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ARTICLE INFO ABSTRACT

Keywords: Sepsis often causes acute kidney injury (AKI). Autophagy of renal tubular epithelial cells is
Septic AKI considered a cytoprotective mechanism in septic AKI; however, the role of autophagy of renal
Autophagy endothelial cells is uninvestigated. The current study examined whether autophagy was induced
Endothelial cells b .. 1 endothelial cell d whether inducti £ h in th 1L d
Rapamycin y sepsis in renal endothelial cells and whether induction of autophagy in these cells attenuate

the degree of AKI. Cecal ligation and puncture (CLP) was used as a model of sepsis in rats. Four
experimental groups included: sham, CLP alone, CLP + rapamycin (RAPA), and CLP + dimethyl
sulfoxide (DMSO), where RAPA was used as an activator of autophagy. CLP increased renal LC3-1I
protein levels with an additional transient increase by RAPA at 18 h. In addition, CLP induced
autophagosome formation in renal endothelial cells had an additional increase induced by RAPA.
Interestingly, the levels of bone morphogenetic protein and activin membrane-bound inhibitor
(BAMBI), an endothelial cell-specific protein in the kidney, were also increased by CLP, albeit it
was transiently downregulated by RAPA at 18 h. Serum thrombomodulin increased and renal
vascular endothelial (VE)-cadherin decreased following CLP, and these changes were attenuated
by RAPA. The renal cortex exhibited and inflammatory tissue damage after CLP, and RAPA
alleviated these histopathological injuries. The current findings indicate that autophagy was
induced by sepsis in renal endothelial cells, and upregulation of autophagy in these cells allevi-
ated endothelial injury and AKI. In addition, BAMBI was induced by sepsis in the kidney, which
may play a role in regulating endothelial stability in septic AKIL

1. Introduction

Acute kidney injury (AKI) is a common and severe complication of sepsis. Septic AKI accounts for approximately 50% of all severe
AKI cases in hospital and is associated with increased rates of morbidity and mortality [1]. Importantly, the pathological mechanisms
of septic AKI are not well understood. Most early studies were focused on kidney hypoperfusion caused by global renal ischemia due to
systemic hemodynamic derangements. However, an increasing body of recent evidence indicates that septic AKI can occur in the
absence of reduced renal blood flow, and at least in the early phase of the disease, renal dysfunction largely results from interactive
mechanisms involving inflammation, coagulation derangements, microvascular dysfunction, endothelial injury, and tubular epithelial
cell damage [2,3]. Therefore, protecting renal endothelial cells from sepsis-induced injury may provide therapeutic benefits for the
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prevention or treatment of septic AKI.

Autophagy degrades and recycles damaged organelles and macromolecules to maintain cellular homeostasis. Investigations uti-
lizing kidney-specific gene knockouts have demonstrated that autophagy plays an important role in the maintenance of kidney ho-
meostasis under both physiological and pathological conditions [4]. Importantly, genetic or pharmacological upregulation of
autophagy has been shown to alleviate inflammation and renal dysfunction in various animal models of sepsis-induced AKI [5-7]. In
these studies, histological evidence revealed the induction of autophagy in tubular epithelial cells by sepsis, and further autophagy
activation in these cells protected against tubular epithelial damage and AKI [5-7]. However, the role of endothelial cell autophagy in
septic AKI remains undefined.

In this study, we investigated whether autophagy was induced in renal endothelial cells by sepsis and whether pharmacological
induction of autophagy in these cells attenuated the degree of AKI. Cecal ligation and puncture (CLP) was used as a model of sepsis in
rats. Autophagy was assessed based on the level of the autophagy biomarker membrane-bound microtubule-associated protein light
chain 3 (LC3-II) and autophagosome formation was evaluated by transmission electron microscopy (TEM). Endothelial biomarkers and
histopathological changes with TEM. Renal tissue damage was visualized with H&E staining.

2. Methods
2.1. CLP as a model of sepsis

Male Sprague-Dawley (SD) rats (n = 221, 8 weeks old, 200-250 g) were obtained from the animal facility at Beijing Friendship
Hospital, affiliated with Capital Medical University (Beijing, China). The animals were reared in separate cages in the laboratory of
barrier system without specific pathogens (SPF). All animals were housed in a constant temperature (22 + 2 °C) and humidity (45 +
5%) with a standard 12-h light-dark cycle. The rats were allowed free access to tap water and standard rodent laboratory food. Under
such conditions, the experiment was carried out for a week. All animal studies were performed in accordance with the Chinese Code of
Practice for the Care and Use of Animals for Scientific Purposes and received approval from the Institutional Animal Care and Use
Committee of Beijing Friendship Hospital (Approval number: 18-1005). After one week of acclimation, the animals were anesthetized
with 3% isoflurane and randomly divided into four groups: sham, CLP, CLP + rapamycin (RAPA), and CLP + dimethylsulfoxide
(DMSO; vehicle control, the concentration of DMSO was 10%). CLP was performed with an 18-gauge double puncture and 100% cecal
ligation following previously described procedures [8]. The sham group received the same operation except for the CLP. The CLP +
RAPA group received RAPA (8 mg/kg) intraperitoneally immediately following the CLP procedure, and the CLP + DMSO group
received the same volume of DMSO. Anesthesia was maintained with 1.5% isoflurane throughout the operation. After the operation
was completed, all animals were transferred to metabolic cages and received subcutaneous fluid resuscitation (sterile saline, 5 mL/100
g body weight). At 3, 6, 12, 18, 24, and 48 h after the operation, blood (via the abdominal aorta) and urine samples were collected from
six surviving rats in each group. The rats were sacrificed immediately after sample collection, and the contralateral renal cortex was
harvested. The renal cortical tissues were stored at —80 °C until further analysis.

2.2. Western blot analysis

The renal cortical tissues were homogenized in pre-cooled radio-immunoprecipitation assay (RIPA) lysis buffer (Ruibio, Germany)
and centrifuged at 13,000 rpm and 4 °C for 20 min. The clear supernatants were collected, and total protein concentrations of the
supernatants were determined using the bicinchoninic acid (BCA) method. Proteins were separated using a 12-15% gel by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking, the membranes were incubated with antibodies toward rat bone morphogenetic protein and activin membrane-bound
inhibitor (BAMBI; 1:1000, ab203070; Abcam, UK), LC3-1I (1:1000, ab51520; Abcam), and vascular endothelial (VE)-cadherin (1:1000,
ab166715; Abcam), at 4 °C overnight. After washing three times in tris-buffered saline with Tween 20 (TBS-T), the membranes were
incubated with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody. The proteins were quantified by
densitometric analysis using the Gel Image System 4.00 (Tanon, China). Data were normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH; 1:1000, 5174; Cell Signaling Technology, USA).

2.3. ELISA

The urine samples were centrifuged at 1000 xg (or 3000 rpm) for 15 min, and the supernatants were collected and stored at —20 °C
or —80 °C until analysis. The blood samples (collected without anticoagulant) were allowed to stand at room temperature for 1-2 h,
then centrifuged at 1000xg (or 3000 rpm) for 15 min. The serum supernatants were collected and stored at —20 °C or —80 °C until
analysis. The urine protein levels, as well as the serum soluble thrombomodulin (sTM) and creatinine levels were determined using
ELISA kits in accordance with manufacturer’s instructions (urine protein E02U0025, serum sTM E02S0222, serum creatinine
E02C0629; Shanghai Lanji Biotechnology Co. Ltd., China). Plates were read using the Multiskan Mk3 Microplate Reader (Thermo
Fisher, USA).

2.4. H&E staining

Hematoxylin and eosin (H&E) staining was used to evaluate histopathological changes of the renal cortex. Renal cortical tissues,
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approximately 3 mm x 3 mm x 3 mm in size, were fixed in 2.5% glutaraldehyde for 24 h. The fixed tissues were immersed in 0.01 mol/
L PBS overnight, dehydrated with a conventional ethanol gradient, embedded in paraffin, and sectioned. The tissue sections were
stained with H&E, dried, and sealed with a neutral resin. The sections were subsequently examined under a light microscope. The
histopathological injuries of the glomerulus were evaluated by a pathologist blinded to the experimental conditions. The injuries were
scored from O to 4 based on the grade of glomerular telangiectasia, interstitial edema, inflammatory cell infiltration, congestion,
hemorrhage, and tissue necrosis as follows: 0, normal; 1, minimal injury; 2, mild injury; 3, moderate injury; 4, severe injury. Five
sections from each group were selected for evaluation. The injury score of each section was determined using 10 randomly selected
fields of view [9]

2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to detect the formation of autophagosomes and visualize the morphological
changes of renal vascular endothelial cells. Renal cortical tissues, approximately 1 mm x 1 mm x 1 mm in size, were placed in fixation
solution for electron microscopy (Ruibio) for 2-4 h at 4 °C. After washing three times with 0.1 mmol/L PBS for 15 min each, the
samples were fixed using 1% citric acid in 0.1 mmol/L phosphate buffer (pH 7.4) for 2 h at room temperature. The samples were
subsequently dehydrated, infiltrated, embedded, and cut into 60-80 nm sections using a microtome. The tissue slices were double
stained with uranium and lead, dried overnight at room temperature, and subjected to TEM then for analysis (Hitachi, Japan). As to
analysis briefly, a minimum of 8-10 random fields (to minimize unintended sampling bias) were examined at 2500 x magnification for
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Fig. 1. The renal cortex LC3II and BAMBI levels by Western blot analysis. (A) Representative gel images of Western blot analysis for renal cortex
levels of LC3II and BAMBI in sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the CLP operation. (B) The renal cortex
LC3II/LC3I levels in the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6, *P < 0.05 vs. sham,
(Tukey’s correction and Dunnet’s correction) #P = 0.045 (Dunnet’s correction) (C) The renal cortex BAMBI levels in the sham, CLP, CLP + RAPA,
and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6, *P < 0.05 vs. sham, (Tukey’s correction and Dunnet’s correction) #p =
0.036 (Tukey’s correction) vs. CLP + DMSO. Abbreviations: BAMBI, bone morphogenetic protein and activin membrane-bound inhibitor; CLP, cecal
ligation and puncture; DMSO, dimethylsulfoxide; LC3-II, membrane-bound microtubule-associated protein light chain 3; RAPA, rapamycin (potent
inducer of autophagy).



R. Pang et al. Heliyon 9 (2023) e13796

the number of autophagosomes or autolysosomes. The median + interquartile per 8 images from each rat was calculated and the data
from different groups were compared (CLP (n = 5) versus CLP + RAPA (n = 5)) at the time course of 24 h after operation.

2.6. Animal survival

The percentages of surviving animals in each group at 3, 6, 12, 18, 24, and 48 h after the operation were recorded. Apnea for more
than 1 min was considered to indicate death.

2.7. Statistical analysis

Survival analysis was performed using the Kaplan-Meier method, and the survival data were compared using the log-rank test. All
other data are presented as mean + standard deviation (SD). For comparison of normally distributed data, an analysis of variance
(ANOVA) was used if the data met the assumption of homogeneity of variance, while a Welch ANOVA was used if the data violated the
assumption. The observation values of the samples did not conform to normal distribution and the variances were uneven among the
groups, so one-way ANOVA could not be used, so the Kruskal-Wallis H test was used. The number of autophagosomes or autolysosomes
were expressed as median + interquartile and Mann-Whitney test was used for analysis. A P-value less than 0.05 was deemed sta-
tistically significant. All statistical analyses were performed using SPSS 19.0 software.

3. Results
3.1. CLP increased LC3II/LC3I in the renal cortex with additional induction by RAPA

To evaluate autophagic activity in the renal cortex, the protein levels of LC3-II, a common biomarker for autophagy, were
determined using Western blot analysis (Fig. 1A). CLP increased the levels of LC3II/LC3I in the renal cortex from 3 to 48 h after the
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Fig. 2. (A) Representative TEM images of renal cortex endothelial cells from the CLP and CLP + RAPA groups at 24 h after the CLP operation.
Representative images at x 2.0 k and x 5.0 k magnification. White arrows indicate autophagosomes or autolysosomes with double-layer mem-
branes. (B)The number of autophagosomes or autolysosomes were expressed as the median =+ interquartile range. Data were analyzed for statistical
significance using the Mann-Whitney U test (*P = 0.000; n = 5 in each group). Abbreviations: CLP, cecal ligation and puncture; RAPA, rapamycin
(potent inducer of autophagy); TEM, transmission electron microscopy.



R. Pang et al. Heliyon 9 (2023) e13796

operation (Fig. 1B, P < 0.05). The LC3II/LC3I level peaked at 18 h, and then declined. RAPA further increased LC3II/LC3I levels
compared to DMSO at 18 h after CLP (Fig. 1B, P = 0.045). At other time points, RAPA slightly increased the LC3-II level, but the
differences did not reach statistical significance (Fig. 1B).

3.2. CLP upregulated BAMBI in the renal cortex, which was downregulated by RAPA

The transforming growth factor beta (TGFf) and Wnt/p-catenin pathways are key regulators of AKI pathogenesis [10,11]. BAMBI is
a membrane-bound pseudo-receptor that influences both TGFf and Wnt/p-catenin signaling [12,13]. Given that BAMBI expression in
the kidney is restricted to endothelial cells in the glomerulus and renal blood vessels [14], it was considered that BAMBI may play a
role in regulating renal endothelial function/stability in septic AKI. The Western blot analysis revealed that CLP increased BAMBI
protein levels in the renal cortex from 3 to 48 h after the operation (Fig. 1C, P < 0.05), and these levels were downregulated by RAPA at
18 h (Fig. 1C, P = 0.036). Since the BAMBI protein is regulated by autophagy-mediated degradation [14], its downregulation by RAPA
was likely attributed to upregulated degradation through autophagy. However, RAPA had no significant effects on BAMBI at any other
time points (Fig. 1C), indicating that the downregulation of BAMBI by RAPA was only transient.

3.3. CLP increased autophagy in renal endothelial cells with additional induction by RAPA

To determine whether CLP induced autophagy in renal endothelial cells, TEM was used to examine the formation of autophago-
somes in these cells. Autophagosomes encircled by double-layer membranes were detected in renal endothelial cells of the CLP but not
the sham group at 24 h after the operation (Fig. 2A). In addition, the CLP + RAPA group had a higher number of autophagosomes
compared to the CLP + DMSO group (Fig. 2B,P = 0.000). These findings demonstrated that CLP induced autophagy in renal endo-
thelial cells with an additional induction by RAPA.

3.4. CLP induced renal endothelial injury, which was transiently reversed by RAPA

Serum sTM is a biomarker for endothelial injury and an independent predictor for the development of septic AKI [15]. Using ELISA,
higher levels of serum sTM were detected in the operation groups compared to the sham group at 18 h (Fig. 3C, P < 0.05). VE-cadherin,
an endothelial-specific cell-cell adhesion protein, plays a central role in endothelial permeability and vascular stability [16]. The
extracellular domain of VE-cadherin can be cleaved during inflammatory processes and shed into the circulation as soluble
VE-cadherin (sVE-cadherin). A recent report has shown that shedding of sVE-cadherin is associated with the severity of sepsis-induced
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Fig. 3. The renal cortex VE-cadherin levels and serum sTM levels by Western blot analysis and ELISA. (A)Representative gel images of Western blot
analysis for renal cortex VE-cadherin in the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the CLP operation. (B)
The renal cortex VE-cadherin levels in the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6, *P <
0.05 vs. sham, *P < 0.05 vs. CLP + DMSO. 24 h, P = 0.04 (Tukey’s correction); 48 h, P = 0.028 (Tukey’s correction).(C) The serum sTM levels in
the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6, *P < 0.05 vs. sham, #P < 0.05 vs. CLP +
DMSO. #P = 0.047 (Dunnet’s correction). Abbreviations: CLP, cecal ligation and puncture; DMSO, dimethylsulfoxide; ELISA, enzyme-linked
immunosorbent assay; RAPA, rapamycin (potent inducer of autophagy); sTM, soluble thrombomodulin; VE, vascular endothelial.
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AKI [17]. In this study, Western blot analysis revealed decreased VE-cadherin levels (Fig. 3A) in the renal cortex from 3 to 48 h after
CLP (Fig. 3B, P < 0.05), suggesting an increase in shedding of sVE-cadherin caused by renal endothelial injury. RAPA transiently
reversed the changes in serum sTM and renal VE-cadherin (Fig. 3C and B, P < 0.05).

3.5. RAPA alleviated the glomerulus injury scores in CLP-induced AKI, which had no significant effect on renal fucnation

H&E staining of the renal cortex revealed dilated and damaged glomerular lobules with inflammatory cell infiltration at 24 h after
CLP (Fig. 4A). Compared with the CLP + DMSO group, the CLP + RAPA group exhibited reduced glomerular telangiectasia,
congestion, and inflammatory cell infiltration. The glomerulus injury scores based on histopathological changes observed with H&E
staining. n = 5, (Fig. 4B,*P < 0.05 vs. sham, #P = 0.004 (Kruskal-Wallis H Test) vs. CLP + DMSO. These results indicated that RAPA
alleviated the glomerulus injury scores in CLP-induced AKI. To assess kidney function, serum creatinine and urine protein levels were
determined using ELISA. CLP increased serum creatinine from 3 to 48 h after the operation (Fig. 5A, P < 0.05), but had no significant
effect on urine protein levels at any given time point (Fig. 5C). RAPA showed no significant effects on serum creatinine or urine protein
(Fig. 5A-D). In addition, RAPA did not significantly change the survival rates of the animals following the induction of sepsis (Fig. 6).

4. Discussion

Septic AKI is a disease of complex etiology. Recent evidence suggests that a key event in the early stage of kidney dysfunction is
tubular epithelial cell damage in response to inflammation associated with peritubular microvascular dysfunction [18]. Thus, renal
endothelial cell injury induced by sepsis is an early pathological hallmark of AKI. In this study, using CLP as a sepsis model in rats, it
was found that sepsis induced autophagy in renal endothelial cells, and the further induction of autophagy in these cells by RAPA
alleviated sepsis-induced renal endothelial damage and AKI. These findings support the hypothesis that an upregulation of autophagy
in renal endothelial cells may provide therapeutic benefits in sepsis-induced AKI.

By recycling degraded macromolecules for energy metabolism or anabolism, autophagy serves as a mechanism for survival in
response to starvation. In pathological conditions, autophagy can exhibit cytoprotective effects against cell injury induced by oxidative
stress or inflammation [19] However, excessive autophagy can lead to unwanted cell death [20]. The role of autophagy in septic AKI
appears to be somewhat controversial [21]. In lipopolysaccharide (LPS)-induced AKI mice, an early study by Wu and colleagues
showed that autophagy was induced in the renal cortex in a dose- and time-dependent manner, and pharmacological inhibition of
autophagy alleviated LPS-induced AKI and inflammation [22]. Matsuda et al.reported that endothelial autophagy protects glomeruli
from oxidative stress and maintains the integrity of glomerular capillaries. Enhancing endothelial autophagy may provide a novel
therapeutic approach to minimizing glomerular diseases [23]. However, in a later study by Mei et al., pharmacological or genetic
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Fig. 4. Glomerulus injuries in the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 24 h after the operation evaluated by H&E staining. (A)
Representative H&E staining images at x 200 and x 400 magnification. Black arrows indicate the swelling of endothelial cells. (B) The glomerulus
injury scores based on histopathological changes observed with H&E staining. n = 5, *P < 0.05 vs. sham, #P = 0.004 (Kruskal-Wallis H Test) vs.
CLP + DMSO. Abbreviations: CLP, cecal ligation and puncture; DMSO, dimethylsulfoxide; H&E, hematoxylin and eosin; RAPA, rapamycin (potent
inducer of autophagy).
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Fig. 5. The serum creatinine and urine protein levels by ELISA (One-way ANOVA test were used). (A). The serum creatinine levels in the sham, CLP,
CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6, *P < 0.05 vs. sham. (B). The serum creatinine levels in the
CLP + RAPA and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6. Data from each individual rat are shown. (C) The urine
protein levels in the sham, CLP, CLP + RAPA, and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6. (D) The urine protein
levels in the CLP + RAPA and CLP + DMSO groups at 3, 6, 12, 18, 24, 48 h after the operation. n = 6. Data from each individual rat are shown.
Abbreviations: CLP, cecal ligation and puncture; DMSO, dimethylsulfoxide; ELISA, enzyme-linked immunosorbent assay; RAPA, rapamycin (potent
inducer of autophagy).
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Fig. 6. The Kaplan-Meier survival curves of the sham, CLP, CLP + RAPA, and CLP + DMSO groups. The number of rats used was 221. Abbreviations:
CLP, cecal ligation and puncture; DMSO, dimethylsulfoxide; RAPA, rapamycin (potent inducer of autophagy).

ablation of autophagy exacerbated LPS-induced AKI in mice [24]. In our study, we found that CLP induced renal endothelial injury,
which was transiently reversed by RAPA. These controversial findings might be due to differences in model construction and the
reagent/dose used in autophagy suppression. In CLP-induced AKI mice, most studies have focused on the role of autophagy in renal
tubular epithelial cells. It was found that autophagy in tubular epithelial cells transiently increased, and then declined within 8-24 h
after the induction of sepsis [5,7]° RAPA upregulated the level of autophagy in these cells and alleviated renal tubular injury induced by
CLP [5,7]. Given the central role of renal endothelial dysfunction in the early phase of septic AKI, the current study evaluated the level
of autophagy in renal endothelial cells of rats with CLP-induced AKI. This was accomplished by measuring the changes in LC3-II levels
and by monitoring autophagosome formation by TEM. It was found that CLP increased autophagy in renal endothelial cells, with an
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additional induction by RAPA at 18 h after the operation. RAPA transiently reversed changes in s-TM and VE-cadherin for endothelial
injury and alleviated renal endothelial fenestration induced by CLP. Elevated levels of s-TM in the blood are markers of severe
endothelial cell damage [25]. Katayama showed that s-TM predicts an increased risk of AKI in patients with sepsis [26]. Itenov et al.
revealed that s-TM levels predict a reduction in the chance of AKI recovery in hospitalized patients. These results support the hy-
pothesis that disintegration of renal endothelial cells is a key factor in the development of refractory AKI [27]. RAPA transiently
reversed the changes in serum sTM may suggest that autophagy has a transient protective effect on endothelial cell injury and may has
a effect on the recovery from AKI in later stages.

Similar to previous findings in mice that underwent CLP [5,7], RAPA attenuated histopathological changes in the renal cortex
induced by the CLP procedure. We specifically investigated the role of endothelial cells and the change of autophagy which may add
new insight to the current understanding.

AKI is an independent risk factor for the development of chronic kidney disease (CKD) [28]. TGF-p, a key profibrotic growth factor,
is activated during AKI and drives the transition of AKI to CKD [10]. Wnt/p-catenin signaling is also upregulated in AKI; however, its
functions in AKI are somewhat controversial. It appears to play a beneficial role in AKI, but is considered to promote CKD progression
by stimulating tubulointerstitial fibrosis [11]. The pseudo-receptor BAMBI has been shown to downregulate TGF-p and upregulate
Wnt/f-catenin signaling [12,13]. Since the expression of BAMBI in the kidney is restricted to endothelial cells [14], we speculated a
regulatory role of BAMBI in endothelial function/stability during AKI. In this study, BAMBI expression in the renal cortex was induced
in response to CLP, and RAPA transiently reduced renal BAMBI in CLP-stimulated rats. Because BAMBI is regulated by autolysosomal
degradation at the protein level [14], its reduction by RAPA could likely be attributed to upregulated degradation mediated by
autophagy.

BAMBI acts as a pseudo-receptor in the TGF-f signal transduction pathway, and its negative feedback regulation of this pathway has
been widely confirmed [29]. Numerous studies have shown that TGF- is involved in the development of sepsis and plays an important
role in down-regulating the production of inflammatory factors. Studies by McCartney-Francis et al. and others found that in TGF-p
gene-deficient mice stimulated with lipopolysaccharide (LPS), expression of the pro-inflammatory factors and their receptors increased
significantly, leading to uncontrolled inflammatory response 6. BAMBI blocks the TGF-f} pathway, which aggravates the progression of
sepsis [30]. We found that the levels of BAMBI in the CLP + RAPA group were statistically lower than those in the CLP + DMSO group
at 18 h. Therefore, the decreased levels of BAMBI that degraded by autophagy may attenuate the progression of sepsis. However, the
regulation of BAMBI by autolysosome degradation in renal endothelial cells, as well as its effect on renal endothelial integrity and the
development of sepsis-induced AKI requires further investigation.

Similar to previous findings [31], elevated levels of serum creatinine were detected after CLP, confirming renal dysfunction in these
animals. Although RAPA substantially attenuated CLP-induced renal tissue damage, it showed no significant effect on serum creatinine
levels. The reasons for this effect were not clear but it may be partially due to the rather transient induction of autophagy by RAPA.
Urine protein levels, another marker for kidney function, showed no significant changes up to 48 h after CLP. This finding was not
surprising since protein levels in the urine can show delayed changes following kidney injury [32]. However, it would be interesting to
monitor this marker for a longer period after the induction of sepsis.

This work was a preliminary study on the role of renal endothelial autophagy in septic AKI. In future studies, the measurement of
inflammatory factors and the use of autophagy inhibitors will be included during in vivo experiments. Additionally, in vitro experiments
with renal endothelial cells will be performed. What is more is that the limitations of this study is that only LC3 expression was
determined as a marker for autophagy. Only male was examined in this study.

We need to mention that the interventions that we use are not endothelial cell specific, and there is no comparison made with other
cell types, so it is hard to get a sense of how important the endothelial cell response is in the overall context of the septic shock.

Septic AKI is a complex pathophysiological process involving many aspects, not only involving the changes of cells and even or-
ganelles. Autophagy is a self-protective mechanism. At present, there are relatively many studies, such as pyroptosis, as we all know,
rapamycin is currently used as an immunosuppressant in clinic. Whether rapamycin can play a protective role in septic AKI still has a
long way to go, which is worthy of further study.

5. Conclusion

In this study, sepsis induced autophagy in renal endothelial cells, and the upregulation of autophagy in these cells alleviated the
glomerulus injury scores in CLP-induced AKI, which had no significant effect on renal fucnation. The expression of BAMBI in the
kidney was induced in response to sepsis and was regulated at the protein level by autophagy-mediated degradation. BAMBI may play
a role in regulating renal endothelial stability in sepsis-induced AKI.

Author contribution statement

Ran Pang: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data; Wrote the paper.

Lei Dong: Conceived and designed the experiments; Analyzed and interpreted the data; Wrote the paper.

Jingfeng Liu: Conceived and designed the experiments; Performed the experiments; Contributed reagents, materials, analysis tools.

Xiaojun Ji, Haizhou Zhuang: Conceived and designed the experiments.

Meili Duan: Conceived and designed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis
tools or data.



R. Pang et al. Heliyon 9 (2023) e13796

Funding statement

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

Data availability statement

No data was used for the research described in the article.

Declaration of interest’s statement

The authors declare no competing interests.

References

1]
[2]
[3]
[4]
(5]
(6]
[71

[8]
91

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]
[25]
[26]
[27]
[28]

[29]
[30]

[31]

[32]

R. Bellomo, J.A. Kellum, C. Ronco, R. Wald, A. Schneider, Acute kidney injury in sepsis, Intensive Care Med. 43 (3) (2017) 1-13, https://doi.org/10.1007/
s00134-017-4755-7.

H. Gomez, J.A. Kellum, Sepsis-Induced Acute Kidney Injury, Critical Care Nephrology, third ed., 2019, pp. 546-553, https://doi.org/10.1097/
mcc.0000000000000356.

F. Fani, G. Regolisti, M. Delsante, V. Cantaluppi, G. Castellano, L. Gesualdo, G. Villa, E. Fiaccadori, Recent advances in the pathogenetic mechanisms of sepsis-
associated acute kidney injury, J. Nephrol. 31 (3) (2018) 351-359, https://doi.org/10.1007/s40620-017-0452-4.

D. Bhatia, M. Choi, Autophagy in kidney disease: advances and therapeutic potential, Prog. Mol. Biol. Transl. Sci. 172 (2020) 107-133, https://doi.org/
10.1016/bs.pmbts.2020.01.008.

S. Sunahara, E. Watanabe, M. Hatano, P. Swanson, T. Oami, L. Fujimura, Y. Teratake, T. Shimazui, C. Lee, S. Oda, Influence of autophagy on acute kidney injury
in a murine cecal ligation and puncture sepsis model, Sci. Rep. 8 (1) (2018) 1050, https://doi.org/10.1038/541598-018-19350-w.

Y. Zhang, L. Wang, L. Meng, G. Cao, Y. Wu, Sirtuin 6 overexpression relieves sepsis-induced acute kidney injury by promoting autophagy, Cell Cycle 18 (4)
(2019) 425-436, https://doi.org/10.1080/15384101.2019.1568746.

M. Sun, J. Li, L. Mao, J. Wu, Z. Deng, M. He, S. An, Z. Zeng, Q. Huang, Z. Chen, p53 deacetylation alleviates sepsis-induced acute kidney injury by promoting
autophagy, Front. Immunol. 12 (2021), 685523, https://doi.org/10.3389/fimmu.2021.68552.3.

M. Toscano, D. Ganea, A. Gamero, Cecal ligation puncture procedure, JoVE : JoVE 51 (2011), https://doi.org/10.3791/2860.

Z. Wang, Y. Li, X. Yang, L. Zhang, H. Shen, W. Xu, C. Yuan, Protective effects of rapamycin induced autophagy on CLP septic mice, Comp. Immunol. Microbiol.
Infect. Dis. 64 (2019) 47-52, https://doi.org/10.1016/j.cimid.2019.01.009.

L. Gewin, Transforming growth factor-p in the acute kidney injury to chronic kidney disease transition, Nephron 143 (3) (2019) 154-157, https://doi.org/
10.1159/000500093.

T. Huffstater, W. Merryman, L. Gewin, Wnt/p-Catenin in acute kidney injury and progression to chronic kidney disease, Semin. Nephrol. 40 (2) (2020) 126-137,
https://doi.org/10.1016/j.semnephrol.2020.01.004.

D. Onichtchouk, Y. Chen, R. Dosch, V. Gawantka, H. Delius, J. Massagué, C. Niehrs, Silencing of TGF-beta signalling by the pseudoreceptor BAMBI, Nature 401
(6752) (1999) 480-485, https://doi.org/10.1038/46794.

Z. Lin, C. Gao, Y. Ning, X. He, W. Wu, Y. Chen, The pseudoreceptor BMP and activin membrane-bound inhibitor positively modulates Wnt/beta-catenin
signaling, J. Biol. Chem. 283 (48) (2008) 33053-33058, https://doi.org/10.1074/jbc.M804039200.

S. Xavier, V. Gilbert, M. Rastaldi, S. Krick, D. Kollins, A. Reddy, E. Bottinger, C. Cohen, D. Schlondorff, BAMBI is expressed in endothelial cells and is regulated
by lysosomal/autolysosomal degradation, PLoS One 5 (9) (2010), 12995, https://doi.org/10.1371/journal.pone.0012995.

S. Katayama, S. Nunomiya, K. Koyama, M. Wada, T. Koinuma, Y. Goto, K. Tonai, J. Shima, Markers of acute kidney injury in patients with sepsis: the role of
soluble thrombomodulin, Crit. Care 21 (1) (2017) 229, https://doi.org/10.1186/513054-017-1815-x.

E. Harris, W. Nelson, VE-cadherin: at the front, center, and sides of endothelial cell organization and function, Curr. Opin. Cell Biol. 22 (5) (2010) 651-658,
https://doi.org/10.1016/j.ceb.2010.07.006.

W. Yu, J. McNeil, N. Wickersham, C. Shaver, J. Bastarache, L. Ware, Vascular endothelial cadherin shedding is more severe in sepsis patients with severe acute
kidney injury, Crit. Care 23 (1) (2019) 18, https://doi.org/10.1186/513054-019-2315-y.

A. Zarbock, H. Gomez, J. Kellum, Sepsis-induced acute kidney injury revisited: pathophysiology, prevention and future therapies, Curr. Opin. Crit. Care 20 (6)
(2014) 588-595, https://doi.org/10.1097/mcc.0000000000000153.

N. Mizushima, B. Levine, Autophagy in human diseases, N. Engl. J. Med. 383 (16) (2020) 1564-1576, https://doi.org/10.1056/NEJMra2022774.

R. Hotchkiss, A. Strasser, J. McDunn, P. Swanson, Cell death, N. Engl. J. Med. 361 (16) (2009) 1570-1583, https://doi.org/10.1056/NEJMra0901217.

J. Cui, X. Bai, X. Chen, Autophagy and acute kidney injury, Adv. Exp. Med. Biol. 1207 (2020) 469-480, https://doi.org/10.1007/978-981-15-4272-5 34,

Y. Wu, Y. Zhang, L. Wang, Z. Diao, W. Liu, The role of autophagy in kidney inflammatory injury via the NF-kB route induced by LPS, Int. J. Med. Sci. 12 (8)
(2015) 655-667, https://doi.org/10.7150/ijms.12460.

J. Matsuda, T. Namba, Y. Takabatake, T. Kimura, A. Takahashi, T. Yamamoto, S. Minami, S. Sakai, R. Fujimura, J. Kaimori, I. Matsui, T. Hamano, Y. Fukushima,
K. Matsui, T. Soga, Y. Isaka, Antioxidant role of autophagy in maintaining the integrity of glomerular capillaries, Autophagy 14 (1) (2018) 53-65, https://doi.
org/10.1080/15548627.2017.1391428.

S. Mei, M. Livingston, J. Hao, L. Li, C. Mei, Z. Dong, Autophagy is activated to protect against endotoxic acute kidney injury, Sci. Rep. 6 (2016), 22171, https://
doi.org/10.1038/srep22171.

A. Page, W. Liles, Biomarkers of endothelial activation/dysfunction in infectious diseases, Virulence 4 (6) (2013) 507-516, https://doi.org/10.4161/
viru.24530.

S. Katayama, S. Nunomiya, K. Koyama, M. Wada, T. Koinuma, Y. Goto, K. Tonai, J. Shima, Markers of acute kidney injury in patients with sepsis: the role of
soluble thrombomodulin, Crit. Care 21 (1) (2017) 229, https://doi.org/10.1186/513054-017-1815-x.

T. Itenov, J. Jensen, S. Ostrowski, P. Johansson, K. Thormar, J. Lundgren, M. Bestle, Endothelial damage signals refractory acute kidney injury in critically ill
patients, Shock 47 (6) (2017) 696-701, https://doi.org/10.1097/SHK.0000000000000804.

S. Coca, S. Singanamala, C. Parikh, Chronic kidney disease after acute kidney injury: a systematic review and meta-analysis, Kidney Int. 81 (5) (2012) 442-448,
https://doi.org/10.1038/ki.2011.379.

L.J. Miao S, Z.S. Cui, Research progress on the role of BamBi in TGF-p signaling, J. Clin. Pathol. 26 (6) (2006) 542-545.

N. McCartney-Francis, W. Jin, S. Wahl, Aberrant Toll receptor expression and endotoxin hypersensitivity in mice lacking a functional TGF-beta 1 signaling
pathway, J. Immunol. 172 (6) (2004) 3814-3821, https://doi.org/10.4049/jimmunol.172.6.3814.

H. Zhao, M. Zhao, Y. Wang, F. Li, Z. Zhang, Glycyrrhizic acid attenuates sepsis-induced acute kidney injury by inhibiting NF-kB signaling pathway, evidence-
based complementary and alternative medicine, eCAM 2016 (2016), 8219287, https://doi.org/10.1155/2016/8219287.

S. Qureshi, N. Patel, G. Murphy, Vascular endothelial cell changes in postcardiac surgery acute kidney injury, Am. J. Physiol. Ren. Physiol. 314 (5) (2018)
F726-F735, https://doi.org/10.1152/ajprenal.00319.2017.


https://doi.org/10.1007/s00134-017-4755-7
https://doi.org/10.1007/s00134-017-4755-7
https://doi.org/10.1097/mcc.0000000000000356
https://doi.org/10.1097/mcc.0000000000000356
https://doi.org/10.1007/s40620-017-0452-4
https://doi.org/10.1016/bs.pmbts.2020.01.008
https://doi.org/10.1016/bs.pmbts.2020.01.008
https://doi.org/10.1038/s41598-018-19350-w
https://doi.org/10.1080/15384101.2019.1568746
https://doi.org/10.3389/fimmu.2021.685523
https://doi.org/10.3791/2860
https://doi.org/10.1016/j.cimid.2019.01.009
https://doi.org/10.1159/000500093
https://doi.org/10.1159/000500093
https://doi.org/10.1016/j.semnephrol.2020.01.004
https://doi.org/10.1038/46794
https://doi.org/10.1074/jbc.M804039200
https://doi.org/10.1371/journal.pone.0012995
https://doi.org/10.1186/s13054-017-1815-x
https://doi.org/10.1016/j.ceb.2010.07.006
https://doi.org/10.1186/s13054-019-2315-y
https://doi.org/10.1097/mcc.0000000000000153
https://doi.org/10.1056/NEJMra2022774
https://doi.org/10.1056/NEJMra0901217
https://doi.org/10.1007/978-981-15-4272-5_34
https://doi.org/10.7150/ijms.12460
https://doi.org/10.1080/15548627.2017.1391428
https://doi.org/10.1080/15548627.2017.1391428
https://doi.org/10.1038/srep22171
https://doi.org/10.1038/srep22171
https://doi.org/10.4161/viru.24530
https://doi.org/10.4161/viru.24530
https://doi.org/10.1186/s13054-017-1815-x
https://doi.org/10.1097/SHK.0000000000000804
https://doi.org/10.1038/ki.2011.379
http://refhub.elsevier.com/S2405-8440(23)01003-4/sref29
https://doi.org/10.4049/jimmunol.172.6.3814
https://doi.org/10.1155/2016/8219287
https://doi.org/10.1152/ajprenal.00319.2017

	The study on role of endothelial cell autophagy in rats with sepsis-induced acute kidney injury
	1 Introduction
	2 Methods
	2.1 CLP as a model of sepsis
	2.2 Western blot analysis
	2.3 ELISA
	2.4 H&E staining
	2.5 Transmission electron microscopy
	2.6 Animal survival
	2.7 Statistical analysis

	3 Results
	3.1 CLP increased LC3II/LC3I in the renal cortex with additional induction by RAPA
	3.2 CLP upregulated BAMBI in the renal cortex, which was downregulated by RAPA
	3.3 CLP increased autophagy in renal endothelial cells with additional induction by RAPA
	3.4 CLP induced renal endothelial injury, which was transiently reversed by RAPA
	3.5 RAPA alleviated the glomerulus injury scores in CLP-induced AKI, which had no significant effect on renal fucnation

	4 Discussion
	5 Conclusion
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	References


