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Acute kidney injury (AKI) occurs in half of patients with septic shock, resulting in
unacceptably high mortality. However, effective preventive treatments are still lacking.
We hypothesized that pretreatment with lipoxin A4 (LXA4), known to promote
inflammation resolution, may attenuate septic AKI via blocking crosstalk between
inflammation and cellular senescence. In this study, rats developed AKI following cecal
ligation and puncture (CLP), as evidenced by a dynamic increase in serum creatinine,
blood urea nitrogen, urinary kidney injury molecule-1, neutrophil gelatinase-associated
lipocalin, and pathological injury, accompanied by increased levels of inflammation (IL-6,
TNF-a, and HMGB1) and tubular cell senescence. While, on the one hand, inhibition of
senescence with rapamycin restored renal function and attenuated septic inflammatory
response, on the other hand, LXA4 administration inhibited renal inflammation and tubular
epithelial cell senescence after CLP. Ultimately, pretreatment with LXA4 significantly
restored renal function and increased the survival rate of rats after CLP. Furthermore,
LXA4 inhibited NF-kB-mediated inflammatory response and the p53/p21 senescence
pathway in vivo and in vitro. However, the effect was reversed by PPAR-g siRNA and
antagonist. These results indicated that LXA4 exerted its renoprotective effects by
blocking the crosstalk between inflammation and premature senescence in a PPAR-g-
dependent manner. Our findings also suggested that premature senescence plays a
critical role in septic AKI and that inhibition of the crosstalk between inflammation and
premature senescence may represent a new and major mechanism through which LXA4
attenuates septic AKI.
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INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by systemic
infection (1), and accounted for 11 million deaths worldwide in
2017 (2). More than 50% of patients with sepsis develop acute
kidney injury (AKI), which is considered a critical pathophysiology
of sepsis (3). Therefore, targeting septic AKI is of great significance
in reducing the mortality associated with sepsis.

Increasing evidence indicates that the pathogenesis of AKI with
sepsis is complex andmultifactorial, involving the interplay among
oxidative stress, inflammation and cellular injury (4). Notably,
premature cell senescence has emerged as an important feature of
AKI (5). Acute DNA damage response has been found to induce
inflammation and senescence, and is also called stress-induced
premature senescence (SIPS) (6). Evidence suggested that renal
ischemia/reperfusion (IR) induced cell division arrest at the G2/M
phaseandmadeapopulationof renal tubular epithelial cells become
senescent (7). Our earlier study also showed that sepsis causes renal
tubular cell senescence (8). However, the role of renal tubular cell
senescence in septic AKI is largely unknown.

Increasing number of studies have shown a crosstalk between
inflammation and senescence in various diseases (9). On the one
hand, excessive inflammatory response has been widely reported
to be one of the main causes of SIPS (10–13). On the other hand,
senescent cells are known to induce senescence of their
neighboring cells through the senescence-associated secretory
phenotype (SASP) that involves inflammatory cytokines and
chemokines to amplify the subsequent inflammatory response
(9). As septic AKI occurs via a network of pro-inflammatory
pathways that purportedly interact with cell senescence (8, 14,
15), whether blocking the crosstalk between inflammation and
senescence can restore septic renal function has not been
explored previously.

Although much effort has focused on developing therapeutic
targets for septic AKI, effective treatments are still lacking. Lipoxin
A4 (LXA4) is one of the most important mediators that resolves
inflammation by activating anti-inflammatory pathways at the
physiological end of acute inflammatory phase (16). A previous
study showed that LXA4 reduced NF-kB-mediated pro-
inflammatory gene expression in a receptor-dependent manner
(17). Dunn et al. reported that activation of LXA4 signaling served
as a potential therapeutic target for aging-related chronic
inflammation and Alzheimer’s disease (18). As a ligand of
peroxisome proliferator activated receptor (PPAR), LXA4 has
also been reported to mediate PPAR-g-dependent resolution of
inflammation in experimental stroke (19) and in vitro renal tubular
epithelial cell hypoxia/reoxygenation injury model (20). However,
whether exogenous LXA4 supplementation participates in the
process of resolution of inflammation in septic AKI in vivo and
the underlying mechanisms of LXA4-related renoprotection need
to be clarified.

This studyaimed to investigate theunderlyingmechanismof the
crosstalk between senescence and inflammation in AKI caused by
sepsis. Considering the properties of LXA4 that have been showed
in previous researches, we hypothesized that LXA4 treatment may
block the interplay between inflammatory reaction and cell
senescence in septic kidney tissues. Furthermore, we investigated
Frontiers in Immunology | www.frontiersin.org 2
whether LXA4 can attenuate cecal ligation and puncture (CLP)-
induced AKI by inhibiting the NF-kB network in a PPAR-g-
dependent manner.
MATERIALS AND METHODS

Reagents
LXA4 was purchased from GLPBIO (Montclair, California, US).
Cellular senescence assay, rapamycin, Boc-2 (C44H59N5O8),
GW9662, rosiglitazone (RSG), and cellular senescence assay kit
were purchased from Sigma-Aldrich (Milwaukee, Wisconsin, US).
Kidney injury molecule-1 (KIM-1), neutrophil gelatinase-
associated lipocalin (NGAL), interleukin-6 (IL-6), tumor
necrosis factor - a (TNF-a), high mobility group box 1
(HGMB1), and LXA4 enzyme-linked immunosorbent assay
(ELISA) kits were all purchased from USCN (Wuhan, China).
PPAR-g and p21 antibody, and PPAR-g transcription factor assay
kit were purchased from Abcam (Cambridge, UK). p-p65 and p53
antibodies were purchased from CST (Massachusetts, US).

Animals
Male Sprague-Dawley rats (220–250 g) were obtained from
Guangdong Medical Laboratory Animal Center (Guangzhou,
China). All the rats were housed under standard conditions
(25°C with 12 h light-dark cycles) and were fasted with distilled
water and specific pathogen-free food. The experimental protocol
used was approved by the Institutional Animal Care and Use
Committee at the Third Affiliated Hospital of Sun Yat-sen
University, and performed in accordance with the National
Institutes of Health guidelines for the use of experimental animals.

CLP Model
All rats in model groups were anesthetized by isoflurane
inhalation. The anesthetized rats received midline laparotomy
and the cecum was separated, ligated below the ileocecal valve,
and punctured twice with a No. 20 steel needle. A heating pad
was used to maintain the body temperature at 36–38°C during
the surgery. Following that, all the rats were subjected to fluid
subcutaneous resuscitation and returned to their cage.

Treatment Protocol
To explore the dynamic changes of septic AKI, a total of 60 rats
were distributed into five groups randomly (n = 12 per group):
sham-operated, CLP 6-, 12-, 18-, and 24-h groups. Subsequent in
vivo studies were performed using the 18 h CLP model.

To explore the underlying mechanisms involved in septic
AKI, a total of 80 rats were randomly divided into eight groups (n = 10
per group): Sham group, CLP group, rapamycin pretreatment group
(pre-injected intraperitoneally with 1 mg/kg rapamycin for 1 h with or
without CLP), LXA4 pretreatment group (pre-injected intravenously
with 100 µg/kg LXA4 for 30 min prior to CLP), LXA4 + Boc-2
pretreatment group (intravenously pre-injected with 100 µg/kg LXA4
for 30 min and 50 mg/kg Boc-2 for 20 min prior CLP), LXA4 +
GW9662 pretreatment group (intravenously pre-injected 100 µg/kg
LXA4 for 30 min, and 1 mg/kg GW9662 for 20 min prior CLP),
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LXA4 + RSG pretreatment group (intravenously pre-injected with
100 µg/kg LXA4 for 30 min, and 10 mg/kg RSG for 20 min prior CLP).

Mortality Rate
The rats (n = 18 per group) were subjected to CLP or sham surgery.
The animals were monitored following the surgical procedure and
administered the drugs as detailed in the previous section. The time
of animal death was recorded. The rats were observed for 24 h after
CLP. The mortality rate during this 24 h observation period
was calculated.

Sample Collection
Eighteen hours after CLP, the rats were all anesthetized with
isoflurane inhalation. Urine and blood samples were collected
from the bladder and abdominal aorta, respectively. The upper
section of the right kidney was obtained and fixed in 4%
formaldehyde overnight for further examination. Another small
segment of the kidney tissue was excised and immediately frozen in
liquid nitrogen to prepare frozen sections. Other tissues were
collected for ELISA and western blot analyses.

Detection of Renal Function
The plasma was isolated from blood samples by centrifugation at
2000 × g for 20 min at 4°C and used for measuring blood urea
nitrogen (BUN) and serum creatinine (SCr) using a biochemical
analyzer (AU640, Watford Olympus, UK). Urinary KIM-1 and
NGAL were determined using ELISA kits, according to the
manufacturer’s instructions.

Hematoxylin-Eosin (H&E) Staining
Kidneys were fixed in 4% formaldehyde overnight and then
embedded in paraffin. Kidney tissues were cut into 5 mm sections
for histopathological analysis using H&E staining. Renal tubular
injuries, including tubular epithelial injury, tubule dilation, cast
formation, and necrosis, were graded on a scale of 0–4 (0, no
change; 1, change affecting < 25% of the field; 2, change affecting
25–50% of the field; 3, change affecting 50–75% of the field; 4,
change affecting > 75% of the field).

Measurement of Inflammatory Markers
The levels of IL-6, TNF-a, HGMB1, and LXA4 in the kidney
tissues were determined using ELISA kits, according to the
manufacturer’s instructions.

Cell Culture and LPS Treatment
NRK52E cells (Rat renal proximal tubule cell line) from American
Tissue Culture Collection, were cultured in Dulbecco’s Modified
Eagle’s medium (DMEM) with 10% FBS. They were kept in a
humidified atmosphere with 5%CO2 in air at 37°C. Referred to the
method of constructing the in vitro septic model, conflucent
NRK52E cells were cultured with low glucose, serum-starved
DMEM, along with 1 mg/ml lipopolysaccharide (LPS) for 24h
with or without 10 nM LXA4 pretreatment for 12 h.

Senescence-Associated b-Galactosidase
Frozen kidneys that were cut into 5 mm sections, and NRK52E
cells planted in sterile cover glasses and then subjected to LPS
Frontiers in Immunology | www.frontiersin.org 3
were probed with a cellular senescence assay kit, according to the
manufacturer’s instructions. Notably, in order to avoid detecting
endogenous b-galactosidase, the sections were incubated in X-gal
staining solution for 1 h as we earlier reported.
PPAR-g Transcriptional Activity Assay
The transcriptional activity of PPAR-g was determined using the
PPAR-g transcription factor assay kit. The cell proteins were
extracted and incubated for 15 min at 37°C in wells coated with
specific PPAR response element oligonucleotide sequences, then
exposed to the primary anti-PPAR-g polyclonal antibody.
Subsequently, the horseradish peroxidase-conjugated secondary
antibody and the 3,39,5,59-tetramethylbenzidine substrate were
added and the absorbance was quantified at 450 nm using
a spectrophotometer.
Inhibition of PPAR-g Expression by siRNA
Transfection
PPAR-g-siRNA duplexes targeting PPAR-g rat gene (GenBank
accession ID: 25664) were used to silence PPAR-g expression. A
nonspecific siRNA was taken as siRNA control (NC group).
Transfection into NRK52E cells was carried out using
Lipofectamine 3000 transfection reagent following the
manufacturer’s instructions.
Immunofluorescence Analysis
Kidney sections of 5 mm thickness embedded in paraffin and
NRK52E cells planted in sterile cover glasses were stained with
the following primary antibodies: PPAR-g (1:100), p-p65 (1:100),
p53 (1:100), p21 (1:100) at 4°C overnight, followed by incubation
with anti-rabbit or anti-mouse IgG (1:1000) at 25°C for 2 h. Cell
nuclei were stained with 6-diamino-2-phenylindole (DAPI) at
25°C for 5 min. All images were examined using an EVOS FL
fluorescence microscope (EVOS FL, Life Technology, US).
Western Blotting
Western blotting was performed following standard procedures as
described using the following primary antibodies: PPAR-g (1:100),
p21 (1:1000) and p53 (1:1000). All western blots were repeated at
least three times. Imageswere acquiredusing aTanon5500 imaging
system (Tanon, Shanghai, China). The obtained images were
scanned with Image J 1.8.0 (NIH, US), and the data were
expressed as values relative to that of the sham group. All the
western blot bands are shown in Supplementary Figure 1.
Statistical Analysis
Statistical analysis was performed using SPSS 13.0 (SPSS Inc.,
Chicago, IL, US) and GraphPad Prism 7.03 (La Jolla, CA, US).
The Kolmogorov-Smirnov test was used to test the normality of
the data. One-way analysis of variance (ANOVA) was used to
make multiple comparisons among different groups.
Quantitative data are presented as the mean ± standard error
of mean (SE). P < 0.05 was considered statistically significant.
April 2021 | Volume 12 | Article 637753
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RESULTS

Changes Found in Septic Renal Injury
Were Consistent With Tubular Cell
Senescence and Inflammation
Rats with similar weight (Supplementary Table S1) that
underwent CLP exhibited significant renal dysfunction over
time, as reflected by a gradual increase in the levels of SCr,
BUN, urinary KIM-1, and NGAL (all P < 0.05; Figures 1A–D).
Renal pathological damage was also detected consistent with the
functional injury. Tubular necrosis, tubular epithelial swelling,
and vacuolar degeneration were observed over time, especially at
18 and 24 h post CLP (Figures 1E, F).

Consistent with septic renal injury, we observed that renal
tubular epithelial cell senescence increased significantly in the
Frontiers in Immunology | www.frontiersin.org 4
CLP group compared to the sham group, and the percentage of
b-gal-positive area increased over time (Figures 1G, H), which
prompted us to consider senescence as an important cause of renal
injury induced by sepsis.

Since an imbalance between the pro- and anti-inflammatory
systems is considered to be a vital mechanism of sepsis (21), we
measured the levels of pro-inflammatory cytokines including IL-
6, TNF-a, and HMGB1 in the kidneys. The results showed that
CLP significantly increased the levels of IL-6, TNF-a, and
HMGB1 over time, and this mirrored the pattern of renal
injury and cellular senescence (all P < 0.05; Figures 1I–K).
However, the level of LXA4, the main mediator of
inflammatory resolution, did not significantly increase over
time (Figure 1L), indicating that CLP decreased the resolution
of inflammation.
A B D

E F
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C

FIGURE 1 | Increased renal damage was accompanied by enhanced tubular cell senescence and inflammation in sepsis induced-AKI. Male Sprague-Dawley rats
underwent CLP were sacrificed at the time point of 6-h, 12-h, 18-h, 24-h after surgery. Renal function alternation, renal necrosis and renal tubular epithelial cells
senescence were detected with different methods in kidneys. (A–D) levels of SCr, BUN, urinary KIM-1 and NGAL at different surgery time points after CLP. (E) Renal
damage of rats at different surgery time points after CLP (H&E; scale bar 100 mm). (F) Kidney histopathology evaluation scores at different surgery time points.
(G) Representative images of cellular senescence in kidneys after CLP (b-Gal staining; scale bar 100 mm); Red: b-Gal positive threshold. (H) Senescent tubular areas
at different surgery time points after CLP. (I–K) levels of IL-6, TNF-a and HMGB1 at different surgery time points after CLP. (L) levels of lipoxin A4 at different surgery
time points after CLP. Data are presented as mean ± SE (n = 8). *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001; CLP, cecal ligation and puncture; AKI, acute
kidney injury; H&E, hematoxylin–eosin staining; SCr, serum creatinine; BUN, blood urea nitrogen; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-
associated lipocalin; IL-6, interlecukin-6; IL-8, interlecukin-8; TNF-a, tumor necrosis factor-alpha; LXA4, lipoxin A4.
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Inhibition of Senescence Restored Renal
Function and Attenuated Septic
Inflammatory Response
To explore the role of cellular senescence in septic renal injury, a
senescence inhibitor, rapamycin (1 mg/kg, i.p.) was used to
pretreat the rat before constructing the sepsis model. As shown
in Figures 2A–D, administration of rapamycin significantly
restored septic renal function, as detected by the decreased
SCr, BUN, urinary KIM-1, and NGAL levels at 18 h after
construction of the CLP model (Figures 2A–D, all p < 0.001,
CLP vs. Rap + CLP group). Figure 2E shows representative
micrographs of each group. Administration of rapamycin
significantly inhibited renal tubular cell senescence. In
addition, compared to the sham group, the kidneys in the CLP
group showed significant histopathological changes,
characterized by tubule dilation, vacuolar degeneration, and
necrotic tubules. Administration with rapamycin minored the
pathological changes, compared to that in the CLP group (Figure
2F, p < 0.001, CLP vs. Rap + CLP group). Furthermore,
pretreatment with rapamycin also attenuated the septic
inflammatory response, as reflected by a significant decrease in
IL-6, TNF-a, and HMGB1 levels (Figures 2G–I, all p < 0.001,
Frontiers in Immunology | www.frontiersin.org 5
CLP vs. Rap + CLP group). These results indicate that cellular
senescence plays an important role in the progression of septic
inflammatory response and kidney injury.

Exogenous LXA4 Supplementation
Alleviated Septic AKI
To further explore the renoprotective effect of LXA4 on AKI
induced by sepsis, rats were pretreated with LXA4 (100 µg/kg,
i.v.) prior to CLP surgery. As shown in Supplementary Figure 2,
LXA4 preconditioning significantly increased its level in renal
tissue, as determined by ELISA. Furthermore, exogenous LXA4
supplementation reduced renal dysfunction induced by sepsis, as
evidenced by lower levels of serum BUN, SCr, urinary KIM-1,
NGAL, and pathological scores than that in the CLP groups
(Figure 3; all p < 0.001, CLP vs. LXA4 + CLP group).
Furthermore, the LXA4 antagonist, Boc-2, partly reversed the
effects of LXA4, as evidenced by worsening of the pathological
abnormalities and increased pathological score, BUN, SCr,
urinary KIM-1, and NGAL levels (Figure 3; all p < 0.001,
LXA4 + CLP vs. L4C2 + CLP group). These results indicate
that LXA4 preconditioning confers protective effects against
septic AKI.
A B D

E F G
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C

FIGURE 2 | Rapamycin restores renal function and attenuates septic inflammatory response. Male Sprague-Dawley rats were treated with or without rapamycin 1 mg/kg
i.p. for 1h before CLP and were sacrificed at the time point of 18-h after surgery. Renal function alternation, renal necrosis and inflammatory cytokines were detected.
(A–D) levels of SCr, BUN, urinary KIM-1 and NGAL among the four groups. (E) Renal damage and senescence of rats among the four groups (H&E; scale bar 100 mm).
(F) Kidney histopathology evaluation scores among the four groups. (G–I) levels of IL-6, TNF-a and HMGB1 in kidneys among the four groups. Data are presented as
mean ± SE (n = 8). ****p < 0.0001; CLP, cecal ligation and puncture; H&E, hematoxylin–eosin staining; SCr, serum creatinine; BUN, blood urea nitrogen; KIM-1, kidney
injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; IL-6, interlecukin-6; IL-8, interlecukin-8; TNF-a, tumor necrosis factor-alpha.
April 2021 | Volume 12 | Article 637753

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Crosstalk Between Inflammation and Senescence
LXA4 Preconditioning Alleviated Renal
Inflammation and Tubular Epithelial Cell
Senescence
Toexplore theunderlyingmechanismofLXA4,wefirst determined
the levels of cytokines in kidney tissues. Pretreatment with LXA4
significantly attenuated the septic inflammatory response, as
reflected by the significant decrease in IL-6, TNF-a, and HMGB1
levels (Figures 4A–C, all p < 0.001, CLP vs. LXA4 + CLP group).
Furthermore, we also analyzed b-gal staining and expression of the
p53/21 senescence pathway to determine the effect of LXA4 on
cellular senescence.As shown inFigure 4D, the kidney sections from
the CLP model expressed significant more b-gal positive areas, and
LXA4 administration significantly inhibited renal tubular epithelial
cell senescence (Figure 4E, p < 0.001, CLP vs. LXA4 + CLP group).
The changes in the expressionof the senescencebiomarkers, p53, and
p21, were also consistent with the pattern of b-gal staining in the
kidney tissues (both p < 0.001, CLP vs. LXA4 + CLP group, Figures
4F–H). Moreover, we found LPS administration led to significant
senescence in NRK52E cells and LXA4 administration significantly
inhibited NRK52E cell senescence (Figure 4I) and the expression of
the senescence biomarkers, p53 and p21 (Figure 4J).

LXA4 Preconditioning Attenuated Septic
AKI and Increased the Survival Rate of the
Rats in a PPAR-g-Dependent Manner
As PPAR is one of the main receptors of LXA4, and LXA4 was
reported to mediate PPAR-g-dependent resolution of
inflammation (20), we then tested the expression of and activity
Frontiers in Immunology | www.frontiersin.org 6
of PPAR-g in NRK52E cells. As shown in Figures 5A, B, LXA4
administration significantly enhanced PPAR-g expression and
upregulated PPAR-g activity. Moreover, we found that the anti-
senescent effect of LXA4 was abolished when we silenced PPAR-g
expression with PPAR-g-siRNA (Figure 5C), indicating that
LXA4 preconditioning attenuated cell senescence in a PPAR-g-
dependent manner.

To further confirmed the results, we pretreated the rats with a
specific PPAR-g antagonist, GW9662, before LXA4 administration.
As shown inFigures 5D–I, the protective effect ofLXA4 in reducing
septic renal dysfunctionwas inhibited byGW9662, as evidenced by
higher serumBUN and SCr, urinary KIM-1, andNGAL levels, and
pathological scores in LXA4 + GW9662 + CLP group compared to
those in LXA4 + CLP group (all p < 0.001). Furthermore, we
analyzed tubular senescence in the same areas of the kidney sections
as the pathological visual field. As shown in Figure 5H, we found
that the tubular cell senescencewas consistentwith the pathological
injury, and the anti-senescence effect of LXA4 was abolished by
GW9662 (Figure 5J, p < 0.001, LXA4+CLP vs. LXA4+GW9662+
CLP). Furthermore, PPAR-g activatorRSGenhanced the protective
effect of LXA4, as reflected by lower urinary NGAL level and
percentage of senescent tubular areas (Figures 5G, J, both p <
0.05, LXA4 + CLP vs. LXA4 + RSG + CLP). We also assayed the
survival rate of the rats in the study, and found that sepsisAKI led to
decrease in the survival rate at 18 h afterCLP (44%, p< 0.05, CLP vs.
Sham group, Figure 5K). LXA4 significantly increased the survival
rate of the rats (83%, p < 0.05, CLP vs. LXA4 + CLP group), and its
effect was reversed by GW9662 (72%, p < 0.05, LXA4 + GW9662 +
CLP vs. LXA4 + CLP group). These results indicate that LXA4
A B D

E F

C

FIGURE 3 | LXA4 alleviates septic AKI. Male Sprague-Dawley rats were treated with or without LXA4 (100 µg/kg, i.p.) for 30-min or BOC-2 (50 mg/kg, i.p.) for
20min before CLP and were sacrificed at the time point of 18-h after surgery. Renal function alternation and renal necrosis were detected. (A–D) levels of SCr, BUN,
urinary KIM-1 and NGAL among the four groups. (E) Renal damage of rats among the four groups (H&E; scale bar 100 mm). (F) Kidney histopathology evaluation
scores among the four groups. Data are presented as mean ± SE (n = 8). **p < 0.01; ***p < 0.001; ****p < 0.0001; LXA4, Lipoxin A4; CLP, cecal ligation and
puncture; H&E, hematoxylin–eosin staining; SCr, serum creatinine; BUN, blood urea nitrogen; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-
associated lipocalin.
April 2021 | Volume 12 | Article 637753

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Crosstalk Between Inflammation and Senescence
preconditioning attenuates septic renal inflammation and cell
senescence in a PPAR-g-dependent manner.

LXA4 Attenuated Septic AKI via Inhibition
of PPAR-g/NF-kB Pathway
NF-kB has been found to regulate both the inflammatory pathway
and p53/p21 senescence pathway (22), and LXA4 reduces NF-kB-
mediated transcriptional activation (23). To explore whether LXA4
reduces NF-kB-mediated transcriptional activation in a PPAR-g-
dependent manner, we then silenced PPAR-g expression with
PPAR-g-siRNA and tested the activation of NF-kB p65 (p-p65)
and p53 expression in NRK52E cells. We found that PPAR-g
knockdown significantly reversed the effect of LXA4 (Figure 6A).

To further confirm the results, we analyzed the expressionof p65/
p53/p21 pathway in the same kidney sections. As shown in Figure
6B, LXA4 pretreatment significantly inhibited the activation of NF-
kB p65 (p-p65), p53, and p21, and the changes were reversed by
Frontiers in Immunology | www.frontiersin.org 7
GW9662. Moreover, the levels of inflammatory cytokines including
IL-6, TNF-a, and HMGB in LXA4 + GW9662 + CLP group were
all higher compared to that in LXA4 + CLP group (all p < 0.05,
Figures 6C–E), indicating that the anti-inflammatory effect of
LXA4 was abolished by the PPAR-g antagonist, GW9662. In
contrast, RSG enhanced the anti-inflammatory effect of LXA4, as
reflected by lower IL-6 level (Figure 6C, p < 0.05, LXA4 + CLP vs.
LXA4 + RSG + CLP). These results indicate that LXA4 inhibits
the NF-kB pathway in a PPAR-g-dependent manner.
DISCUSSION

Sepsis-induced multiple organs failure is characterized by an
imbalance between the pro- and anti-inflammatory systems (21).
AKI occurs in more than 50% of patients with septic shock, and its
associated mortality is unacceptably high (24). Unfortunately,
A B

D E

F G

I
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C

FIGURE 4 | LXA4 alleviates renal inflammation and tubular epithelial cell senescence. Levels of inflammatory cytokines and cellular senescence were detected.
(A–C) levels of IL-6, TNF-a and HMGB1 at among the four groups. (D) Representative images of cellular senescence in kidneys after CLP (b-Gal staining; scale bar
100 mm); Red: b-Gal positive threshold. (E) quantitative analysis of senescent tubular area among the four groups. (F–H) expression of p53 and p21 protein in
kidney tissues among the four groups. (I) Representative images of cellular senescence in NRK52E cells after LPS treatment (b-Gal staining). (J) Expression of p53
and p21 protein in NRK52E cells after LPS treatment. Data are presented as mean ± SE (n = 8). ***p < 0.001; ****p < 0.0001; CLP, cecal ligation and puncture; IL-6,
interlecukin-6; IL-8, interlecukin-8; TNF-a, tumor necrosis factor-alpha; LPS, lipopolysaccharide.
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effective preventive treatments are still lacking (20). In this
investigation, we established a CLP model to mimic sepsis in vivo,
and AKI was found to occur in the early stage of sepsis. Our results
show that the crosstalk between the excessive inflammatory response
and tubular epithelial cell senescence takes part in septic AKI.
Pretreatment with LXA4 significantly restored renal function,
increased rat survival rate, and inhibited NF-kB-mediated
inflammatory response and premature senescence. Furthermore,
the protective effect of LXA4 was reversed by the PPAR-g siRNA
and antagonist via regulation of the downstream NF-kB network
(Figure 7). These results indicated that LXA4 exerted its
renoprotective effects by blocking the crosstalk between
inflammation and premature senescence in a PPAR-g-
dependent manner.

Cellular senescence, a stable cell cycle arrest, is implicated inboth
body aging and many acute pathological processes. Major triggers
of cellular senescence include telomere shortening (also referred to
as replicative senescence), and stressors such as oxidative stress and
inflammation (referred to as SIPS) (25). Although our previous
study reported that sepsis causes cellular senescence in the kidneys
(8), its underlying mechanism has not been explored very well.
Therefore, in this investigation, we further examined the role of
senescence in septic AKI and explored in depth the possible
mechanisms and therapeutic implications.
Frontiers in Immunology | www.frontiersin.org 8
In this investigation, inflammation and tubular epithelial cell
senescence were found to progress consistently over time following
the CLP surgery, and their dynamic changes mirrored the patterns of
pathological and functional injury of the kidney. We then inhibited
senescence with rapamycin and found that the treatment improved
renal function andalleviated the inflammatory response. Furthermore,
promoting the resolution of inflammation with LXA4 simultaneously
alleviated cellular senescence, indicating that inflammation plays an
important role in the pathogenesis of septic AKI. Accumulating
evidence suggests a potential crosstalk between inflammation and
senescence in septic AKI. First, systemic inflammation in sepsis can
lead to premature senescence in different tissues, including the lung
(10), coronary arteries (11), and brain (12). Increased inflammation
and sub-optimal resolution also act as drivers for several aging-
associated kidney pathologies and senescence (26, 27). Conversely,
kidney senescencewas found tobeassociatedwith increased severityof
septic AKI and increased inflammatory response (14, 15). Senescent
cells are thought to accumulate in the kidneys and compromise renal
function, essentially caused by the unique property of senescent cells to
secrete a number of pro-inflammatory and damage-inducing
molecules, commonly referred to as the SASP. To the best of our
knowledge, this is the first study to report a crosstalk between
inflammation and senescence in septic AKI, and to propose a novel
mechanism for potential therapeutic targeting.
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FIGURE 5 | LXA4 attenuates AKI and increased rat survival rate in a PPAR-g-dependent manner. NRK52E cells were treated with 1 mg/ml LPS for 24h with or
without 10 nM LXA4 pretreatment for 12h, and PPAR-g-siRNA transfection for 48h. Male Sprague-Dawley rats were treated with or without LXA4 (100 µg/kg, i.p.) for
30-min, or GW9662 (1 mg/kg, i.v.) or RSG (10 mg/kg, i.v.) for 20min prior CLP and were sacrificed at the time point of 18-h after surgery. Renal function alternation,
renal pathological injury and senescence in the neighbored section were detected. (A) expression of PPAR-g among the four groups. (B) PPAR-g transcriptional
activity among the four groups. (C) Representative images of NRK52E cell senescence among the four groups. (D–G) levels of SCr, BUN, urinary KIM-1 and NGAL
among the four groups. (H) Representative images of renal damage and cellular senescence in the neighbored kidney section among the four groups (H&E and
b-Gal staining; scale bar 100 mm). (I, J) Kidney histopathology scores and senescent tubular area among the four groups. (K) Survival rate after LXA4 treatment.
The survival rate was observed for 24-h after the CLP operation, n=18. (A–G) Data are presented as mean ± SE (n = 8). *p < 0.05; **p < 0.005; ***p < 0.001;
****p < 0.0001; LXA4, Lipoxin A4; RSG, Rosiglitazone; CLP, cecal ligation and puncture; H&E, hematoxylin–eosin staining; SCr, serum creatinine; BUN, blood urea
nitrogen; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin.
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LXA4 is amember of the lipoxin family that was identified as the
first endogenous “braking signals”or “stop signals”of inflammation
(28). LXA4 was also reported to augment host defense (29), reduce
blood bacterial load, increase macrophage recruitment, and reduce
systemic inflammation in sepsis (30). Sheng-HuaWu showed that
LXA4 may promote resolution of acute inflammation in renal IR
injury via activation of the p38 MAPK/PPAR-g/Nrf2-ARE/HO-1
pathway (20). Recent studies have indicated that LXA4 plays a
potential role in the prevention of aging and inflammation-
associated senescence (26, 31). Our study showed that the level of
LXA4 did not significantly increase after CLP, and this contributed
to defective inflammation resolution. Conversely, LXA4 treatment
could regulate inflammation mitigation and block the crosstalk
between inflammation and senescence.

PPAR-g is an isoform of PPAR that belongs to a super family of
nuclear receptors. PPAR-g receptor is found to play a crucial role in
themodulationof senescence-associated fatty acid homeostasis and
inflammation (32). To explore whether LXA4 mediates
inflammation resolution in a PPAR-g-dependent manner in
Frontiers in Immunology | www.frontiersin.org 9
septic AKI, we pretreated the rat with PPAR-g antagonist
GW9662. Our results showed that the protective effect of LXA4
was reversed by GW9662, indicating that LXA4 exerts its renal
protection by binding to PPAR-g. As the main function of PPAR
during the inflammatory reaction is to promote the inactivation of
NF-kB (23), and NF-kB signaling was also implicated in cellular
senescence via the ROS‐NF‐kB‐p53 pathway (33), we further
determined the expression of the NF‐kB‐p53-p21 senescent
pathway in the kidney sections and found that the pathway was
activated in the CLP model, and the changes were reversed by the
PPAR-g antagonist GW9662. These results are consistent with a
recent study showing that PPAR-g agonists delays cellular
senescence and age-associated metabolic disease (34). All the
results indicate that LXA4 exerts its anti-senescence and anti-
inflammatory effects via the PPAR-g/NF-kB pathway.

Limitations of the Study
This study has some limitations that need to be considered. First,
consistent with earlier reports, we found that there is no significant
A

B

D EC

FIGURE 6 | LXA4 attenuates septic AKI via inhibition of PPAR-g/NF-kB pathway. Expression of p-p65, p53 and p21 in the neighbored section and levels of
inflammatory cytokines in NRK52E cells and kidneys were also detected. (A) Expression of p-p65 and p53 in the NRK52E cells were detected by IF. (B) Expression
of p-p65, p53 and p21 in the neighbored kidney sections were detected by IF. (C–E) levels of IL-6, TNF-a and HMGB1 at among the four groups. Data are
presented as mean ± SE (n = 8). *p < 0.05; **p < 0.005; ***p < 0.001; ****p < 0.0001; LXA4, Lipoxin A4; RSG, Rosiglitazone; CLP, cecal ligation and puncture; IL-6,
interlecukin-6; IL-8, interlecukin-8; TNF-a, tumor necrosis factor-alpha.
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senescence in the glomerulus area, and thereforeweonly focusedon
renal tubular changes.However, it hasbeenreported that sepsismay
cause both tubular and glomerular injuries. Hence, further studies
are required to confirm our results, and the effect of LXA4 on
glomerular changes should also be explored in the future. Second,
the effect of LXA4 on the PPAR-g/NF-kB signaling pathway was
clarified in this study; however, further studies are needed to
determine the effect of LXA4 on other anti-inflammatory or anti-
senescence pathways, including the TLR4/MyD88 and p16(INK4a)
pathways. Third, we did not explore the interaction between renal
tubular cell senescence and inflammatory cell activation in vitro,
and further studies are needed to confirm the crosstalk between
inflammation and premature senescence.

Conclusions
This study conducted a series of in vivo and in vitro studies to
demonstrate that crosstalk between the inflammatory response and
premature senescence plays a critical role in septic AKI. LXA4
restored septic renal function and increased the survival rate by
inhibiting the NF-kB network in a PPAR-g-dependent manner.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee at Third Affiliated Hospital of
Sun Yat-Sen University.
Frontiers in Immunology | www.frontiersin.org 10
AUTHOR CONTRIBUTIONS

CC and RQ contributed equally to this study. Conceived and
designed the experiments: CC, ZH, and HJ. Performed the
experiments: CC, RQ, JY, QZ, GS, and XG. Analyzed the data:
RQ and XG. Contributed reagents/materials/analysis tools: CC
and ZH. Wrote the paper: CC and ZH. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was, in part, supported by the Postdoctoral Science
Foundation of China (Grant No. 2019M663260), the
Fundamental Research Funds for the Central Universities of
China (Grant No. 20ykpy20), Basic and Applied Basic Research
Founda t i on o f Guangdong Prov ince (Gran t No .
2019A1515110020), and Medical Research Foundation of
Guangdong Province (Grant No. A2020549).
ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English
language editing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
637753/full#supplementary-material
FIGURE 7 | LXA4 attenuates septic AKI via blocking crosstalk between inflammation and premature senescence in PPAR-g-dependent manner. Sepsis would
cause activation of NF-kB-mediated inflammation response and NF-kB/p53 mediated cellular premature senescence in kidney tissues. The inflammation response
interplays with cellular premature senescence in septic AKI. Pretreatment with LXA4 promotes inflammation resolution and blocks the crosstalk between inflammation
and premature senescence via PPAR-g/NF-kB signaling.
April 2021 | Volume 12 | Article 637753

http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fimmu.2021.637753/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.637753/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Crosstalk Between Inflammation and Senescence
REFERENCES

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer
M, et al. The Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3). JAMA (2016) 315:801–10. doi: 10.1001/jama.2016.0287

2. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al.
Global, regional, and national sepsis incidence and mortality, 1990-2017:
analysis for the Global Burden of Disease Study. Lancet (2020) 395:200–11.
doi: 10.1016/S0140-6736(19)32989-7

3. Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet (2019)
394:1949–64. doi: 10.1016/s0140-6736(19)32563-2

4. Shum HP, Yan WW, Chan TM. Recent knowledge on the pathophysiology of
septic acute kidney injury: A narrative review. J Crit Care (2016) 31:82–9.
doi: 10.1016/j.jcrc.2015.09.017

5. Ferenbach DA, Bonventre JV. Mechanisms of maladaptive repair after AKI
leading to accelerated kidney ageing and CKD. Nat Rev Nephrol (2015)
11:264–76. doi: 10.1038/nrneph.2015.3

6. Kang C, Xu Q, Martin TD, Li MZ, Demaria M, Aron L, et al. The DNA
damage response induces inflammation and senescence by inhibiting
autophagy of GATA4. Sci (New York NY) (2015) 349:aaa5612.
doi: 10.1126/science.aaa5612

7. Humphreys BD. Mechanisms of Renal Fibrosis. Annu Rev Physiol (2018)
80:309–26. doi: 10.1146/annurev-physiol-022516-034227

8. Yao W, Guo A, Han X, Wu S, Chen C, Luo C, et al. Aerosol inhalation of a
hydrogen-rich solution restored septic renal function. Aging (Albany NY)
(2019) 11:12097–113. doi: 10.18632/aging.102542

9. Nacarelli T, Lau L, Fukumoto T, Zundell J, Fatkhutdinov N, Wu S, et al.
NAD(+) metabolism governs the proinflammatory senescence-associated
secretome. Nat Cell Biol (2019) 21:397–407. doi: 10.1038/s41556-019-0287-4

10. Li H, Luo YF, Wang YS, Xiao YL, Cai HR, Xie CM. Pseudomonas aeruginosa
induces cellular senescence in lung tissue at the early stage of two-hit septic
mice. Pathog Dis (2018) 76:1–8. doi: 10.1093/femspd/ftz001

11. Chao J, Guo Y, Chao L. Protective Role of Endogenous Kallistatin in Vascular
Injury and Senescence by Inhibiting Oxidative Stress and Inflammation. Oxid
Med Cell Longevity (2018) 2018:4138560. doi: 10.1155/2018/4138560

12. Shulyatnikova T, Verkhratsky A. Astroglia in Sepsis Associated
Encephalopathy. Neurochem Res (2020) 45:83–99. doi: 10.1007/s11064-019-
02743-2

13. Cai Q, Shi P, Yuan Y, Peng J, Ou X, Zhou W, et al. Inflammation-Associated
Senescence Promotes Helicobacter pylori-Induced Atrophic Gastritis. Cell
Mol Gastroenterol Hepatol (2021) 11():857–80. doi: 10.1016/j.jcmgh.
2020.10.015

14. Liu C, Hu J, Mao Z, Kang H, Liu H, Fu W, et al. Acute kidney injury and
inflammatory response of sepsis following cecal ligation and puncture in d-
galactose-induced aging rats. Clin Interventions Aging (2017) 12:593–602.
doi: 10.2147/cia.S132277

15. Maddens B, Vandendriessche B, Demon D, Vanholder R, Chiers K, Cauwels
A, et al. Severity of sepsis-induced acute kidney injury in a novel mouse model
is age dependent. Crit Care Med (2012) 40:2638–46. doi: 10.1097/
CCM.0b013e3182591ebe

16. Sekheri M, El Kebir D, Edner N, Filep JG. 15-Epi-LXA(4) and 17-epi-RvD1
restore TLR9-mediated impaired neutrophil phagocytosis and accelerate
resolution of lung inflammation. Proc Natl Acad Sci USA (2020)
117:7971–80. doi: 10.1073/pnas.1920193117

17. Gewirtz AT, Collier-Hyams LS, Young AN, Kucharzik T, Guilford WJ,
Parkinson JF, et al. Lipoxin a4 analogs attenuate induction of intestinal
epithelial proinflammatory gene expression and reduce the severity of
dextran sodium sulfate-induced colitis. J Immunol (Baltimore Md 1950)
(2002) 168:5260–7. doi: 10.4049/jimmunol.168.10.5260

18. Dunn HC, Ager RR, Baglietto-Vargas D, Cheng D, Kitazawa M, Cribbs DH,
et al. Restoration of lipoxin A4 signaling reduces Alzheimer’s disease-like
pathology in the 3xTg-AD mouse model. J Alzheimer’s Dis JAD (2015)
43:893–903. doi: 10.3233/jad-141335

19. Sobrado M, Pereira MP, Ballesteros I, Hurtado O, Fernández-López D,
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