 582795 exhibit high specificity 
and sensitivity for I/R-induced AKI diagnosis, and may be a molecular target for treating I/R-induced AKI.
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BUMPT, Boston university mouse proximal tubule; AKI, Acute kidney injury; CABG, Coronary artery bypass graft; 
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