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Abstract
Sepsis refers to host response disorders caused by infection, leading to life-threatening organ dysfunction. RNA-binding 
motif protein 3 (RBM3) is an important cold-shock protein that is upregulated in response to mild hypothermia or hypoxia. 
In this study, we aimed to investigate whether RBM3 is involved in sepsis-associated acute lung injury (ALI). Intraperitoneal 
injection of LPS (10 mg/kg) was performed in wild type (WT) and RBM3 knockout (KO,  RBM3−/−) mice to establish an 
in vivo sepsis model. An NLRP3 inflammasome inhibitor, MCC950 (50 mg/kg), was injected intraperitoneally 30 min before 
LPS treatment. Serum, lung tissues, and BALF were collected 24 h later for further analysis. In addition, we also collected 
serum from sepsis patients and healthy volunteers to detect their RBM3 expression. The results showed that the expression 
of RBM3 in the lung tissues of LPS-induced sepsis mice and the serum of patients with sepsis was significantly increased 
and positively correlated with disease severity. In addition, RBM3 knockout (KO) mice had a low survival rate, and RBM3 
KO mice had more severe lung damage, inflammation, lung cell apoptosis, and oxidative stress than WT mice. LPS treat-
ment significantly increased the levels of nucleotide binding and oligomerization domain-like receptor family 3 (NLRP3) 
inflammasomes and mononuclear cell nuclear factor-κB (NF-κB) in the lung tissues of RBM3 KO mice. However, these 
levels were only slightly elevated in WT mice. Interestingly, MCC950 improved LPS-induced acute lung injury in WT and 
RBM3 KO mice but inhibited the expression of NLRP3, caspase-1, and IL-1β. In conclusion, RBM3 was overexpressed in 
sepsis patients and LPS-induced mice. RBM3 gene deficiency aggravated sepsis-associated ALI through the NF-κB/NLRP3 
pathway.
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Introduction

Sepsis is a severe systemic inflammatory response syndrome 
caused by infection, with a high global mortality rate. Sepsis 
can lead to multiple organ dysfunction syndrome (MODS) 
[1]. The lung is often the first organ to undergo dysfunction 
in sepsis. Sepsis-induced acute lung injury may occur, and 
some patients develop acute respiratory distress syndrome 
(ARDS). Excessive inflammation is one of the main causes 
of lung injury in sepsis [2].

RNA-binding motif protein 3 (RBM3) is an RNA-binding 
protein synthesized in response to low temperature exposure. 
The RBM3 gene is located on the X chromosome and con-
tains 157 amino acids [3]. RBM3 promotes mRNA stability 
through a variety of mechanisms, enhances the translation of 
a number of proteins, and even regulates microRNA biosyn-
thesis [4]. In addition, RBM3 also regulates the Wnt/β-catenin 
signaling pathway [5] and the cell cycle; RBM3 promotes cell 
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proliferation while inhibiting cell apoptosis [6]. Extensive evi-
dence has confirmed that RBM3 plays an important role in 
neuroprotection and tumor development. In previous studies, 
we found elevated RBM3 expression in ALI mouse models. 
In the  study, we used LPS for the treatment of human pulmo-
nary microvascular endothelial cells (HPMVECs) to simulate 
an in vitro ALI model and found that RBM3 overexpression 
improved cell survival but interrupted the tight junctions of 
microvascular endothelial cells [7]. However, the exact role 
of RBM3 in sepsis-induced acute lung injury in vivo remains 
to be observed.

Many studies have shown that inflammasome nucleo-
tide-binding oligomerization domain-like receptor protein 3 
(NLRP3) is critically involved in the inflammatory response 
[8]. Foreign substances such as lipopolysaccharides can acti-
vate NF-κB signaling, causing phosphorylation and transloca-
tion of NF-κB p65, resulting in transcriptional upregulation of 
inflammasome-related components (NLRP3, pro-IL-1β, and 
pro-IL-18), which in turn activate caspase-1 [9], followed by 
apoptosis-associated speck-like protein (ASC) and caspase-1 
recruitment and their assembly into a cytoplasmic complex, 
leading to proteolytic IL-1β and IL-18 activation and subse-
quent pyroptosis induction [10]. Growing evidence has accu-
mulated that NLRP3 is involved in a variety of inflammation-
related diseases, such as gout, atherosclerosis, and acute lung 
injury [11]. NLRP3 was recognized to be a key factor for the 
occurrence and development of sepsis-induced lung injury, 
which has a potentially beneficial effect on sepsis-induced ALI 
after the use of drugs inhibiting NLRP3 activation or gene 
knockout [12, 13]. Therefore, targeted inhibition of NLRP3 
inflammasome activation may be a possible strategy for ALI 
treatment.

Studies have shown that cold-inducible RNA-binding pro-
tein (CIRBP) is similar to RBM3, and its expression is also 
upregulated by hypoxia and mild hypothermia [14]. During 
sepsis, CIRP is transferred from the nucleus to the cytoplasm 
and is released into the circulatory system, increasing the 
severity and mortality of sepsis [15, 16]. However, no reports 
on the role of RBM3 in the inflammatory response have been 
published thus far. Therefore, in this study, we aimed to inves-
tigate the effects of RBM3 on NLRP3 inflammasome acti-
vation and on sepsis-induced acute lung injury in an in vivo 
model. In addition, we also conducted a clinical trial in which 
we studied RBM3 expression changes in the blood of patients 
with sepsis and their correlation with disease severity.

Materials and methods

Human samples

This clinical observational study was conducted in the Affili-
ated Hospital of Southwest Medical University (Luzhou, 

Sichuan, China). We selected 16 adult patients diagnosed 
with sepsis in the intensive care unit (ICU) and 14 healthy 
volunteers. The characteristics of the patient population are 
presented in Table 1. Enzyme-linked immunosorbent assay 
(ELISA) was employed to detect RBM3 protein expres-
sion in the serum of sepsis patients and healthy volunteers. 
We also assessed the correlation between the RBM3 level 
and the APACHE II score, which was used to assess sep-
sis severity. This study was approved by the Clinical Trial 
Ethics Committee of the Affiliated Hospital of Southwest 
Medical University (Number: KY2020126), and informed 
consent was obtained from each patient or immediate fam-
ily member before the trial. The clinical trial was registered 
in the Chinese Clinical Trial Registration Center (Number: 
ChiCTR2100050990).

Animals and sepsis model

Wild-type C57BL/6 male mice (8–12  weeks old) were 
purchased from the Southwest Medical University Animal 
Center (Luzhou, Sichuan, China). RBM3 KO  (RBM3−/−) 
male mice (8–12 weeks old) were purchased from Cyagen 
Biosciences Inc. (Guangzhou, China). All mice were fed 
in a laminar flow in a specific pathogen-free atmosphere at 
Southwest Medical University. All experimental procedures 
were performed in accordance with the National Institutes 
of Health guidelines for the use of experimental animals 
and approved by the Animal Ethics Committee of Southwest 
Medical University.

All WT and  RBM3−/− C57BL/6 mice were randomly 
divided into six groups: Control WT group, LPS WT group, 
LPS + MCC950 WT group, Control  RBM3−/− group, LPS 
 RBM3−/− group, and LPS + MCC950  RBM3−/− group. In 

Table 1  Characteristics of patients/healthy volunteers

Characteristics Healthy volun-
teers (n = 14)

Sepsis patients (n = 16)

Males, n (%) 8 (57.14) 11 (68.75)
Age, years 58.00 ± 10.13 61.37 ± 10.30
Site of infection, n (%)
 Lung – 3 (18.75)
 Abdomen – 10 (62.50)
 Urinary tract – 2 (12.50)
 Other – 1 (6.25)

Comorbidities n (%)
 Hypertension 3 (21.43) 5 (31.25)
 Diabetes 2 (14.29) 3 (18.75)
 Cardiovascular 2 (14.29) 1 (6.25)

Ventilatory support, n (%) – 8 (50.00)
RBM3 (ng/ml) 330.35 ± 75.83 554.41 ± 130.18
APACHE II score – 23.50 ± 6.98
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short, the mice in the LPS group were injected intraperi-
toneally with LPS (10 mg/kg weight) dissolved in normal 
saline to establish an in vivo model of sepsis, whereas all 
mice in the control group were intraperitoneally injected 
with the same amount of normal saline. The survival rate 
of some mice was calculated within seven days after the 
model was established, and the other mice were sacrificed 
24 h after the model was established. We collected samples 
of eyeball blood, lung tissue, and bronchoalveolar lavage 
fluid from the mice for subsequent experiments. In addi-
tion, we established an LPS + MCC950 model based on the 
LPS-induced sepsis model. MCC950 dissolved in saline 
(50 mg/kg weight) was intraperitoneally injected as a spe-
cific NLRP3 inhibitor 30 min before LPS injection.

Bronchoalveolar lavage fluid (BALF) collection

After the mouse was anaesthetized, a needle was inserted 
into the exposed trachea and fixed with a 4–0 silk ligation. 
Then, threefold lavage was performed with 1 mL of pre-
cooled sterile normal saline. The collected bronchoalveolar 
lavage fluid (BALF) was centrifuged at 400×g for 10 min 
at 4 °C.

Histological score of lung injury

Lung tissue specimens were collected 24 h post-LPS treat-
ment, fixed with 4% paraformaldehyde for 24 h, embedded 
in paraffin, sliced into 4-μm microsections, and hematoxy-
lin–eosin-stained. Lung injury was then assessed blindly 
under a light microscope (× 200 times), and each histo-
logical feature was scored based on the sum of the scores 
of the degree of injury (such as the number of infiltrating 
cells, alveolar wall thickening, hemorrhage, and interstitial 
edema). The range was from 0 (normal) to 4 (maximum).

Lung wet/dry weight ratio

Furthermore, we weighed the dissected fresh lung sample 
to obtain the wet weight. The lungs were then placed in an 
incubator at 65 °C to dry. Twenty-four hours later, they were 
removed, and the dry weight was measured, followed by cal-
culations of the wet/dry lung weight ratio, which indicated 
the degree of pulmonary edema.

ELISA

The collected human and mouse whole-blood samples 
were centrifuged at 4 °C for 15 min, and the separated 
serum was collected. A Human RBM3 ELISA Kit (Andy 
Gene Biotechnology Co., Ltd, Beijing, China) was used 
to detect the RBM3 content in human serum. The alanine 
aminotransferase (ALT) and procalcitonin (PCT) levels 

in the mouse serum were determined with mouse-specific 
ELISA reagents (Meimian, Jiangsu, China). In addition, 
we also measured the IL-1β, IL-6, and TNF-α levels in 
lung tissues and BALF with an enzyme-linked immuno-
sorbent assay kit, following the manufacturer's instructions 
(Meimian, Jiangsu, China).

qRT‒PCR analysis

Total RNA was extracted from the lung tissues using an 
RNA simple total RNA kit (Tiangen, Beijing, China) 
following the standard protocol. This isolated RNA was 
reverse-transcribed into cDNA using ReverTra Ace qPCR 
RT Master Mix (Toyobo, Japan) according to the manu-
facturer's protocol. Then, the cDNA was amplified using 
SuperReal PreMix Plus (SYBR Green) (Tiangen, Beijing, 
China) on a real-time PCR system (Roche). The relative 
gene expression of RBM3 mRNA was analyzed using the 
 2−∆∆CT method, with β-actin employed as the internal ref-
erence gene. The following primer sequences were used: 
RBM3, forwards, 5′-AGG GCT GAG TTT TGA CAC CAA-
3′, and reverse, 5′-ACA AAC CCA AAT CCC CGA GAT-3′; 
β-actin forwards, 5′-TTT GCA GCT CCT TCG TTG C-3′, and 
reverse, 5′-TCG TCA TCC ATG GCG AAC T-3′.

Western blotting

RIPA lysis buffer (50 mM Tris–HCl pH 7.5, 1% NP-40, 
0.5 mM ethylenediaminetetraacetic acid [EDTA], 0.1% 
SDS, 150 mM NaCl, 0.5% sodium deoxycholate) contain-
ing PMSF and protein phosphatase inhibitors was used to 
extract proteins from lung tissues, and then a BCA protein 
assay (Beyotime, China) was used to determine the pro-
tein concentration of the supernatant. The protein samples 
were separated on SDS‒PAGE gels and then transferred 
to NC membranes (PALL, USA). After blocking with 5% 
skimmed milk in TBST at room temperature for 2 h, the 
membrane was incubated overnight at 4 °C with primary 
antibodies against RBM3 (1: 500), Bax (1: 5000), Bcl-2 
(1: 1000) (Proteintech, China), caspase-1 (1: 500), cas-
pase-3 (1: 500), phospho-NF-κB p65 (Ser536, 1: 200), 
NF-κB p65 (1: 500), IκBα (1: 500) (Santa Cruz Biotech-
nology, CA, USA), phospho-IκBα (1: 1000), IL-1β (1: 
1000) (Affinity, Biosciences, China), NLRP3 (1: 500) and 
β-actin (1: 5000) (Beyotime, China). Appropriate second-
ary antibodies in TBST buffer with 5% skim milk were 
used to incubate the membranes at room temperature for 
1 h, and then immunoblotting bands were detected via 
BeyoECL Star chemiluminescent substrate (Beyotime, 
China). Finally, protein bands were analyzed with ImageJ 
software (version 1.31, USA).



734 F. Long et al.

1 3

Determination of MDA content and SOD activity

Following the kit instructions (Nanjing Jiancheng Biotech-
nology Research Institute, Nanjing, China), the content of 
malondialdehyde (MDA) and the activity of superoxide dis-
mutase (SOD) in lung tissue homogenate supernatants were 
determined.

TUNEL staining

A terminal deoxynucleotidyl transferase-mediated dUDP-
biotin nick-end labeling (TUNEL) method with a com-
mercial kit manufactured by Roche (Roche, Indianapolis, 
IN, USA) was used to detect lung cell apoptosis. We cal-
culated the total number of cells and the number of posi-
tive cells in each microscopic field (×400). Apoptosis 
index = 100 × TUNEL-positive cells/total cells%.

Immunofluorescence

The sections used for immunofluorescence staining were 
obtained from paraffin-embedded tissues. Lung tissue was 
immersed, embedded, sectioned, deparaffinized, and rehy-
drated. After antigen retrieval and goat serum blockade at 
room temperature for 15 min, the sections were incubated 
with anti-NLRP3 antibody (1:100; Beyotime, China) at 
4 °C overnight. Next, FITC-labeled goat anti-mouse IgG 
secondary antibody (1:100; Beyotime; green fluorescence) 
was added, and the samples were incubated at room tem-
perature for 90 min. The nucleus was stained with DAPI 
(4′,6-diamidino-2-phenylindole) for cellular localization. 
Finally, we observed NLRP3 localization under a fluores-
cence microscope (×200 magnification).

Statistical analysis

All data were expressed as the mean ± standard deviation 
(SD) and analyzed by t test or one-way ANOVA, followed 
by Tukey's multiple comparison test. Survival curves were 
measured by the Mantel–Cox test. Correlation analysis was 
performed using Spearman's correlation test. A value of 
P < 0.05 was considered to indicate statistically significant 
differences. All statistical analyses were performed using 
GraphPad Prism 8.0 and SPSS 17.0 software.

Results

RBM3 expression was increased in the lung tissues 
of septic mice and in the blood of septic patients

Currently, the role of RBM3 in sepsis is unclear. We estab-
lished a sepsis model by intraperitoneal injection of LPS 

and conducted comparisons with the control group to detect 
the changes in the expression of RBM3 in the lung tissue. 
The results showed that RBM3 protein content and mRNA 
expression in the lung tissue of the LPS group was signifi-
cantly higher than that of the control group (Fig. 1A and B).

Elevated plasma concentrations of CIRP, which is also 
a cold-shock protein, were detected in patients with sepsis 
and were significantly associated with a poor prognosis [15]. 
Similarly, in our clinical observational study, we found that 
the expression of RBM3 in the serum of sepsis patients was 
higher than that in the serum of nonsepsis patients (Fig. 1C). 
In addition, the analysis of the relationship between the 
APACHE II score and the expression of RBM3 in patients 
with sepsis established that the expression of RBM3 was 
positively correlated with sepsis severity (Fig. 1D).

RBM3 knockout increased sepsis severity

An earlier study revealed that CIRP increased the severity 
and mortality of sepsis [17]. However, in our experiments, 
RBM3 acted differently from CIRP in sepsis. To determine 
the effect of RBM3 on sepsis severity, we injected LPS into 
the abdominal cavity of WT and RBM3 KO mice and calcu-
lated the 7-day survival rate of the mice after the induction 
of ALI. Next, we observed 12- and 24-h body temperature 
changes and measured the serum levels of procalcitonin 
(PCT) and alanine transaminase (ALT). These two markers 
are used to evaluate the degree of systemic inflammation 
and damage in sepsis [18, 19]. In clinical practice, PCT is 
a biomarker of bacterial infection, and ALT is a marker of 
liver damage. We found that all WT and KO mice in the 
control group survived for 7 days. The 7-day survival rate 
of the WT mice was significantly higher than that of the KO 
mice after the completion of LPS-induced ALI (Fig. 2A). 
We also established that the body temperature of the septic 
RBM3 KO mice was lower than that of the septic WT mice 
at 12 and 24 h postoperatively (Fig. 2B). In addition, 24 h 
post-LPS treatment, the serum PCT and ALT levels of the 
septic WT mice were higher than those of the control mice, 
and the serum PCT and ALT levels of the septic RBM3 KO 
mice were higher than those of the WT mice. The serum 
PCT and ALT levels in the two control groups of RBM3 KO 
and WT mice were similar (Fig. 2C and D). These results 
indicate that RBM3 deficiency can aggravate the systemic 
inflammatory response and damage caused by sepsis.

RBM3 knockout aggravated sepsis‑induced ALI

Twenty-four hours after the intraperitoneal injection of LPS, 
mouse lung tissue was subjected to HE staining for the detec-
tion of histomorphological changes. The results showed that 
acute lung injury occurred in the lung tissue of mice, which 
was more serious in the RBM3 KO mice in the LPS group, 
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Fig. 1  The expression of RBM3 
in the lung tissues of the LPS-
induced sepsis model of mice 
and the blood of patients with 
sepsis. After 24 h of LPS treat-
ment of mice, western blotting 
(A) and RT‒qPCR (B) were 
used to detect the expression of 
RBM3 in lung tissue, n = 5–6 
per group. ELISA (C) was 
used to detect the serum RBM3 
content of patients with sepsis, 
and the correlation between 
the serum RBM3 content of 
patients with sepsis and Acute 
Physiologic and Chronic 
Health Evaluation II scores was 
evaluated (D). *P < 0.05 vs the 
control group

Fig. 2  RBM3 gene knockout 
reduced the survival rate and 
aggravated systemic inflam-
matory damage in septic 
mice. (A) Seven-day survival 
curves of RBM3 KO and WT 
mice treated with LPS. n = 20 
per group, *P < 0.05 vs the 
control WT group, #P < 0.05 
vs the LPS WT group. (B) 
The rectal temperature of mice 
was measured at 12 h and 24 h 
after LPS treatment. n = 6 per 
group. #P < 0.05 vs the LPS WT 
group. (C) and (D). The levels 
of PCT and ALT in serum were 
detected by ELISA. n = 5–6 per 
group. *P < 0.05 vs the control 
WT group, #P < 0.05 vs the LPS 
WT group
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with more obvious inflammatory cell infiltration, interstitial 
edema, and alveolar and interstitial hemorrhage (Fig. 3A and 
B). The assessment of pulmonary edema changes revealed 
that LPS significantly increased the lung wet weight/dry 
weight ratio, but no significant difference in the lung wet 
weight/dry weight ratio between the WT and RBM3 KO 
mice was observed (Fig. 3C). The total protein concentra-
tion in BALF is an indicator of capillary permeability. We 
established that the protein concentration in BALF of the 
WT mice in the LPS group was significantly higher than 
that in the control group, whereas the loss of RBM3 led to a 
further increase in the protein concentration in BALF in the 
RBM3 KO mice (Fig. 3D). Meanwhile, an enzyme-linked 
immunosorbent assay was used to determine the expression 
levels of the inflammatory factors TNF-α, IL-6, and IL-1β 
in BALF and lung tissues in each of the groups. The levels 
of the inflammatory factors TNF-α, IL-6, and IL-1β in the 
lung tissues of the mice in the LPS group were significantly 
higher than those in the control group. The levels of the 
inflammatory factors in the lung tissue of the RBM3 KO 
mice were even more increased compared to those of the WT 
mice. These results indicate that RBM3 is related to acute 
lung injury, and the absence of RBM3 can aggravate acute 
lung injury caused by sepsis in mice (Fig. 3E–J).

RBM3 alleviated apoptosis and oxidative stress 
in ALI

Apoptosis is an important pathological process in acute lung 
injury [20], and previous studies have shown that RBM3 
alleviates apoptosis [7, 21]. Therefore, to determine whether 
RBM3 is involved in apoptosis during acute lung injury, 
we used Western blotting to detect the levels of apoptosis-
related proteins in the lung tissues of the mice in each group. 
The expression levels of Bax and caspase-3 in the lung tis-
sues of the RBM3 KO mice in the LPS group were higher 
than those in the WT mice, but the expression of Bcl-2 was 
lower (Fig. 4A). In addition, TUNEL staining showed that 

the apoptotic cell number in the RBM3 KO mice was higher 
than that in the WT mice 24 h post-LPS treatment (Fig. 4B 
and C).

In addition, the activation of oxidative stress-responsive 
signaling pathways also occurs during sepsis, inducing organ 
and tissue damage. MDA is the main product of the lipid 
peroxidation reaction of oxygen free radicals, and SOD is 
the main oxygen free radical scavenger of the body. The 
level of the two can indirectly reflect the degree of lipid 
peroxidation. Our study found that LPS treatment increased 
the level of MDA and reduced the activity of SOD compared 
with the control group; LPS-treated RBM3 KO mice had 
higher MDA levels but lower SOD activity than WT mice 
(Fig. 4D and E).

RBM3 knockout increased NLRP3 expression 
and activated the NF‑κB pathway in LPS‑treated 
mice

NF-κB is known to be a key transcription factor in inflam-
matory responses [22] that can induce NLRP3 and IL-1β 
transcription, playing an important role in inflammatory 
responses. Therefore, we first investigated whether RBM3 
could alter postmodelling NF-κB phosphorylation. In this 
study, the expression of P-IκBα and P-NF-κB in the lung 
tissues of mice was significantly increased by LPS treatment. 
The expression of p-IκBα and p-NF-κB in the lung tissues of 
RBM3 KO mice was further increased compared with that 
of WT mice (Fig. 5A). In addition, we detected the expres-
sion of NLRP3 pathway-related proteins in lung tissues. LPS 
treatment significantly increased NLRP3, caspase-1, and 
IL-1β levels. NLRP3, caspase-1, and IL-1β expression lev-
els in the lung tissues of RBM3 KO mice were higher than 
those of the WT mice (Fig. 5B). Similarly, immunostaining 
showed more NLRP3-positive cells in the lung tissues of the 
RBM3 KO mice (Fig. 5C). These results suggest that RBM3 
deficiency may further promote LPS-induced activation of 
the NF-κB/NLRP3 signaling pathway.

RBM3 deficiency aggravated LPS‑induced ALI via 
the NLRP3 inflammasome pathway

To verify whether the effect of RBM3 on LPS-induced ALI 
depends on the activation of the NLRP3 inflammasome, mice 
were intraperitoneally injected with the NLRP3 inhibitor 
MCC950 30 min before LPS administration. Similar to previ-
ous results, LPS treatment increased NLRP3 activation and the 
maturation of caspase-1 and IL-1β. Meanwhile, it also aggra-
vated lung tissue damage and elevated the expression of lung 
inflammatory factors in the WT and RBM3 KO mice. RBM3 
deficiency resulted in higher expression of NLRP3, caspase-1, 
and IL-1β and lung tissue damage. However, in LPS-treated 
WT and RBM3 KO mice, MCC950 effectively reduced 

Fig. 3  RBM3 deficiency leads to more severe acute lung injury 
(ALI). A and B Evaluation of lung injury in WT and KO mice by 
HE staining, representative images of lung tissue sections and corre-
sponding lung injury score histograms. n = 6–7 per group. *P < 0.05 
vs the control WT group, #P < 0.05 vs the LPS WT group. Scale bars, 
100 µm. C Lung wet/dry weight ratio. n = 5 per group. *P < 0.05 vs 
the control WT group. No significant difference was found between 
lungs from the LPS WT group and LPS KO group. D The protein 
concentration in BALF was determined by the BCA method. n = 8 
per group. *P < 0.05 vs the control WT group, #P < 0.05 vs the LPS 
WT group. E–G The expression of the cytokines IL-1β, TNF-α and 
IL-6 in BALF was detected by ELISA. n = 4–5 per group. *P < 0.05 
vs the control WT group, #P < 0.05 vs the LPS WT group. H–J The 
expression of the cytokines IL-1β, TNF-α and IL-6 in lung tissues 
was detected by ELISA. n = 5–10 per group. *P < 0.05 vs the control 
WT group, #P < 0.05 vs the LPS WT group

◂
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Fig. 4  RBM3 deficiency aggravated apoptosis and oxidative stress in 
lung tissue. A Representative western blot bands of Bax, caspase-3, 
Bcl-2 and β-actin in lung tissues of WT mice and RBM3 KO mice 
after LPS or saline treatment and the corresponding histogram of 
changes in Bax, caspase-3 and Bcl-2. n = 5 per group. *P < 0.05 vs 
the control WT group, #P < 0.05 vs the LPS WT group. B and C 
TUNEL staining detected lung cell apoptosis in WT and KO mice. 

Representative staining of TUNEL and DAPI in the lung. The ratio 
of TUNEL-positive/DAPI-positive cells represents the corresponding 
TUNEL staining histogram. n = 5 per group. *P < 0.05 vs the control 
WT group, #P < 0.05 vs the LPS WT group. Scale bars, 20 µm. D and 
F Comparison of the levels of MDA and SOD activity in lung tissues. 
n = 5 per group. *P < 0.05 vs the control WT group, #P < 0.05 vs the 
LPS WT group
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NLRP3, caspase-1, and IL-1β expression in mouse lung tis-
sue (Fig. 6A). In addition, MCC950 lowered the LPS-induced 
acute lung injury scores (Fig. 6B and C) and the expression of 
the inflammatory factors TNF-α, IL-6, and IL-1β in the lung 
tissues and BALF (Fig. 6D–I).

Discussion

RBM3 and CIRP are cold-shock proteins located in the 
nucleus [6], and they also shuttle between the nucleus and 

Fig. 5  RBM3 deficiency increases activation of the NLRP3 and 
NF-κB pathways. A Representative western blot bands of NLRP3, 
caspase-1, IL-1β and β-actin in lung tissues of WT mice and RBM3 
KO mice after LPS treatment and the corresponding histogram of 
changes in NLRP3, caspase-1 and IL-1β. n = 5 per group. *P < 0.05 
vs the control WT group, #P < 0.05 vs the LPS WT group. B Repre-
sentative western blot bands of NF-κB p-p65, NF-κB p65, p-IκB-α, 

IκB-α and β-actin in lung tissues of WT mice and RBM3 KO mice 
after LPS treatment and corresponding histogram of changes in 
NF-κB p-p65, NF-κB p65, p-IκB-α and IκB-α. n = 5 per group. 
*P < 0.05 vs the control WT group, #P < 0.05 vs the LPS WT group. 
C Detection of the expression of NLRP3 in lung tissue by immuno-
fluorescence. Representative staining of DAPI and NLRP3 in lung 
tissue. Scale bars, 50 µm
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cytoplasm and even to the outside of the cell to play their 
physiological roles. Despite the large number of their simi-
larities, particularly regarding their sequence homology, 
expression, and inducibility, their biological functions are 

different. For example, although the expression of the two 
proteins is upregulated in cancer tissues, RBM3 has been 
consistently used as a biomarker for better cancer prog-
nosis, whereas CIRP indicates the opposite tendency [6]. 
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Similarly, extracellular CIRP can act as a proinflammatory 
mediator to increase disease severity and mortality in sep-
sis and septic shock [15]. In our study, we found that the 
absence of RBM3 could aggravate the severity of sepsis, 
suggesting that RBM3 may play a protective role against 
sepsis, in contrast to the activity of CIRP.

Our findings provide novel insights into the effect of 
RBM3 on sepsis-induced acute lung injury. In our previous 
studies, the overexpression of RBM3 was found to inhibit 
the apoptosis of LPS-treated human pulmonary microvas-
cular endothelial cells, but at the same time, it reduced the 
ZO-1 level by stabilizing MMP9 mRNA and destroying cell 
tight junctions [7]. Therefore, the specific effect of RBM3 
on ALI has remained unclear. In this study, we treated WT 
and RBM3 KO mice with LPS to establish an in vivo sepsis 
model. Our results further confirmed that RBM3 deficiency 
can increase sepsis severity, lung inflammation, apoptosis, 
and oxidative damage. Moreover, we provide additional 
evidence for the protective effect of RBM3 against sepsis. 
Interestingly, RBM3 deficiency can increase the formation 
of NLRP3 inflammatory bodies and activate the NF-κB 
pathway to significantly aggravate LPS-induced sepsis-
associated acute lung injury.

RBM3 is upregulated in response to cold stimulation, 
hypoxia [6, 23], and other stress factors, but the role of 
RBM3 in inflammation-related diseases has rarely been 
reported. Our previous study found that LPS stimulation 
increased the expression of RBM3 and its transfer from 
the nucleus to the cytoplasm. An elevated RBM3 level was 
found in the lung tissue of septic mice and in the blood 
of septic patients, which is consistent with our previous 
study. Rosenthal et al. [24] detected RBM3 expression in 
human serum samples for the first time and found that it 
was elevated in the blood samples of patients undergoing 
cardiopulmonary bypass. Similarly, in this study, RBM3 

expression increased in the blood of sepsis patients. A posi-
tive correlation between the level of RBM3 expression and 
the severity of sepsis was observed, which may suggest that 
RBM3 is translocated from the nucleus to the cytoplasm and 
released into the extracellular space under the stress state 
of systemic inflammation, participating in the pathological 
process of sepsis. Therefore, RBM3 may be used as a new 
biomarker to reflect sepsis severity, but subsequent clinical 
studies with more samples should be performed to confirm 
this hypothesis. Clinically, patients with sepsis often have 
high fever because of virulent pathogens or inflammatory 
responses. In some cases, sepsis caused by Gram-negative 
bacilli is characterized by hypothermia, low leukocyte 
count, and hypotension, followed by a severe septic shock 
reaction [25]. LPS is a component of the cell membrane of 
Gram-negative bacilli. Although hypothermia in mice can 
also lead to RBM3 upregulation after the establishment of a 
mouse sepsis model, most of the cases we investigated did 
not show obvious hypothermia, indicating that the increase 
in the RBM3 level depends not only on hypothermia but also 
on the cellular stress response caused by systemic inflam-
mation, which may also promote the expression of RBM3.

The pathogenesis of ALI caused by sepsis involves a mul-
tifactorial network of processes and elements, including the 
expression of inflammatory cytokines, apoptosis, oxidative 
damage, and mitochondrial apoptosis [26]. This is the first 
study of sepsis-associated acute lung injury in mice lacking 
RBM3. After establishing a sepsis model in mice treated 
with LPS, we found that RBM3 deficiency increased sepsis 
severity in RBM3 KO mice more significantly than in WT 
mice, which was evaluated by their mortality and serum PCT 
and ALT levels. PCT is a biomarker of bacterial infection, 
ALT is a marker of liver damage, and they reflect the sys-
temic inflammatory response and important organ damage 
in sepsis [18, 19]. In addition, we also found that RBM3 
affected the typical lung histological features of sepsis-asso-
ciated ALI, namely, septal thickening, hyaline membrane, 
protein exudate, microthrombosis, and neutrophil infiltration 
[27]. The loss of RBM3 exacerbated lung tissue injury and 
increased the levels of the proinflammatory factors IL-1β, 
IL-6, and TNF-α in the lung tissue and BALF. This dis-
covery opens up a new field for RBM3 application in acute 
inflammation-related diseases.

Pulmonary endothelial cell apoptosis is the main cause 
of increased vascular permeability in sepsis-associated ALI, 
leading to edema, thrombosis, and neutrophil migration [20, 
28]. RBM3 has been confirmed to have a good anti-apoptotic 
effect in neuronal, cancer, and muscle cells [21, 29, 30]. 
RBM3 inhibits PERK phosphorylation by coordinating with 
nf90 and protects cells from endoplasmic reticulum stress 
[31]. Notably, RBM3 can also exert its cytoprotective func-
tion through the p38 and JNK pathways [32]. Interestingly, 
we obtained similar results in the model of sepsis-associated 

Fig. 6  RBM3 affects LPS-induced sepsis-associated ALI through the 
NLRP3 pathway. WT mice and RBM3 KO mice were injected with 
MCC950 (50 mg/kg) into the abdominal cavity before LPS treatment, 
and lung tissue and BALF were collected 24 h later. A Representa-
tive western blot bands of NLRP3, caspase-1, IL-1β and β-actin in 
lung tissues of WT mice and RBM3 KO mice and the correspond-
ing histogram of changes in NLRP3, caspase-1 and IL-1β. n = 5 per 
group. *P < 0.05 vs the LPS WT group, #P < 0.05 vs the LPS KO 
group. &P < 0.05 vs the LPS + MCC950 WT group. B and C Rep-
resentative images of HE-stained sections of lung tissue and corre-
sponding lung injury score histograms. n = 5 per group. *P < 0.05 vs 
the LPS WT group, #P < 0.05 vs the LPS KO group. &P < 0.05 vs the 
LPS + MCC950 WT group. Scale bars, 50 µm. D–F. The expression 
of the cytokines IL-1β, TNF-α and IL-6 in BALF was detected by 
ELISA. n = 5 per group. *P < 0.05 vs the LPS WT group, #P < 0.05 
vs the LPS KO group. &P < 0.05 vs the LPS + MCC950 WT group. 
G–I The expression of the cytokines IL-1β, TNF-α and IL-6 in lung 
tissues was detected by ELISA. n = 5 per group. *P < 0.05 vs the 
LPS WT group, #P < 0.05 vs the LPS KO group. &P < 0.05 vs the 
LPS + MCC950 WT group

◂
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ALI. RBM3 KO mice had more TUNEL-positive cells and 
higher expression of the proapoptotic proteins Bax and cas-
pase-3 but lower expression of the anti-apoptotic protein 
bcl-2. These findings suggest that RBM3 contributes to the 
protection of ALI mice from apoptosis. In addition, oxida-
tive stress is an important mechanism of sepsis-associated 
ALI. The imbalance between high-level oxygen free radicals 
and insufficient antioxidants is the main cause of cell dam-
age caused by the accumulation of a large number of proin-
flammatory cytokines [33]. Therefore, we also detected the 
levels of MDA and SOD to assess the effect of RBM3 on 
oxidative stress in ALI. The results showed that the RBM3 
KO mice had more severe oxidative stress damage than the 
wild-type mice.

Inflammation is one of the main pathophysiological pro-
cesses in sepsis. NLRP3 can be activated by various stimuli 
and molecular and cellular events, including LPS, and subse-
quently promotes the maturation and secretion of proinflam-
matory cytokines and initiates pyroptosis [34, 35]. It is well 
known that NLRP3 inflammasome-mediated IL-1β produc-
tion requires activation of the NF-κB pathway [36]. Many 
microbial components or cytokines can activate NF-κB and 
subsequently upregulate NLRP3 and IL-1β [35]. In sepsis 
induced by Gram-negative bacilli, LPS promotes the activa-
tion of NF-κB, which leads to the production of inflammatory 
mediators [37]. P65 is a subunit of an NF-kB heterodimer that 
is translated into the nucleus, where it induces the transcription 
of NLRP3 and IL-1β [38]. Previous studies have found that 
upregulating the activity of NF-κB can increase the expres-
sion of RBM3, thereby exerting a cytoprotective effect [7, 
39]. These results suggest that NF-κB signaling is a regula-
tor of RBM3 expression. Our study revealed that RBM3 gene 

deficiency significantly upregulated the expression of phos-
phorylated NF-κB induced by LPS, indicating that there may 
be a feedback regulatory pathway between RBM3 and NF-κB. 
In addition, the NLRP3, caspase1, and IL-1β levels in the lung 
tissues in the RBM3 KO mice were also more significantly 
increased by LPS treatment than those in the WT mice. Sub-
sequently, we further treated mice with MCC950, which is 
a specific inhibitor of NLRP3 [40]. The results showed that 
the NLRP3 inflammasome pathway-related protein in mice 
was inhibited and the damage to the lung tissue was reduced. 
Meanwhile, the aggravation of lung tissue injury caused by 
RBM3 deletion was also reversed by MCC950. The aforemen-
tioned results suggest that RBM3 may affect LPS-induced ALI 
through the NF-κB and NLRP3 pathways. RBM3 knockout 
further promotes LPS-induced transcription factor NF-κB acti-
vation, increases the transcription of various proinflammatory 
factors, and upregulates NLRP3, promoting IL-1β production. 
However, this pathway does not seem to affect pro-caspase1 
expression [41]. Therefore, RBM3 may also regulate the acti-
vation of NLRP3 inflammation by regulating transcription and 
translation processes and even the transfer from the nucleus to 
the cytoplasm, which may be related to the posttranslational 
modification of RNA-binding proteins. However, the specific 
molecular mechanisms involved need to be further studied in 
our future work.

Conclusion

In summary, as shown in Fig. 7, the findings of this study 
confirmed for the first time that RBM3 deficiency can aggra-
vate the inflammatory response, apoptosis, and oxidative 

Fig. 7  The effect of RBM3 gene knockout on LPS-induced sepsis-associated ALI. RBM3 knockout can activate the NF-κB/NLRP3 signaling 
pathway in LPS-induced acute lung injury in mice, thereby aggravating the inflammatory response in ALI
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stress in LPS-induced sepsis-associated ALI, which may be 
achieved through the activation of the NF-κB and NLRP3 
signaling pathways. Interestingly, the expression level of 
RBM3 was higher in patients with sepsis and was positively 
correlated with sepsis severity. This is an important finding, 
indicating that RBM3 may be used as a novel biomarker for 
judging the severity of sepsis and can serve as a potential 
target for the treatment of sepsis-associated ALI.
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