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Abstract: Objective: To investigate the mechanism of Tocilizumab (TCZ) in attenuating acute lung injury in rats with 
sepsis by regulating the S100A12/NLRP3 axis. Methods: A rat model of sepsis was constructed using cecal liga-
tion and puncture (CLP). Rats were treated with TCZ, and their lung tissue was collected. H&E staining was used to 
detect pathologic damage to lung tissue, and lung wet/dry (W/D) weight ratio was measured to assess pulmonary 
edema. Lipid oxidation assay and superoxide dismutase (SOD) activity assay kits were used to measure malondial-
dehyde (MDA) and SOD levels. Primary rat pulmonary microvascular endothelial cells (MPVECs) were treated with 
lipopolysaccharide (LPS) to construct a rat model of sepsis, which was then treated with TCZ. The mRNA and protein 
expressions of S100A12/NLRP3 were detected by qRT-PCR and western blot, respectively. S100A12 knockdown 
and overexpression plasmids, and NLRP3 knockdown plasmids were constructed and transfected into sepsis cells 
to intervene in the levels of S100A12/NLRP3. The apoptosis rate was detected by apoptosis assay. The levels of 
IL-6, TNF-α, and IL-10 in cells and tissues were analyzed by ELISA. Results: Compared to the Sham group, the CLP 
group had increased W/D weight ratio of lung tissue, IL-6, TNF-α, and MDA levels, lowered IL-10 and SOD levels, and 
more severe tissue damage (all P<0.05). After TCZ treatment, the above indicators were improved. The expressions 
of S100A12/NLRP3 cells were increased in LPS-induced MPVECs, but decreased after TCZ treatment. LPS induced 
apoptosis, but TCZ reduced the apoptosis, weakened the secretion levels of IL-6 and TNF-α, and enhanced IL-10 
secretion levels. Transfection to cause the overexpression of S100A12 or NLRP3 plasmid partially counteracted the 
effect of TCZ. Knockdown of S100A12 was transfected on the basis of overexpression of NLRP3, which weakened 
the countervailing effect of overexpressed NLRP3 on TCZ. Conclusion: TCZ has a therapeutic effect on lung injury in 
rats with sepsis by reducing the expressions of S100A12/NLRP3.
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Introduction

Sepsis is the body’s imbalance immune regula-
tion to an infection caused by bacteria, fungi, or 
parasites, which can induce a systemic inflam-
matory response. The development of sepsis 
will further lead to circulatory disorders and 
multi-organ dysfunction, and sepsis has a high 
mortality [1, 2]. Sepsis often occurs in severely 
ill patients, more susceptible to infection, such 
as those suffering from burns and receiving 
surgical procedures, and patients with aplastic 
anemia and chronic obstructive bronchitis. 
With acute onset and rapid development, sep-
sis quickly leads to tissue damage, organ fail-
ure, and death [3]. Lung tissue is extremely 
fragile, and sepsis often causes acute lung 

injury. At present, anti-infective therapy and 
immunomodulatory therapy are used for the 
clinical treatment of sepsis, but persistent 
immunoparalysis in some critically ill patients 
can cause the primary infection to be difficult to 
clear, with an unsatisfactory result [4]. There- 
fore, it is of great significance to explore new 
effective targeting molecular mechanisms for 
critically ill patients. The causes of acute lung 
injury in sepsis are numerous and complex. 
Currently, there are many studies on the mech-
anism of vascular endothelial injury and alveo-
lar epithelial injury, but the exact mechanism 
still needs further proof [5]. Xie et al. believe 
that the pathologic process of acute lung injury 
in sepsis is complex, including microcirculatory 
disorders, endothelial dysfunction, and inflam-
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matory response, and the inflammatory res- 
ponse is the most important trigger [6]. At pres-
ent, it is known that inflammatory response and 
oxidative stress run through the whole process 
of acute lung injury and jointly promote the for-
mation of lung injury. Dogwood acrylic ether ter-
pene glycosides are active ingredients in dog-
wood with anti-inflammatory effects, which 
improve the symptoms of acute lung injury in 
rats by inhibiting the inflammatory response 
and oxidative stress [7]. N-acetylcysteine also 
protects sepsis rats from lung injury by regulat-
ing inflammatory factors and oxidative stress 
responses in their plasma [8]. There are several 
similar drugs, such as isoflavones, natural iso-
flavones, and mullein isoflavones [9, 10].

Tocilizumab (TCZ) is an IL-6 receptor inhibitor 
with anti-inflammatory effects. TCZ may be 
selected when treatment of rheumatoid arthri-
tis with one or more TNF antagonists is not sat-
isfactory [11]. In the study of Giorgio et al., it 
was concluded that TCZ was effective in treat-
ing pneumonia [12]. The use of the IL-6 recep-
tor antagonist TCZ in the treatment of severe 
sepsis caused by severe gastrointestinal infec-
tion has also been investigated [13]. Although 
TCZ is known to treat acute lung injury in sep-
sis, the specific mechanism remains unclear. 
Only one study has found that TCZ may reduce 
acute lung and kidney injury in rat models of 
sepsis by downregulating NF-κB/JNK [14].

S-100 calcium binding protein A12 (S100A12) 
plays a great role in a variety of inflammatory 
diseases. For instance, S100A12 levels can 
assess the prevalence of primary knee osteo-
arthritis [15].

S100A12 is significantly enhanced in active 
Sjogren’s syndrome, and the serum S100A12 
level in patients receiving TCZ is lower than that 
in patients who did not receive TCZ [16]. 
Nishimoto Net al. pointed out that TCZ improved 
the expression of S100A12 in rheumatoid 
arthritis [17]. The above studies have revealed 
that S100A12 is dysregulated in immune-relat-
ed diseases, and TCZ regulates the expression 
of S100A12, but whether TCZ affects S100A12 
in sepsis or not needs further research.

Karam et al. pointed out that inflammatory 
mediator S100A12 could activate NOD-like 
receptor thermal protein domain associated 
protein 3 (NLRP3) to promote the secretion of 
mucin MUC5AC in airway epithelial cells, indi-

cating S100A12/NLRP3 may be one of the 
regulatory axes for intervention in asthma and 
chronic obstructive pulmonary disease [18]. It 
has been confirmed that S100A12 is able to 
induce apoptosis caused by sepsis by activat-
ing the NLRP3 pathway [19]. Therefore, we con-
ducted this study to investigate whether TZB 
influences the progression of sepsis by the 
S100A12/NLRP3 axis.

Materials and methods

Ethical statement

The local laboratory animal ethics committee 
has approved this animal experiment. The ani-
mal experiments were performed in strict 
adherence with the standards of the Guidelines 
for the Care and Use of Laboratory Animals.

Bioinformatics analysis

Peripheral blood datasets were retrieved from 
the Gene Expression Omnibus (GEO) data- 
base (https://www.ncbi.nlm.nih.gov). “Sepsis” 
was set as a keyword, and GSE13015 and 
GSE28750 datasets were used. The “limma” 
packet in R 3.6.3 was adopted for gene differ-
ential expression analysis. GO and KEGG 
enrichment analysis were carried out in the 
DAVID database (https://david.ncifcrf.gov). The 
String database platform (https://string-db.org) 
was used to analyze protein-protein interac-
tions (PPI).

Cecal ligation and puncture (CLP)

Thirty healthy clean Wistar rats used in the 
experiments were 8-10 weeks of age and 
weighing 200-250 g (Beijing Vital River Labo- 
ratory Animal Technology Co., Ltd., China). They 
were divided into a sham group (n=10), a CLP 
group (n=10), and a CLP + TCZ group (n=10) 
using a random number table method. All rats 
were fed to adapt to a specific sterile environ-
ment with 12 h light/12 h dark, a temperature 
around 24°C and a humidity of 60%-65% for 5 
days. They had free access to sufficient food 
and water. Before surgery, rats were exposed to 
fasting for 12 h. Rats with neat, smooth and 
shiny coats that laid close to the body, and with 
well-proportioned limbs, clean ears, nose and 
mouth, were considered as healthy rats. The 
rats were intraperitoneally injected with 30 
mg/kg pentobarbital sodium, and were fixed on 
the operating table in a supine position for rou-
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tine skin preparation and disinfection. A 2 cm 
incision was made in the center of the rat’s 
abdomen with a scalpel. Sterile toothless for-
ceps were used to free the mesentery and 
cecum. The cecum was ligated circularly using 
sterile No. 3 silk thread at the 1/3 cecum and 
perforated through the blind end with an 
18-gauge needle. After the intestinal contents 
were extruded, the peritoneum and skin were 
interruptedly sutured layer by layer with No. 4 
silk thread. Then, 50 mL/kg of saline was 
immediately injected subcutaneously for anti-
shock. The sham group underwent an opera-
tion using the same method, but without perfo-
ration. 2 h after the surgery, rats in the CLP + 
TCZ group were intraperitoneally injected with  
4 mg/kg TCZ (TM-Toci-00002_6, Shanghai 
TheraMabs Biotechnology Co., Ltd., China) [14]. 
12 h after surgery, rats in the CLP group were 
curled up, and their frequency of drinking, eat-
ing, and activity were decreased, showing diar-
rhea and tiredness with eye discharge. 24 h 
after molding, rats were anesthetized with 5% 
pentobarbital sodium for spinal dislocation, 
and fresh lung tissues were collected by open-
ing the chest.

Pulmonary edema

Pulmonary wet-to-dry weight (W/D) ratio was 
applied to assess pulmonary edema. The water 
and blood on the surface of fresh lung were 
removed. The lung was weighed using an elec-
tronic scale, and then placed in a 60°C oven  
for 72 h until reaching a constant weight and 
then weighed again. The lung W/D ratio was 
calculated.

H&E staining

Lung tissue was fixed with 10% neutral para- 
formaldehyde. After conventional dehydration, 
paraffin embedding, the tissue was sectioned 
with a microtome into 5 μm. The tissue sec-
tions were put into baths of xylene I and II (10 
min for each bath), then hydrated by passing 
through decreasing concentrations of alcohol 
baths (100%, 90%, 80%, 70%, 3 min for each 
bath) and distilled water for 2 min. Thereafter, 
the tissue sections were stained with hematox-
ylin (G1120, Solarbio, China) for 5 min, rinsed 
with distilled water, differentiated with differen-
tiation solution for 3 min and rinsed with run-
ning water twice, 2 min/time. After that, Eosin 
Staining Solution (G1120, Solarbio, China) was 

used to stain for 1 min. The sections were 
rinsed with distilled water for 2 s and dehydrat-
ed rapidly, then placed in increasing concentra-
tions of alcohol I baths (75%, 85%, 95%, 100%, 
3 s for each), and 100% alcohol II for 1 min. The 
slices were put in two xylene baths for clearing, 
1 min/time, sealed with neutral gum and then 
observed under the microscope (× 100).

The extent of lung tissue injury was assessed 
based on the lung injury scoring system re- 
commended by the ATS Pulmonary Function 
Committee, including alveolar edema, alveolar 
congestion and alveolar exudates. The scoring 
system was as follows. 0= no lung injury; 1= 
mild lung injury; 2= moderate lung injury; 3= 
severe lung injury.

Enzyme-linked immunosorbent assay (ELISA)

The levels of the inflammatory factors IL-6 
(SP13755, Wuhan Saipei Biotechnology Co., 
Ltd., China), tumor necrosis factor-α (TNF-α, 
SP13726, Wuhan Saipei Biotechnology Co., 
Ltd., China), and IL-10 (SP13770, Wuhan Saipei 
Biotechnology Co., Ltd., China) were measured. 
The tissue sample was filled with 10% ice-cold 
phosphate-buffered saline, fully homogenized 
using a Polytron homogenizer and centrifuged 
for 10 min, then the supernatant was pipetted 
for detection. The cell sample was centrifuged 
for 10 min to remove polymers and particles 
before testing. The specimens were diluted in a 
ratio of 1:1. The biotin-labeled antibody was 
added to the polystyrene plate, covered with a 
template, shaken, and incubated at 37°C for 1 
h. The solution from each well was removed. 
The wash buffer was added and shaken for 30 
s, and the solution was removed. Affinity chain 
enzyme -HRP was added in each well, shaken, 
and incubated at 37°C for 30 min, and the solu-
tion from each well was removed. The wash 
buffer was added and shaken for 30 s, and the 
solution from each well was removed. The A 
and B substrates were added, shaken, and 
incubated at 37°C in the dark for 10 min. The 
stop buffer was added. The optical density 
value was measured at 450 nm with a micro-
plate reader (ReadMax 1200, Shanghai Flash 
Spectrum Biological Technology, China).

Lipid peroxidation assay

Malondialdehyde (MDA) assay kit (S0131S, 
Beyotime, China) was used for experiments. 



Tocilizumab and acute lung injury in sepsis

102 Am J Transl Res 2023;15(1):99-113

The tissue was lysed on ice by adding lysate at 
a ratio of 1:10 and centrifuged. The superna-
tant was collected to measure MDA level. 
Thiobarbituric acid (TBA) stock solution and 
MDA detection solution were prepared accord-
ing to the requirements of the manual. A blank 
control was set up. The above different concen-
trations of solutions were added to make the 
standard curve, followed by the sample and 
MDA working solution. The solutions were 
mixed, heated and denatured in boiling water, 
cooled at room temperature, and centrifuged  
at a speed of 1,000 g for 10 min. 200 μL of 
supernatant was inoculated in a 96-well culture 
plate, and the absorbance was measured at 
532 nm using the microplate reader.

Superoxide dismutase (SOD) assay

SOD assay kit (S0101S, Beyotime, China) was 
used to measure SOD level. 10 mg of tissue 
and 100 μL of SOD sample preparation were 
mixed, homogenized and centrifuged at a 
speed of 12,000 g at 4°C for 5 min. The super-
natant was collected, and the protein concen-
tration was determined with the BCA Protein 
Assay Kit (P0009, Beyotime, China). The pro-
tein sample was diluted with SOD detection 
buffer. WST-8/enzyme and reaction working flu-
ids were prepared. Sample wells and blank con-
trol wells were set up in a 96-well plate. The 
sample, WST-8/enzyme working solution, SOD 
detection buffer, and reaction working solution 
were added in turn and then mixed. The absor-
bance was measured at 450 nm using the 
microplate reader.

Cell culture and transfection

Primary rat pulmonary microvascular endothe-
lial cells (MPVECs, 184695-80-5, Hongshun 
Biotechnology Co., Ltd., Shanghai) were cul-
tured in a DMEM medium containing 10% FBS 
at 37°C. S100A12 knockdown plasmid (si-
S100A12), S100A12 overexpression plasmid 
(pcDNA-S100A12) and NLRP3 knockdown 
plasmid (si-NLRP3) were constructed. MPVECs 

were transfected using Lipofectamine 3000 
Reagent (L3000075, Thermo Fisher, USA) and 
placed in an incubator for 24 h. MPVECs were 
taken out and stimulated with 100 ng/mL lipo-
polysaccharide (LPS; L8880, Solebold, Beijing) 
for 6 h to construct a cell damage model.

qRT-PCR

RNA from cells and tissue was extracted using 
Trizol reagent, and the expression level was 
analyzed by qRT-qPCR. UV spectrophotometer 
(UV5, Mettler Toledo, Switzerland) was adopted 
to analyze the concentration and quality of RNA 
sample. The first strand cDNA was reverse 
transacted using the SuperScript™ IV First 
Strand Synthesis System (18091050, Thermo 
Fisher, USA), and the cDNA was inactivated at 
80°C. RT-PCR and Q-PCR synthesis were per-
formed with SYBR Premix Ex Taq II kit (RR820A, 
Takara, Japan). GAPDH was used as an internal 
reference. The relative expression of mRNA 
was calculated using the 2-ΔΔCt method. The 
primer sequences (Tsingke Biotechnology Co., 
Ltd., Beijing, China) are shown in Table 1.

Western blot

1 mm PMSF was added to the RIPA buffer 
(R0010, Solarbio, China). The cells were col-
lected and rinsed with PBS and serum-free 
medium. RIPA buffer was added and pipetted 
to make full contact with the sample. The lysed 
cell sample was centrifuged for 5 min, and the 
supernatant was transferred to an EP tube. The 
protein concentration was determined with the 
BCA Protein Assay Kit. The protein was heated 
at 70°C for 10 min. The target protein was  
isolated using 10% SDS-PAGE electrophoresis 
and transferred onto a PVDF membrane 
(IPFL00010, Merck, USA). Then, 50 mL PBST 
with 2.5 g skim milk powder was used as block-
ing solution. The PVDF membrane was placed 
into the newly configured blocking solution and 
sealed on a shaker for 2 h. Then, the PVDF 
membrane was rinsed with PBST three times, 
10 min each. The membrane was incubated 

Table 1. qRT-PCR primer sequences

Gene
Sequences (5’-3’)

Forward Reverse
S100A12 5’-GATATACGCGTCGCCGCTTCA-3’ 5’-GTAATCCGTTCGCTAGACC-3’
NLRP3 5’-TATAGCGCTTATATATGCCC-3’ 5’-CCTTGAGTTAGCGCTCTC-3’
GAPDH 5’-AATACTCTTAGCGCTTAGCA-3’ 5’-ACTAGCTTCTCGGCTCTAGGATC-3’
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with primary antibody dilution S100A12 (1: 
1000, ab272713, Abcam, UK), NLRP3 (1:1000, 
ab263899, Abcam, UK) and GAPDH (1:3500, 
ab8245, Abcam, UK), placed on the shaker 
overnight at 4°C and then rinsed with PBST 
three times, 10 min for each. Afterwards, sec-
ondary antibody IgG (1:2500, ab6721, Abcam, 
UK) was added to the membrane, incubated for 
1 h with constant shaking and then rinsed with 
PBST three times, 10 min each. ECL chemilumi-
nescence fluid (PE0010, Sorlarbio, Beijing) was 
prepared. The membrane was developed in 
ECL working solution and photographed on a 
gel imager. The grayscale value of the target 
band was analyzed, and the GAPDH band was 
set as a control for the protein sample.

Cell apoptosis assay

Flow cytometry dual staining kit (CA1020, 
Solarbio, China) was applied to measure cell 
apoptosis. The cell was centrifuged at 1,000 
rpm for 5 min. The supernatant was aspirated 
carefully after the cell pellet. 1 mL of pre-cooled 
PBS at 4°C was added. The cell was resus- 
pended, and pelleted after centrifugation. The 
supernatant was carefully aspirated. The Bin- 
ding Buffer was diluted with deionized water at 
1:9. The cell pellet was resuspended with 1 × 
binding buffer to 2 × 106/mL of concentration. 
Then, 100 μL of cell suspension was added to 
the flow cytometry tube. The reaction device 
was moved to a dark chamber. Another 5 μL of 
Annexin V/FITC was added to the flow cytome-
try tube, mixed and reacted for 5 min. Then 5 
μL of PI and 400 μL of PBS were added, and the 
apoptosis was measured immediately on the 
flow cytometer.

RNA immunoprecipitation (RIP) protocol

RIP is an experimental protocol that studies the 
physical binding between individual proteins 
and RNA molecules. RIP kit (17-704, Merck, 
USA) was used. Cells were collected when they 
grew logarithmically. The cells were trypsinized, 
centrifuged at 1,000 rpm for 5 min at 4°C, and 
rinsed with PBS. RIP lysate was added to the 
collected cell pellet. The cells were placed on 
ice for 5 min, and incubated with anti-IgG, anti-
NLRP3 and 50 μL conjugated magnetic beads 
for 30 min. The cell suspension was lysed and 
centrifuged for 10 min. Next, 100 μL of super-
natant was added to the antibody-conjugated 
magnetic beads and incubated overnight at 

4°C. After centrifugation for 10 min, the immu-
noprecipitated RNA was purified using Trizol 
reagent, and the expression level was analyzed 
by qRT-qPCR.

Statistical analysis

Data were statistically analyzed using SPSS 
26.0. Measured data were expressed as mean 
± standard deviation (

_
x  ± sd). For measured 

data with normal distribution, independent 
samples t-test and one-way analysis of vari-
ance were applied to assess the differences 
between and among groups, respectively. For 
measured data with abnormal distribution, 
Mann-Whitney U test was used for comparison 
between groups, and pairwise comparisons 
among groups were conducted with Bonferroni 
test. Statistical significance level was set at 
P<0.05.

Results

TCZ alleviated CLP-induced lung injury symp-
toms

H&E staining revealed that compared to the 
sham group, the CLP group had more severely 
damaged alveolar structure in lung tissue, 
smaller alveolar cavity, more increased colla-
gen deposition, wider alveolar wall spacing, 
more obvious pulmonary interstitial fibrosis, 
and higher lung injury score (P<0.0001). 
Compared to the CLP group, the lung tissue in 
the CLP + TCZ group showed clearer alveolar 
structure, mild bleeding, presence of inflamma-
tory cell infiltration, and reduced lung injury 
(Figure 1A and 1B, all P<0.0001). Usually, the 
pulmonary edema indicated the occurrence of 
inflammation. Compared to the sham group, 
the W/D weight ratio of lung tissue in the CLP 
group was significantly increased; while com-
pared to the CLP group, the W/D weight ratio 
was reduced in the CLP + TCZ group (Figure 1C, 
both P<0.0001). The above results showed 
that TCZ significantly alleviated the symptoms 
of CLP-induced lung injury in rats.

TCZ reduced CLP-induced oxidative stress and 
inflammatory damage

The levels of inflammatory cytokines in the lung 
tissue were analyzed by ELISA. Compared to 
the sham group, the CLP group had higher lev-
els of IL-6 and TNF-α, but lower IL-10 levels 
(Figure 2A, all P<0.0001). Compared to the 
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Figure 1. TCZ alleviated CLP-induced lung injury symptoms in rats. A: Outcomes from H&E staining; B: Lung injury 
score; C: The W/D weight ratio of lung tissue among groups. Data among multiple groups were analyzed by one way 
ANOVA. Compared with the sham group, *P<0.05; compared with the CLP group, #P<0.05. TCZ: Tocilizumab; CLP: 
Cecal Ligation and Puncture; W/D: Wet/Dry; H&E: Hematoxylin-Eosin.

Figure 2. TCZ reduced CLP-induced oxidative stress and inflammatory damage. A: IL-6, TNF-α and IL-10 levels in 
lung tissues in rats detected by ELISA; B: MAD and SOD levels in lung tissues in rats detected by kits. Data among 
multiple groups were analyzed by one way ANOVA. Compared with the sham group, *P<0.05; compared with the CLP 
group, #P<0.05. TCZ: Tocilizumab; CLP: Cecal Ligation and Puncture; SOD: Superoxide Dismutase; MDA: Malondial-
dehyde; TNF-α: Tumor Necrosis Factor-α; IL-6: Interleukin-6; IL-10: Interleukin-10.
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CLP group, the CLP + TCZ group showed 
reduced secretion levels of IL-6 and TNF-α,  
but an increased level of IL-10 (Figure 2A, all 
P<0.05). The oxidative stress test results 
showed that compared to the sham group,  
the CLP group had higher MDA level and lower 
SOD level (Figure 2B, all P<0.0001). The MDA 
level was lower but SOD level was higher in the 
CLP group than in the CLP + TCZ group (Figure 
2B, all P<0.05). These findings indicated TCZ 
reduced CLP-induced oxidative stress and 
inflammatory damage.

TCZ reduced LPS-induced inflammatory re-
sponses and apoptosis

Flow cytometry results revealed that compared 
to the control group, the apoptosis rate in the 
LPS group was increased significantly, but it 
was decreased after TCZ treatment (Figure 3A, 
P<0.05). ELISA results revealed that compared 
to the control group, the LPS group showed 
increased levels of IL-6 and TNF-α, but a 
decreased level of IL-10 (Figure 3B, all P<0.05). 
LPS + TCZ group had lower levels of IL-6 and 
TNF-α, but higher IL-10 level than the LPS group 
(Figure 3B, all P<0.05). These suggested TCZ 
reduced LPS-induced inflammatory responses 
and cell apoptosis.

TCZ regulates S100A12 in sepsis

The possible molecular mechanisms of TCZ in 
sepsis were explored. The GSE13015 dataset 
in the GEO database included 48 patients with 
sepsis caused by different pathogens and 19 
normal controls. The GSE28750 dataset cov-
ered 10 patients with sepsis and 20 controls. 
Gene expression differences were analyzed in 
the two datasets, and a Wayne diagram of the 
intersection of the different datasets was plot-
ted, resulting in a total of 85 overlapped genes 
(Figure 4A). GO and KEGG enrichment analysis 
were carried out for all the overlapped genes in 
the DAVID database (https://david.ncifcrf.gov). 
Candidate genes were more enriched in 
immune-related GO terms, such as immune 
response pathway, T cell receptor pathway, and 
T cell activation pathway (Figure 4B). In KEGG 
analysis, some immune-related pathways were 
found, like Th1 and Th2 cell differentiation 
pathway, Th17 cell differentiation pathway and 
primary immunodeficiency pathway (Figure 
4C). After that, 85 genes were analyzed for PPI 
(Figure 4D). Previous studies on Sjogren’s syn-
drome and rheumatoid arthritis had found that 
TCZ regulates S100A12 [16, 17]. Compared to 
the sham group, the S100A12 level in the CLP 

Figure 3. TCZ reduced LPS-induced inflammatory responses and cell apoptosis. A: Cell apoptosis measured with 
flow cytometry in each group; B: IL-6, TNF-α and IL-10 levels in lung tissues in rats detected by ELISA. Data among 
multiple groups were analyzed by one way ANOVA. Compared with the control group, *P<0.05; compared with the 
LPS group, #P<0.05. TCZ: Tocilizumab; CLP: Cecal Ligation and Puncture; LPS: Lipopolysaccharide; TNF-α: Tumor 
Necrosis Factor-α.
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group was significantly upregulated (Figure 4E 
and 4F, P<0.05). Compared to the CLP group, 
the S100A12 level in the CLP + TCZ group was 
down-regulated (Figure 4E and 4F, P<0.05). 
The same results were obtained in cell experi-

ments (Figure 4G and 4H, P<0.05). These 
experimental results confirmed that S100A12 
was dysregulated in sepsis and that TCZ regu-
lated S100A12, so TCZ may be involved in the 
progression of sepsis by regulating S100A12.

Figure 4. TCZ regulates S100A12 in sepsis. A: A Venn diagram of overlapped genes from GSE13015 and GSE28750 
datasets; B: GO enrichment analysis; C: KEGG enrichment analysis; D: Protein-protein interaction analysis; E: mRNA 
expression of S100A12 in rat tissues; F: Protein expression of S100A12 in rat tissues; G: mRNA expression of 
S100A12 in rat cells; H: Protein expression of S100A12 in rat cells. Data among multiple groups were analyzed 
by one way ANOVA. Compared with the sham group, *P<0.05; compared with the CLP group, #P<0.05; compared 
with the control group, ^P<0.05; compared with the LPS group, %P<0.05. TCZ: Tocilizumab; CLP: Cecal Ligation and 
Puncture; LPS: Lipopolysaccharide.
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TCZ affected cell apoptosis and inflammatory 
response in sepsis by regulating S100A12

In order to investigate whether TCZ affected  
the progression of sepsis through S100A12, 
S100A12 was overexpressed in a cell model of 
sepsis, and cell apoptosis and expression lev-
els of inflammatory factors were detected. The 
results manifested that compared to the con-
trol group, the LPS group had increased cell 

apoptosis, IL-6 and TNF-α levels, but decreased 
IL-10 level (all P<0.05). Compared to the LPS 
group, the LPS + TCZ group had a decrease in 
apoptosis, IL-6 and TNF-α levels, and an 
increase in IL-10 level (all P<0.05). Compared 
to the LPS + TCZ + pcDNA group, the apoptosis, 
IL-6, and TNF-α levels were increased, and IL- 
10 level was decreased in the LPS + TCZ + 
S100A12 group (Figure 5A and 5B, all P<0.05). 
Findings confirmed that TCZ affected cell apop-

Figure 5. TCZ affected cell apoptosis and inflammatory response in sepsis by regulating S100A12. A: Cell apop-
tosis detected by flow cytometry; B: Expression levels of IL-6, TNF-α, and IL-10 in rat lung tissues measured with 
ELISA. Data among multiple groups were analyzed by one way ANOVA. Compared with the control group, *P<0.05; 
compared with the LPS group, #P<0.05; compared with the LPS + TCZ + pcDNA group, ^P<0.05. TCZ: Tocilizumab; 
CLP: Cecal Ligation and Puncture; LPS: Lipopolysaccharide; TNF-α: Tumor Necrosis Factor-α; ELISA: Enzyme-Linked 
Immunosorbent Assay.
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tosis and inflammatory response in sepsis by 
regulating S100A12.

S100A12 bonded to NLRP3 and promoted 
NLRP3 expression

RIP protocol showed that NLRP3 antibody was 
significantly enriched in relation to S100A12 
(Figure 6A, t=17.98, P<0.0001). Knockdown of 
S100A12 in cells was achieved with plasmid 
transfection. Compared to the si-NC group, the 
expressions of mRNA (t=4.98, P=0.0076) and 
protein (t=9.37, P=0.0007) levels of NLRP3 
were reduced in the si-S100A12 group (Figure 
6B and 6C, both P<0.05). After detecting the 
expression of NLRP3 in sepsis tissue, we found 
that compared to the sham group, the CLP 
group had higher NLRP3 mRNA expression 

(Figure 6D and 6E, P<0.05). The mRNA and 
protein expressions of NLRP3 were downregu-
lated in the CLP + TCZ group when compared to 
those in the CLP group (Figure 6D and 6E, both 
P<0.05). In the cells, the LPS group had upreg-
ulated mRNA and protein expressions of NLRP3 
than the control group (Figure 6F and 6G, both 
P<0.05). These experimental results suggest-
ed that NLRP3 expression was upregulated in 
sepsis, and that S100A12 was able to bind to 
NLRP3 and promote NLRP3 expression.

TCZ regulated the S100A12/NLRP3 axis to 
reduce inflammatory response and cell apop-
tosis

Rescue experiments were designed to demon-
strate the involvement of the S100A12/NLRP3 

Figure 6. TCZ regulated the S100A12/NLRP3 axis. (A) Binding between S100A12 and NLRP3 analyzed by the RIP 
assay; (B) NLRP3 mRNA expression after knockdown of S100A12 detected with qRT-PCR; (C) NLRP3 protein expres-
sion after knockdown of S100A12 detected with western blot; (D-F) NLRP3 mRNA expression in rat tissues and 
cells detected with qRT-PCR; (E-G) NLRP3 protein expression in rat tissues and cells detected with western blot. 
Independent samples t-test was applied to assess the differences between two groups (A-C). Data among multiple 
groups were analyzed by one way ANOVA (D-G). Compared with the IgG group, *P<0.05; compared with the si-NC 
group #P<0.05; compared with the sham group, ^P<0.05; compared with the CLP group, %P<0.05; compared with 
the control group, &P<0.05; compared with the LPS group, @P<0.05. TCZ: Tocilizumab; CLP: Cecal Ligation and Punc-
ture; LPS: Lipopolysaccharide; NLRP3: NOD-Like Receptor Thermal Protein Domain Associated Protein 3.
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molecular axis in TCZ treatment. The cell apop-
tosis in LPS-induced cells was reduced after 
TCZ treatment. The apoptosis was increased 
after transfection with NLRP3 overexpression 
plasmid. Knockdown plasmid for S100A12 was 
transfected in cells, and the apoptosis was 
reduced compared to before (Figure 7A, 
P<0.05). From the results by ELISA, IL-6 and 
TNF-α levels were reduced and IL-10 level was 
increased in TCZ-treated cells. After transfec-

tion in cells with NLRP3 expression, the effect 
of TCZ was weakened. After transfection of 
pcDNA-S100A12, IL-6 and TNF-α secretions 
were weakened and IL-10 secretion was 
enhanced compared to the TCZ-treated and 
NLRP3-overexpressing cells (Figure 7B, all 
P<0.05). The above outcomes revealed that 
TCZ regulated the S100A12/NLRP3 axis to 
reduce the inflammatory response and cell 
apoptosis.

Figure 7. TCZ regulated the S100A12/NLRP3 axis to reduce the inflammatory response and cell apoptosis. A: Cell 
apoptosis detected by flow cytometry; B: Expression levels of IL-6, TNF-α, and IL-10 in rat lung tissues measured with 
ELISA. Data among multiple groups were analyzed by one way ANOVA. Compared with the control group, *P<0.05; 
compared with the LPS group, #P<0.05; compared with the LPS + TCZ + pcDNA group, ^P<0.05; compared with the 
LPS + TCZ + pcDNA-NLRP3 + si-NC group, %P<0.05. TCZ: Tocilizumab; CLP: Cecal Ligation and Puncture; LPS: Lipo-
polysaccharide; TNF-α: Tumor Necrosis Factor-α; NLRP3: NOD-Like Receptor Thermal Protein Domain Associated 
Protein 3; ELISA: Enzyme-Linked Immunosorbent Assay.
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Discussion

This study focused on the specific mechanism 
of the IL-6 receptor blocker TCZ in the treat-
ment of lung injury induced by sepsis through 
the S100A12/NLRP3 axis. The cecal ligation 
and puncture (CLP) method, which is well 
known for modeling sepsis, has been widely 
used in animals for sepsis research [20]. Our 
study found that lung tissue damage was 
improved significantly after TCZ treatment in a 
rat model of sepsis. When the body is stimulat-
ed, there is an imbalance between oxidation 
and antioxidants. A large neutrophil inflamma-
tory infiltrate occurs. This phenomenon is 
called oxidative stress, which has a negative 
impact on the body. Low SOD level causes 
severe oxidative stress, but TCZ increases SOD 
activity and decreases the MDA level in rats 
with sepsis. It has been reported that a 
decrease in SOD activity leads to severe oxida-
tive stress [21]. Besides, it has been confirmed 
that TCZ significantly reverses reduced SOD 
activity and increased the MDA level induced by 
fructose [22]. This would be consistent with the 
findings in the current study.

TCZ was initially used in the treatment of rheu-
matoid arthritis. Studies have shown that in 
autoimmune diseases such as rheumatoid 
arthritis, IL-6 improves the activation of Th17 
cells, which promotes the release of TNF and 
IL-6, forming an inflammatory storm [23]. 
Sepsis is a systemic inflammatory response 
syndrome caused by infection, and the inflam-
matory response plays an important role in the 
progression of its course. TCZ has been shown 
to inhibit diseases manifested as inflammatory 
storms, such as systemic inflammatory res- 
ponse syndrome and macrophage activation 
syndrome, and inhibits excessive activation of 
cytokines [24]. TCZ has been confirmed to 
inhibit the expression of IL-6 in lung and kidney 
tissues of rats with septic lung and kidney inju-
ries [14]. In addition, TCZ promotes the expres-
sion of anti-inflammatory factor IL-10 and inhib-
its the expression of TNF-α and IL-1β, which can 
improve the prognosis of mice with sepsis and 
reduce multi-organ damage [25]. It has been 
revealed that Shionone inhibits inflammatory 
factors such as IL-6, TNF-α, and IL-1β, promotes 
IL-10 levels, and regulates macrophage polar-
ization to improve lung damage caused by sep-
sis [26]. In this study, TCZ was used to inter-

vene in CLP model rats, and the expression of 
inflammatory factors in rat lung tissue was 
detected. Compared to the sham group, the 
expression of inflammatory factors (IL-6, TNF-α) 
in the lung tissue of CLP rats was enhanced, 
and the anti-inflammatory factor IL-10 was 
inhibited. The above situation was reversed 
after TCZ was added, suggesting that TCZ can 
inhibit the inflammatory response of septic 
rats, and this effect may be achieved by 
destroying the function of the IL-6 signaling 
pathway conduction and inhibiting a variety of 
cytokines.

In this study, the therapeutic effect of TCZ was 
further analyzed at a cellular level by construct-
ing a cell damage model using LPS-induced 
MPVECs, which has been used in several stud-
ies on sepsis [27]. We found that LPS induced  
a cellular inflammatory response, but TCZ  
could attenuate the LPS-induced inflammatory 
response and reduced cell apoptosis. The role 
of S100A12 was found from the bioinformatic 
analysis of sepsis. Wu et al. pointed out that 
compared to healthy people, patients with sep-
sis had significantly increased S100A12 levels, 
and non-survivors had higher S100A12 levels, 
which suggested that the S100A12 level might 
influence the development of sepsis [28]. In 
this study, it was verified that the expression  
of S100A12 was elevated in rat models of  
sepsis and LPS-induced pulmonary microvas-
cular endothelial cells (MPVECs). In addition, 
S100A12 has previously been shown to acti-
vate NLRP3 inflammasomes and accelerate 
the progression of asthma and chronic obstruc-
tive pulmonary disease [18]. The mechanism 
by which S100A12 is involved in sepsis pro-
gression by regulating NLRP3 has also been 
partially revealed [19]. Liu et al. found that  
the inhibition of the macrophage NLRP3/cas-
pase-1 signaling cascade reduced liver damage 
in mice with sepsis [29]. Another study demon-
strated that symptoms could be improved by 
inhibiting the activation of NLRP3 inflamma-
somes by HSF1 in sepsis-induced acute lung 
injury [30]. In this study, S100A12 promoted 
the expression of NLRP3. The levels of S100- 
A12 and NLRP3 were increased in CLP animal 
models and LPS cell models. The expres- 
sions of both were decreased after TCZ treat-
ment, which showed that TCZ downregulated 
S100A12/NLRP3 in a targeted manner. In the 
rescue experiment, we found that after increas-
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ing the expression of NLRP, the anti-inflamma-
tory and anti-apoptosis effects of TCZ were par-
tially eliminated. After inhibition of S100A12, 
the resistance of NLRP3 to TCZ was eliminated, 
which further confirmed that S100A12 regulat-
ed NLRP3.

However, there are some limitations in this 
study. There was no further exploration of the 
mechanism by which TCZ affects S100A12 
expression, and no clinical samples were col-
lected for experiments. Therefore, whether TCZ 
can treat acute lung injury in patients with sep-
sis by the S100A12/NLRP3 pathway still needs 
to be verified by a large clinical trial.

In summary, TCZ has an effect on improving 
acute lung injury in sepsis. This study innova-
tively confirms that TCZ plays a role by reducing 
the S100A12/NLRP3 axis, providing evidence 
for targeted molecular therapy for TCZ in the 
treatment of acute lung injury in sepsis. The 
mechanism of this study is shown in Figure 8.

Acknowledgements

This work was supported by the Quanzhou  
City Science & Technology Program of China 
(2021N086S).

Disclosure of conflict of interest

None.

Address correspondence to: Jingfa Zhu, Department 
of Emergency, Quanzhou First Hospital Affiliated  
to Fujian Medical University, No. 250 East Street, 
Licheng District, Quanzhou 362000, Fujian, China. 
Tel: +86-15280852628; E-mail: zhujingfa8341@ 
163.com

References

[1] Qu M, Chen Z, Qiu Z, Nan K, Wang Y, Shi Y, 
Shao Y, Zhong Z, Zhu S, Guo K, Chen W, Lu X, 
Wang Z, Zhang H and Miao C. Neutrophil extra-
cellular traps-triggered impaired autophagic 
flux via METTL3 underlies sepsis-associated 
acute lung injury. Cell Death Discov 2022; 8: 
375.

[2] Shen J and Ma X. miR-374a-5p alleviates sep-
sis-induced acute lung injury by targeting ZEB1 
via the p38 MAPK pathway. Exp Ther Med 
2022; 24: 564.

[3] Liu AC, Patel K, Vunikili RD, Johnson KW, Abdu 
F, Belman SK, Glicksberg BS, Tandale P, Fon-
tanez R, Mathew OK, Kasarskis A, Mukherjee 
P, Subramanian L, Dudley JT and Shameer K. 
Sepsis in the era of data-driven medicine: per-
sonalizing risks, diagnoses, treatments and 
prognoses. Brief Bioinform 2020; 21: 1182-
1195.

[4] Shen MJ, Yan ST, Zhang XY, Li W, Chen X, Zheng 
XX, Zhang GQ and Sun LC. The circular RNA 
Hsa_Circ_0003091 regulates sepsis-induced 
lung injury by sponging the miR-149/Smad2 
axis. Aging (Albany NY) 2022; 14: 5059-5074.

[5] Wang Y, Chen D, Xie H, Jia M, Sun X, Peng F, 
Guo F and Tang D. AUF1 protects against fer-

Figure 8. Tocilizumab affects the mechanism of lung injury in rats with sepsis by regulating S100A12/NLRP3. LPS: 
Lipopolysaccharide; NLRP3: NOD-Like Receptor Thermal Protein Domain Associated Protein 3; MPVECs: Primary 
Rat Pulmonary Microvascular Endothelial Cells; TNF-α: Tumor Necrosis Factor-α.

mailto:zhujingfa8341@163.com
mailto:zhujingfa8341@163.com


Tocilizumab and acute lung injury in sepsis

112 Am J Transl Res 2023;15(1):99-113

roptosis to alleviate sepsis-induced acute lung 
injury by regulating NRF2 and ATF3. Cell Mol 
Life Sci 2022; 79: 228.

[6] Xie Q, Wang Y and Zou GL. Protective effects of 
lavender oil on sepsis-induced acute lung inju-
ry via regulation of the NF-κB pathway. Pharm 
Biol 2022; 60: 968-978.

[7] Tang X and Tang H. Cornus iridoid glycoside al-
leviates sepsis-induced acute lung injury by 
regulating NF-κB and Nrf2/HO-1 pathways. Al-
lergol Immunopathol (Madr) 2022; 50: 121-
128.

[8] Le JW, Sun M, Zhu JH and Fan H. Protective 
effect of N-acetylcysteine on acute lung injury 
in septic rats by inhibiting inflammation, oxida-
tion, and apoptosis. Iran J Basic Med Sci 2022; 
25: 859-864.

[9] Hu M, Yang J and Xu Y. Isoorientin suppresses 
sepsis-induced acute lung injury in mice by ac-
tivating an EPCR-dependent JAK2/STAT3 path-
way. J Mol Histol 2022; 53: 97-109.

[10] Xia Y, Cao Y, Sun Y, Hong X, Tang Y, Yu J, Hu H, 
Ma W, Qin K and Bao R. Calycosin alleviates 
sepsis-induced acute lung injury via the inhibi-
tion of mitochondrial ROS-mediated inflamma-
some activation. Front Pharmacol 2021; 12: 
690549.

[11] Kondo M, Murakawa Y, Honda M and Moriya-
ma M. Remission with Tocilizumab in a patient 
with erosive hand osteoarthritis. Scand J Rheu-
matol 2021; 50: 485-487.

[12] Berlot G, Pintacuda S, Moro E, Paluzzano G, 
Scamperle A, Chillemi A, Longo I, Dattola R, 
Roman-Pognuz E and Tomasini A. Effects of To-
cilizumab versus hemoadsorption combined 
with Tocilizumab in patients with SARS-CoV-2 
pneumonia: preliminary results. Int J Artif Or-
gans 2022; 45: 75-80.

[13] Xu M, Liu C, Guo L and Yang S. Severe sepsis 
caused by serious gastrointestinal infection in 
sJIA patients treated with IL-6 receptor antago-
nist: a case report. BMC Pediatr 2020; 20: 
126.

[14] Ibrahim YF, Moussa RA, Bayoumi AMA and 
Ahmed AF. Tocilizumab attenuates acute lung 
and kidney injuries and improves survival in a 
rat model of sepsis via down-regulation of NF-
κB/JNK: a possible role of P-glycoprotein. In-
flammopharmacology 2020; 28: 215-230.

[15] Wang LC, Zhang HY, Shao L, Chen L, Liu ZH, He 
X and Gong WX. S100A12 levels in synovial 
fluid may reflect clinical severity in patients 
with primary knee osteoarthritis. Biomarkers 
2013; 18: 216-220.

[16] Tronconi E, Aljaberi N, Merritt A, Grom A, Schul-
ert G, Huggins J, Henrickson M and Brunner H. 
AB1065 the utilisation of S100 proteins test-
ing in pediatric rheumatology patients in a ter-

tiary care institution and implications for CaRE. 
2019.

[17] Nishimoto N, Lee HM, Murakami M, Aoki C, Li Y 
and Matsutani T. FRI0198 expressions of im-
mune response related genes were normalised 
after Tocilizumab treatment in rheumatoid ar-
thritis (RA) patients. Annals of the Rheumatic 
Diseases 2013; 71 Suppl 3: 380.

[18] Kim K, Kim HJ, Binas B, Kang JH and Chung IY. 
Inflammatory mediators ATP and S100A12 ac-
tivate the NLRP3 inflammasome to induce MU-
C5AC production in airway epithelial cells. Bio-
chem Biophys Res Commun 2018; 503: 
657-664.

[19] Zhang Z, Han N and Shen Y. S100A12 pro-
motes inflammation and cell apoptosis in sep-
sis-induced ARDS via activation of NLRP3 
Inflammasome signaling. Mol Immunol 2020; 
122: 38-48.

[20] Song D, Adrover JM, Felice C, Christensen LN, 
He XY, Merrill JR, Wilkinson JE, Janowitz T, Ly-
ons SK, Egeblad M and Tonks NK. PTP1B in-
hibitors protect against acute lung injury and 
regulate CXCR4 signaling in neutrophils. JCI 
Insight 2022; 7: e158199.

[21] Nazir F, Ahmad T, Malik SI, Ahmed M and 
Bashir MA. Wild grapevines as rootstock regu-
late the oxidative defense system of in vitro 
grafted scion varieties under drought stress. 
PLoS One 2022; 17: e0274387.

[22] Abdelrahman AM, Al Suleimani YM, Ashique M, 
Manoj P and Ali BH. Effect of infliximab and To-
cilizumab on fructose-induced hyperinsu-
linemia and hypertension in rats. Biomed 
Pharmacother 2018; 105: 182-186.

[23] Schinnerling K, Aguillón JC, and Catalán D. The 
role of interleukin-6 signalling and its thera-
peutic blockage in skewing the T cell balance 
in rheumatoid arthritis. Clin Exp Immunol 
2017; 189: 12-20. 

[24] Tanaka T, Narazaki M and Kishimoto T. Immu-
notherapeutic implications of IL-6 blockade for 
cytokine storm. Immunotherapy 2016; 8: 959-
970. 

[25] Wang J, Hu YY and Kuang ZS. GPR174 mRNA 
acts as a novel prognostic biomarker for pa-
tients with sepsis regulating the inflammatory 
response. Front Immunol 2021; 12: 789141. 

[26] Song Y, Wu Q, Jiang HJ, Hu AH, Xu LQ, Tan CP, 
Zhang B, Yu RM, Qiu YZ, Wang X and Yang WZ. 
The effect of shionone on sepsis-induced 
acute lung injury by the ECM1/STAT5/NF-κB 
pathway. Front Pharmacol 2021; 12: 764247. 

[27] Wang W, Xu R, Zhao H, Xiong Y and He P. 
CircEXOC5 promotes ferroptosis by enhancing 
ACSL4 mRNA stability via binding to PTBP1 in 
sepsis-induced acute lung injury. Immunobiol-
ogy 2022; 227: 152219.



Tocilizumab and acute lung injury in sepsis

113 Am J Transl Res 2023;15(1):99-113

[28] Wu HP, Chu CM, Liu PH, Leu SW, Lin SW, Hu 
HC, Kao KC, Li LF and Yu CC. Increased produc-
tion of interleukin-10 and tumor necrosis fac-
tor-alpha in stimulated peripheral blood mono-
nuclear cells after inhibition of S100A12. Curr 
Issues Mol Biol 2022; 44: 1701-1712.

[29] Liu LL, Yan X, Xue KY, Wang XM, Li LY, Chen HY, 
Li RL, Li H, Lan J, Xin JJ, Li X, Zhuo CL, Wu Z, 
Zhang D, Huang WJ, Wang YL, Li XY, Jiang W 
and Zhang HY. Prim-o-glucosycimifugin attenu-
ates liver injury in septic mice by inhibiting 
NLRP3 inflammasome/caspase-1 signaling 
cascades in macrophages. Phytomedicine 
2022; 106: 154427.

[30] Shi X, Li T, Liu Y, Yin L, Xiao L, Fu L, Zhu Y, Chen 
H, Wang K, Xiao X, Zhang H, Tan S and Tan S. 
HSF1 protects sepsis-induced acute lung inju-
ry by inhibiting NLRP3 inflammasome activa-
tion. Front Immunol 2022; 13: 781003.


