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1 Introduction
Sepsis is a systemic inflammatory response syndrome (SIRS) 

caused by infection, with complicated pathological mechanism 
and extremely high prevalence and fatality rate (Nadeem et al., 
2021; Ma et al., 2019). Sepsis is easy to develop into septic shock 
and multiple organ dysfunction syndrome (MODS), which is 
life-threatening (Nadeem et al., 2021; Ma et al., 2019). Acute 
kidney injury (AKI) pathologically characterized by progressively 
declined renal function is a common complication of sepsis 
(Wang et al., 2021). Epidemiological studies have shown that 
approximately 40% of patients with sepsis will develop AKI 
(Yoo et al., 2020). Compared with common AKI, patients with 
sepsis-induced AKI have a worse prognosis, with a survival rate 
of only 70% (Ferrè et al., 2019). In addition, chronic kidney 
damage remains in survivors, severely affecting human health 
and quality of life (Liu et al., 2020). A lack of effective prognostic 
evaluation indicators is one of the main causes for the high 
mortality rate of AKI (Liu et al., 2020).

Peroxisome proliferator-activated receptor-β (PPAR-β), also 
known as PPAR-δ, is one of the members of the PPAR subgroup 
in the nuclear receptor superfamily (Gui et al., 2019). PPAR-β may 
be vitally involved in inflammation, oxidative stress and apoptosis 
regulation (Kaur et al., 2021). By studying the three phenotypes 
of PPARs receptors, it has been found that the application of 
selective PPAR-β agonists in vivo in subclinical studies could exert 
an anti-inflammatory impact, thereby playing a protective role 
in inflammatory diseases (Badawy et al., 2019; Pu et al., 2020).

Meteorin-like (METRNL) is abundantly expressed in skeletal 
muscle and is a newly discovered muscle factor. Physiological 
factors such as exercise and temperature changes have been 
revealed to be involved in the regulation of METRNL expression 
(Miao et al., 2020). In adipose tissue, METRNL activates M2 
macrophages, induces increased heat production, and promotes 
energy consumption (Sobieh et al., 2021). In addition, METRNL 
also plays an important biological role in the processes of bone 
formation, adipocyte differentiation and proliferation, and 
immune response (Yao et al., 2021). The expression of METRNL 
changes significantly in the occurrence and development of 
obesity, type II diabetes and skin diseases, and is also involved 
in the pathophysiological regulation (Aleassa, 2020). In this 
study, we investigated the role of METRNL in sepsis-induced 
renal injury and to identify potential downstream molecules.

2 Materials and methods

2.1 Arthritis model studies

Eight-week-old male C57BL/6 mice were housed separately 
under controlled temperature (22 ± 3 °C), 50 ± 20% humidity, 
light-dark cycle of 12 h and free access to food and water. 
According to the principles of the Declaration of Helsinki, this 
experiment was approved by Chongqing University Cancer 
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Hospital. Male C57BL/6 mice were anesthetized using 50 mg/kg 
pentobarbital sodium and then subjected to laparotomy followed 
by extracorporeal cecum mobilization and ligation.

2.2 Microarray experiments and quantitative RT-PCR

Microarray experiments were performed at the Genminix 
Informatics (China). Gene expression profiles were analyzed 
with the Human Exon 1.0 ST GeneChip (Affymetrix).

The TRIzol kit (Invitrogen, Carlsbad, CA, USA) was 
used to extract the total RNA and reversely transcribed into 
complementary Deoxyribose Nucleic Acid (cDNA) using Reverse 
Transcription Kit (TaKaRa Bio Inc., Kusatsu, Japan). Real-time 
PCR was performed on a Bio-Rad Real-Time PCR System 
(Applied Biosystems Co., Foster City, US). The PCR cycle was 
performed as follows: stage 1, 1 cycle at 95 °C for 30 s; stage 2, 
40 cycles at 95 °C for 5 s and, 60 °C for 30 s. The level of gene 
expression was normalized to β-Actin.

2.3 Inflammatory factors by ELISA assay

Cell supernatant, cell samples, serum and tissue samples 
were collected and then the concentrations of TNF-α, IL-4, 
IL-6, IL-1β and IL-10 levels were measured using ELISA kits.

2.4 Cell culture and vitro model

THP-1 cells were cultured in 1640- modified Eagle medium 
(Gibco, Grand Island, NY, United States), with 10% fetal bovine 
serum (FBS, Gibco), in a humidified 5% CO2 incubator at 37 °C. 
THP-1 cells were performed transfections using Lipofectamine 
2000 (Thermo Fisher Scientific). METRNL plasmids (0.4 μg/mL) 
or METRNL siRNAs (20 nmol/mL) and negative (20 nmol/mL) 
were transfected in the serum-free and antibioticfree media. 
After 48 h of transfection, THP-1 cells were stimulated with 
LPS (200 ng/mL, Sigma-Aldrich) for 4 h.

2.5 Immunofluorescence

After 48 h of transfection, cells samples were fixed with 
4% paraformaldehyde for 24 h at room temperature and 
stained with Triton X-100. Cells samples were determined by 
immunofluorescence staining using anti-METRNL antibody 
(1:100, Cell Signaling Technology, US) and PPARδ (1:100, Cell 
Signaling Technology, US) overnight at 4 °C after blocked with 
5% BSA for 1 h. Alex 480 conjugated secondary antibody (1:100, 
Thermo Fisher) or Alex 555 conjugated secondary antibody 
(1:100, Thermo Fisher) was used to obtain fluorescence images 
(LSM 510 Meta; Carl Zeiss) after DAPI staining.

2.6 Western blot assay

Cells and tissue samples were lysed for protein extraction 
using RIPA assay. The concentration of each protein sample was 
determined by a BCA (bicinchoninic acid) kit. Equal amounts of 
protein were separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to a polyvinylidene fluoride 
membrane (Bio-Rad, Hercules, CA, United States). Membranes 
were blocked using 5% non-fat dry milk with TBST buffer for 

1 h, then incubated overnight at 4°C with METRNL (1:1000, 
Cell Signaling Technology, US), PPARδ (1:100, Cell Signaling 
Technology, US) and β-Actin (1:5000, Bioworld Technology, Inc.). 
After washing, membranes were probed further with horseradish 
peroxidase-conjugated goat anti-rabbit (1:5000, Gibco, Rockville, 
MD, USA). After washing with TBST for 15 min, membranes 
were exposed by enhanced chemiluminescence method (Thermo 
Fisher Scientific, Waltham, MA, USA).

2.7 Data analysis

The quantitative data were represented as mean ± standard 
deviation (x̅ ±s). Statistical analyses were performed using 
GraphPad Prism 5 software. P values < 0.05 were taken to 
indicate statistical significance. ANOVA followed by Dunnett’s 
test was used to compare three and more groups.

3 Results

3.1 The tissue and serum of METRNL expression levels in 
sepsis-induced renal injury

To verify the mechanism of anti-inflammation in sepsis-induced 
renal injury, we analyzed that the changes of anti-inflammation 
gene in sepsis-induced renal  injury using microarray analysis. 
METRNL gene expression was reduced in mice of sepsis-induced 
renal injury (Figure 1A). As compared to the normal tissue or 
normal serum samples, the tissue and serum of METRNL expression 
levels in sepsis-induced renal injury were reduced (Figure 1B-D).

3.2 METRNL protein reduced inflammation and inhibited 
renal injury in sepsis mice model

To observe the function of METRNL on inflammation in 
sepsis-induced renal  injury, we used reorganized METRNL 
protein to inject into mice with sepsis. Reorganized METRNL 
protein increased body weight, reduced kidney weight/body 
weight, Cr and BUN levels, suppressed TNF-α, IL-1β, IL-6 and 
IL-4 levels, and promoted IL-10 levels in serum and kidney 
tissue of sepsis mice model (Figure 2).

3.3 The inhibition of METRNL promoted inflammation and 
renal injury in sepsis mice model

To further observe the function of METRNL on inflammation 
in sepsis-induced renal injury, we used anti-METRNL body into 
mice with sepsis. Anti-METRNL body decreased body weight, 
increased kidney weight/body weight, Cr and BUN levels, and 
promoted TNF-α, IL-1β, IL-6 and IL-4 levels in serum and 
kidney tissue of sepsis mice model (Figure 3).

3.4 METRNL up-regulation inhibited inflammation in vitro 
model

In order to verify the effects of METRNL on inflammation 
in vitro model, METRNL plasmid induced METRNL expression, 
reduced TNF-α, IL-1β, IL-6 and IL-4 levels, and increased IL-
10 levels in vitro model of sepsis (Figure 4A-F). Si-METRNL 
mimics reduced METRNL expression, induced TNF-α, IL-1β, 
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Figure 1. The tissue and serum of METRNL expression levels in sepsis-induced renal injury. Heat map and microarray data (A), METRNL 
mRNA (B) and protein (C, D) expressions, NLRX1 expression by immunohistochemical (E) and immunofluorescence (F). Sham, sham control 
group; Sepsis, sepsis model group. ##p < 0.01 compared with sham control group.

Figure 2. METRNL protein reduced inflammation and inhibited renal injury in sepsis mice model. Body weight (A), kidney weight/body weight 
(B), Cr levels (C), BUN levels (D), glomerulus (HE, E), TNF-α (F), IL-1β (G), IL-6 (H), IL-4 (I) and IL-10 (J) levels in serum and tissue of mice 
with renal injury. Sepsis, sepsis model group; Sepsis+METRNL, sepsis model by human METRNL protein group. ##p < 0.01 compared with 
sham control group.
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Figure 3. The inhibition of METRNL promoted inflammation and renal injury in sepsis mice model. Body weight (A), kidney weight/body 
weight (B), Cr levels (C), BUN levels (D), glomerulus (HE, E), TNF-α (F), IL-1β (G), IL-6 (H), IL-4 (I) and IL-10 (J) levels in serum and tissue 
of mice with renal injury. Sepsis, sepsis model group; Sepsis+anti-METRNL, sepsis model by anti-METRNL body group. ##p < 0.01 compared 
with sham control group.

Figure 4. METRNL up-regulation inhibited inflammation in vitro model. METRNL expression (A), TNF-α (B), IL-1β (C), IL-6 (D), IL-4 (E) and 
IL-10 (F) levels in vitro model of METRNL over-expression; METRNL expression (G), TNF-α (H), IL-1β (I), IL-6 (J), IL-4 (K) and IL-10 (L) levels 
in vitro model of METRNL down-regulation. Vector, Vector control; METRNL, over-expression of METRNL; sh-NC, sh-negative control group; 
sh-siMETRNL-1; down-regulation METRNL-1 group; sh-siMETRNL-2; down-regulation METRNL-2 group; sh-siMETRNL-3; down-regulation 
METRNL-3 group; sh-siMETRNL; down-regulation METRNL group. **p < 0.01 compared with vector control or sh-negative control group.
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METRNL over-expression induced METRNL and PPARδ protein 
expressions in vitro model (Figure 5B-D). Down-regulation of 
METRNL suppressed METRNL and PPARδ protein expressions 
in vitro model (Figure  5E,  F). Over-expression of METRNL 
induced METRNL and PPARδ protein expressions in vitro 
model (Figure  5G). Reorganized METRNL protein induced 
PPARδ protein expression in mice of sepsis-induced renal injury 
(Figure 5H, I). Anti-METRNL body suppressed PPARδ protein 
expression in mice of sepsis-induced renal injury (Figure 5J, K).

IL-6 and IL-4 levels, and suppressed IL-10 levels in vitro model 
of sepsis (Figure 4G-L).

3.5 METRNL reduced inflammation in sepsis-induced 
renal injury via PPARδ-dependent pathways

The experiment investigated the mechanism linking METRNL 
to anti-inflammatory cytokine production. Microarray analysis 
showed that PPARδ is an target spot for the anti-inflammation 
effects of METRNL in sepsis-induced renal injury (Figure 5A). 

Figure 5. METRNL reduced inflammation in sepsis-induced renal injury via PPARδ-dependent pathways. Heat map and refine results of gene 
chip (A), METRNL and PPARδ protein expressions in vitro model by over-expression of METRNL (B, C, D), METRNL and PPARδ protein 
expressions in vitro model by over-expression of METRNL (E, F, G), Immunofluorescence for METRNL and PPARδ protein expressions in vitro 
model by over-expression of METRNL (H), PPARδ protein expressions in mice with sepsis-induced renal injury by human METRNL protein (H 
and I), PPARδ protein expressions in mice with sepsis-induced renal injury by anti-METRNL body (J and K). Vector, Vector control; METRNL, 
over-expression of METRNL; sh-NC, sh-negative control group; sh-siMETRNL; down-regulation METRNL group; Sepsis, sepsis model group; 
Sepsis+METRNL, sepsis model by human METRNL protein group; Sepsis+anti-METRNL, sepsis model by anti-METRNL body group. **p < 0.01 
compared with vector control or sh-negative control group or sham control group.
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patients with sepsis, it is possible to reduce the mortality of 
patients with sepsis (Poudel et al., 2020). These results of this 
study support that the tissue and serum of METRNL expression 
levels in sepsis-induced renal injury were reduced. Ushach et al. 
showed that METRNL is a novel immunoregulatory cytokine 
associated with inflammatory responses (Ushach et al., 2018). 
These parameters indicate that METRNL maybe participated 
in sepsis-caused AKI.

AKI is an independent risk factor to predict death in 
patients with sepsis (Mulay et al., 2016). It is of great scientific 
significance to find key molecules that mediate the damage of 
renal tubular epithelial cells in sepsis-induced AKI and to elucidate 
its regulation mechanism for early intervention of sepsis-caused 
AKI (Keir & Kellum, 2015). In recent years, studies have found 
that bacterial endotoxin and its inflammatory factors are the 
direct and important causes of renal injury (Alobaidi  et  al., 

3.6 PPARδ is target spot for the anti-inflammation effects of 
METRNL in sepsis-induced renal injury

PPARδ agonist (4 nM, L-165041) induced PPARδ protein 
expression, inhibited TNF-α, IL-1β, IL-6 and IL-4 levels, and 
increased IL-10 levels in vitro model of sepsis (Figure 6A-G). 
PPARδ inhibitor (3 nM, GSK3787) suppressed PPARδ protein 
expression, increased TNF-α, IL-1β, IL-6 and IL-4 levels, and 
decreased IL-10 levels in vitro model of sepsis (Figure 6H-N).

4 Discussion
There are few epidemiological studies of sepsis-caused 

AKI. Present studies have shown that its fatality rate is as high 
as 70%, which is significantly higher than that of sepsis patients 
without organ damage (Wang et al., 2020). If timely and effective 
intervention can be implemented in the early stage of AKI in 

Figure 6. PPARδ is target spot for the anti-inflammation effects of METRNL in sepsis-induced renal injury. PPARδ protein expression (A and B), 
TNF-α (C), IL-1β (D), IL-6 (E), IL-4 (F) and IL-10 (G) levels in vitro model of METRNL down-regulation and PPARδ agonist; PPARδ protein 
expression (A, B), TNF-α (C), IL-1β (D), IL-6 (E), IL-4 (F) and IL-10 (G) levels in vitro model of METRNL over-expression and PPARδ inhibitor. 
DMSO+sh-si-METRNL, down-regulation of METRNL group; PPARδ agonist+sh-si-METRNL, METRNL down-regulation and PPARδ agonist; 
METRNL, METRNL over-expression; METRNL+GSK0660, METRNL over-expression+GSK0660. **p < 0.01 compared with DMSO+sh-si-
METRNL or METRNL over-expression group.
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2015). Interestingly, this study showed that METRNL reduced 
inflammation and inhibited renal injury in vivo or vitro model of 
sepsis-caused AKI. Kerget et al. showed that Metrnl is a adipokine 
involved in the anti-inflammation effects to acute exacerbations 
of chronic obstructive pulmonary disease (Kerget et al., 2020). 
These results demonstrate that METRNL exacerbates anti-
inflammatory response of sepsis-caused AKI.

PPARs are expressed in dendritic cells, macrophages, B 
and T lymphocytes. In addition, PPARs are also expressed in 
epithelial cells, playing an important role in the mucosal immune 
response (Parikh, 2019). When activated by endogenous or 
synthetic ligands, PPARs can down-regulate various components 
of inflammatory responses, such as cytokines and chemotaxis 
(Parikh, 2019; Pu et  al., 2019). PPAR-C and its ligands have 
important anti-inflammatory effects (Libby et al., 2021). PPARδ 
ligand can inhibit the expression of IL-6 and IL-1B in monocytes, 
and can also inhibit the expression of inducible NOS, MMP-
9 and type A scavenger receptors in macrophages. In our in 
experiment, we found that METRNL reduced inflammation 
in sepsis-induced renal injury via PPARδ-dependent pathways. 
Jung  et al. METRNL attenuates lipid-induced inflammation 
PPARδ-dependent pathways in skeletal muscle of mice (Jung et al., 
2018). It is implied that METRNL is a key molecule involved in 
the anti-inflammation effects of sepsis-induced renal injury by 
PPARδ-dependent pathways.

In conclusion, we are the first to identify METRNL as an in-
activator of NF-κB p65 to reduce inflammation of sepsis-induced 
renal injury by PPARδ-dependent pathways, which prevented 
inflammation of sepsis-induced renal  injury and maintained 
more anti-inflammation effects. Our findings shed light on the 
therapeutic strategies of inflammatory diseases.
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