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Recent studies have shown that autophagy upregulation can attenuate sepsis-induced acute kidney injury (SAKI). The tumor suppressor p53 has emerged as an autophagy regulator in various forms of acute kidney injury (AKI). Our previous studies showed that p53 acetylation exacerbated hemorrhagic shock-induced AKI and lipopolysaccharide (LPS)-induced endothelial barrier dysfunction. However, the role of p53-regulated autophagy in SAKI has not been examined and requires clarification. In this study, we observed the dynamic changes of autophagy in renal tubular epithelial cells (RTECs) and verified the protective effects of autophagy activation on SAKI. We also examined the changes in the protein expression, intracellular distribution (nuclear and cytoplasmic), and acetylation/deacetylation levels of p53 during SAKI following cecal ligation and puncture (CLP) or LPS treatment in mice and in a LPS-challenged human RTEC cell line (HK-2 cells). After sepsis stimulation, the autophagy levels of RTECs increased temporarily, followed by a sharp decrease. Autophagy inhibition was accompanied by an increased renal tubular injury score. By contrast, autophagy agonists could reduce renal tubular damage following sepsis. Surprisingly, the expression of p53 protein in both the renal cortex and HK-2 cells did not significantly change following sepsis stimulation. However, the translocation of p53 from the nucleus to the cytoplasm increased, and the acetylation of p53 was enhanced. In the mechanistic study, we found that the induction of p53 deacetylation, due to either the resveratrol/quercetin -induced activation of the deacetylase Sirtuin 1 (Sirt1) or the mutation of the acetylated lysine site in p53, promoted RTEC autophagy and alleviated SAKI. In addition, we found that acetylated p53 was easier to bind with Beclin1 and accelerated its ubiquitination-mediated degradation. Our study underscores the importance of deacetylated p53-mediated RTEC autophagy in future SAKI treatments.
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Introduction

Sepsis is defined as organ dysfunction that results from the host’s deleterious response to infection (1). The kidney is one of the most common organs affected by sepsis, resulting in a condition known as sepsis-associated acute kidney injury (also known as sepsis-induced AKI or SAKI), which increased the morbidity and mortality caused by sepsis (2). The accurate estimation of the incidence and trends associated with AKI secondary to sepsis has been challenging. Several cohort studies have described the frequency of AKI among patients with sepsis, and the incidence of SAKI among sepsis patients has been reported between 22% to 53% (3). Even if SAKI patients survive, the possibility of developing chronic kidney disease is greatly increased (2, 3). Our previous studies have shown that damage to renal tubular epithelial cells (RTECs) is an important underlying cause of SAKI (4). However, the exact mechanism of RTEC damage in SAKI is not completely understood.

The tumor suppressor p53 has emerged as an important player in various forms of AKI (5, 6). This transcription factor primarily responds to cellular stress and DNA damage by halting the cell cycle and promoting apoptosis in extreme cases of cell stress including AKI (7). Although the primary role of p53 activation is to safeguard the genome and prevent malignant transformation, its role in AKI appears to be less straightforward and can be detrimental inasmuch as it can trigger cell death in sublethal injured tubular cells (8). Recent evidence indicates that autophagy inhibition is an important cause of various types of AKI (9). The upregulation of p53 could mediate the attenuation of autophagy and aggravate AKI induced by ischemia-reperfusion conditions and cisplatin treatment (6). However, the role of p53 in SAKI has not been reported and the underlying mechanism remains unknown. p53 is subject to a wide range of post-translational modifications (PTM), including phosphorylation, acetylation, methylation, glycosylation, farnesylation, hydroxylation, ADP ribosylation, and PIN1-mediated prolyl isomerization, in addition to modification with ubiquitin and other ubiquitin-like proteins (5). Our previous studies showed that p53 acetylation exacerbated hemorrhagic shock-induced AKI (10) and lipopolysaccharide (LPS)-induced endothelial barrier dysfunction (11).

In this study, we examined the changes in the protein expression, intracellular distribution (nuclear and cytoplasmic), and acetylation/deacetylation state of p53 in cecal ligation and puncture (CLP) or LPS-induced animal model of SAKI and in a LPS-challenged human RTEC cell line (HK-2 cells). Surprisingly, the expression of p53 protein both in renal cortex and HK-2 cell did not significantly change after sepsis stimulation. However, the translocation of p53 from the nucleus to the cytoplasm increased, and the acetylation of p53 was enhanced. In the mechanistic study, we found that the induction of p53 deacetylation, by the activation of deacetylase Sirtuin 1 (Sirt1) through resveratrol/quercetin or the mutation of acetylated lysine site in p53, promoted RTEC autophagy, which alleviated SAKI. In addition, we also found that acetylated p53 was easier to bind with Beclin1 and accelerated its ubiquitination-mediated degradation. Our study underscores the importance of deacetylated p53-mediated RTEC autophagy in future SAKI treatments.



Material and Methods


Reagents and Antibodies

Rapamycin (Rapa, S1039), 3-methyladenine (3-MA, S2767), tenovin-6 (S4900), resveratrol (RSV, S1396), chloroquine (CHQ, S6999), quercetin (QCT, S2391), MG132 (S2619) and protease inhibitor cocktail were purchased from Selleck (Houston, Texas, USA). Lipopolysaccharide (LPS, L2630) and pentobarbital (P010) were purchased from Sigma (St. Louis, MO, USA). TUNEL Apoptosis Assay Kit (C1088), deacetylase inhibitor cocktail (P1112), Nuclear and Cytoplasmic Protein Extraction Kit (P0027), and protein A+G agarose beads (P2012) were purchased from Beyotime (Shanghai, China). Immunoprecipitation kit and anti-Beclin1 (11306-1) antibodies were purchased from Proteintech Co. (Chicago, IL, USA). Anti-autophagy-related 5 (Atg5, A0203), anti-p53 (A5761), anti-p62 (A7353), pan-acetylated lysine (A2391), anti-Sirt1 (A0127) and goat anti-mouse lgG (H+L; AS008) antibodies were purchased from Abclonal, China. Anti-microtubule-associated protein 1A/1B-light chain 3 (LC3A/B, 12741S), acetyl-p53 (Lys379; #2570) and Ubiquitin (Ub, P4D1, 3936S) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, RM2002), anti-proliferating cell nuclear antigen (PCNA, RM2009), horseradish peroxidase (HRP)-labeled goat anti-mouse secondary antibodies (RM3001), HRP-labeled goat anti-rabbit secondary antibodies (RM3002), and anti-Flag-tag (RM1002) antibodies were purchased from Beijing Ruikang, China. Anti-LC3A/B (SAB1305552) antibody was purchased from Sigma (St. Louis, MO, USA). Anti-p53 (PAb 240) antibody was purchased from Abcam, USA. Antibody against kidney injury molecule-1 (KIM-1, NBP1-76701) was purchased from Novus, USA. TRIzol reagent (#D1105) was purchased from GBCBIO Technologies, China. HiScript® III RT SuperMix (#R323) and SYBR® qPCR Master Mix (#Q331) were purchased from Vazyme, China.



SAKI Animal Model Study

The experimental animals C57/BL6 mice, weighed between 20–22 g and aged 6–8 weeks, were obtained from the Animal Center of Southern Medical University, Guangzhou, China. The animal experiments were conducted in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health, Bethesda, MD, USA), and the study protocol was approved by the Committee on Ethics in Animal Experiments of Southern Medical University. Two septic animal models, CLP- and LPS-induced septic mouse models, were used in present study. The chemical reagents with doses of 4 mg/kg Rapa, 20 mg/kg 3-MA, 25 mg/kg tenovin-6, 50 mg/kg CHQ, 30 mg/kg RSV and 25 mg/kg QCT were intraperitoneally injected 2 h before CLP as required, respectively (12–15). All these chemical reagents were first dissolved in DMSO, and then diluted with saline to reach the working concentration.

The CLP procedure was performed as described in previous studies (16). Specifically, the experimental mice were weighed and anesthetized by the intraperitoneal injection of 2% pentobarbital at a dose of 23 mL/kg. A midline laparotomy was performed using mini-midsection, and the cecum was ligated just below the ileocecal valve by using 4–0 silk ligatures to maintain intestinal continuity. The cecum was perforated at 2 locations 1 cm apart by using a 21-gauge needle and gently compressed until feces were extruded. The bowel was then returned to the abdomen, and the incision was closed. Control mice (sham group) underwent the same surgical procedures without ligating and puncturing the cecum. At the end of the operation, all mice received fluid resuscitation with normal saline (50 mL/kg) by subcutaneous injection. After the CLP model was created, the mice were executed for the observation of renal pathological changes. The autophagy in RETCs, the expression level of p53 protein in kidney and serum creatinine (sCr) levels were also detected. Some other animals (20 in each group) were remained for survival analyses.

LPS-induced septic mouse model was created with 15 mg/kg LPS via intraperitoneal injection as described in previous study (17). The mice were then executed for the observation of the autophagy in RETCs and the expression level of p53 protein in kidney.



Cell Culture, Transfection, and Adenovirus Transduction

The experimental RTEC HK-2 cells were purchased from Kunming Cell Bank, China (numbered KCB200815YJ). HK-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) at 37°C in a humidified atmosphere containing 5% CO2. A recent mycoplasma contamination test on HK-2 cells was negative.

HK-2 cells were stimulated with 10 µg/ml LPS to construct a cellular sepsis model. According to the requirements of different experiments, cells were transfected with control small interfering RNA (siRNA), Sirt1 siRNA, empty plasmid vectors, HA-Sirt1 plasmid and His-Ub plasmid vectors for 6 h by using Opti-MEM® I reduced serum media and Lipofectamine 2000. The siRNA, HA-SIRT1 and His-Ub plasmid were synthesized by GenePharma (Shanghai, China). The siRNA-targeted sequences were as follows: control siRNA, sense 5’-UUCUCCGAACGUGUCACGUTT-3’ and antisense 5’-ACGUGACACGUUCGGAGAATT-3’; SIRT1 siRNA, sense 5’- GCUGUACGAGGAGAUAUUUTT-3’ and antisense 5’- AAAUAUCUCCUCGUACAGCTT-3’. After the cells were transfected for 36 h, follow-up experiments were performed. The adenoviral vector expressing Flag- and GFP-tagged wild-type and lysine-mutated p53 (Ad-p53 and Ad-p53K382R, respectively) were packaged by GeneChem Co. Ltd (Shanghai, China). The adenoviral vector expressing Flag- and GFP-tagged wild-type Beclin1 (Ad-Beclin1) was also packaged by GeneChem Co. Ltd. Cells were transduced with 109 plaque-forming units (PFU)/mL of adenoviruses for 48 h, followed by corresponding experiments.



Histology and Immunohistochemistry

The histology of mouse kidneys was observed by hematoxylin-eosin (HE) staining and periodic acid-Schiff (PAS) staining. Briefly, fresh renal cortical tissues were sliced into sections, fixed with 10% formalin for approximately 24 h, and then stained and observed under an optical microscope (Zeiss, LSM780, Thuringia Germany). Two professional pathologists, who were blinded to the experimental protocol and the experimental group of this subject, scored the damage to the renal cortex. Five sections were selected for each group, and 10 random fields of view were selected from each section. The histological assessment of renal damage included the observed loss of the tubule brush border, renal tubule hemorrhage, tubular casts, inflammatory infiltration, and obvious necrosis in the cortex (18, 19). The scoring principle was as follows: 0, no damage; 1, ≤10% damage; 2, 11%–25% damage; 3, 26%–45% damage; 4, 46%–75% damage, and 5, ≥76% damage. Finally, statistical analysis and graphing were performed, according to the scoring results.

For immunohistochemical staining, renal tissues were obtained, fixed with 4% formaldehyde solution overnight, dehydrated using an alcohol gradient, cleared using xylene, and embedded in paraffin. Subsequently, the paraffin-embedded tissue blocks were sliced into 4–6 µm sections, which were then mounted onto glass slides. The slides were baked in an oven at 55°C for 2 h, followed by deparaffinization and rehydration, prior to antigen retrieval using sodium citrate. KIM-1 has been used as an useful biomarker for renal proximal tubule damage to facilitate the early diagnosis of renal tubule dysfunction (20). In this study, kidney sections were probed with antibodies against KIM-1 at a dilution of 1:100 at room temperature for 1 h. Then the sections were incubated for 15 min at room temperature with biotinylated secondary antibody. A streptavidin-peroxidase enzyme conjugate was added to each section for 10 min, and the peroxidase activity of KIM-1 was visualized. The density of KIM-1 staining was quantified by Image software (Media Cybernetics, Inc., Rockville, MD, USA)



TUNEL Assay

Terminal deoxynucleotidyl transferase dUTP mediated nick-end labeling (TUNEL) assay was performed to evaluate apoptosis in renal tissues, as described in our previously published literature (16). Briefly, the renal tissues (4 µm) were fixed, paraffin-embedded, and labeled with a TUNEL reaction mixture containing terminal deoxynucleotidyl transferase and nucleotides including tetramethylrhodamine-labeled dUTP. After the reactions were terminated, the slides were examined by fluorescence microscopy. Blue dots, generated by 4’, 6-diamidino-2-phenylindole (DAPI) staining, identified the nucleus, whereas green dots were generated by the TUNEL assay, indicating the presence of degraded DNA. The overlap between the blue dots and green dots represented apoptotic cells. A total of 30 fields of view from 5 samples were used to evaluate the number of TUNEL-positive cells in the kidney. Data are expressed as the number of apoptotic cells in each 200× magnification field of view.



Renal Function Assessment

Blood samples were collected at 12 h after CLP and then centrifuged at 3,000 rpm for 15 min at room temperature to separate the serum. The levels of sCr were analyzed using an automatic biochemical analyzer (Chemray 240, Shenzhen, China).



Ultrastructure Observation With Transmission Electron Microscopy

Kidney tissues were cryosectioned in 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h and then washed in phosphate-buffered saline (PBS) for 2 days. The samples were then fixed in 1% osmic acid, dehydrated with ethanol and acetone gradients, embedded in epoxy resin, and cut into ultrathin sections. The tissue sections were stained with uranyl acetate and lead citrate and then observed under an H-7500 transmission electron microscope (Hitachi, Tokyo, Japan). The number of autophagosomes and autophagolysosomes was counted in 30 randomly selected fields in each group at 8000× magnification, and representative fields at 40,000× magnification were selected for display.



Western Blotting Analysis

The kidney tissues and cells were homogenized by ultrasound and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer containing 1× protease inhibitor cocktail. To detect the acetylation level of the target protein, 1× deacetylase inhibitor cocktail was added to the RIPA lysis buffer. The samples were then centrifuged at 12,000 rpm for 15 min to obtain the supernatants. The proteins in the supernatants were separated using sodium dodecyl sulfate (SDS)-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membrane was blocked in 5% bovine serum albumin (BSA) for 1 h to remove the specific binding and then incubated with primary antibodies overnight at 4°C and secondary antibodies at room temperature for 1 h, and finally, the target protein was visualized with enhanced chemiluminescence reagents. The primary antibodies used were anti-Atg5, anti-LC3A/B, anti-p53, pan-acetylated lysine, acetyl-p53 (Lys379), anti-Sirt1, anti-p62, anti-Beclin1, Anti-GAPDH, anti-PCNA, anti-Flag-tag antibodies. The secondary antibodies used were HRP-labeled goat anti-mouse and anti-rabbit antibodies. The band intensities were quantified using ImageJ software. The protein expression levels were standardized relative to the level of GAPDH or PCNA or p53.



Autophagic Flux Detection by mRFP-GFP-LC3 Adenovirus Transfection

mRFP-GFP-LC3 adenovirus (Hanbio Co. Ltd., Shanghai, China) was transfected to HK-2 cells in each confocal cuvette at a titer of 1010 PFU/mL for 48 h, then the cells were harvested and fixed in 4% paraformaldehyde. The expression of both monomeric red fluorescent protein (mRFP) and green fluorescent protein (GFP) in the mRFP-GFP-LC3 tandem fluorescent proteins were used to track LC3 under a confocal laser microscope. Generally, when autophagosomes form in the cells, LC3 will converge into dots, and the LC3 dots will be tagged with both mRFP, resulting in red fluorescence and GFP, resulting in green fluorescence, simultaneously appearing yellow due to superimposition. However, GFP is sensitive to acidity. When autophagosomes fuse with acidic lysosomes, forming autophagolysosomes, the GFP protein becomes quenched, and the LC3 spots only appear red. Therefore, autophagy in HK-2 cells can be recognized by counting the yellow and red dots. In this study, the numbers of spots of each color were obtained from at least three independent experiments in each group.



Immunoprecipitation and Co-Immunoprecipitation Assays

The enriched protein was incubated with 2 µg anti-p53 or anti-Beclin1 antibody overnight at 4°C. Then 40 µl of protein A+G agarose beads were added and spined at 4°C for 3 h. After centrifugation, the supernatant was discarded, and 1× loading buffer was added for western blotting analysis to determine protein expression. The primary antibodies used were pan-acetylated lysine, anti-Beclin1 and Ubiquitin antibodies. The protein expression levels were standardized relative to the level of p53 or IgG-H.



Nucleus and Cytoplasm Protein Isolation

A Nuclear and Cytoplasmic Protein Extraction Kit was used to isolate the nuclear and cytoplasmic p53 proteins from HK-2 cells. According to the manufacturer’s recommendations, adherent cells were scraped, and the cell pellet was obtained by centrifugation. Then, 200 µl cytoplasmic protein extraction reagent A containing PMSF was added for every 20 µl of cell pellet volume. After the cell pellet was completely dispersed by vortexing at the highest speed for 5 s, the sample was placed in an ice bath for 10–15 min. Then, 10 µl of cytoplasmic protein extraction reagent B was added to the cell pellet. The mixture was vortexed at the highest speed for 5 s again and placed in an ice bath for another 1 min, followed by centrifugation at 14,000 × g at 4°C for 5 min to obtain the supernatant, which was retained as the cytoplasmic protein fraction. Then, 50 µl of nuclear protein extraction reagent containing PMSF was added to the remaining cell pellet. The mixture was subjected to an ice bath and vortexed at high speed for 30 s every 1–2 min for a total of 30 min. Finally, the cell pellet was centrifuged at 14,000 × g at 4°C for 10 min to obtain the nuclear protein. The nuclear and cytoplasmic proteins can be used immediately or stored at −70°C.



Immunofluorescence Assays

HK-2 cells were inoculated onto Petri dishes. After discarding the original medium, the cells were rinsed three times with PBS, fixed with 4% paraformaldehyde for 15 min, punched with 0.5% Triton-100 for 15 min, blocked with 5% BSA for 1 h, and then incubated overnight at 4°C with primary antibodies for p53 or LC3 at a dilution of 1:100. The next day, fluorescent secondary antibodies were added and incubated at room temperature for 1 h, and then the nucleus was stained with DAPI after 3 washes with PBS.



Survival Study

Sepsis was induced by CLP, as described above. After awakening from anesthesia, the mice were returned to their cages, and food and water were provided. For survival analysis, 20 mice were included in each group (sham group, vehicle + CLP group and RSV + CLP group), and mice were monitored daily over a 5-day period, and the survival rate was recorded. Survival after surgery was assessed every 6 h during the first 48 h and then every 8 h for 3 days. Apnea for >1 min was considered to indicate death. Mice that survived for > 5 d were sacrificed by cervical dislocation.



Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) Assays

Total RNA was isolated from cells with TRIzol reagent. The RNA concentration was determined by using a BioDrop spectrophotometer (Biochrom Ltd, Cambridge, UK). Complementary DNA was reverse transcribed with HiScript® III RT SuperMix according to the manufacturer’s protocol. RT- PCR was performed using SYBR® qPCR Master Mix with specific primers (Table 1) in a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA). β-actin was used as the internal control. The 2−ΔΔCt method was employed to evaluate mRNA expression.


Table 1 | Sequences of primers for RT-qPCR.





Ubiquitination Assay

For detection of ubiquitinated proteins, cells were transfected with Ad-Beclin1 along with Ad-p53 or Ad-p53K382R. After 12 h, 4 μg of His-Ub expression plasmid was transfected into the cells. After 36 h of transfection, 5 μM MG132, the proteasome inhibitor, was added along with LPS and the cells were further incubated for 12 h. Cells were then harvested for immunoprecipitation.



Statistical Analysis

Survival analysis was performed using Kaplan-Meier plots and compared using the log-rank test. Other results were expressed as the mean ± standard deviation and analyzed by one-way analysis of variance (ANOVA) with SPSS 20.0 (IBM, Armonk, NY, USA). Variance in groups was evaluated using the homogeneity of variance test (the Levene test). When the Levene test indicated homogeneity of variance (P > 0.1), the least-significant difference multiple comparison test was used. When equal variance was not assumed (the Levene test; P < 0.1), the Welch method was applied, followed by Dunnett’s T3 post hoc comparisons. All tests were performed using SPSS software (Chicago, IL). P values < 0.05 were considered significant.




Results


Autophagy Inhibition Precedes Apoptosis in RTECs Following Sepsis

We first dynamically observed damage in kidney tissues in the CLP-induced AKI model. Both HE staining and PAS staining showed that some renal tubules expanded and swelled within 4 h after CLP, and some RTECs fell off into the lumen. These pathological changes were gradually aggravated over the next 12 h post-CLP, and the renal tubular injury scores were correspondingly elevated (Figures 1A–C). Interestingly, the apoptosis level, as assessed by TUNEL staining, only increased significantly after 12 h of CLP (Figures 1D, E). Transmission electron microscopy observation and the quantitative analysis of autophagosomes and autolysosomes revealed that autophagy in RTECs increased progressively and then sharply decreased within 8 h after CLP. The decline in autophagy levels preceded the occurrence of apoptosis (Figures 1F, G). Subsequently, we also measured the dynamic changes of autophagy in LPS-induced septic mouse model. We found that the expression of autophagy-related protein LC3II increased gradually and peaked at 8 h, returned to baseline by 24 h. In contrast, p62 (SQSTM1, a mediator of cargo selection and an autophagic substrate) expression reached the lowest levels at 8 h with LPS treatment (Supplementary Figures 1A–C), which was consistent with the autophagosomes analysis in CLP-induced septic mouse model. Similar changes of LC3II and p62 have been reported in CLP model in our previous study (15).




Figure 1 | Renal pathology score, apoptosis, and autophagy following CLP-induced sepsis. (A) Hematoxylin-eosin (HE) staining (upper panel: 200×; inset: 400×) and periodic acid-Schiff (PAS) staining (lower panel: 200×; inset: 400×) of the renal cortex following CLP-induced sepsis. Black thick arrows: Nuclei of RTECs shed to lumen; Long black arrows: tubular dilation; Black triangles: renal tubular casts; White thick arrows: severe tubular damage. (B, C) The tubular damage score was evaluated based on pathological observations from HE and PAS staining. *p < 0.05, **p < 0.01 vs. sham group; n = 5. (D) Cell apoptosis of the renal cortex, as assessed by TUNEL-positive cell staining following CLP-induced sepsis. Upper panel: 200×; lower panel: 400×. (E) Semi-quantitative analysis of TUNEL-positive cells. **p < 0.01 vs. sham group; n = 5. (F) Observation of autophagy in the renal cortex under transmission electron microscope following CLP-induced sepsis. Black thick arrows: autophagosomes or autolysosomes; Asterisk: mitochondrial autophagy; upper panel: magnified ×7000; lower panel: magnified ×40000. (G) Semi-quantitatively analysis of autophagy. The numbers of autophagosomes and autolysosomes in renal epithelial cells were calculated in 20 randomly selected fields. **p < 0.01 vs. sham group; ##p < 0.01 vs. 8 h group; n = 20. CLP, cecal ligation and puncture; RTEC, renal tubular epithelial cell; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.



Based on the findings of animal experiments, we further detected autophagy in LPS-challenged human RTECS (HK-2 cells). The expression of autophagy-related protein Atg5 and LC3II gradually increased and reached a peak at 8 h and then sharply decreased and dropped at 24 h (Figures 2A–C). Considering that the hindrance of autophagic flux would cause the failure of autophagosomes to fuse with lysosomes to form autophagolysosomes, which would result in the increased expression of autophagy-related proteins; therefore, we detected autophagic flux using laser confocal microscopy. We transfected HK-2 cells with the autophagy double-labeled adenovirus mRFP-GFP-LC3 to detect autophagic flux. According to the manufacturer’s recommendations, free red dots [red dots (mRFP) minus the overlap of red and green dots (GFP)] represented autolysosomes, and the yellow dots with overlapping red dots and green dots represented autophagosomes. As expected, the number of both autophagosomes and autophagolysosomes showed a trend of increasing first and then decreasing (Figures 2D–F), indicating that the autophagy flux has not been blocked, which is the same as the observed trend of autophagy-related protein expression.




Figure 2 | Autophagy determination in LPS-induced HK-2 cells. (A) Representative western blot showing the Atg 5 and LC3II protein expression levels in HK-2 cells following LPS stimulation at various time-points. GAPDH was used as an internal reference. (B, C) densitometric analyses of Atg5 and LC3II protein expression. n = 4-5. (D) The autophagic flux in HK-2 cells was determined by cellular immunoassay following LPS stimulation at various time-points. The autophagy double-labeled adenovirus mRFP-GFP-LC3 was used to detect autophagic flux (magnification ×630 and scale bar = 10 µm). (E) The mean number of GFP and mRFP dots per cell. (F) The mean numbers of autophagosomes and autolysosomes per cell. *p < 0.05, **p < 0.01 vs. the 0 h group, ##p < 0.01 vs. the 8 h group. The results are representative of at least three independent experiments. LPS, lipopolysaccharide; Atg5, autophagy-related protein 5; LC3II, Microtubule-associated protein 1A/1B-light chain 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRFP, monomeric red fluorescence protein; GFP, Green fluorescent protein.





Autophagy Activation Alleviates Renal Injury

Next, we verified the protective effects of autophagy activation on kidney after sepsis. The autophagy agonist Rapa and the autophagy inhibitor 3-MA were used for this experiment. Using transmission electron microscopy, we found that Rapa pretreatment significantly promoted the level of autophagy in RTECs at 12 h after CLP (Figures 3A, B) and alleviated renal tubular injury (Figures 3C–E). Correspondingly, 3-MA inhibited the formation of autophagosomes in RTECs, which further aggravated renal tubular injury after CLP (Figure 3). A more specific autophagy inhibitor CHQ was applied to further confirm the effect of autophagy inhibition. The result showed that CHQ blocked autophagy with significant increase of p62 expression (Supplementary Figures 2A–C), accompanied by aggravated renal tubular injury (Supplementary Figures 2D, E).




Figure 3 | Effects of autophagy regulation on renal pathology score and autophagy in CLP-induced sepsis. (A) Observation of autophagic structures in the renal cortex under a transmission electron microscope following autophagy regulation in septic mice. Black thick arrows: autophagosomes or autolysosomes; Mito, mitochondria; upper panel: magnified ×7,000; lower panel: magnified ×40,000. (B) Semi-quantitatively analysis of autophagy. The numbers of autophagosomes and autolysosomes in renal epithelial cells were calculated in 20 randomly selected fields. **p < 0.05, **p < 0.01 vs. sham group; #p < 0.05 vs. the vehicle + CLP group; n = 20. (C) Autophagy regulation on Hematoxylin-Eosin (HE) staining (upper panel: 200×; inset: 400×) and periodic acid-Schiff (PAS) staining (lower panel: 200×; inset: 400×) of the renal cortex following CLP-induced sepsis. Black thick arrows: Nuclei of RTECs shed to lumen; Long black arrows: tubular dilation; White thick arrows: severe tubular damage. (D, E) The tubular damage score was evaluated based on pathological observations from HE and PAS staining. *p < 0.01 vs. sham group; #p < 0.05, ##p < 0.01 vs. the vehicle + CLP group; n = 5. CLP, cecal ligation and puncture; RTEC, renal tubular epithelial cell.





Translocation of p53 From Nucleus to Cytoplasm Increases Following Sepsis

Because the level of apoptosis was increased while autophagy started to be inhibited (Figure 1), it is speculated that autophagy inhibition might be induced by signaling changes in apoptosis pathway. p53, an important molecule in crosstalk of autophagy and apoptosis, was emerged. First, we found that the expression level of p53 protein in renal cortical tissue was not elevated (Figures 4A, B). The pro-autophagic role of p53 on renal tubular cells has been shown to depend on the intracellular distribution of p53 (6). We then measured the protein abundance of p53 in the nucleus and cytoplasm of HK-2 cells stimulated by LPS. We found that although the total p53 protein level was not changed significantly, the nuclear p53 protein level was progressively reduced, and correspondingly, the cytoplasmic level of p53 progressively increased, suggesting an increase in p53 nuclear to cytoplasmic translocation after 4–12 h of LPS stimulation (Figures 4C–F). These phenomena were further confirmed in cellular immunofluorescence experiments (Figures 4G, H). Since p53 works as a transcription factor while it locates in nucleus, the expression of p53 target genes, selectively those autophagy and apoptosis pathway-related genes were detected. The results revealed that, as p53 translocated out of nucleus, autophagy-related ATG2A mRNA was decreased continuously. ATG2B and ATG4B mRNA level were transiently increased at LPS stimulation but then decreased, while DRAM1, UVRAG and TSC2 did not change (Supplementary Figures 3A–F). The mRNA expression of pro-apoptotic BAX, PIG3, and NOXA1 were decreased 8 h after LPS stimulation (Supplementary Figures 3G–I). These results were mostly coincidence with the timing of p53 translocation out of nucleus.




Figure 4 | p53 protein expression and intracellular distribution. (A) Representative western blot showing p53 protein levels in the renal cortex following CLP-induced sepsis. GAPDH was used as an internal reference. (B) Densitometric analyses of p53 protein expression. n = 3. (C) Representative western blot showing p53 protein levels in HK-2 cells following LPS treatment. GAPDH was used as an internal control of p53 total protein and cytoplasmic protein levels, and PCNA was used as an internal control for nuclear proteins. (D–F) Densitometric analyses of p53 total protein level, cytoplasmic protein level (cyto-p53), and nuclear protein level (Nu-p53). n = 3-5. *p < 0.05, **p < 0.01 vs. the 0 h group. (G) Representative cellular immunofluorescence observation of p53 in the nucleus and cytoplasm after LPS stimulation. p53 was labeled with green fluorescence using FITC, and the nucleus was labeled with blue fluorescence by DAPI. The magnification of the upper panel is 630×, and the magnification of the bottom panel is 2520×. Scale bar, 10 µm. (H) The ratio of the fluorescence intensity of cytoplasm p53 to nucleus p53 in each cell. **p < 0.01 vs. the 0 h group. Results represent at least three independent experiments. CLP, cecal ligation and puncture; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LPS, lipopolysaccharide; PCNA, proliferating cell nuclear antigen; FITC, fluorescein isothiocyanate; DAPI, 4’,6-diamadino-2-phenylindole.





Increased p53 Acetylation Inhibits Autophagy in RTECs

It is known that p53 acetylation modification is critical in its activity, we then explored the level of p53 acetylation during SAKI and examined the effects of promoting p53 acetylation on autophagy. As expected, the acetylation of p53 in renal cortical tissue was considerably increased (Figure 5A) at 12 h following CLP. According to previous reports (5, 6) and our published data (10, 11), p53 acetylation may increase p53 activity. Tenovin-6 acts as an enhancer of endogenous acetylation of p53 by inhibiting the protein-deacetylating activities of Sirt1 and Sirt2 (21, 22). It is used in this study to induce p53 acetylation in CLP septic model. As expected, tenovin-6 treatment significantly increased p53 acetylation at 12 h after CLP (Supplementary Figures 1G–H), reduced the number of autophagosomes in RTECs and exacerbated kidney damage (Figures 5B, C). Since the acetylation of p53 (acetyl-p53) aggravated the autophagy in RTECs after sepsis were confirmed, the specific acetylation site deserves further clarification. According to a previous report (20), the acetylation site of p53 is K379 in mice and K382 in humans. Our study showed that the acetyl-p53 (K379) was significantly increased in the renal cortical tissues at 12 h after CLP/LPS compared with the level in the control group (Figures 5D–F and Supplementary Figures 1D–F). Consistent with the animal model, the acetyl-p53 (K382) level in HK-2 cells was also considerably increased 12 h following the LPS challenge (Figures 5G–I). In our study, the translocation of p53 from nucleus to cytoplasm increased after 4–12 h of LPS stimulation, so we also measured the acetylation levels of cytoplasmic p53 and nuclear p53 respectively. There was an increasing trend in acetylation of cytoplasmic p53 8 h after LPS exposure (Supplementary Figures 4A–C).




Figure 5 | p53 acetylation following CLP/LPS-induced sepsis. (A) Protein expression and acetylation levels of p53 based on p53 immunoprecipitation (IP) from the kidney cortex of CLP-induced septic mice. IB, immunoblotting; ac, acetylation. (B) p53 activation of autophagy in the renal cortex of CLP-induced septic mice. Tenovin-6 was used to upregulate p53 acetylation. Black thick arrows: autophagosomes or autolysosomes; Mito: mitochondria; upper panel: magnified ×7,000; lower panel: magnified ×40,000. (C) Semi-quantitative analysis of autophagy. The numbers of autophagosomes and autolysosomes in renal epithelial cells were calculated in 20 randomly selected fields. *p < 0.05 vs. sham group. (D) Levels of total protein expression and acetylated p53 (ac-p53) at lysine site K379 in the kidney cortex of CLP-induced septic mice. (E, F) Densitometric analyses of the levels of p53 protein expression and acetylation (ac-p53) at lysine site of K379 in the kidney cortex of CLP-induced septic mice. *p < 0.05, **p < 0.01 vs. sham group; n = 3-4. (G) Levels of total protein expression and acetylated p53 (ac-p53) at lysine site K382 in LPS-induced HK-2 cells. (H, I) Densitometric analyses of the levels of p53 protein expression and acetylation at lysine site K382 in LPS-induced HK-2 cells. **p < 0.01 vs. the 0 h group; ##p < 0.01 vs. the 8 h group; n = 4. CLP, cecal ligation and puncture; LPS, lipopolysaccharide.





Mutation of Lysine (K) of p53 to Arginine (R) With Loss of PTM Site Promotes Autophagy

Since the K382 lysine is the main acetylation site of p53 in human cells, we mutated this site to explore the effects of p53 deacetylation on autophagy promotion. We used p53 overexpression virus (Ad-p53) and p53 K382R mutant virus (Ad-p53K382R) with both GFP and Flag tags. The transfection efficiency of the virus was verified by examining the expression levels of GFP and p53 (Figures 6A, B). Compared with the Ad-p53+LPS group, no elevated acetyl-p53 was observed in the Ad-p53K382R+LPS group after LPS stimulation due to the site mutation, whereas the level of p62 protein significantly decreased (Figures 6C–G), and LC3II protein increased, as assessed by western blotting (Figures 6C–G) and immunofluorescence analysis (Figure 6H). These results collectively suggested that the deacetylation of p53 via a point mutation at the lysine K382 could promote autophagy. These data confirmed the influence of p53 acetylation/deacetylation on autophagy regulation. Therefore, the identification of a drug capable of regulating p53 deacetylation could be useful for promoting autophagy in SAKI.




Figure 6 | Mutation of p53 (K382 lysine site) mediated-p53 deacetylation promotes autophagy. (A) Confirmation of the effect of p53 virus transfection. HK-2 cells were transfected with either p53 adenovirus (Ad-p53) or p53K382R adenovirus (Ad-p53K382R). Deacetylation of p53 was induced by the mutation of lysine (K) at 382 to arginine (R). (B) Representative western blot and densitometric analyses of p53 protein expression. n = 3. **p < 0.01 vs. Control group. (C) Representative western blot of p62, LC3-I, LC3-II, acetylated p53 (Ac-p53), and p53. GAPDH was used as an internal reference. (D–G) Densitometric analyses of p62, LC3-I, LC3-II, acetylated p53 (Ac-p53), and p53. n = 3-4. *p < 0.05, **p < 0.01 vs. the Ad-p53 group; #p < 0.05, ##p < 0.01 vs. the Ad-p53 + LPS group. (H) Effects of the p53 point mutation on autophagy protein LC3 under cellular immunofluorescence (magnification ×630 and scale bar = 10 µm). LC3 is labeled with red fluorescence of GRF, and the nucleus is labeled with the blue fluorescence of DAPI. The brightness of red represents the abundance of LC3 protein. LC3II, Microtubule-associated protein 1A/1B-light chain 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LPS, lipopolysaccharide; DAPI, 4’, 6-diamadino-2-phenylindole.





Activation of Deacetylase Sirt1 Promotes Autophagy and Reduces SAKI

Sirt1 is a NAD+-dependent deacetylase that is known to directly deacetylate p53 (K382) to regulate the function of p53 (23). To investigate the effects of Sirt1-mediated deacetylation of p53 on autophagy, HA-tagged Sirt1 overexpression plasmid (Figure 7A) and Sirt1 siRNA (Figure 8A) were applied in RTECs. As expected, Sirt1 overexpression did not decrease the expression of total p53 and the translocation of p53 from nucleus to cytoplasm, but significantly reduced the level of acetyl-p53 (K382) in HK-2 cells challenged with LPS for 12 h (Figures 7B–D  and Supplementary Figures 4D–F). By contrast, siRNA-mediated Sirt1 knockout aggravated p53 acetylation but did not affect p53 protein expression (Figures 8B–D). Moreover, Sirt1 overexpression elevated the numbers of both autophagosomes and autolysosomes (Figures 7E–G), whereas Sirt1 knockout attenuated the formation of autophagosomes and autolysosomes (Figures 8E–G). These results indicated that Sirt1-induced deacetylation of p53 was able to enhance RTEC autophagy.




Figure 7 | Determination of the effects of Sirt1 plasmid transfection. (A) Confirmation of plasmid-induced Sirt1 overexpression using western blot. Con-plasmid, control plasmid. (B) Representative western blot of HA-Sirt1, acetylated-p53 (Ac-p53), and p53 in LPS-treated HK-2 cells. (C, D) Densitometric analyses of p53 protein expression and acetylated-p53 (Ac-p53). n = 3-4. (E) Effects of Sirt1 overexpression on autophagic flux based on the cellular immunoassay following LPS stimulation at different groups (magnification ×630 and scale bar = 10 µm). (F) Effects of Sirt1 overexpression on GFP and mRFP counts per cell. (G) Effects of Sirt1 overexpression on autophagosomes and autolysosomes per cell. *p < 0.05, **p < 0.01 vs. con-plasmid group; #p < 0.05 vs. con-plasmid + LPS group; &p < 0.05 vs. the Sirt1 plasmid group. The results are representative of at least three independent experiments. LPS, lipopolysaccharide; GFP, green fluorescent protein; mRFP, monomeric red fluorescent protein.






Figure 8 | Determination of the effects of Sirt1 small interfering RNA (siRNA) transfection. (A) Confirmation of siRNA-mediated Sirt1 knockdown using western blot. Con-siRNA, control siRNA. (B) Representative Western blot of Sirt1, acetylated-p53 (Ac-p53), and p53 in LPS-treated HK-2 cells. (C, D) Densitometric analyses of p53 protein expression and acetylated-p53 (Ac-p53). n = 3. (E) Effects of Sirt1 knockdown on autophagic flux assessed by cellular immunoassay following LPS stimulation in different groups (magnification ×630 and scale bar = 10 µm). (F) Effect of Sirt1 knockdown on the numbers of GFP and mRFP counts per cell. (G) Effect of Sirt1 knockdown on autophagosomes and autolysosomes per cell. *p < 0.05, **p < 0.01 vs. con-siRNA group; #p < 0.05, ##p < 0.01 vs. con-siRNA + LPS group. Results represent at least three independent experiments. LPS, lipopolysaccharide; GFP, green fluorescent protein; mRFP, monomeric red fluorescent protein.



Two Sirt1 chemical agonists, RSV and QCT, were then applied to clarify the effects of Sirt1 activation on acetylation of p53 and RTEC autophagy (24). First, we verified that both RSV and QCT could reduce the acetylation level of p53 at lysine 379 (Supplementary Figures 5A–F). Then we found that RSV administration promoted the autophagy of RTECs, as determined by an observed increase in autophagosomes (Figures 9A, B). Consistently, QCT administration increased the protein expression of LC3II, but decreased the protein expression of p62 (Supplementary Figures 5G–I). Moreover, RSV attenuated pathological renal damage (Figure 9C), resulted in a reduced renal tubular damage score (Figures 9D, E), and partially reduced the levels of KIM-1 (Figures 9C, F) and sCr (Figure 9G). QCT also attenuated pathological kidney damage (Supplementary Figures 2D–F). In addition, RSV administration prolonged the survival times of CLP mice (Figure 9H).




Figure 9 | Activation of the deacetylase Sirt1 by RSV promotes autophagy and reduces SAKI. (A) Effect of Sirt1 activation by RSV on autophagy in the renal cortex of CLP-induced septic mice. Black thick arrows: autophagosomes or autolysosomes; Mito, mitochondria. Upper panel: magnified ×7,000; lower panel: magnified ×40,000. (B) Semi-quantitative analysis of autophagy. The number of autophagosomes and autolysosomes in renal epithelial cells was calculated in 20 randomly selected fields. (C) Effects of Sirt1 activation by RSV on kidney pathology, as evidenced by HE staining, PAS staining, and KIM-1 immunohistochemistry. Upper Panel: Hematoxylin-Eosin (HE) staining (200×; inset: 400×); Middle panel: periodic acid-Schiff (PAS) staining (200×; inset: 400×). Black thick arrows: Nucleus of RTECs shed to lumen; Lower panel: KIM-1 immunohistochemistry (200×). (D, E) The tubular damage score was evaluated based on pathological observations from HE and PAS staining. These scores are based on the data obtained from the observation of 5 specimens in each group with 10 randomly selected fields of view from a 200× microscope for each specimen. (F) Relative ratio of kidney injury molecule-1 (KIM-1). The data were obtained from at least three independent experiments. (G) Effect of Sirt1 activation by RSV on the level of sCr. (H) Effects of Sirt1 activation by RSV on the survival times in CLP-induced septic mice. The survival rates were estimated by the Kaplan-Meier method and compared by the log-rank test. n = 20. *p < 0.05, **p < 0.01 vs. sham group; #p < 0.05, ##p < 0.01 vs. the vehicle + CLP group. CLP, cecal ligation and puncture; RTEC, renal tubule epithelial cell.





p53 Interacted With Beclin1 and Acetylated p53 Promoted Ubiquitination of Beclin1

Beclin1 is a well-known key regulator of autophagy. Our previous studies have shown that the protein level of Beclin1 is reduced in the late stage of SAKI (15), so we supposed that acetylated p53 might regulate autophagy through Beclin1. The interaction of p53 and Beclin1 was first confirmed in our study (Figure 10A) and then we found that transfection of p53 K382R mutant virus significantly reduced the ubiquitination of Beclin1 in HK-2 cells (Figure 10B). These results suggested that acetylated p53 suppressed the autophagy by promoting the ubiquitination-mediated degradation of Beclin1.




Figure 10 | The interaction of p53 and Beclin1 in HK-2 cells. (A) Association of Beclin1 with p53 in the HK-2 cells. The interaction between p53 and Beclin1 was determined by Co- immunoprecipitation assays. (B) Determination of the ubiquitination of Beclin1. Ad-Beclin1 and His-tagged ubiquitin protein and Ad-p53 or Ad-p53K382R were individually transfected into HK-2 cells with or without LPS stimulation. LPS, lipopolysaccharide.






Discussion

In this study, we found that increased levels of p53 acetylation suppressed RTEC autophagy after sepsis. The activation of autophagy, which was induced by p53 following deacetylation by Sirt1, was able to reduce SAKI (Figure 11). Our study provides a new perspective for elucidating the underlying mechanisms of SAKI, indicating a possible avenue for intervention and identifying a future drug target.




Figure 11 | Schematic diagram showing the effects of Sirt1-induced p53 deacetylation on autophagy activation in septic-associated acute kidney injury (SAKI). The p53 total protein expression does not change significantly, but the nuclear to cytoplasmic translocation and acetylation increased in renal tubular epithelial cells (RTECs) following sepsis. The elevated acetylation of p53 promotes autophagy inhibition and aggravates SAKI. The deacetylation of p53 induced by Sirt1 can attenuate this process to a certain extent.



Autophagy, another type of programmed cell death different from apoptosis, occurs in all eukaryotic cells and contributes to the renewal and reuse of cellular components and energy homeostasis (25). The process of autophagy is complex, and its hallmark is the formation of autophagosomes and autophagolysosomes. During this process, autophagy-related proteins such as Beclin1 and LC3 both increase, while the autophagy cargo receptor protein p62 decreases (26). A previous study demonstrated that the LIR domain enables p62 to combine with LC3II, and the UBA domain enables p62 to bind to ubiquitin; consequently, ubiquitinated proteins may be degraded by autophagy. In SAKI, excessive accumulation of p62 is able to promote apoptosis, to enhance the release of the toxic substance LDH, and to inhibit the proliferation of RTECs (21). Different from the final result of cell death caused by apoptosis, activated autophagy plays a renal protective role by preventing apoptosis, preserving the mitochondrial functions, and maintaining the balance between the productions of pro- and anti-inflammatory cytokines (22). Our previous research has confirmed the above phenomena and verified that autophagy activation could reduce SAKI (15). The role of p53 in SAKI is rarely reported, although previous studies have explored the damaging role of p53 in bilateral renal ischemia-reperfusion induced AKI and cisplatin nephrotoxic AKI (27, 28). Other literature has suggested that acetylated p53 may cause damage to myocardial cells (29), liver cells (30), and neurons (31) under septic conditions by promoting apoptosis. Garrison et al. (32) suggested that p53 mediates apoptosis to optimize the neutrophil lifespan and ensure the proper clearance of bacteria, presenting a counter-balance between the innate immune response to infection and survival following DNA damage. Our research confirmed that the acetylation of p53 in RTECs aggravated SAKI. Histological examination found that RTEC is less likely to undergo apoptosis and necrosis during the development of SAKI (33, 34). In consistent with this finding, we found that p53 might not act through the apoptotic pathway but rather acts through the inhibition of autophagy during the pathogenesis of SAKI. Our results revealed particularly significant inhibition of autophagy 12 h after CLP, indicating that the influence of p53 on the development of SAKI might rely on the regulation of autophagy rather than the promotion of apoptosis, which represents the largest innovation of this research to the understanding of the mechanisms that drive SAKI.

Interestingly, a large body of previous literature (30, 35, 36) and our own previous studies (4, 10, 11) have shown that an increase in p53 activity may be related to the modification of its acetylation swfi 2tatus. Acetylated p53 can be deacetylated by various deacetylases, such as histone deacetylase-1 (HDAC1), HDAC6 and Sirt1. In research mainly related to tumors, it has been reported that HDAC1 and HDAC6 could deacetylate p53, leading to the repression of p53-dependent transcriptional activation, cell growth arrest, as well as apoptosis (37–39). The role of p53 in sepsis depends on its acetylation/deacetylation modifications, which is primarily regulated by the newly identified deacetylation modification enzyme Sirt1. Sirt1 is a nicotinamide adenine dinucleotide (NAD+) dependent protein deacetylase, which was originally found to regulate apoptosis and DNA repair, which affects longevity (40). Sirt1 deacetylates both histones and other non-histone proteins (10). Our previous studies have demonstrated that Sirt1 can improve SAKI by deacetylating Beclin1, which mediates autophagy activation (15). The first non-histone target that was identified for Sirt1 activity was p53. Our previous study revealed that Sirt1 protein expression also decreased gradually following sepsis (41), which should be the cause of p53 acetylation in this study. Present study further emphasized the role of p53 deacetylation in autophagy activation and provided an experimental basis for the more precise exploration of p53 deacetylation modifications (the non-Sirt1-mediated broad-spectrum deacetylation) as potential future treatments for SAKI.

Previous studies have shown that the regulatory effects of p53 on autophagy are closely related to the intracellular distribution of p53. Nuclear p53 transactivates a large set of target genes involved in the autophagic process, including AMP-activated protein kinase (AMPK) (6, 42). In a rat AKI model, induced by ischemia-reperfusion injury, the nuclear p53 localization in renal tubular cells was demonstrated to promote autophagy (43). However, cytosolic p53 may have an anti-autophagic function (44). In many studies (45–47), cytosolic p53 inhibited mitophagy (a common form of autophagy) by disturbing the mitochondrial translocation of Parkin. In this study, we found that although the total protein expression level of p53 did not change significantly during the early stages of SAKI, the nuclear to cytoplasmic translocation of p53 increased prior to the observed inhibition of autophagy. We also found that, coincident with the translocation of p53 out of nucleus, the mRNA levels of p53 target genes ATG2A, ATG4B, BAX, PIG3A and NOXA1 decreased, while the mRNA levels of ATG2B, DRAM1, UVRAG and TSC2 did not change significantly. In addition, the interaction of p53 and Beclin1 has also been confirmed in this study. In HK-2 cells stimulated by LPS for 12 h, wild-type p53 virus significantly ubiquitinated Beclin1, while p53K382R mutant virus reduced the ubiquitination of Beclin1. Therefore we speculated that acetylated p53 promoted the proteasomal degradation of Beclin1, leading to the suppression of autophagy in HK-2 cells. This result also provides another pathway or mechanism for the effect of Sirt1, showing that the Sirt1-induced alteration of p53 acetylation status might also in turn affect the activity of Beclin1 and then autophagy. In fact, previous studies have proved that p53 and beclin-1 interact through the BH3 domain of beclin-1, and the cytoplasm is the main site of interaction (48). However, the mechanism underlying the translocation of p53 from nuclear to cytoplasmic remains unclear, and this will also be an important direction for future research.

In this study, we applied RSV and QCT to activate Sirt1 to deacetylate p53. The administration of RSV and QCT both promoted the autophagy of RTECs and attenuated pathological renal damage in septic model. It is noticed that because of the persistent presence of CLP-induced infection in mice (feces in the abdominal cavity were not cleared or the intestinal contents may continue to drain into the abdominal cavity), the mice eventually die. Therefore, the administration of RSV only prolonged the survival time of CLP mice, which is consistent with other studies (49, 50).

Our research has some limitations. First, the regulatory mechanism underlying the p53 nuclear to cytoplasmic translocation process has not yet been studied. Second, the index in this study did not involve apoptosis, especially the p53-related apoptosis pathways. Instead, we focused on the mechanism through which p53 acetylation/deacetylation regulates autophagy. Third, a more precise study of the effect of p53 acetylation on autophagy by transfection of adenovirus will help increase the depth and credibility of our research and the observation time could be extended (such as more than 24 h or even longer). Moreover, we also need to consider the use of p53 virus or recombinant protein in septic mice model.

In conclusion, our study found that p53 acetylation-mediated autophagy inhibition underlies the pathogenesis of SAKI. We demonstrated that Sirt1 upregulation could reduce SAKI by deacetylating p53 to activate autophagy, and Sirt1 activators, such as resveratrol or quercetin, might have potential to be developed into a SAKI treatment in the future.
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