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Background: Sepsis-associated acute kidney injury (SA-AKI) is a common complication in patients with sepsis, triggering high 
morbidity and mortality. Maresin-1 (MaR1) is a pro-resolution lipid mediator that promotes the resolution of acute inflammation and 
protects organs from inflammation.
Methods: In this study, we established an SA-AKI model using cecal ligation and puncture (CLP) and investigated the effect and 
mechanism of MaR1. The blood and kidneys were harvested 24 hours after surgery. The blood biochemical/routine indicators, renal 
function, SA-AKI-related pathophysiological processes, and AMPK/SIRT3 signaling in septic mice were observed by histological 
staining, immunohistochemical staining, Western blot, qPCR, ELISA and TUNEL Assay.
Results: MaR1 treatment alleviated kidney injury in septic mice, reflected in improved pathological changes in renal structure and 
renal function. MaR1 treatment decreased the levels of serum creatinine (sCr) and blood urea nitrogen (BUN) and the expressions of 
KIM-1, NGAL and TIMP-2, which were related to kidney injury, while inhibited the expressions of inflammatory factors TNF-α, IL- 
1β and IL-6. The expression of endoplasmic reticulum stress-related indicators p-PERK/PERK, GRP78, p-EIF2α/EIF2α, ATF4, 
CHOP, and pyroptosis-related indicators Caspase-1, NLRP3, GSDMD, IL-18, and IL-1β also decreased after MaR1 treatment. The 
mechanism may be related to the activation of the AMPK/SIRT3 signaling pathway, and an AMPK inhibitor (compound C) partially 
reverses MaR1’s protective effects in septic mice.
Conclusion: Taken together, these findings suggest that MaR1 may partially ameliorate SA-AKI by activating the AMPK/SIRT3 
signaling pathway, providing a potential new perspective for research on SA-AKI.
Keywords: Maresin-1, pyroptosis, AMPK/SIRT3, endoplasmic reticulum stress, sepsis-associated acute kidney injury, inflammation

Introduction
The kidney is one of the earliest organs to suffer damage in sepsis.1,2 A worse prognosis was predicted by SA-AKI than by the 
two symptoms separately.3,4 SA-AKI might have a direct mechanism caused by an infection or the host’s response to an 
infection, or it can have an indirect mechanism brought on by sepsis or the unfavorable effects of sepsis treatment.5,6 In 
addition, recent studies have shown that the pathological process of SA-AKI may be related to excessive inflammatory 
response, ER stress, and pyroptosis, especially pyroptosis of tubule cells, which is highly distinct from other types of acute 
kidney injury (AKI).7–9 Given the significant mortality and morbidity caused by SA-AKI, it is becoming more and more 
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important to fully comprehend its cellular pathophysiological mechanisms and persistently investigate new therapeutic 
approaches for SA-AKI.3

Maresin-1 (MaR1), a pro-resolution lipid mediator produced from docosahexaenoic acid, was initially identified in 
human macrophages. Its anti-inflammatory and pro-resolution properties help to promote the resolution of acute 
inflammation and protect organs from inflammation.10,11 By reducing the inflammatory response, oxidative stress, ER 
stress, pyroptosis, and apoptosis, these protective effects are primarily accomplished.11–15 MaR1 has been thoroughly 
studied, but its regulatory mechanism, notably in SA-AKI, is yet unknown.

Adenosine monophosphate activated protein kinase (AMPK) plays an important role in regulating energy homeostasis and 
a variety of signaling pathways, and studies have shown that AMPK can be involved in the regulation of inflammation and 
oxidative stress.16,17 Similarly, the protein Sirtuin 3 (SIRT3) also regulates inflammation levels and the activity of antioxidant 
enzymes.18,19 Previous studies have reported a potential link between AMPK and SIRT3.20,21 We speculate that AMPK/SIRT3 
signaling pathway plays a crucial role in SA-AKI.

Therefore, this study aimed to investigate the effect of MaR1 and clarify its underlying mechanism on SA-AKI, 
aiming to provide sufficient experimental basis and theoretical support for seeking new targets for SA-AKI.

Materials and Methods
Experimental Animals
Specific pathogen-free (SPF) wild-type male BALB/C mice (aged 8–10 weeks; weighing 22 ± 4 g) were obtained from 
Vital River Laboratory Animal Technology Co., Ltd., Beijing, China. All animals were housed in a constant-temperature 
room (22–24°C) with a 12-hour dark/12-hour light cycle and fed sufficient food and water. Before starting, all 
experimental operations were conducted in accordance with the National Institute of Health Guide for the Care and 
Use of Laboratory Animals and approved by the Laboratory Animal Ethics Committee of Tongji Medical College, 
Huazhong University of Science and Technology (Wuhan, China) (IACUC Number: 3036).

Reagents and Drugs
MaR1 was purchased from Cayman Chemical (10878, Ann Arbor, MI, USA). Dorsomorphin dihydrochloride (Compound C, 
CC) (Cat: HY-13418) was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Phosphate buffered saline (PBS) 
was obtained from Gibco. The Creatinine (Cr) Assay Kit (sarcosine oxidase) and the Urea Assay Kit were obtained from 
Jiancheng Bioengineering Institute (Nanjing, China). Trizol reagent was supplied by Thermo Fisher Scientific. HiScript® RT 
SuperMix and AceQ qPCR SYBR® Green Master Mix were obtained from Vazyme (Nanjing, China). The BCA Protein Assay 
Kit was purchased from Beijing ComWin Biotech Co., Ltd. The enhanced chemiluminescent substrate (ECL) (BL520A) was 
obtained from Biosharp (Beijing, China). The following antibodies were used in this study: Anti-PERK (#3192S), Anti-p-EIF2α 
(3398S), Anti-EIF2α (5324S), Anti-ATF4 (11815S), Anti-CHOP (5554S), Anti-NLRP3 (#15101S), and Anti-p-AMPK (Thr172, 
#2535T) were purchased from Cell Signaling Technology (dilution 1:1000, Danvers, MA, USA). Anti-GRP78 (11587-1-AP), 
Anti-Caspase-1 (22915-1-AP), Anti-IL-1β (26048-1-AP), Anti-IL-18 (10663-1-AP), Anti-AMPK (10929-2-AP), and Anti-Sirt3 
(10099-1-AP) were purchased from Proteintech (dilution 1:1000, IL, USA). Anti-GADMD (ab209845) was purchased from 
Abcam (dilution 1:1000, Cambridge, MA, USA). Anti-HMGB1 (A2553) was purchased from ABclonal (dilution 1:1000, 
Wuhan, China). Anti-p-PERK (YP1055) was purchased from ImmunoWay Biotechnology (dilution 1:1000, Plano, TX, USA). 
Anti-α-Tubulin (ANT329s) and HRP Goat Anti-Rabbit IgG (H+L) (ANT020) were purchased from Antgene Biotechnology 
(dilution 1:5000, Wuhan, China). Anti-β-actin (66009-1-Ig) and HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L) 
(SA00001-1) were purchased from Proteintech (dilution 1:5000, IL, USA).

Experimental Design
The model of SA-AKI was established in vivo. In brief, the mice were anesthetized with 2% sodium pentobarbital 
intraperitoneally at a dose of 80 mg/kg. The incision (0.75–1.0 cm) was made in the midline of the abdomen, and the 
cecum was exposed. The cecum was tightly ligated with sterile 4–0 silk thread at 2/3 of the distal cecum. A sterile 18G needle 
was used to pierce through the middle of the distal cecum ligated (through-and-through) and extrude a small amount of feces, 
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trying to avoid damage to blood vessels. Then, the cecum was pushed back into the abdominal cavity to close the cavity. Sham 
surgery animals underwent the same laparotomy and externalization of the cecum, but no ligation or perforation. Animals 
were resuscitated after the operation with 1 mL of normal saline (NS) administered subcutaneously, recovered on warming 
blankets, and fed sufficient food and water.

BALB/C male mice were randomly divided into the sham group, the CLP group, the CLP+MaR1 (0.04 ug/kg) group, 
the CLP+MaR1 (0.4 ug/kg) group, and the CLP+MaR1 (4 ug/kg) group. After CLP, the mice were injected intraper
itoneally with different doses of MaR1 (0.04 ug/kg, 0.4 ug/kg, and 4 ug/kg) dissolved in normal saline. Meanwhile, the 
sham group and the CLP group were injected intraperitoneally with an equal volume of normal saline. The blood and 
kidneys were harvested 24 hours after surgery, with the mice anesthetized by pentobarbital sodium injection and then 
sacrificed humanely.

BALB/C male mice were randomly divided into the sham group, the CLP group, the CLP+MaR1 group, and the CLP+MaR1 
+CC (AMPK antagonist, dissolved in normal saline) group. CC (20 mg/kg) was administered 2 hours before surgery by 
intraperitoneal injection, with the dosage based on previous studies.22 After CLP, the mice were injected intraperitoneally with 
MaR1 (4 ug/kg) dissolved in normal saline. Meanwhile, the sham group and the CLP group were injected intraperitoneally with an 
equal volume of normal saline. The blood and kidneys were harvested 24 hours after surgery, with the mice anesthetized by 
pentobarbital sodium injection and then sacrificed humanely.

Renal Function and Histologic Examination
Blood samples were taken and centrifuged at 3500 rpm for 15 minutes at ambient temperature in order to get serum. The 
levels of serum creatinine (sCr) and blood urea nitrogen (BUN) were determined with the Creatinine (Cr) Assay Kit 
(sarcosine oxidase) and the Urea Assay Kit. These procedures were strictly in accordance with the instructions. One 
kidney was fixed with paraformaldehyde for 24 hours and then paraffin embedded, and kidney sections of 4 μm were 
used for hematoxylin–eosin (HE) and periodic acid-Schiff (PAS) reagent staining. HE-stained tissue sections and PAS- 
stained tissue sections were viewed by light microscopy (Olympus Optical, Tokyo, Japan) at magnifications of ×400. 
Tissue damage was scored in a blinded manner. The percentage of injured renal tubules and histological injury were 
indicated by brush border loss, tubular degeneration, tubular dilation/flattening, tubular cast formation, and vacuolization. 
Renal tubular injury was assessed on a semiquantitative scale of 0–4, as described below: 0, normal; 1, <25% injury; 2, 
25–50% injury; 3, 51–75% injury; and 4, >75% injury.21

Immunohistochemistry
After paraffin sections were dewaxed, antigen repair was carried out in a microwave oven. Tissue sections were blocked 
with 2.5% normal goat serum and inoculated with the primary antibodies anti-GRP78, anti-p-PERK, anti-IL-1β, and anti- 
IL-18 diluted 200:1 in IHC antibody diluent at a temperature of 4 °C overnight. After washing three times with PBS, 
sections were incubated at room temperature with biotinylated secondary antibody for 30 min, which were then 
visualized under 400x magnification through light microscopy (Olympus Optical, Tokyo, Japan).

TUNEL Assay
Kidney sections were embedded in paraffin, cut into 4-μm-thick sections, and incubated with the reagents of the TUNEL 
kit according to the instructions of the manufacturer (Roche, Basel, Switzerland). The nuclei were counterstained with 
DAPI. The positive staining was detected by fluorescence microscopy (Olympus Optical, Tokyo, Japan). The TUNEL- 
positive cells were counted in six randomly selected fields from each slide at a magnification of 400× to determine the 
number of dead cells.

Enzyme-Linked Immunosorbent Assay
The levels of TNF-α, IL-1β, IL-6, and IL-18 in serum were evaluated using enzyme-linked immunosorbent assay 
(ELISA) kits (Neobioscience, Shanghai, China). These procedures were strictly in accordance with the manufacturer’s 
instructions.
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Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
The total RNA was harvested from kidney tissues using Trizol, and the total RNA was reverse transcribed into cDNA with 
HiScript® RT SuperMix, and then RT-PCR was performed with the AceQ qPCR SYBR® Green Master Mix according to the 
manufacturer’s instructions in Bio-Rad CFX Connect (Hercules, CA, USA). The cycle threshold (Ct) values were recorded, 
and the relative expression of the target genes was normalized to GAPDH as the internal control using the 2-∆∆Cq method. 
PCR primers were synthesized by TsingKe Biological Technology (Wuhan, China), as listed in Table 1.

Western Blotting
The total protein was extracted from kidney tissue using RIPA lysis buffer, and the protein concentration was determined using 
a BCA protein assay kit. Total kidney lysates (40 μg proteins in each well) were separated electrophoretically by 10% 
acrylamide SDS-PAGE and transferred to a PVDF membrane after the proteins of different molecular weights were separated. 
The PVDF membrane was blocked with 5% non-fat milk at room temperature for 1 hour and then washed three times with 
TBST for 10 minutes each. Subsequently, the membranes were incubated with primary antibodies according to the 
manufacturer’s instructions at 4°C overnight. On the second day, membranes were incubated with the appropriate horseradish 
peroxidase-conjugated secondary antibody for 1 h at room temperature. The specific immunoreactive protein bands were 
visualized using enhanced chemiluminescence (ECL) with a UVP imaging system (Upland, CA, USA). Quantification was 
performed using ImageJ software.

Molecular Docking
Chemdraw software was used to draw the MaR1 structure and MOE 2019.0102 software was run to minimize its energy and 
finally save it in mdb format in preparation for molecular docking. Download the AMPK (PDB ID: 5UFU) protein structure 
from the PDB database (RCSB PDB: Homepage). Then the protein was imported into MOE 2019.0102 software, the water 
molecule and the original ligand in the ligand were removed, and then “QuickPrep” was run to quickly process the protein, and 
finally the processed protein was saved in mdb format. The “Dock” module in MOE 2019.0102 software is used for molecular 
docking. The docking mode is all-atom docking and small molecules are imported into it. The rest Settings are default.

Statistical Analysis
GraphPad Prism 7.0 (GraphPad Inc., USA) was used for the visualization of graphs and data analysis. All data were 
presented as the means ± standard deviations. Statistical analysis among multiple groups was done by one-way analysis 
of variance (ANOVA). P < 0.05 was considered statistically significant.

Table 1 Primer Sequences of RT-PCR Test

Gene Forward Primers Reverse Primers

GAPDH GTCAAGCTCATTTCCTGGTATGACAA GGATAGGGCCTCTCTTGCTCAGT

Kim1 AAACCAGAGATTCCCACACG GTCGTGGGTCTTCCTGTAGC
NGAL CACCACGGACTACAACCAGTTCGC TCAGTTGTCAATGCATTGGTCGGTG

TIMP2 TCAGAGCCAAAGCAGTGAGC GCCGTGTAGATAAACTCGATGTC

TNF-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
GRP78 TCGATACTGGCCGAGACAAC CGACGGTTCTGGTCTCACAC

ATF4 TGGCGTATTAGAGGCAGCAG CGAGGAATGTGCTTAACTCGAAGG

CHOP CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT
Caspase-1 ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG

NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG

GSDMD CCATCGGCCTTTGAGAAAGTG ACACATGAATAACGGGGTTTCC
IL-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA

Sirt3 GGCTCTATACACAGAACATCGAC TAGCTGTTACAAAGGTCCCGT
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Results
MaR1 Reduced Sepsis-Associated Acute Kidney Injury and Improved Renal Function
We investigated the concentration gradient to examine the effects of MaR1 on renal function in order to find a suitable 
dose that may be delivered to mice. The pretest HE staining results revealed that the renal sections of mice in the sham 
group had normal morphology, clear histological structure, no degeneration, atrophy, swelling, or necrosis of renal 
tubular cells, and no dilatation of the renal tubular lumen. Renal tubular epithelial cell edema and shedding, vacuolar 
degeneration, a disappearance of the brush border, protein tubule type, and dilatation of the renal tubular lumen were 
observed in SA-AKI mice, whereas MaR1 at doses of 0.4 ug/kg and 4 ug/kg could significantly improve the renal 
histopathological damage in SA-AKI mice (Figure 1A and B). The serum indicators of kidney injury, sCr and BUN, were 
clearly elevated in the SA-AKI mice, whereas MaR1 at a dose of 4 ug/kg could significantly reduce their levels after 
treatment (Figure 1C and D). However, at doses of 0.04 ug/kg and 0.4 ug/kg, MaR1 had no effect on renal function, as 
seen by sCr and BUN levels in the CLP group (Figure 1C and D). Consistent with these results, mRNA levels of kidney 
injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), and tissue inhibitor of metalloproteinases 
2 (TIMP2) were also significantly decreased after MaR1 administration (Figure 1E–G). The above results confirmed that 
MaR1 treatment can effectively reduce pathological injury and renal dysfunction in mice after the establishment of the 
SA-AKI model.

MaR1 Ameliorated the Inflammatory Response in SA-AKI Mice
Our results suggested that the levels of the pro-inflammatory factors TNF-α, IL-1β, and IL-6 in serum in the SA-AKI 
mice were significantly higher than those in the sham group, while serum levels of pro-inflammatory factors in the CLP 
+MaR1 (0.4 ug/kg) and CLP+MaR1 (4 ug/kg) groups were significantly lower than the CLP group (Figure 2A–C). 
Consistent with these results, mRNA levels of TNF-α, IL-1β and IL-6 in SA-AKI mice were also significantly decreased 
after MaR1 (4 ug/kg) treatment compared with those in the CLP group (Figure 2D–F). Therefore, a dose of 4 ug/kg 
MaR1 was selected for the following experiment to study the mechanism of MaR1.

MaR1 Can Activate AMPK/SIRT3 Pathway in SA-AKI Mice
Previous studies have shown that AMPK/SIRT3 pathway is involved in the regulation of excessive inflammation, 
oxidative stress and cell apoptosis.21,23 MaR1 has also been reported to activate AMPK to regulate ER stress.15 In 
order to better study the correlation between MaR1 and AMPK domains, we used PyMOL2.3.0 and Ligplot v2.2.5 
software to predict the molecular docking between MaR1 and AMPK (Figure 3A). The results showed that the binding 
energy of MaR1 and AMPK was −6.1634 kcal/mol, indicating that MaR1 and AMPK had a good binding effect. In 
Figure 3B, MaR1 interacts with AMPK mainly through hydrogen bonding and hydrophobic force, forming hydrogen 
bonds with Asp157 and Gly175 residues of AMPK protein, with the length of hydrogen bonds being 2.91Å and 3.33Å, 
respectively. In addition, MaR1 also interacts with Val24, Glu100, Glu143, Lys141, Asn144, Asp139, Leu160, Cys174, 
Pro177, Ser173, Gly25 and Thr26 via hydrophobic interactions, which are shown as arcs (red) in Figure 3B. We then 
examined the expression levels of AMPK and Sirt3. We found that p-AMPK/AMPK and Sirt3 expression levels were 
reduced in SA-AKI mice, while MaR1 activated the AMPK/SIRT3 pathway (Figure 3C–E). To further confirm the 
results mentioned above, Compound C, an AMPK inhibitor that can result in AMPK inhibition, was injected intraper
itoneally two hours prior to the CLP procedure to further support the results mentioned above. We discovered that CC 
counteracted MaR1’s activation of the AMPK and inhibited SIRT3 protein expression (Figure 3F–H). Meanwhile, the 
mRNA level of SIRT3 matched its protein levels (Figure 3I). Together, these data indicated that MaR1 can activate 
AMPK/SIRT3 pathway in SA-AKI mice.

Compound C Reversed the Effect of MaR1 on Improving Renal Tissue Pathological 
Injury and Renal Function
SA-AKI mice receiving 4 μg/kg MaR1 displayed improvements in renal pathological lesion by both H&E staining and PAS 
staining (Figure 4A). Renal tissue damage scores were also confirmed (Figure 4B). Compared with MaR1 alone, CC reversed 
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Figure 1 Effects of different doses of Maresin1 on renal histopathology and renal function in SA-AKI mice. Representative pictures of H&E staining of renal tissues 
(magnification 400 ×) in (A). (B) Pathological renal tissue damage score. Serum creatinine (C) and blood urea nitrogen (D) levels at 24 h after CLP in mice. mRNA levels of 
Kim-1 (E), NGAL (F) and TIMP-2 (G) in renal tissues were examined by real-time PCR. The data are presented as the means ± SD (n = 4–6 per group). *P<0.05, **P<0.01, 
***P<0.001, ****P < 0.0001 vs sham group; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 vs CLP group; $P<0.05, $$$$P<0.0001 vs CLP+MaR1 (0.04 ug/kg) group. 
∆∆∆P<0.001 vs CLP+MaR1 (0.4 ug/kg) group.
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the effect of MaR1 on improving renal tissue pathological injury and renal function (Figure 4A–D). mRNA levels of KIM-1, 
NGAL, and TIMP2 in the renal tissues were significantly increased in the CLP+MaR1+CC group compared with those in the 
CLP+MaR1 group (Figure 4E–G). CC reverses the effect of MaR1 in SA-AKI.

Compound C Reversed the Effect of MaR1 on Improving the Inflammatory Response
According to our findings, the levels of the pro-inflammatory factors TNF-α, IL-1β, and IL-6 in serum in the SA-AKI 
mice were significantly higher than those in the sham group. Meanwhile, the treatment of MaR1 can reduce these 
inflammatory factors in the serum. However, CC reversed the effect of MaR1 on improving the inflammatory response 
(Figure 5A–C). These changes of the pro-inflammatory factors TNF-α, IL-1β, and IL-6 in the renal tissues were further 
confirmed at the mRNA level by qRT-PCR (Figure 5D–F). Results from Western blotting (Figure 5G and H) demon
strated the degree of high mobility group box protein 1 (HMGB1) expression in the renal tissues of the four groups of 
mice. Among them, the CLP group had the highest expression of the HMGB1, the CLP+MaR1 group was lower than that 
of the CLP group, and the CLP+MaR1 +CC group was higher than that of the CLP group.

Figure 2 Effects of different doses of Maresin1 on inflammatory response in SA-AKI mice. The levels of cytokines in serum (A–C), including TNF-α, IL-1β and IL-6, were 
examined as markers of inflammation. mRNA levels of TNF-α (D), IL-1β (E) and IL-6 (F) in renal tissues were examined by real-time PCR. The data are presented as the 
means ± SD (n = 4–6 per group). *P<0.05, **P<0.01, ***P<0.001 vs sham group; #P<0.05, ##P<0.01, ###P<0.001 vs CLP group; $P<0.05 vs CLP+MaR1 (0.04 ug/kg) group.
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Figure 3 MaR1 upregulated the protein expression of AMPK/Sirt3 pathways in SA-AKI mice. (A and B) Predicted docking pose of MaR1 in complex with AMPK (PDB ID: 
5UFU). (A) 3D rendering of MaR1 (green structure) docking with AMPK. (B) Interface plane rendering of MaR1 (purple structure) and AMPK. Green dashed lines indicate 
hydrogen bonds. (C–E) Levels of p-AMPK, AMPK and Sirt3 in renal tissues were measured using Western blotting. (F–H) AMPK inhibitor was intraperitoneally injected 2h 
before surgery and levels of p-AMPK, AMPK and Sirt3 in renal tissues were measured using Western blotting again. β-actin was used as the internal loading control. (I) 
mRNA level of Sirt3 in renal tissues was examined by real-time PCR. The data are presented as the means ± SD (n = 4–6 per group). *P<0.05, **P<0.01 vs sham group; 
#P<0.05, ###P<0.001, ####P < 0.0001 vs CLP group; &P<0.05, &&P<0.01 vs CLP+MaR1 group.
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Figure 4 Compound C reversed the effect of MaR1 on improving renal tissue pathological injury and renal function. Representative pictures of H&E and PAS staining of renal tissues 
(magnification 400 ×) in (A). (B) Pathological renal tissue damage score. Serum creatinine (C) and blood urea nitrogen (D) levels at 24 h after CLP in mice. mRNA levels of Kim-1 (E), 
NGAL (F) and TIMP-2 (G) in renal tissues were examined by real-time PCR. The data are presented as the means ± SD (n = 4–6 per group). **P<0.01, ***P<0.001, ****P < 0.0001 vs 
sham group; #P<0.05, ##P<0.01, ###P<0.001, ####P < 0.0001 vs CLP group; &P<0.05, &&P<0.01, &&&P<0.001, &&&&P < 0.0001 vs CLP+MaR1 group.
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Figure 5 Compound C reversed the effect of MaR1 on improving the inflammatory response. The levels of cytokines in serum (A–C), including TNF-α, IL-1β and IL-6, were 
examined as markers of inflammation. mRNA levels of TNF-α (D), IL-1β (E) and IL-6 (F) in renal tissues were examined by real-time PCR. Protein level of HMGB1 (G and 
H) in renal tissues were measured using Western blotting. α-Tubulin was used as the internal loading control. The data are presented as the means ± SD (n = 4–6 per group). 
**P<0.01, ***P<0.001, ****P < 0.0001 vs sham group; #P<0.05, ##P<0.01, ###P<0.001, ####P < 0.0001 vs CLP group; &P<0.05 vs CLP+MaR1 group.
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Compound C Suppress MaR1’s Effect on ER Stress in SA-AKI Mice
We performed Western blot and qRT-PCR analyses to detect specific markers related to ER stress in SA-AKI mice. By 
detecting protein levels, we could clearly see that ER stress-specific markers, including GRP78, p-PERK, p-EIF2α, 
ATF4, and CHOP, were significantly activated following CLP. The results, on the other hand, confirmed that MaR1 
employment significantly reduced the ER stress caused by sepsis development, as indicated by the significantly reduced 
protein levels of GRP78, p-PERK, p-EIF2α, ATF4, and CHOP. In contrast to the CLP+MaR1 group, CC reversed 
MaR1’s inhibitory effect on ER stress, resulting in higher expression of ER stress-specific proteins (Figure 6A–F). qRT- 
PCR analysis further confirmed the effect of MaR1 on inhibiting ER stress induced by sepsis (Figure 6G–I). Consistent 
with the results of Western blot, we also found increased expression of GRP78 and p-PERK in the kidney tissue of sepsis 
mice by immunohistochemical detection (Figure 6J).

Compound C Suppress MaR1’s Effect on Pyroptosis in SA-AKI Mice
Next, pyroptosis-associated markers were further detected. According to the findings, CLP dramatically activated the levels 
of the pyroptosis-associated proteins Caspase-1, NLRP3, GSDMD, and IL-18. The data also showed that Caspase-1, 
NLRP3, GSDMD, and IL-18 protein levels were dramatically reduced when MaR1 was employed, which reduced 
pyroptosis in septic mice. MaR1 had an inhibitory effect on pyroptosis in the CLP+MaR1 group, whereas CC reversed 
this effect, increasing the expression of proteins related to pyroptosis (Figure 7A and C–F). The mRNA levels of Caspase-1, 
NLRP3, and GSDMD were consistent with their Western blot results. The mRNA level of IL-18 was not statistically 
significant (Figure 7G–J). By using immunohistochemistry analysis, we also discovered elevated expression of IL-1β and 
IL-18 in the kidney tissue of septic mice. MaR1 therapy can decrease the expression of IL-1β and IL-18, while CC 
counteracts this effect (Figure 7M). The levels of the pro-inflammatory factors IL-1β and IL-18 in serum further confirmed 
the effect of MaR1 on inhibiting pyroptosis induced by sepsis (Figures 5B and 7K). We next used the TUNEL assay to 
detect kidney injury. TUNEL staining results indicated that the number of TUNEL-positive renal tubule epithelial cells in 
SA-AKI mice was obviously higher than that in sham mice, whereas TUNEL-positive cells were markedly decreased in the 
MaR1 treatment group compared to the CLP group. However, the CC treatment reversed it (Figure 7B and L).

Discussion
Our research demonstrated that MaR1 therapy can attenuate SA-AKI by activating the AMPK/SIRT3 signaling pathway 
to reduce inflammatory responses, endoplasmic reticulum stress, and pyroptosis. In addition, CC, an inhibitor of AMPK, 
inhibited the protective effect of MaR1 against SA-AKI. These results may provide a new perspective for the investiga
tion of SA-AKI (Figure 8).

Sepsis is a well-known global health issue24 and it’s the cause of 45–70% of AKI cases in severely ill individuals.3,25 

However, there are no novel therapeutic medications available.26 It is reassuring to know that studies have shown that some 
therapeutic approaches may be able to reduce the severity of SA-AKI in mice by preventing pathological processes such as 
inflammation, ER stress, pyroptosis, and apoptosis.7–9,27–29 Maresin-1, a derivative of a typical omega-3 fatty acid, has 
demonstrated positive effects in models of inflammatory diseases.12,14,15,30–32 However, the protective effects and mechanisms 
of MaR1 protection in SA-AKI have not been elucidated. In our study, MaR1 was discovered to dose-dependently ameliorate the 
pathological alterations and malfunction of kidney tissue and reduce the levels of damage markers Kim-1, NGAL, and TIMP-2 in 
SA-AKI mice. In the early stages of sepsis, the innate immune system was overactivated and up-regulated the expression of 
genes associated with inflammation, including TNF-α, IL-1β, and IL-6. Our results showed that MaR1 can significantly reduce 
the expression of inflammatory cytokines TNF-α, IL-1β, and IL-6 to minimize excessive inflammatory response.

Omega-3 fatty acids, including eicosapentaenoic acid and DHA, have been reported to activate AMPK and consequently 
improve lipid metabolism in the liver and skeletal muscle. However, it remains elusive whether MaR1 activates AMPK directly 
or indirectly in hepatocytes.15,33 We simulated the molecular docking between MaR1 and AMPK using PyMOL2.3.0 and Ligplot 
v2.2.5 software, and showed that MaR1 and AMPK had a good binding effect. But how exactly MaR1 activates AMPK needs 
further research in the future. AMPK is a heterotrimeric complex made up of two regulatory subunits, β and γ, as well as 
a catalytic subunit.34,35 SIRT3 is localized in the mitochondrial matrix.34,36 The mutual regulation between AMPK and SIRT3 
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Figure 6 Compound C suppress MaR1’s effect on ER stress in SA-AKI mice. (A–F) Levels of GRP78, p-PERK, PERK, p- EIF2α, EIF2α, ATF4, and CHOP in renal tissues were 
measured using Western blotting. α-Tubulin was used as the internal loading control. mRNA levels of GRP78 (G), ATF4 (H), and CHOP (I) in renal tissues were examined by 
real-time PCR. (J) Immunostaining for GRP78 and p-PERK in mouse renal tissues (magnification 400 ×). The data are presented as the means ± SD (n = 4–6 per group). 
*P<0.05, **P<0.01, ***P<0.001 vs sham group; #P<0.05, ##P<0.01, ###P<0.001 vs CLP group; &P<0.05, &&P<0.01 vs CLP+MaR1 group.
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Figure 7 Compound C suppress MaR1’s effect on pyroptosis in SA-AKI mice. (A and C–F) Levels of Caspase-1, NLRP3, GSDMD, and IL-18 in renal tissues were measured 
using Western blotting. α-Tubulin was used as the internal loading control. mRNA levels of Caspase-1 (G), NLRP3 (H), GSDMD (I), and IL-18 (J) in renal tissues were 
examined by real-time PCR. (K) The level of cytokine IL-18 in serum was examined as marker of pyroptosis. (M) Immunostaining for IL-1β and IL-18 in mouse renal tissues 
(magnification 400 ×). (B and L) TUNEL staining of renal tissue and the number of TUNEL positive cells (n=3, magnification 400 ×). The data are presented as the means ± 
SD (n = 4–6 per group). *P<0.05, **P<0.01, ***P<0.001 vs sham group; #P<0.05, ##P<0.01 vs CLP group; &P<0.05, &&P<0.01 vs CLP+MaR1 group.
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has been reported. SIRT3 is the downstream target of AMPK under inflammatory conditions.21,22 Previous studies have shown 
that AMPK/SIRT3 pathway is involved in the regulation of excessive inflammation, oxidative stress and cell apoptosis.21,23 We 
found that the AMPK/SIRT3 pathway was inhibited in SA-AKI mice, while MaR1 activated it. Interestingly, an AMPK inhibitor, 
Compound C, not only inhibited AMPK, but also inhibited downstream SIRT3 expression. Also, Compound C reversed the 
effect of MaR1 on improving renal tissue pathological injury and renal function and reducing inflammatory response. Thus, our 
results confirm that AMPK/SIRT3 pathway may play an important role in MaR1’s defense against SA-AKI.

Excessive inflammatory response, ER stress, and pyroptosis are considered important and interrelated molecular 
events in the pathogenesis of SA-AKI.7–9,37 HMGB1, a ubiquitous nuclear protein, is closely associated with excessive 
inflammation, endoplasmic reticulum stress, and pyroptosis, as well as disease progression.38,39 Previous studies have 
shown increased expression of ER stress-related markers in lung, heart, liver, and kidney tissues in septic mice, and 
elevated expression of these markers is directly related to the degree of organ dysfunction.40–42 Our study found that 
MaR1 can significantly inhibit the expression levels of ER stress-related protein markers GRP78, p-PERK, p-EIF2α, 
ATF4 and CHOP in kidney tissue of sepsis mice. ER plays an important role in the occurrence of pyroptosis. The resting 
NLRP3 is located in the ER. When the inflammasome is activated, pyroptosis is initiated.37,43 Previous experiments also 
showed that pyroptosis played an important role in both the CLP-constructed sepsis model and the LPS-induced kidney 
injury, and inhibition of pyroptosis could reduce SA-AKI.9,44 In our study, elevated expression of the pyroptosis-related 
markers, including caspase-1, NLRP3, GSDMD, IL-1β, and IL-18 in animal models, proved that pyroptosis clearly plays 
a role in SA-AKI. MaR1 treatment in SA-AKI mice significantly reduced excessive inflammatory and ER stress while 
also effectively containing the pyroptosis outbreak. Interestingly, CC can inhibit the effect of MaR1, indicating that the 
protective mechanism of MaR1 may be closely related to AMPK/SIRT3 pathway.

There are some limitations to our research. The severity of our CLP model may be higher than cases typically reported in 
clinical trials. At the same time, the model was not supported with mechanical ventilation or vasoactive drugs, which may 
increase the mortality of the model compared to the clinical setting. Despite the high severity, the phenotype of organ 
dysfunction in our model does generalize to human SA-AKI, so the biological findings may still apply to the human disease.

Figure 8 Maresin-1 therapy can attenuate SA-AKI by activating the AMPK/SIRT3 signaling pathway to reduce inflammatory responses, endoplasmic reticulum stress, and 
pyroptosis.
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Conclusion
In conclusion, our results suggest that MaR1 has a protective effect on the SA-AKI mouse model. MaR1 may partially 
ameliorate kidney injury by activating the AMPK/SIRT3 signaling pathway, inhibiting excessive inflammation, inhibiting 
ER stress, and reducing pyroptosis. In addition, our study reveals a new mechanism by which MaR1 protects the kidney 
by blocking excessive inflammation, ER stress and pyroptosis, providing a potential new target for research on SA-AKI. 
More and more studies have shown that ER stress is closely related to pyroptosis, and we need to further explore the 
mechanism of action between them in SA-AKI in the future.
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