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Purpose: Acute kidney injury (AKI) is one of the most severe complications of sepsis, the pathological features of which are
excessive inflammation and programmed cell death of resident renal cells. Heat shock protein 70 (HSP70) is a critical stress protein for
repressing inflammation, however, its role in AKI is not fully understood. The current study aimed to determine the protective effect of
HSP70 on septic AKI and its underlying mechanisms.
Methods: Hsp70.1 knockout and wildtype mice were used for creating sepsis model by cecal ligation and puncture (CLP). Renal
function, histological changes, pro-inflammatory cytokines, and apoptosis were analyzed with H&E, PAS, ELISA, western-blot, and
immunofluorescence. Moreover, the effects of HSP70 on renal proximal tubular epithelial (HK-2) cells with LPS were assessed by
measuring the levels of nuclear factor kappa B (NF-κB) signaling and downstream cytokines, viability, and apoptosis using western-
blot, qRT-PCR, flow-cytometry, and immunofluorescence. Immunoprecipitate and immunoblotting were used for determining the
interaction of HSP70 with tumor necrosis factor receptor-associated factor 6 (TRAF6). Exogenous HSP70 was applied to further
identify its biological significance at the cellular and animal level.
Results: Hsp70.1 deficiency significantly aggravated renal dysfunction with increasing serum levels of BUN, SCr, kidney injury
molecule-1 (KIM-1), and neutrophil gelatinase-associated lipocalin (NGAL), and shortened survival in CLP mice. Furthermore,
hsp70.1 knockout caused renal-tissue structural damage, especially proximal tubular, and inflammatory cascade and increased
apoptotic cells, along with elevated Bax, caspase 3 and cleaved caspase 3, as well as decreased Bcl2 in vivo and vitro.
Significantly, HSP70 directly interacted with TRAF6 in HK-2 cells, leading to suppression of inflammatory response and apoptosis.
Moreover, exogenous HSP70 alleviated renal damage, decreased apoptosis and elevated survival rate in septic AKI in vivo and vitro.
Conclusion: Our findings demonstrated that HSP70 played a critical role in sepsis-induced AKI via interaction with TRAF6 and
inhibiting inflammation and apoptosis.
Keywords: heat shock protein 70, sepsis, acute kidney injury, tumor necrosis factor receptor-associated factor 6, nuclear factor kappa
B, apoptosis

Introduction
Sepsis is a dysregulated systemic response syndrome to infection, leading to extensive tissue damage and multiple organs
dysfunction. In sepsis, acute kidney injury (AKI) is one of the most severe and common diseases.1,2 It was reported that
in intensive care units, approximately 22–67% septic patients would progress into AKI, which shortened their survival
time and increased economic burden.3 The current therapies of AKI included renal replacement therapy (RRT) and
supportive treatments, such as antimicrobial therapy and restoration of microcirculatory perfusion. However, the survival
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outcome is far from satisfaction with the mortality rate over 50%.4 Therefore, in order to find more effective treatments,
it is of great significances to explore the underlying pathological mechanism of septic AKI, as well as potential biological
targets.

A lot of researches indicated that abnormal inflammatory response was involved in the development of AKI.5,6 As a
known, NF-κB signaling acted as an important factor to AKI. In classical pathway, pathogen-associated molecular
patterns (PAMPs) in circulation, with endotoxin lipopolysaccharide (LPS) included, interact with toll-like receptors
(TLR) on tubular cells and myeloid differentiation protein 88 (MyD88), followed by the recruitment of IL-1 receptor
associated kinase (IRAK) and tumor necrosis factor receptor-associated factor 6 (TRAF6). IκB kinase α/β (IKKα/β) is
stimulated to phosphorylate and subsequently degrade IκBα. Then NF-κB dimers (p65, p50) translocate to the nucleus
and induce the inflammatory gene transcription (tnf-α, il-6).7–9 These circulatory cytokines in turn could bind receptors
on cell membranes to amplify the inflammatory response and promote renal cell apoptosis, leading to the occurrence of
septic AKI.10,11

Heat shock protein 70 (HSP70), one of major chaperone proteins, plays a pivotal role in refolding, disassembly, and
transport of proteins in normal cell growth and pathophysiological conditions. HSP70 is encoded by two genes (hsp70.1,
hsp70.3) that are 99% homology and separated by 7 kb12 in mouse. The hsp70.1 gene was the main function part of
Hsp7013,14 Current studies have demonstrated that the induction of HSP70 could prevent the activation of NF-κB cascade
by increasing IκBα synthesis in human bronchial epithelial cells and squamous cell carcinoma.15,16 It was reported that
HSP70 protected liver from I/R injury via suppressing NF-κB signaling pathway, and ultimately prolonged subjects’
survival time.17,18 In vitro experiments showed that upregulation of HSP70 in kidney had a positive effect on cell
proliferation by decreasing oxidative stress via MEK/ERK signaling pathway.19 In the model of ischemic tubular injury,
HSP70 overexpression was able to suppress tubular cell apoptosis through downregulating mitochondrial Bax and
caspase 3.20 However, the role of HSP70 still remains unclear in septic AKI. Therefore, to solve the problem, in vivo
and in vitro experiments were conducted in this study to explore the effect of HSP70 on septic AKI and its underlying
molecular mechanism.

Materials and Methods
Reagents
Recombinant human HSP70 (HSP70) protein was purchased from R&D Systems (AP-100-100, Minneapolis, MN). The
human renal proximal tubular epithelial (HK-2) cells and human embryonic kidney (HEK) 293T cells were obtained from
Cell bank of Chinese Academy Science (China). Lipopolysaccharide (LPS) was achieved from Sigma-Aldrich (USA).

Animals
The present study was approved by the Animal Ethics Committee of the Shanghai Ninth People’s Hospital. All mice were
kept on the C57BL/6 background and maintained in a standard, specific pathogen-free facility environment (22–24 °C, 12 h
light/dark cycle) with free access to food and water ad libitum. HSP70 (hsp70.1) knockout mice were generated by Cyagen
Biosciences Inc. through CRISPR/Cas9-mediated genome editing (Serial Number: KOCMP-15511-Hsp70.1). C57BL/6
mice were purchased from Shanghai Laboratory Animal Center, Chinese Academy of Sciences, China. Animal model of
sepsis was induced by cecal ligation and puncture (CLP) as described in previous studies.21 The experimental mice (6–8
weeks old, 20–25 g) were anesthetized by intraperitoneal injection of 1% sodium pentobarbital (100 mg/kg). Midline
laparotomy was performed (approximately 1 cm). The cecum was ligated below the ileocecal valve by 4–0 silk ligatures
and punctured using a 21-gauge needle. Then the cecum was extruded a few of feces and was returned to the abdomen. The
incision was closed. The sham mice underwent the same surgical procedures without ligation and puncture. After the
operation, all mice received fluid resuscitation with 0.9% saline (mg/kg) by subcutaneous injection. Mice were injected
through inner canthus veniplex with recombinant human HSP70 protein of 50 μg/kg alone or at 15 min before CLP. Blood
and renal tissue were collected from all mice at 24 h after the operation. Meanwhile, survival analyses were performed
regularly for consecutive 5 days.
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A total of 72 HSP70 gene mice were used with CLP, including hsp70.1+/+, hsp70.1+/−, and hsp70.1−/− (each group N = 8).
In another experiment, a total of 150 C57BL/6 mice were randomly assigned into five groups (n = 10) as control (no surgery),
sham, HSP70, CLP, HSP70+CLP. All experiments were repeated for three times.

Histology and TUNEL Assay
Mouse kidney tissues were fixed in 4% paraformaldehyde for 24 h, paraffin-embedded, then sectioned at 5 μm and
stained with hematoxylin-eosin (HE) staining and periodic acid-Schiff (PAS) staining. An optical microscope (Nikon
TE2000-U; Japan) was used for histological evaluations. The apoptosis of renal tissues was evaluated using Terminal
deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay kit (Sigma, USA). Briefly, after above
tissue treatment, slices were labeled with terminal deoxynucleotidyl transferase and nucleotides including tetramethylr-
hodamine-labeled dUTP in a TUNEL reaction solution and observed by fluorescence microscopy (Olympus, Japan).

Cell Culture and Transfection
The human renal proximal tubular epithelial (HK-2) cells and human embryonic kidney (HEK) 293T cells were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) (Gibco, California, USA) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Thermo Fisher Scientific, USA) in a humidified atmosphere at 37°C with 5%
CO2. To establish sepsis model in vitro, HK-2 cells were treated with LPS (0, 0.5, 1, 5, 10 μg/mL) for 6–12-24 h. To
evaluate the protective effect of HSP70, HK-2 cells were pretreated with HSP70 (0, 0.5, 1, 2.5, 5 μg/mL) for 15 min
before LPS stimulation (5 μg/mL).

For HSP70 gene knockdown, HK-2 was transfected with the short hairpin RNA (shRNA) targeting HSP70
(shHSP70-1, shHSP70-2, shHSP70-3) and negative control (sh-NC) according to the manufacturer’s instructions
(GenePharma, Shanghai, China). The targeting sequence was 5’-GGUCCUAAGAAUCGUUCAATT-3’ (shHSP70-1),
5’-CUCCCUUUGAGCAUUGAAUTT-3’ (shHSP70-2), 5’-GGAGCUGACAAGUACUUGUTT-3’ (shHSP70-3) and
5’-UUCUCCGAACGUGUCACGUTT-3’ (sh-NC) respectively. For overexpression, HEK293T cells were transfected
with lentiviral plasmid pLenti-CMV-HSP70-GFP-Puro and two lentiviral packaging plasmids (psPAX2 and pMD2.
G) with empty vector as a control (Public Protein/Plasmid Library, Nanjing, China) using Lipofectamine 3000
(Invitrogen, Carlsbad, CA). After 48 h, the HEK293T cells supernatant was collected, filtered and concentrated to
infect HK-2 cells for establishing stable HSP70-overexpression cell lines.

Cell Proliferation Assay
Cell viability was measured by Cell Counting Kit-8 (CCK8, Beyotime, Shanghai, China). In brief, cells were seeded in
96-well plate. At incubation of various time (0, 24, 48, 72, 96 h), add 10 μL CCK8 solution to each well and incubate for
2 h at 37 °C. Then absorbance at 450nm were measured by an Infinite 200 PRO microplate reader (Tecan, Austria).
Crystal violet staining is a quick and reliable method for screening cell survival and death in molecular studies.22 HK-2
cells were seeded in a 6-well plate and incubated for 2–3 days at 37 °C until reaching 40–50% confluence. Then the
medium was removed and the cells were washed twice using PBS. After that, cells were dyed with 1 mL 0.5% crystal
violet staining solution for 20 minutes at room temperature (RT). Lastly, the cells were incubated in 1 mL methanol for
20 min, and then washed using PBS before taking the images. Quantifications of density were calculated using ImageJ
software (National Institutes of Health, MD, USA).

Reverse Transcription-quantitative PCR (RT-qPCR)
The TRIzol Reagent (Invitrogen, USA) was used to isolate the total RNA. PrimeScript™ RT Master Mix kit (Takara,
Kusatsu, Shiga, Japan) was applied for reverse transcription. The qPCR was performed using SYBR Green PCR Kit
(Qiagen, Valencia, CA). The sequences of primers were purchased from Sangon Biotech (Shanghai, China) in Table 1.
The relative expression of TNF-α and IL-6 was calculated using the 2−ΔΔCt method with endogenous GAPDH as the
control.
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Western Blotting
Both kidney tissue and HK-2 cells were lysed in RIPA lysis buffer containing protease inhibitor cocktail. Protein
concentrations were measured using a BCA protein assay kit (Invitrogen, USA). Protein samples in 10% sodium dodecyl
sulfate-polyacrylamide difluoride (SDS-PAGE) membranes were separated and then transferred to polyvinylidene
fluoride membranes (PVDF) (Millipore, MA). After blocking by 5% non-fat milk at RT for 1 h, membranes were
incubated with primary antibodies against Hsp70.1 antibody (1:1000; PA5-97846, ThermoFisher), HSP70 (1:1000;
ab79852, Abcam), TRAF6 (1:1000; ab137452, Abcam), GAPDH (1:1000; 9485, Abcam), IκBα (1:1000; ab32518,
Abcam), p-IκBα (1:1000; ab133462, Abcam), p65 (1:1000; ab32536, Abcam), p-p65 (1:1000; ab222494, Abcam),
TNF-α (1:1000; ab183218, Abcam), IL-6 (1:1000; ab259341, Abcam), Bax (1:1000; ab32503, Abcam), Bcl2 (1:1000;
ab194583, Abcam), caspase 3 (1:1000; ab184787, Abcam) overnight at 4 °C. After washing with Tris-Buffered Saline
Tween-20 (TBST) buffer on the next day, the membranes were incubated in secondary antibodies (Goat Anti-Rabbit IgG,
1:5000, ab205718, Abcam) at RT for 2 h. At last, protein bands were treated with chemiluminescence detection kit
(Thermo Fisher Scientific, USA) and detected by Fusion-capture system (Fusion, France).

Renal Function Assessment and Enzyme-Linked Immunosorbent Assay (ELISA)
Blood samples were collected at 24 h after CLP and then centrifuged at 3000 rpm for 15 min at room temperature.
Supernatant liquid was obtained and kept in - 80 °C refrigerator. Blood urea nitrogen (BUN) and serum creatinine (SCr)
were determined by chromatometry with assay kits (BioAssay Systems, Hayward, CA). Serum kidney injury molecule-1
(KIM-1; Cat#MKM100), neutrophil gelatinase-associated lipocalin (NGAL; Cat#MLCN20), TNF-α (Cat#MTA00B) and
IL-6 (Cat#M6000B) were examined by commercial ELISA kits (R&D Systems, Minneapolis, MN). HK-2 cells were
pretreated with HSP70 and LPS stimulation, and cell Supernatants were collected at 24 h and centrifuged following
above methods. TNF-α (Cat#DTA00D) and IL-6 (Cat#QK206) were examined by ELISA kits (R&D Systems,
Minneapolis, MN).

Flow Cytometry
The Annexin V, 633 Apoptosis Assay Kit (Dojindo, Japan) was used to detect the apoptotic fraction of HK-2 cells.
Briefly, after 24 h treatment of LPS (5 μg/mL), HK-2 cells were collected, centrifugated and then added with 5 μL
Annexin V solution for 20 min. Then propidium iodide (PI) solution was added and cells were incubated for 10 min. The
fluorescence values were assessed by FACS Calibur system (BD Biosciences, NJ, USA). The flow cytometry data was
analyzed using Flowjo software Version 10 (Treestar, USA).

Immunoprecipitation and Co-Immunoprecipitation Assays
HEK293T cells were transfected with the plasmids of FLAG-HSP70 and HA-TRAF6 (Public Protein/Plasmid Library,
Nanjing, China). After 24 h, cells were harvested with RIPA buffer and incubated with 1 μg anti-HA antibody (ab1424,
Abcam) and 20 μL Protein A/G beads (Santa Cruz Biotechnology, USA) overnight at 4 °C. To detect the endogenous
interaction of HSP70 and TRAF6, HK-2 cells were lysed and incubated with 3 μg anti-IgG (ab172730, Abcam) or anti-
HSP70 (ab5442, Abcam) antibody and 20 μL Protein A/G beads overnight at 4 °C. Proteins were analyzed by Western
blotting followed by an anti-HA (1:1000) and anti-FLAG (1:1000; F7425, Sigma) antibody. Endogenous proteins were
detected using anti-TRAF6 antibody (1:1000; ab137452, Abcam).

Table 1 Lists of Primers Sequences in RT-qPCR

Gene Name Forward (5’-3’) Reverse (5’-3’)

TNF-α ATGAGCACTGAAAGCATGATCCG TCACAGGGCAATGATCCCAA
IL-6 ATGAACTCCTTCTCCACAAGCG CTACATTTGCCGAAGAGCCCT

GAPDH ATGGTTTACATGTTCCAATATGATTCCACC TTACTCCTTGGAGGCCATGTGG
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Immunofluorescence (IF)
Immunofluorescence of proximal tubules (PTs)’ marker aquaporin-1 (AQP-1) was observed to identify histopathological
changes of both luminal and basal borders.23 The fixative tissues were sectioned out, permeabilized with 0.1% Tween-20
and washed with PBS for 5 min. Then sections were blocked with 2% BSA for 20 min and incubated with anti-AQP-1
antibody (1:100; ab168387, Abcam) for 60 min. After washing, tissue sections were incubated with anti-Alexa Fluor 555
antibody (1:500; ab150078, Abcam) for 60 min and washed with PBS. Sections were incubated with phalloidin-iFluor
488 reagent (1:20; ab176753, Abcam) for 60 min to stain actin filament. The cell nuclei were stained with DAPI (1:100;
#62248, Thermo Fisher Scientific, USA) for 5 min and washed by PBS. Slices were viewed using fluorescence
microscopy (Olympus, Japan).

HK-2 cells were fixed on slices and blocked. The cells were incubated with anti-Mouse HSP70 (1:200; ab2787) and
anti-Rabbit TRAF6 (1:200; ab137452, Abcam) antibodies or anti-Rabbit p65 antibody (1:200; ab32536, Abcam) over-
night at 4 °C. Then anti-Mouse Alexa Fluor 555 (1:1000; ab150118, Abcam), anti-Rabbit Alexa Fluor 488 (1:1000;
ab150077, Abcam) and anti-Rabbit Alexa Fluor 555 (1:1000; ab150078, Abcam) antibodies were added as second
antibodies at RT for 1 h. Cell nuclei were stained with DAPI. Images were taken by confocal microscopy (LSM710, Carl
Zeiss, Germany) or fluorescence microscopy (Olympus, Japan).

Statistical Analysis
Continuous variables were presented as the Mean ± SD. Differences between groups were analyzed using the Mann–
Whitney test. Survival curves was carried out by Kaplan-Meier method and the survival differences were measured using
the Log rank test. P values < 0.05 were considered to be statistically significant. All experiment data were analyzed using
the GraphPad Prism version 8.0 software (GraphPad, San Diego, CA, USA).

Results
HSP70 Deficiency Aggravates Renal Damage in Sepsis-Induced AKI in vivo
To evaluate the protective effects of HSP70 on AKI, animal model with sepsis was established in the hsp70.1−/− mice
using CLP. The hsp70.1−/− mice started to die at 4 h as earliest and all of mice died by 40 h post-CLP. The survival rate
in hsp70.1−/− was significantly lower, compared with that in the hsp70.1+/+ group, (Figure 1A, P < 0.001). To assess the
function of kidney, BUN, SCr, KIM-1, and NGAL were measured by chromatometry and ELISA. These protein levels
were dramatically increased in hsp70.1−/− mice with CLP, compared to that in the controls (Figure 1B–E, P < 0.001). To
estimate whether HSP70 deficiency was able to amplify the inflammatory cascades induced by CLP, the systemic levels
of inflammatory mediators were determined. As expected, the levels of TNF-α and IL-6 in hsp70.1−/− group were
significantly elevated compared to that in the hsp70.1+/+ group (Figure 1F, G, P < 0.001). Meanwhile, kidney tissues in
HSP70 deficiency mice showed remarkably increased damages characteristics histologically with tubular brush border
loss, proximal tubular dilatation and vacuolization by HE and PAS staining, but hsp70.1+/+mice showed a moderate
dilated tubular only (Figure 1H and I).

AQP-1, as a water transporter, highly expressed in the proximal tubular epithelial cells.24,25 In the Figure 2A, the red
staining of AQP-1 was observed in PTs using IF. Hsp70.1−/− mice tissue revealed proximal tubular destruction and
elevated expressions of AQP-1. Furthermore, in hsp70.1−/− mice, the protein level of HSP70 showed dramatically
suppressed using Western blotting (Figure 1J). Meanwhile, inflammatory mediators p-IκBα, TNF-α and IL-6 were
increased under CLP (Figure 1K).

In addition, cell apoptosis is the other important mechanism during pathological process of AKI occurrence. Using
TUNEL staining, the numbers of positive cells were increased to 4 times of that in hsp70.1+/+ mice (Figure 2B and C, P
< 0.0001). The protein levels of Bax, caspase 3, cleaved caspase 3 were up-regulated and Bcl2 was down-regulated in
gene deletion group (Figure 2D). Bcl2/Bax ratio was presented in Figure 2E. All results illustrated that HSP70 deficiency
aggravated renal dysfunction, pathological damage, inflammatory reaction, and tissue apoptosis in septic AKI.
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Figure 1 Effects of HSP70 deficiency on renal damage in vivo.
Notes: HSP70 gene knockout mice were treated with CLP and estimated for survival rate (A). At 24 h post-CLP, serum BUN (B) and SCr (C) were determined by
chromatometry. Serum NAGL (D), KIM-1 (E), TNF-α (F) and IL-6 (G) were measured by ELISA. Renal histological changes were observed by HE and PAS staining (H and I).
The protein level of HSP70 and CLP-induced inflammatory factors (p-IκBα, TNF-α and IL-6) in hsp70.1−/−mice was confirmed by WB (J and K). Data are presented as mean
± SD of data. All experiments were repeated for three times. N = 8. ***P< 0.001 hsp70.1−/− vs hsp70.1+/+ group. Bar = 50 μm.
Abbreviations: h, hour; CLP, cecal ligation and puncture; BUN, blood urea nitrogen; SCr, serum-creatinine; NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney
injury molecule-1; TNF-α, tumor necrosis factor-α; IL-6, interleukin 6; HE, hematoxylin-eosin; PAS, periodic acid-Schiff; WB, Western blotting.
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HSP70 Suppresses NF-κB Signaling-Induced Inflammation and Apoptosis of LPS-
Induced Sepsis in vitro
To construct the septic model in vitro, HK-2 cells were stimulated with different concentrations of LPS (Figure 3A). The
relative levels of TNF-α were much higher at 24 h than that at 6 and 12 h, and there was no significant difference between the
protein levels at 5 μg/mL and that at 10 μg/mL. Thus, 5 μg/mLwas chosen as the optimal concentration for inducing TNF-α at
24 h. The treatment of exogenous HSP70 significantly reduced the levels of NF-κB signaling protein (IκBα, p-IκBα, p65,
p-p65) and the downstream of inflammatory factors including TNF-α and IL-6, in a dose-dependent manner after LPS
stimulation (Figure 3B). TNF-α and IL-6 were also downregulated in cell supernatant (Figure 3C and D). The results indicated
that NF-κB signaling pathway-mediated inflammation involved in the effect of HSP70 on renal sepsis. To determine whether
exogenous HSP70 regulates cell apoptosis, the cell survival was analyzed by CCK8 and flow cytometry. HK-2 cells’ viability
was increased by the HSP70 treatment after LPS stimulation (Figure 3E, P < 0.01). Under induction of LPS, HSP70
intervention obviously declined apoptotic cells using the Annexin-V and PI staining (Figure 3F and G, P < 0.05).

To further explore the underlying mechanism in HK-2 cells, hsp70 gene was knockdown and overexpressed for
determining cell function and screening signaling pathway. As shown in Figure 4A, the level of HSP70 was dramatically
declined by shRNA or increased by overexpression. Furthermore, HSP70 knockdown significantly increased the protein
levels of NF-κB signaling pathways (TRAF6 and p-IκBα) and related inflammatory mediators (TNF-α, IL-6). In contrast,
HSP70 overexpression led to the reduction of aforementioned proteins (Figure 4B). Additionally, the gene expressions of
TNF-α and IL-6 were consistent with the pattern of proteins (Figure 4C and D, P < 0.01). To confirm whether
endogenous HSP70 could modulate the cell apoptosis, we assessed the cell survival and apoptotic proteins. In shRNA
transfection cells under LPS stimulation, cell viabilities were reduced using CCK8 assay and crystal violet staining
(Figure 4E and F, P < 0.01), which were reversed in HSP70 OE cells (Figure 4G and H, P < 0.01). Under LPS
stimulation, apoptotic cells were distinctly diminished in HSP70 overexpressed cells and increased in HSP70 knockdown
cells using flow cytometry (Figure 4I and J, P < 0.01). The levels of apoptosis-related proteins, including Bax, caspase 3,
and cleaved caspase 3, were reduced, then Bcl2 was elevated in HSP70 overexpressed cells using WB (Figure 4K). Bcl2/
Bax ratio was presented in Figure 4L. The data demonstrated that HSP70 noteworthily suppressed NF-κB signaling
pathway and cell apoptosis in septic HK-2 cells.

HSP70 Inhibits NF-κB-Mediated Inflammation Through Binding to TRAF6 in vitro
HSP70, as a chaperone protein, plays the biological role via targeting other proteins, thus we explored whether HSP70
bound toTRAF6 that was upstream of NF-κB. HA-TRAF6 and FLAG-HSP70 were co-expressed in HEK293T cells, then
IP was performed with anti-HA antibody. The band of FLAG-HSP70 was seen with antibody against FLAG as shown in
Figure 5A. Moreover, IP was performed by anti-HSP70 antibody in HK-2 cells. The TRAF6-HSP70 binding was also
observed by anti-TRAF6 antibody (Figure 5B). In addition, the merged image of yellow cytoplasm indicated there was
an interaction between HSP70 and TRAF6 by IF in HK-2 cells (Figure 5C). The results demonstrated that HSP70 can
bind to TRAF6. Following, we measured p65 level in the downstream of NF-κB using IF. Under LPS stimulation, the red
staining of p65 was increased in nucleus and reduced in cytoplasm in HK-2 cells. HSP70 overexpression remarkably
reduced p65 aggregation of cell nucleus, indicating the inhibition of NF-κB signaling pathway (Figure 5D). The results
confirmed that HSP70 could diminish NF-κB signaling through binding to TRAF6.

Exogenous HSP70 Ameliorates Renal Damage via Inhibition of Tissue Apoptosis in
Sepsis-induced AKI
To verify above results, recombinant human HSP70 protein was used in control and CLP group. As shown in Figure 6A,
CLP mice started to die at 24 h and all died by 72 h post-CLP. Intervention of HSP70 significantly extended the survival
time that caused by CLP (P < 0.05). However, the effects were not obvious in HSP70 group. Meanwhile, HSP70
treatment attenuated levels of BUN, SCr, KIM-1 and NGAL after CLP detected using chromatometry and ELISA, as
well as TNF-α and IL-6 (Figure 6B–G, P < 0.01). Using HE and PAS staining, CLP mice exhibited exudation of fluid and
erythrocyte, loss of brush border and dilatation of proximal tubular. These histological destructions were obviously
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Figure 2 HSP70 deficiency aggravates the proximal tubulars’ injury and apoptosis in septic AKI in vivo.
Notes: At 24 h post-CLP of gene knockout mice, the level of specific marker AQP-1 was detected in proximal tubulars by IF (A). AQP-1, red; F-actin, green; DAPI, blue. The
level of dead cells was assessed by TUNEL staining (B and C). TUNEL positive cell, green; DAPI, blue. The apoptotic protein levels of Bax, Bcl2, caspase 3 and cleaved
caspase 3 were measured by WB (D). Bcl2/Bax ratio was calculated (E). Data are presented as mean ± SD. All experiments were repeated for three times. N = 8. ****P<
0.0001 hsp70.1−/− vs hsp70.1+/+ group. Bar = 20 μm.
Abbreviations: CLP, cecal ligation and puncture; AQP-1, aquaporin-1; TUNEL, Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling; WB, Western
blotting.
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Figure 3 Inhibition of exogenous HSP70 on NF-κB signaling pathway and apoptosis of LPS-induced sepsis in vitro.
Notes: HK-2 cells were treatedwith different concentrations of LPS to construct the septicmodel. The level of TNF-αwasmeasured byWB (A). InHK-2 cells pre-treatedwith various
concentrations of exogenousHSP70 after LPS stimulation (5 μg/mL) for 24 h, the levels of TNF-α, and other proteins of NF-κB signaling (such as IκBα, p-IκBα, p65, p-p65 and IL-6) were
measuredbyWB (B). Cytokines (TNF-α, IL-6) of cell supernatantweremeasuredby ELISA (C andD). InHSP70 (5μg/mL) interventionbeforeLPS stimulation (5μg/mL), cell viabilitywas
evaluated by CCK8 (E), and dead cells were analyzed by flow cytometry with Annexin-V and PI staining (F and G). Data are presented as mean ± SD. Triplicate experiments were
repeated for three times. *P< 0.05, **P< 0.01, ***P< 0.001.
Abbreviations: h, hour; HK-2, human renal proximal tubular epithelial; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL-6, interleukin 6; WB, Western blotting;
CCK8, cell counting kit-8; PI, propidium iodide.
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Figure 4 Knockdown or overexpression of HSP70 mediates NF-κB signaling pathway and apoptosis of LPS-induced sepsis in vitro.
Notes: HK-2 cells with gene knockdown and overexpress of HSP70 were established and the protein level of HSP70 was confirmed with WB (A). After LPS stimulation (5
μg/mL) for 24 h, the proteins of HSP70, NF-κB signaling pathways (TRAF6 and p-IκBα) and related inflammatory mediators (TNF-α, IL-6) were measured by WB (B), the
mRNA expressions of TNF-α and IL-6 were measured by qRT-PCR (C, D), the viability was measured by a CCK8 assay (E and G) and crystal violet staining (F and H) in
HSP70 knockdown and overexpress HK-2 cells. Apoptotic cells were analyzed by flow cytometry with Annexin-V and PI staining under LPS stimulation (5 μg/mL) for 24 h (I
and J). The levels of apoptosis-related protein Bax, Bcl2, caspase 3 and cleaved caspase 3 were measured by WB after LPS stimulation (5 μg/mL) for 24 h (K). Bcl2/Bax ratio
was calculated (L). Data are presented as mean ± SD. Triplicate experiments were repeated for three times. **P< 0.01, ***P< 0.001, ****P< 0.0001.
Abbreviations: h, hour; HK-2, human renal proximal tubular epithelial; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL-6, interleukin 6; WB, Western blotting;
CCK8, cell counting kit-8; PI, propidium iodide.
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improved in HSP70+CLP group and non-significant in HSP70 group (Figure 6H and I). Furthermore, the levels of
p-IκBα, TNF-α, and IL-6 were elevated post-CLP, which was reversed by treatment with HSP70 (Figure 6L). Lastly, the
TUNEL-positive cells were diminished in HSP70+CLP group, along with protein levels of Bax, caspase 3, and cleaved
caspase 3 (Figure 6J,K and M, P < 0.01). The change of Bcl2 conflicted with aforementioned. Bcl2/Bax ratio was
presented in Figure 6N. The results demonstrated that exogenous HSP70 played a critical role in protecting renal function
from CLP-induced septic AKI through inhibition of apoptosis and inflammation.

Figure 5 HSP70 inhibits NF-κB-mediated inflammation through binding to TRAF6 in vitro.
Notes: HA-TRAF6 and FLAG-HSP70 were co-expressed in HEK293T cells by plasmid transfection. Then IP was performed with an anti-HA antibody. After 24 h, the protein
of FLAG-HSP70 was detected using anti-FLAG antibody by WB (A). In HK-2 cells, IP was performed by anti-HSP70 antibody. The protein of TRAF6 was measured using
anti-TRAF6 antibody by WB (B). Images of HSP70 and TRAF6 in HK-2 cells were observed by IF (C). HSP70, red; TRAF6, green; DAPI, blue. The p65 level in the
downstream of NF-κB pathway was detected by IF in HK-2 cells under LPS stimulation (5 μg/mL) for 24 h (D). p65, red; DAPI, blue. Triplicate experiments were repeated
for three times. h: hour. Bar = 5 μm C, 10μm D.
Abbreviations: IP, Immunoprecipitation; WB, Western blotting; IF, immunofluorescence.
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Figure 6 Exogenous HSP70 ameliorates renal damage via inhibition of inflammation-mediated apoptosis in sepsis-induced AKI in vivo.
Notes: C57BL/6 mice, randomly divided into five groups (control, sham, HSP70, CLP, HSP70+CLP), were assessed for survival rate (A). At 24 h post-surgery, serum BUN
(B) and SCr (C) were determined by chromatometry with kits. Serum NAGL (D), KIM-1 (E), TNF-α (F) and IL-6 (G) were measured by ELISA. Renal histological changes
were observed by HE and PAS staining (H and I). The number of dead cells was assessed by TUNEL staining (J and K). The arrows indicated positive staining in kidney.
TUNEL positive cell, green; DAPI, blue. The protein levels of p-IκBα, TNF-α and IL-6 were confirmed by WB (L). The apoptosis-related proteins of Bax, Bcl2, caspase 3 and
cleaved caspase 3 were measured by WB (M). Bcl2/Bax ratio was calculated (N). Data were presented as mean ± SD. All experiments were repeated for three times.
N = 10. ** P< 0.01, *** P< 0.001, **** P< 0.0001 CLP vs sham group, HSP70+CLP vs CLP group. # P< 0.05 HSP70+CLP vs CLP group. Bar = 50 μm.
Abbreviations: h, hour; CLP, cecal ligation and puncture; BUN, blood urea nitrogen; SCr, serum-creatinine; NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney
injury molecule-1; TNF-α, tumor necrosis factor-α; IL-6, interleukin 6; HE, hematoxylin-eosin; PAS, periodic acid-Schiff; TUNEL, Terminal deoxynucleotidyl transferase
dUTP-mediated nick-end labeling; WB, Western blotting.
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Discussion
Sepsis refers to life-threatening organ dysfunction that is the most common cause of acute kidney injury. Despite the
underlying mechanism of septic AKI is not fully elucidated, it is reported that the systemic inflammatory response plays a
pivotal role in pathological progress of disease.26,27 Our data demonstrated that HSP70 significantly alleviated renal
dysfunction, tissue structural damage, inflammatory cascade, and prolonged survival through inhibiting NF-κB signaling
activities and inflammation-related apoptosis in septic AKI. To our knowledge, this is the first study to report that HSP70
exerted protective function, as an inhibitor of inflammation and apoptosis, through interaction with TRAF6 in septic AKI
in vivo and in vitro (Figure 7).

Heat shock proteins (HSPs) are highly conserved proteins that act as molecular chaperones for protein folding,
membrane translocation and intracellular assembly. Among them, HSP70 is known as an important protein for its beneficial
effect combating the oxygen free radicals, inflammation, toxics and ischemia.28–30 A number of literatures have been
addressed to the role of HSP70 in AKI. HSP70 was abundantly expressed in the Brown Norway rats, and for that reason,
the rats showed strong resistance to renal dysfunction and morphological changes from ischemic injury.31 In addition,
HSP70 overexpression was able to ameliorate renal tubular damage in ischemia/reperfusion (I/R) injury.20 However, no
studies were conducted to explore the concrete effect of HSP70 in AKI that induced by sepsis. Here, with the model of
CLP-sepsis, HSP70-deficient mice showed increased mortality, abnormal kidney functions (BUN, SCr, KIM-1, NGAL),
and destructive pathological changes especially in proximal tubulars. The overexpression or intervention of HSP70 greatly

Figure 7 The proposed mechanism by that HSP70 ameliorates inflammation and apoptosis in renal tubular epithelial cells in septic acute kidney injury.
Notes: HSP70 interacted with TRAF6 and repressed NF-κB signaling activities (IκBα, p-IκBα, p65, p-p65), thereby alleviating p65 translocation to the nucleus and
downstream inflammatory proteins (TNF-α, IL-6). Subsequently, pro-apoptotic Bax was suppressed as well as caspase 3 and cleaved caspase 3, and anti-apoptotic Bcl2 was
increased, inhibiting the process of cell apoptosis.
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improved cell survival in LPS-induced HK-2 cells. These data indicated that HSP70 presented the protective effect in septic
AKI in vivo and in vitro. In addition, HSP70 prevented renal inflammatory response via inhibiting NF-κB signaling
pathway. In detail, in vivo and in vitro experiments showed that HSP70 reduced NF-κB inflammatory proteins (TRAF6,
IκBα, p-IκBα, p65, p-p65) and its related inflammatory cytokines (TNF-α and IL-6). These results were consistent with
other experiments that heat shock protein 70 could suppress the activation of NF-κB signaling. In LPS-induced septic
shock, extracellular HSP70 protected against myocardial and hepatic dysfunction, with associated inhibition of inflamma-
tory mediators including TNF-α and iNOS, through the MAPK/NF-κB pathway.32 The induction of HSP70 has been
demonstrated to be protective in ischemic acute renal failure via inhibition of NF-κB inflammatory activation and cell death
pathway.33 Moreover, as shown in our experiments, overexpression of HSP70 strongly alleviated the translocation of p65
from the cytoplasm to the nucleus under LPS stimulation. Similar results were also verified in other experiments. Previous
studies showed that HSP70 inhibited the nuclear translocation of p65 and prevented the degradation of IκBα to terminate
inflammatory responses in LPS-induced macrophage and dendritic cells.34,35 Therefore, we verified the essential role of
HSP70 in diminishing renal damages and inflammatory cascade in septic acute kidney injury.

The major activation of NF-κB signaling pathway depends on recruitment of TRAF6, which subsequently phosphor-
ylates IκBα and translocates p65/p50 to the nucleus, leading to the gene transcription of tnf-α and il-6. Indeed, our data
showed that HSP70 could interact with TRAF6 to downregulate NF-κB signaling pathway in renal proximal tubular
epithelial (HK-2) cells. Some studies have verified the relationship between HSP70 and TRAF6.Huaqun Chen took the
first to report that HSP70 interacted with TRAF6-C domain and inhibited its ubiquitination to prevent LPS-induced NF-
κB activation in macrophages.36 The finding was also supported by Li-Chao Wang’s investigation that HSP70-TRAF6
binding blocked K63-linked ubiquitination of TRAF6 and inactivated NF-κB signaling pathway in neuroinflammation
pathogenesis.37 Based on above convincing discoveries, we could reasonably presume that HSP70 may inhibit ubiqui-
tination of TRAF6 to prevent downstream inflammatory response in septic AKI, which will be carried out in the
subsequent study.

As well known, inflammatory infiltration in turn was able to induce the initiation and progress of apoptosis in AKI.
The extrinsic apoptosis pathway is initiated by death receptors on cell membrane with TNF-α, FasL, TRAKIL.38 TNF-α,
as a popular apoptosis stimulus in AKI, binds TNF receptor (TNFR), leading to the recruitment of TNFR1-associated
death domain (TRADD), TNFR-associated factor 2 (TRAF2), cellular inhibitor of apoptosis proteins (cIAPs), receptor-
interacting protein (RIP), and the activation of the initiator caspase 8.39 And that, the intrinsic pathway of apoptosis is
mediated by mitochondrial dysfunction in response to intracellular stimuli such as hypoxia, oxide free radical and
calcium overload.40 Subsequently, the activation of pro-apoptotic Bax neutralizes anti-apoptotic Bcl2, leading to
destruction of mitochondrial function and membrane integrity, and auto-activation of initiator caspase 9. The upstream
initiators result in the stimulation of downstream executor caspase-3, −6 and −7 for substrate cleavage, inducing cell
death.41,42 Cell apoptosis has been defined as a key factor in the pathogenesis of septic acute kidney injury. The
suppression of apoptosis could improve the subjects’ survival time in sepsis.43,44 Apoptotic tubular cells were obviously
observed in kidney biopsy of septic patients using TUNEL and caspase-3 staining, in consistent with that in mice model
of CLP-induced AKI.45,46 In this study, in vivo and in vitro experiments showed that amounts of apoptotic cells were
viewed in renal tissue sections and cells of HSP70 deficiency. Overexpression or intervention of HSP70 presented the
protective role against acute kidney injury due to its inhibition on cell apoptosis, and this could be confirmed by the
levels of apoptosis-related proteins. The findings demonstrated that abundant HSP70 greatly decreased levels of Bax,
caspase 3 as well as cleaved caspase 3, increased levels of Bcl2 and ratio of Bcl2/Bax. The protective mechanism of
HSP70 is potentially due to the suppression of inflammatory cytokine TNF-α and intracellular stimulus, thereby
inhibiting apoptosis and cell death in septic AKI. Based on current experiments, the strong evidence demonstrated that
HSP70 ameliorates renal damage via inhibition of cell apoptosis in septic AKI.

Conclusion
In summary, our findings revealed that HSP70 alleviated renal damage via interaction with TRAF6 to inhibit of
inflammation-mediated cell apoptosis in sepsis-induced acute kidney injury. Current research demonstrated that HSP70
could be a potential therapeutic target for septic AKI.
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