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Abstract

The apoptosis and inflammation of pulmonary epithelial cells are important pathogenic factors of sepsis-induced acute lung
injury (ALI). Upregulation of circPalm2 (circ_0001212) expression levels has been previously detected in the lung tissue
of ALI rats. Herein, the biological significance and detailed mechanism of circPalm?2 in ALI pathogenesis were investi-
gated. In vivo models of sepsis-induced ALI were established by treating C57BL/6 mice with cecal ligation and puncture
(CLP) surgery. Murine pulmonary epithelial cells (MLE-12 cells) were stimulated with lipopolysaccharide (L.PS) to estab-
lish in vitro septic ALI models. MLE-12 cell viability and apoptosis were evaluated by CCK-8 assay and flow cytometry
analysis, respectively. The pathological alterations of the lung tissue were analysed based on hematoxylin-eosin (H&E)
staining. Cell apoptosis in the lung tissue samples was examined by TUNEL staining assay. LPS administration suppressed
the viability and accelerated the inflammation and apoptotic behaviours of MLE-12 cells. CircPalm?2 displayed high expres-
sion in LPS-stimulated MLE-12 cells and possessed circular characteristics. The silencing of circPalm?2 impeded apoptosis
and inflammation in LPS-stimulated MLE-12 cells. Mechanistically, circPalm2 bound with miR-376b-3p, which targeted
MAP3KI1. In rescue assays, MAP3K1 enhancement reversed the repressive effects of circPalm?2 depletion on LPS-triggered
inflammatory injury and MLE-12 cell apoptosis. Furthermore, the lung tissue collected from CLP model mice displayed low
miR-376b-3p expression and high levels of circPalm2 and MAP3K1. CircPalm?2 positively regulated MAP3K1 expression
by downregulating miR-376b-3p in murine lung tissues. Importantly, circPalm2 knockdown attenuated CLP-induced inflam-
mation, apoptosis, and pathological alterations in lung tissues collected from mice. Silenced circPalm?2 inhibits LPS-induced
pulmonary epithelial cell dysfunction and mitigates abnormalities in lung tissues collected from CLP-stimulated mice via
the miR-376b-3p/MAP3K1 axis in septic ALI.
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Introduction

Sepsis is a noteworthy cause of high mortality worldwide
and can be induced by fungi, viruses or pathogenic bacteria
[1]. Severe sepsis can lead to multiorgan dysfunction and
even the death of patients [2]. Acute lung injury (ALI) is
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During the pathological processes of septic ALI, the acti-
vation of apoptotic and inflammatory pathways results in the
aggravation of lung edema, increased pulmonary epithelial
permeability and the apoptosis of alveolar epithelial cells [6,
7]. Recent studies have revealed that an increase in proapop-
totic proteins in ALI contributes to the apoptotic behaviours
of the alveolar epithelium as well as epithelial damage [8].
Persistent elevation of proinflammatory cytokine production
is a predictor of death in ALI patients, as multiple reports
have demonstrated [9, 10]. These findings indicate that mod-
ulation of the inflammatory and apoptotic pathways may be
a new strategy to prevent septic ALI pathogenesis.

Circular RNAs (circRNAs) are a group of ubiquitous
RNA transcripts with high stability (with no 5’ ends or 3’
tails) [11]. CircRNAs often display tissue-specific or cell-
specific expression patterns [12]. Over the past decades,
numerous circRNAs have been proven to play important
roles in the occurrence of many diseases, such as athero-
sclerosis, sepsis, and cardiovascular disease [13—15]. In
addition, circRNAs also participate in a variety of biologi-
cal activities, including cell growth, metastasis, invasion,
oxidative stress, and the inflammatory response [16].

Emerging evidence has confirmed the promising role of
circRNA in the diagnosis or treatment of sepsis-associated
ALI [17]. For example, Yang et al. showed that silencing
circ0054633 promotes the apoptosis and inflammation of
microvascular endothelial cells in ALI induced by sepsis
by inhibiting NF-kB signaling [18]. A study reported that
12 upregulated circRNAs and 126 downregulated circRNAs
were detected in macrophages extracted from lung tissue of
an ALI mouse model of sepsis, suggesting that these circR-
NAs may be related to the differentiation and polarization
of macrophages [19]. CircTMOD3 is highly expressed in
lipopolysaccharide (LPS)-stimulated lung fibroblasts, while
knockdown of circTMOD?3 reduces LPS-induced injury and
the inflammatory response in lung fibroblasts [20]. All of
these studies indicate that circRNAs exert important func-
tions in the pathology of septic ALL

CircPalm2 (circ_0001212) is a novel circRNA derived
from Palm2. According to a previous study, lung tissues of
mice with sepsis exhibit high circPalm2 levels, and P2 x 7R
antagonists exert a protective role in septic ALI pathogenesis
by inhibiting circPalm?2 [21]. However, the related functions
and mechanisms of circPalm?2 in sepsis-induced ALI need
further exploration.

There are many different regulatory mechanisms of
circRNAs in the development of diseases [22]. The most
studied regulatory mechanism is the competing endog-
enous RNA (ceRNA) network, in which circRNAs sponge
microRNAs (miRNAs) to regulate the expression levels of
miRNA downstream genes [23]. MiRNAs, small noncoding
RNAs with 20-24 nucleotides, account for approximately
1% of the human genome but regulate as much as 50% of
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all human protein-coding genes [24]. Accumulating stud-
ies have revealed the ceRNA network mediated by circR-
NAs in septic ALI. For example, Jiang et al. demonstrated
that circC3P1 attenuates pulmonary injury and inflamma-
tion in sepsis-induced ALI by targeting miR-21, indicat-
ing that circC3P1 is a potential biomarker for this disease
[25]. CircN4 bp1 serves as a competing endogenous RNA
(ceRNA) against miR-138-5p to modulate EZH?2 expression,
thereby decreasing survival time and facilitating the activa-
tion of M1 macrophages in mice with septic ALI [26]. Cir-
cANKRD36 aggravates septic ALI pathogenesis by elevat-
ing LPS-stimulated RAW?264.7 cell migration and viability
by modulating the miR-330/ROCK1 axis [27].

Herein, we hypothesized that circPalm?2 functions as a
ceRNA to participate in septic ALI development. To test our
hypothesis, we established in vivo septic ALI models using
C57BL/6 mice with cecal ligation and puncture (CLP) treat-
ment and in vitro septic ALI models using LPS-stimulated
murine pulmonary epithelial cells (MLE-12 cells). Subse-
quently, the specific mechanism underlying circPalm?2 and
its impact on MLE-12 cell dysfunction after LPS exposure
as well as on lung injury in mice subjected to CLP surgery
were evaluated. This work might have revealed novel diag-
nostic and therapeutic targets for septic ALL

Materials and methods
Cell treatment

MLE-12 cells (ATCC, Manassas, VA, USA) were cultured
in DMEM (Gibco, Guangzhou, China) containing 5% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin solu-
tion (Gibco) at 37 °C with 5% CO,. To induce septic ALI
in vitro, MLE-12 cells were administered 50 pg/ml LPS for
16 h [28]. To inhibit INK1/2 signalling, MLE-12 cells were
pretreated with 40 uM JNK-in-8 (MedChem Express, Mon-
mouth Junction, NJ, USA) for 1 h [29]. Untreated MLE-12
cells served as the control (Con) group.

Animal model and grouping

Sixty adult male C57BL/6 mice were donated by Professor
Lu Ying. All animals were raised in a specific pathogen-free
(SPF) environment at the Experimental Animal Center of
Tongji University and received water and food ad libitum.
The animal experiments in this study were performed in
accordance with the Guide for Care and Use of Laboratory
Animals approved by the Animal Research Committee of
the Hospital. Adenoviral vectors containing sh-circPalm?2
(Ad-Sh-circPalm?2) and its negative control (Ad-NC) were
purchased from Genechem (Shanghai, China).
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The grouping of mice was as follows: sham group, CLP
group, CLP + Ad-NC group and CLP + Ad-Sh-circPalm?2
group, with 15 mice per group. To establish the CLP-ALI
murine model, mice in the last three groups were first anaes-
thetized with 50 mg/kg pentobarbital sodium (1%, Sigma—
Aldrich, St. Louis, MO, USA). Next, a 2 cm midline inci-
sion was made in the lower abdomen, and a 5-0 suture was
used to ligate the exposed cecum at the 1 cm distal tip. A
21 G needle was used to puncture the ligated cecum and
overflow the intestinal contents. Afterwards, the cecum was
returned to its normal position, and the abdominal cavity
was closed. The CLP surgery was performed following a
previous description [30, 31]. For sham-operated mice, a
lower-midline incision was made, and no manipulation of
the cecum was performed.

The delivery of adenoviral vectors was conducted as
previously described [25, 32]. One week before CLP treat-
ment, the CLP 4+ Ad-Sh-circPalm2 group was intravenously
injected with 20 uL of Ad-Sh-circPalm2 (107 particles/uL)
via the tail vein, and the CLP + Ad-NC group received an
equivalent amount of Ad-NC in the same way.

The body weight of each group was recorded once each
day for 9 consecutive days after CLP surgery using an elec-
tronic scale (Hirp Trading Co., Ltd., Shanghai, China). At
the end of this experiment, mice from each group were euth-
anized by CO, inhalation. After that, the lungs of the mice
were harvested and stored in a — 80 °C freezer until use. One
part of the lung tissues was utilized for extracting RNAs and
proteins. Another part of the lung tissues was fixed with 10%
formalin for further pathological analysis.

Hematoxylin-eosin (H&E) staining

The fixed portion of the murine lung tissue samples were
embedded in paraffin, cut into slices (5 pm thickness),
dewaxed using xylene and rehydrated in gradient ethanol.
Afterwards, the slices were stained with hematoxylin for
15 min and eosin (Sigma—Aldrich) for 10 min. After stain-
ing, the lung tissues were observed under a light microscope
(Olympus, Tokyo, Japan). In each sample, five randomly
selected fields were scored, and the lung injury degree was
determined according to the previous lung injury scoring
criterion [33].

Enzyme-linked immunosorbent assay (ELISA)

The accumulation of inflammatory factors in MLE-12 cell
lysates and lung tissue homogenates was analysed utilizing
corresponding ELISA kits, including a TNF-a ELISA kit
(SND-R635, Chuzhou Shinoda Biological Technology Co.,
Ltd., China), an IL-1p ELISA kit (SND-R418, Shinoda),
and an IL-6 ELISA kit (SND-R734, Shinoda). A micro-
plate reader (Power Wave; Bio-Tek, Biotek Winooski, VT,

USA) was utilized to detect the absorbance at a wavelength
of 450 nm.

RT—qPCR

RNA extraction from lung tissue and MLE-12 cells was per-
formed with TRIzol reagent (Life Technologies, USA). The
extracted RNA was reverse transcribed into cDNA utilizing
ReverTra Ace qPCR RT kits (Toyobo, Japan) as instructed
by the supplier. Next, in accordance with the manufacturer’s
directions, quantitative PCR was carried out utilizing the
SYBR Premix Ex TaqTM II reagent kit (RR820A, Takara)
on a real-time qPCR system (ABI, 7500, ABI Company,
Oyster Bay, NY, USA). Calculated by the 2724Ct method
[34], circPalm2 and mRNA expression levels were normal-
ized to GAPDH, and miRNA expression was normalized to
U6. The sequences of the primers are presented in Table 1.

Treatment with actinomycin D and RNase R

For actinomycin D (ActD) treatment, MLE-12 cells were
exposed to 2 ug/ml ActD (Sigma—Aldrich) and harvested at
the indicated time points (O h, 4 h, 8 h, 12 h, and 24 h). For
RNase R treatment, 2 ug of total RNA was incubated with 3
U/ug of RNase R (Sigma—Aldrich) at 37 °C for 20 min and

Table 1 Primer sequences for RT-qPCR.

Gene Sequence (5'-3")
circPalm?2 forward CCCCAGCTATATACGCCATG
circPalm2 reverse GTTTTCTACCACGGTGCCTC
miR-330-5p forward TCTCTGGGCCTGTGTCTTAGGC
miR-330-5p reverse CAGTGCGTGTCGTGGAGT
MAP3K] forward CATGCAAGATGGCCATCAC
MAP3K]I reverse GAAGAATTGCCCAGCATCC
Scd?2 forward CCACAGAACATACAAGGCA
Scd? reverse TACACGTCATTCTGGAACG
Hnrnpa0 forward GAGATCATTGCCGACAAGC
Hnrnpa0 reverse TCTGGAAGTAGACGAAGCC
miR-326-3p forward CCTCTGGGCCCTTCCTCCAGTGT
miR-326-3p reverse GTGCAGGGTCCGAGGT
miR-7661-3p forward ACACTCCAGCTGGGTTGACTC
CCAGTTTCTCTCTGC
miR-7661-3p reverse CTCAACTGGTGTCGTGGA
miR-376b-3p forward GCCGAGATCATAGAGGAAAATC
miR-376b-3p reverse CTCAACTGGTGTCGTGGA
miR-3077-3p forward GGAATGAACGCCATCAACC
miR-3077-3p reverse CTCATTCTCCTCCAGCAGAG
Gapdh forward AGGTCGGTGTGAACGGATTTG
Gapdh reverse GGGGTCGTTGATGGCAACA
U6 forward ACCC TGAGAAATACCCTCACAT
U6 reverse GACGACTGAGC CCCTGATG
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70 °C for 5 min. The levels of linear Palm2 and circPalm2
were estimated using RT—qPCR analysis.

Nuclear-cytoplasmic fractionation assay

After MLE-12 cells were centrifuged at 4 °C for 5 min, cyto-
plasmic RNA was extracted from the supernatant, while the
precipitates were collected for nuclear RNA extraction. The
PARIS™ Kit (Thermo Fisher Scientific) was utilized for
RNA extraction. The percentages of circPalm2, GAPDH
(cytoplasmic control) and U6 (nuclear control) in the two
fractions were determined by RT—qPCR analysis.

Transfection of plasmids into MLE-12 cells

The plasmids were provided by GenePharma (Shanghai,
China). Short hairpin RNA (shRNA) against circPalm2 (sh-
circPalm2; sequence: GCATCAGCTTACAGTTCAA, TTG
AACTGTAAGCTGATGC) was used to knockdown circ-
Palm?2 with sh-NC (sequence: CTCAGTCTAGTTGCAAAA
C, GTTTTGCAACTAGACTGAG) as a negative control.
The miR-376b-3p mimics (sequence: UUCACCUACAAG
GAGAUACUA) were used to overexpress miR-376b-3p
with NC mimic (sequence: CGCGCGGGUGUAUGUCUU
UCCU) as the control. The MAP3K1 sequence was inserted
into the pcDNA3.1 vector to overexpress MAP3K1, and the
empty vector was used as the control. When the cell conflu-
ence reached 80%, MLE-12 cells were transfected with 10
nM pcDNA3.1/MAP3K1, 50 nM sh-circPalm2, 40 nM miR-
376b-3p mimics or 50 nM of their corresponding negative
controls using Lipofectamine 2000 (Invitrogen, CA, USA) at
37 °C for 48 h based on the supplier’s guidance. The efficacy
of plasmid transfection was measured by RT-qPCR.

Western blotting

Protein extraction from tissue and cells was conducted using
RIPA lysis buffer (PHO316, PHYGENE, Fuzhou, China). A
BCA protein quantitative kit (E112-01/02, Vazyme, Nan-
jing, China) was employed for the quantification of total
proteins. Denaturation was achieved by boiling the protein
samples for 5 min following concentration adjustment. The
supernatant liquid was added to 2 X SDS—PAGE loading
buffer. After being mixed well and heated at 95 °C, the pro-
tein contents were subjected to SDS-PAGE and then trans-
ferred to PVDF membranes. The membranes were blocked
with TBST solution supplemented with 3% BSA for 1 h
followed by incubation with the diluted primary antibodies
anti-Bax (ab32503, 1/2000), anti-Bcl-2 (ab182858, 1/2000),
anti-MAP3K1 (ab220416, concentration: 1 ug/ml), and anti-
GAPDH (ab181603, 1/10,000) at 4 °C with slow shaking
overnight. The membranes were then incubated with the
diluted secondary antibody (ab102248, 1/1000) after being
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rinsed with TBST five times. Abcam (Cambridge, MA,
USA) provided all of the antibodies used in our study. An
ECL detection kit (Bio-Rad, Hercules, CA, USA) was used
for visualization of the blot, and the intensity was analysed
using Image Lab software (Bio-Rad).

Cell counting kit-8 (CKK-8) assay

After the indicated transfection, the cells were plated into
96-well plates (3 X 10* cells/well). Then, 10 puL Cell Count-
ing Kit-8 (CCK-8) solution (Dojindo, Tokyo, Japan) was
added to the plates, followed by incubation for another four
hours at room temperature. A microplate reader (BMG
Labtech, Germany) was used to measure the optical density
(OD) values at a wavelength of 450 nm.

Flow cytometry analyses

For cell cycle analysis, MLE-12 cells were centrifuged
at 800xg for 6 min and then stained with a total of 1 ml
propidium iodide (PI; 20 mg/ml) and RNase (10 U/ml) at
37 °C for 30 min. Finally, FACScan flow cytometry (BD
Biosciences, San Jose, CA, USA) was applied to analyse
cell cycle progression.

For cell apoptosis detection, the Annexin V-FITC Apop-
tosis Detection Kit (Abcam) was used. In brief, MLE-12
cells with different treatments were collected and incubated
with Annexin V-FITC solutions (1 ml) and PI solution (5 ul)
for 15 min in the dark. Then, the binding buffer (400 ul)
was added to the cells. Finally, flow cytometry (FACScan;
BD Biosciences) was employed for MLE-12 cell apoptosis
detection.

Luciferase reporter assay

The possible binding sites between circPalm2 and miR-
376b-3p were sought using the bioinformatics tool starBase
[35], and a binding site for miR-376b-3p in the MAP3K1
3’UTR was predicted with the tool TargetScan [36]. The
wild-type (Wt) or mutated (Mut) specific sequence of circ-
Palm2 or the MAP3K1 3’ untranslated region (UTR) was
cloned into pmirGLO vectors (E1330, Promega, USA) to
establish the circPalm2-Wt/Mut reporters or MAP3K1
3’UTR-Wt/Mut reporters. MiR-376b-3p mimics or NC
mimics were cotransfected with pmirGLO-circPalm2-Wt/
Mut or pmirGLO-MAP3K1 3’UTR-Wt/Mut into MLE-12
cells using Lipofectamine 2000 (Invitrogen). After 48 h
of cotransfection, the luciferase activity levels were tested
with the Luciferase Reporter Assay System (Promega). The
relative firefly luciferase activity was normalized to Renilla
luciferase activity.
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Statistical analysis

Experimental data were analysed with SPSS 18.0 software
(SPSS Inc., Chicago, IL, USA) and are presented as the
mean + standard deviation. Difference comparisons between
two groups were evaluated using Student’s ¢ test, and those
among more groups were analysed using one-way analysis
of variance (ANOVA) and the Holm—Sidak post hoc test.
Gene expression correlation in lung tissue was confirmed
using Pearson correlation analysis. p < 0.05 was considered
statistically significant.

Results

LPS induces MLE-12 cell apoptosis, cell cycle arrest,
and the inflammatory response

Initially, MLE-12 cells were stimulated with LPS to estab-
lish in vitro models of septic ALI. After LPS stimulation,

MLE-12 cell viability was decreased compared with that
of the control (Con) group, as revealed by the CCK-8 assay
(Fig. 1A). Based on the ELISA results, LPS exposure
contributed to the increased accumulation of proinflam-
matory cytokines (TNF-a, IL-6 and IL-1f) in MLE-12
cells (Fig. 1B), suggesting that LPS treatment triggered
an inflammatory response in cells. Flow cytometry analy-
sis showed that LPS increased the proportion of cells in
the G1 phase and reduced the proportion of cells in the S
phase, which demonstrated that the G1-S cell cycle transi-
tion was suppressed by LPS treatment (Fig. 1C). Addition-
ally, LPS stimulation increased the apoptotic rate of MLE-
12 cells (Fig. 1D). Furthermore, western blotting validated
that LPS-stimulated MLE-12 cells displayed a decline in
the anti-apoptotic indicator Bcl-2 protein and an increase
in Bax (a pro-apoptotic indicator) protein (Fig. 1E) com-
pared to the untreated cells. Thus, we concluded that LPS
induces MLE-12 cell injury by blocking cell cycle pro-
gression while accelerating apoptosis and inflammation.
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Fig.1 LPS induces MLE-12 cell apoptosis and inflammation. (A)
CCK-8 assay for evaluating MLE-12 cell viability in the Con and
LPS groups. (B) ELISA for determining proinflammatory cytokine
concentrations in MLE-12 cells in the Con and LPS groups. (C, D)

Flow cytometry analysis for determining MLE-12 cell cycle transi-
tion and cell apoptosis in the Con and LPS groups. (E) Western blot-
ting for determining apoptosis-related marker protein levels in MLE-
12 cells of the Con and LPS groups. **p <0.01, ***p <0.001
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Characterization of circPalm2

CircPalm?2 (circ_0001212) is spliced from
exons 2-5 of Palm2 pre-mRNA and located on
chr4:57,722,322-57,723,015, as shown by the schematic
diagram of the circBase database (http://www.circbase.
org/) (Fig. 2A). To determine the stability of circPalm?2, the
RNA extracted from MLE-12 cells was exposed to RNase R.
The linear Palm?2 level was reduced sharply in response to
RNase R treatment, whereas circPalm2 was almost insensi-
tive to RNase R (Fig. 2B). To further identify the circular
characteristics of circPalm2, actinomycin D was used to treat
MLE-12 cells. A gradual reduction in mRNA levels was
observed in the linear Palm?2 group, while circPalm?2 levels
were more stable in response to actinomycin D treatment
(Fig. 2C). These results reveal the circular characteristics of
circPalm2. In addition, circPalm2 was highly expressed in
LPS-intoxicated MLE-12 cells, in contrast to that in the Con
group, indicating the possible involvement of circPalm2 in
ALI (Fig. 2D). Moreover, circPalm2 mainly existed in the
cytoplasm of MLE-12 cells, implying that circPalm?2 can
exert its functions at the posttranscriptional level (Fig. 2E).

CircPalm2 depletion ameliorates LPS-evoked
apoptosis, cell cycle arrest, and inflammation

To determine the biological functions of circPalm2 in ALI
pathogenesis, we performed RT—qPCR to measure the
knockdown effect of circPalm?2 in LPS-stimulated MLE-12
cells. As demonstrated in Fig. 3A, we effectively downregu-
lated circPalm?2 levels by transfection with sh-circPalm?2.
The CCK-8 assay illustrated that silencing circPalm?2 led
to an increase in the viability of LPS-stimulated MLE-12
cells (Fig. 3B). ELISA indicated that the proinflammatory
cytokine concentration in LPS-intoxicated MLE-12 cells
was decreased by knockdown of circPalm?2 (Fig. 3C). More-
over, silencing of circPalm2 resulted in a reduced proportion
of cells in G1 phase and an elevated proportion of cells in
S phase relative to the control group (LPS + sh-NC), which
implied that cell cycle transition was promoted by circPalm2
silencing (Fig. 3D). In addition, circPalm2 downregulation
impeded the apoptotic behaviours of MLE-12 cells stimu-
lated by LPS (Fig. 3E). Silencing of circPalm?2 reduced Bax
protein levels and increased Bcl-2 protein expression in
MLE-12 cells treated with LPS (Fig. 3F). Overall, circPalm2
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Fig.2 Characterization of circPalm2. (A) Schematic diagram of
circPalm?2 formed by back-splicing from the Palm2 premRNA at the
chromosome, as shown by the circBase database (http://www.circb
ase.org/). (B) The levels of circPalm2 and linear Palm2 were meas-
ured after treatment with RNase R. (C) CircPalm2 and linear Palm2
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levels were estimated after actinomycin D treatment. (D) RT—qPCR
for evaluating circPalm2 expression in MLE-12 cells of the Con and
LPS groups. (E) Nuclear-cytoplasmic fractionation assay for deter-
mining the subcellular localization of circPalm2 in MLE-12 cells.
*¥p <0.01, ***p <0.001
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Fig.3 CircPalm2 depletion ameliorates LPS-evoked MLE-12 cell
damage. (A) RT—qPCR for transfection efficiency of sh-circPalm?2.
(B) CCK-8 assay for evaluating LPS-treated MLE-12 cell viabil-
ity after downregulating circPalm2. (C) ELISA for determining the
proinflammatory cytokine concentration in LPS-stimulated MLE-12

downregulation attenuates LPS-triggered cell apoptosis, cell
cycle arrest, and inflammation.

CircPalm2 sponges miR-376b-3p

The circRNA-miRNA—mRNA network was previously
reported to be involved in ALI development [37]. To deter-
mine the mechanism by which circPalm2 regulates LPS-
elicited injury of MLE-12 cells, five potential miRNAs that
may interact with circPalm2 were predicted using the tool
starBase (Fig. 4A). As denoted in Fig. 4B, LPS treatment
decreased miR-376b-3p and miR-330-5p levels in MLE-12
cells. Moreover, qPCR analysis revealed that miR-376b-3p
displayed a much higher level in the context of circPalm2
depletion than miR-330-5p (Fig. 4C). Moreover, the inter-
action between circPalm2 and miR-330-5p has been fully
explored [38], and miR-376b-3p was selected for further

cells after downregulating circPalm2. (D, E) Flow cytometry analy-
sis for determining LPS-treated MLE-12 cell cycle transition and cell
apoptosis after downregulating circPalm2. (F) Western blotting for
determining apoptosis-related marker protein levels in LPS-stimu-
lated MLE-12 cells after downregulating circPalm2. **p <0.01

investigation. We found that transfection of miR-376b-3p
mimics could overexpress miR-376b-3p but did not affect
circPalm?2 levels in MLE-12 cells (Fig. 4D). A possible bind-
ing site between circPalm2 and miR-376b-3p was identi-
fied with the tool starBase (Fig. 4E). CircPalm2-Wt relative
luciferase activity was markedly reduced by miR-376b-3p
overexpression in MLE-12 cells, and circPalm2-Mut activ-
ity displayed no significant changes under the same condi-
tions (Fig. 4F). These results indicate that circPalm2 sponges
miR-376b-3p in MLE-12 cells.

MiR-376b-3p targets MAP3K1
To further investigate the ceRNA network involving circ-
Palm?2 in ALI development, 3 potential target mRNAs

(MAP3KI1, Scd2 and Hnrnpa0Q) possessing binding sites
for miR-376b-3p were predicted by the ENCORI website
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Fig.4 CircPalm2 sponges miR-376b-3p. (A) Potential miRNAs
(mmu-miR-330-5p, mmu-miR-326-3p, mmu-miR-3077-3p, mmu-
miR-7661-3p and mmu-miR-376b-3p) that can interact with circ-
Palm2 were searched on the ENCORI website. (B) RT—qPCR for
detecting the impact of LPS on miRNAs in MLE-12 cells. (C) miR-
330-5p and miR-376b-3p expression in response to circPalm2 silenc-
ing was measured by qPCR in MLE-12 cells. (D) RT—qPCR for

(condition: AgoExpNum > 6). RT—qPCR analysis revealed
that LPS administration only caused upregulation of the
MAP3KI mRNA level (Fig. 5A). Additionally, treatment
with LPS in MLE-12 cells also increased the MAP3K1
protein level (Fig. 5B, C). The binding site between
the MAP3K1 3’UTR and miR-376b-3p predicted by
ENCORI is presented in Fig. 5D. The results of luciferase
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Wt Mut
pmirGLO-circPaim2

detecting the impact of miR-376b-3p mimics on the levels of miR-
376b-3p and circPalm2 in MLE-12 cells. (E) Bioinformatics analy-
sis of the possible binding area between circPalm2 and miR-376b-3p.
(F) Luciferase reporter assays were performed to verify the bind-
ing relationship between circPalm2 and miR-376b-3p. **p <0.01,
##4n <0.001

reporter assays verified the suppressive impact of miR-
376b-3p upregulation on the luciferase activity level of
the MAP3K1-3’UTR-Wt vector, while no obvious change
was observed in the MAP3K1-3’UTR-Mut group after
overexpressing miR-376b-3p (Fig. 5E). In addition,
either miR-376b-3p upregulation or circPalm?2 silencing
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Fig.5 MiR-376b-3p targets MAP3K1. (A) RT—qPCR for detect-
ing the impact of LPS on the mRNA expression of 3 candidate genes
(MAP3K]1, Scd2 and Hnrnpa0) in MLE-12 cells. (B, C) Western blot-
ting for detecting the impact of LPS on MAP3K1 protein expression
in MLE-12 cells. (D) According to the prediction from the ENCORI
website, a binding site for miR-376b-3p is present in the MAP3K1
3’UTR. (E) Luciferase reporter assays were conducted to confirm the

decreased the protein level of MAP3K1, as revealed by
western blotting (Fig. S5F, I). In contrast, MAP3K1 pro-
tein expression was increased in response to miR-376b-3p
deficiency (Fig. SH). The knockdown efficacy of the miR-
376b-3p inhibitor (76% decrease) in MLE-12 cells was
calculated based on RT—qPCR (Fig. 5G). The above find-
ings indicated that miR-376b-3p targets MAP3K1 and that
miR-376b-3p negatively regulates MAP3K1 levels, while
circPalm2 positively regulates MAP3K1 expression.

interaction between miR-376b-3p and the MAP3K1 3’UTR. (F, H, I)
The protein level of MAP3K1 in the context of miR-376b-3p upregu-
lation, miR-376b-3p inhibition, or circPalm?2 silencing was measured
by western blotting. (G) The knockdown efficacy of the miR-376b-3p
inhibitor in MLE-12 cells was evaluated by RT—qPCR. **p<0.01,
**%p <0.001

miR-376b-3p overexpression attenuates
LPS-induced MLE-12 cell apoptosis, cell cycle arrest,
and inflammation by regulating MAP3K1

Subsequently, the influence of miR-376b-3p overexpres-
sion on LPS-induced cell injury and inflammation was
evaluated, and whether miR-376b-3p affects cell behav-
iors by regulating MAP3K1 was explored. After trans-
fection with pcDNA3.1/MAP3K1, MAP3K1 mRNA and
protein levels were upregulated in LPS-treated MLE-12

@ Springer



284

Toxicol Res. (2023) 39:275-294

A 10 8 25 c 200 = 2%
! LR R { xhx —_
3 8- Map3k1 e § 4 R 150
= o
& 6= g 3 - = 100 =4
& GAPDH s s % 4
§ = % - % 50
N .
4 | & A - il o
% 2 e’(} K g 1
& 3 « § 0
0 E 0
O o D
< N A
\\e“\o & & o & T
Ca -~ QQ o x
i o & o8
v
A
e
&
e mIR-NC
== miR-376b-3p miR-376b-3p miR-376b-3p+Map3k1
miR-376b-3p+Map3k1 -
s00m T — - G1=4257 | = G1=70.78
§ il o $=54.07 S=18.87
| i A 2 _ G2=336 ~ | c2=1035
§ = 300 T % * % § - -
E —_— = 2 ]
200 . - i
28 |
-é 100— L N - NN
Q
FL2-A PE-A
IL-8 IL-1B TNF-a
w—  miR-NC F X
== miR-3760-3p miR-NC miR-376b-3p miR-376b-3p+Map3k1
100 == miR-376b-3p+Map3k1
-1 Q1 Qr Q2
AN n w15 <1048 560
~ 80 — = .
i X AR N N i
§ o - z [+ . ’
S 40— v < ’
i w1 Q4 Q4 Q3 =~
S 20 Rl LW s |
0= Annexin V-FITC
GO/G1 s G2 :
5= .. G —  mRNC
- == miR-376b-3p
£ 20 - Bax - == miR-3760-3p+Map3k1
3 15— B2 i - 5= LI 13
10 = § 4 -
: —T T
3 s- - § 3
A
0= & éf“ﬁ & g 2-
. A & B ¥ g xxx
S & & Al
& AT W A°
& o @& 0-
é@ € Bax Bel-2
&

Fig.6 miR-376b-3p overexpression attenuates LPS-induced cell
apoptosis and the inflammatory response, and the alterations were
counteracted by overexpression of MAP3KI. (A, B) RT—qPCR
and western blotting for evaluating the transfection efficiency of
pcDNA3.1/MAP3K1. (C) CCK-8 assay for detecting cell viability
after LPS treatment and plasmid (miR-NC, miR-376b-3p mimics,
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or miR-376b-3p mimics+ pcDNA3.1/MAP3K1) transfection. (D)
ELISA for measuring the concentrations of inflammatory cytokines
in cells with the above treatment. (E, F) Flow cytometry analysis for
the detection of cell cycle progression and cell apoptosis. (G) Protein
levels of apoptosis-related genes were quantified using western blot-
ting. **p <0.01, ***p <0.001
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cells (Fig. 6A, B). In comparison to the control group
(LPS + miR-NC), the overexpressed miR-376b-3p group
showed increased cell viability, and the increase in cell
viability induced by miR-376b-3p was offset by overex-
pression of MAP3K1 (Fig. 6C). According to ELISA,
overexpressing miR-376b-3p induced a reduction in
inflammatory factors, and the changes were reversed in the
context of both miR-376b-3p and MAP3K1 overexpression
(Fig. 6D). Moreover, the reduction in the percentage of
cells in G1 phase and the increase in the number of cells in
S phase suggested a promoting impact of miR-376b-3p on
cell cycle transition, and the alteration mediated by miR-
376b-3p was counteracted by overexpression of MAP3K1
(Fig. 6E). Consistent with the above findings, MAP3K1
overexpression offset the inhibitory influence of miR-
376b-3p on MLE-12 cell apoptosis (Fig. 6F). In addition,
MAP3KI1 offset the miR-376b-3p-induced reduction in
Bax protein levels and elevation of Bcl-2 levels as shown
by western blotting (Fig. 6G), which further verified that
miR-376b-3p hampers MLE-12 cell apoptosis. Hence, it
can be concluded that miR-376b-3p overexpression attenu-
ates LPS-induced MLE-12 cell injury and inflammation by
downregulating MAP3K1.

MAP3K1 enhancement reverses the impact
of circPalm2 knockdown on LPS-induced MLE-12 cell
apoptosis and inflammation

To investigate whether silencing circPalm?2 affects LPS-
triggered MLE-12 cell damage and inflammation by regu-
lating MAP3K1 expression in ALI, rescue experiments
were conducted. CircPalm2 depletion enhanced LPS-stim-
ulated MLE-12 cell viability, while MAP3K1 overexpres-
sion counteracted the promoting effect, as demonstrated
by CCK-8 assays (Fig. 7A). ELISA showed that MAP3K1
upregulation reversed the suppression of the concentration
of proinflammatory factors induced by silencing circPalm?2
in LPS-stimulated MLE-12 cells (Fig. 7B). According to
flow cytometry analysis, G1-S cell cycle transition was
facilitated by circPalm2 depletion, and the promoting
effect was reversed by upregulated MAP3K1 (Fig. 7C).
In addition, LPS-enhanced MLE-12 cell apoptosis was
inhibited by sh-circPalm?2, and this inhibition was offset
by MAP3K1 overexpression (Fig. 7D, E). Western blotting
showed that the reduction in Bax protein expression and
the increase in Bcl-2 protein expression caused by circ-
Palm?2 silencing were neutralized by MAP3K1 elevation
in LPS-stimulated MLE-12 cells (Fig. 7F). Taken together,
MAP3K1 upregulation breaks through the restriction that
circPalm2 downregulation exerts on LPS-evoked MLE-12
cell apoptosis, cell cycle progression, and inflammatory
response.

The expression of circPalm2, miR-376b-3p
and MAP3K1 in the lung tissues of CLP-induced ALI
mice

To examine the levels of circPalm2, miR-376b-3p and
MAP3K1 and their regulatory relationship in septic ALI
in vivo, animal models were established utilizing C57BL/6
mice subjected to CLP. As Fig. 8A—C shows, CLP-treated
mice exhibited low miR-376b-3p expression and high levels
of circPalm2 and MAP3K1 in their lung tissues. In addi-
tion, injection of Ad-Sh-circPalm2 contributed to increased
miR-376b-3p levels and decreased levels of circPalm2 and
MAP3KI1 in the lung tissue of the CLP + Ad-Sh-circPalm?2
group in comparison to those in the CLP + Ad-NC group
(Fig. 8A-C). In addition, a negative correlation between
miR-376b-3p and circPalm2 was observed in the lung tissues
of CLP-injected mice (n=24), as presented by Pearson cor-
relation analysis (Fig. 8D). The MAP3K1 level was inversely
correlated with the miR-376b-3p level and was positively
associated with circPalm?2 expression in the lung tissues of
mice after CLP surgery (n=24) (Fig. 8E, F).

Since the circPalm2/miR-330-5p/ROCK?2 axis has previ-
ously been reported to be involved in ALI [38], miR-330-3p
and ROCK?2 expression, as well as their expression corre-
lations, were also analysed in lung tissues. As shown by
Fig. 8G and H, CLP induced low miR-330-5p levels and
high ROCK2 expression in vivo compared to the sham-
operated group, and Ad-Sh-circPalm?2 induced increased
miR-330-5p levels and reduced ROCK?2 expression in lung
tissue. Moreover, a negative expression correlation between
miR-330-5p and ROCK2 and between circPalm2 and miR-
330-5p was identified in lung tissue (Fig. 81, J). Additionally,
circPalm? levels were positively correlated with ROCK2
levels in vivo (Fig. 8K). Collectively, circPalm?2 negatively
regulates the pulmonary level of miR-376b-3p but positively
modulates MAP3K1 pulmonary expression in CLP-induced
ALI mice.

Knockdown of circPalm2 inhibits lung injury
in CLP-induced ALI mice

In this section, we further probed the effect of circPalm?2
silencing in CLP-induced ALI mice. As shown by H&E
staining, morphologically normal alveoli were seen in the
sham group (Fig. 9A). In comparison to the sham-operated
mice, CLP-treated mice showed obvious pathological altera-
tions in their lung tissues, as evidenced by thickened alveolar
septa and walls, vascular bleeding, congestion, and collapsed
alveolar sacs (Fig. 9A). In contrast, these histologic altera-
tions induced by CLP surgery were mitigated by injection
with Ad-Sh-circPalm?2 (Fig. 9A). As Fig. 9B illustrates,
the CLP group had a much higher injury score than the
sham-operated group, while the CLP + Ad-Sh-circPalm?2
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Fig.7 MAP3KI1 enhancement reverses the impact of circPalm2
knockdown on LPS-induced MLE-12 cell apoptosis and inflamma-
tion. (A) CCK-8 assay for evaluating LPS-treated MLE-12 cell viabil-
ity after downregulation of circPalm2 alone or simultaneous down-
regulation of circPalm2 and overexpression of MAP3K1. (B) ELISA
for determining the proinflammatory cytokine concentrations in LPS-
stimulated MLE-12 cells after downregulation of circPalm2 alone
or simultaneous downregulation of circPalm2 and overexpression
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of MAP3K1. (C-E) Flow cytometry analysis for determining LPS-
treated MLE-12 cell cycle transition and apoptosis after downregula-
tion of circPalm2 alone or simultaneous downregulation of circPalm2
and overexpression of MAP3K1. (F) Western blotting for deter-
mining apoptosis-related marker protein levels in LPS-stimulated
MLE-12 cells after downregulation of circPalm2 alone or simultane-
ous downregulation of circPalm2 and overexpression of MAP3K1.
*p <0.05, **p <0.01
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Fig.8 The expression of circPalm2, miR-376b-3p and MAP3K1
in the lung tissues of CLP-induced ALI mice. (A—C) RT—qPCR for
evaluating circPalm2, miR-376b-3p and MAP3K1 levels in murine
lung tissues from the sham, CLP, CLP+ Ad-NC and CLP+ Ad-Sh-
circPalm2 groups. (D-F) Pearson correlation analysis of the corre-
lations among circPalm2 expression, miR-376b-3p expression and

group presented a greatly reduced injury score than the
CLP + Ad-NC group (Fig. 9B). All of these results sug-
gested that circPalm?2 depletion mitigates lung injury in
CLP-treated mice. Moreover, a reduction in body weight
was noted in mice subjected to CLP surgery relative to the
sham-operated mice (Fig. 9C). In contrast, the CLP-induced
decrease in body weight was partially offset by injecting Ad-
Sh-circPalm2 vectors (Fig. 9C).

Lung inflammation is an important hallmark of ALI
[39]. As expected, the CLP group exhibited a higher accu-
mulation of proinflammatory cytokines compared with the

Relative miR-330-5p level

Relative ROCK2 level

MAP3KI1 expression in the lung tissues of CLP-induced ALI mice
(n=24). (G, H) miR-330-5p and ROCK2 expression levels in lung
tissues collected from the four experimental groups were detected by
PCR. (I-K) Expression associations among circPalm2, miR-330-5p,
and ROCK?2 in lung tissues of CLP-treated ALI mice (n=24) by
Pearson correlation analyses. *p <0.05, **p <0.01

sham group (Fig. 9D-F). However, this enhancement of
proinflammatory factor secretion in lung tissues of the
CLP group was weakened by injection with circPalm2-
downregulating adenoviral vectors (Fig. 9D-F). Moreover,
after CLP surgery, Bax protein expression was increased,
while Bcl-2 protein expression was reduced, and the
changes were counteracted by circPalm?2 depletion in vivo
(Fig. 9G). Overall, downregulation of circPalm?2 alleviates
LPS-induced pulmonary inflammation and histopathologi-
cal lesions in mice.
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Fig.9 Knockdown of circPalm2 inhibits lung injury in CLP-treated (D-F) ELISA for determining the proinflammatory cytokine secre-
mice. (A) H&E staining to observe the histopathological charac- tion in each group. (G) Western blotting was performed to evaluate
teristics of lung tissues from the sham, CLP, CLP+ Ad-NC and the protein levels of apoptosis-related genes (Bax and Bcl-2) in the
CLP + Ad-Sh-circPalm2 groups (scale bar =50 pm). (B) Intensity lung tissue of the four experimental groups. *p <0.05, **p<0.01,
of the injury score of each group. (C) Body weight of each group. **%p <0.001

Silencing circPalm2 inhibits JNK1/2 signalling miR-376b-3p or silenced circPalm2 suppressed the
by downregulating MAP3K1 via miR-376b-3p p-JNK1/2 level in LPS-treated cells, and MAP3K1 over-
expression offset the suppressive impacts induced by
The downstream signalling that can be mediated by = miR-376b-3p or sh-circPalm2 (Fig. 10B, C). Furthermore,
MAP3K]1 was then studied. According to previous reports, ~ MAP3KI1 and p-JNK1/2 levels were increased in the lung
MAP3KI1 can activate JNK signalling to affect cell apop-  tissue of CLP model mice, and injection of Ad-Sh-circ-
tosis or survival in many diseases [40-42], and activation =~ Palm2 reduced MAP3K1 and p-JNK1/2 levels in CLP-
of INK signalling is responsible for ALI aggravation [43,  treated mice (Fig. 10D). The above results demonstrated
44]. We found that the phosphorylated INK1/2 (p-INK1/2) ~ that MAP3K1 activates JNK1/2 signalling and that circ-
level was elevated in MLE-12 cells after LPS treatment  Palm2 deficiency inhibits JNK1/2 signalling by downregu-
and that MAP3K1 enhanced the p-JNK1/2 level in LPS-  lating MAP3K1 via increasing miR-376b-3p.
stimulated cells (Fig. 10A). Moreover, overexpressed
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Fig. 10 Silencing circPalm?2 inhibits JNK1/2 signalling by downreg-
ulating MAP3K1 via miR-376b-3p. Western blotting was performed
to quantify phosphorylated JNK1/2 (p-JNK1/2) levels (A) in MLE-
12 cells of the control group, LPS group, and LPS + MAP3K1 group;
(B) in LPS-induced MLE-12 cells of the miR-NC, miR-376b-3p,

Inhibition of JNK1/2 signalling ameliorates
LPS-induced cell injury and inflammation

Finally, we revealed the influence of JINK1/2 signalling on
LPS-stimulated MLE-12 cell injury and inflammation. As
shown in Fig. 11A, cell viability was greatly reduced after
LPS treatment, and the decrease was rescued by JNK-in-8
(a JNK1/2 inhibitor). In addition, JNK-in-8 reversed LPS-
induced high concentrations of inflammatory factors, as sug-
gested by ELISA (Fig. 11B). Consistent with these findings,
LPS-enhanced cell cycle arrest and cell apoptosis were also
inhibited after JNK1/2 inhibition (Fig. 11C, D). Western blot-
ting showed that Bax protein expression was increased while
Bcl-2 protein expression was reduced after LPS treatment, and
these alterations were counteracted by inhibiting JNK1/2 sig-
nalling (Fig. 11E). Overall, inhibition of JNK1/2 signaling can
attenuate LPS-induced cell damage and inflammation in vitro.

and miR-376b-3p+MAP3K1 groups; (C) in LPS-stimulated MLE-
12 cells of the sh-NC, sh-circPalm2, and sh-circPalm2+ MAP3K1
groups. (D) MAP3K1 and p-JNK1/2 levels in lung tissues of the
sham group, CLP group, CLP + Ad-NC, and CLP + Ad-Sh-circPalm2
group were quantitated by western blotting. **p <0.01, ***p <0.001

Discussion

ALI is closely associated with sepsis and is also an impor-
tant cause of the high mortality of sepsis patients [45]. Thus,
the underlying molecular mechanisms of septic ALI should
be explored for a better understanding of its development.
Accumulating evidence has revealed the dysregulation of
circRNAs in septic ALIL, possibly implicating circRNAs in
the progression of this disease [17]. Thus, more work should
be done to reveal the biological functions of circRNAs in
septic ALI In the current study, we elucidated that knock-
down of circPalm2 mitigates septic ALI progression by sup-
pressing apoptotic activity, inflammation, and lung injury by
regulating the miR-376b-3p/MAP3K1 axis.

In septic ALI, the inflammatory reaction cascade can
be caused by the accumulation of inflammatory factors.
Inhibition of apoptosis and inflammation of the pulmonary
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Fig. 11 Inhibition of JNK1/2 signalling ameliorates LPS-induced matory factors; (C, D) flow cytometry was utilized for cell cycle and
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INK-in-8, (A) a CCK-8 assay was conducted to detect cell viability; tify the protein levels of the apoptosis-related genes (Bax and Bcl-2).
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epithelium might ameliorate this disease [46]. LPS is com-
monly utilized to establish ALI cell models [47]. Con-
sistently, we also used LPS to induce ALI in vitro. After
LPS stimulation, we found that MLE-12 cell viability was
impaired, and MLE-12 cell apoptosis and inflammation
were accelerated, which suggested the successful estab-
lishment of in vitro models of septic ALI. Herein, we also
successfully established in vivo models of septic ALI by
treating C57BL/6 mice with CLP surgery. After CLP sur-
gery, we observed severe morphological changes in murine
lung tissues, including the collapse of pulmonary alveoli,
haemorrhage, and alveolar thickening. Compared to the
sham-operated mice, CLP-treated mice exhibited decreased
body weight. In addition, CLP surgery also accelerated cell
apoptosis in lung tissue samples and stimulated lung inflam-
mation in mice by increasing their proinflammatory factor
levels.

CircPalm2 (circ_0001212), a novel circRNA, has been
demonstrated to be upregulated in lung tissues of mice
with sepsis [21]. A recent study proposed that circPalm?2
interacts with miR-330-5p to upregulate ROCK2 expres-
sion and thereby accelerate epithelial cell injury [38]. In
the mentioned article, circPalm2 depletion ameliorated the
LPS-induced inflammatory response and oxidative stress in
MLE-12 cells, and the expression of circPalm2, miR-330-5p,
and ROCK?2 in LPS-induced ALI mice was consistent with
the in vitro experiments [38]. Another study reported that
circPalm?2 knockdown attenuated LPS-induced apoptosis
and the inflammatory response in mouse pulmonary micro-
vascular endothelial cells by reducing ROCK1 expression
via miR-129-5p upregulation [48].

Despite these two ceRNA networks mediated by circ-
Palm?2, the circPalm2/miR-376b-3p/MAP3K1 axis in ALI
has not previously been revealed. In this study, we identi-
fied circular characteristics and validated the upregulation of
circPalm2 in LPS-stimulated MLE-12 cells and lung tissue
from mice subjected to CLP surgery. Similarly, circPalm?2
depletion attenuated MLE-12 cell apoptosis, cell cycle
arrest, and inflammation triggered by LPS, which was con-
sistent with the findings of previous studies. More impor-
tantly, in vivo experiments in our study further revealed that
silencing circPalm?2 alleviated pulmonary morphological
abnormalities and inflammatory injury in ALI mice. In con-
trast to a previous study that established ALI mouse models
by stimulating C57BL/J mice with LPS, the current study
established sepsis-induced ALI models using CLP surgery.
These results implied that circPalm2 downregulation ame-
liorates septic ALI pathogenesis in vitro and in vivo.

The ceRNA hypothesis is widely studied because of its
unique role in the molecular mechanisms of disease progres-
sion [49]. In the ceRNA network mediated by circRNA, a
shared miRNA serves as a bridge to help circRNA regulate
mRNA [23]. Numerous miRNAs have been demonstrated

to affect septic ALI progression [S0-52]. In this report,
miR-376b-3p was demonstrated to interact with circPalm?2.
Emerging reports have substantiated that miR-376b-3p par-
ticipates in regulating the inflammatory response, especially
in periodontitis and diabetes-induced vascular injury [53,
54]. In this study, MLE-12 cells and murine lung tissues dis-
played low miR-376b-3p expression after LPS stimulation.
Furthermore, we confirmed the combination and reverse
association between miR-376b-3p and circPalm?2.

In our study, transcription factor 4 (MAP3K1) was pre-
dicted as a target of miR-376b-3p. MAP3K1 is also known
as MEKK 1 and MAPKKKI. In our study, MAP3K1 was
highly expressed in MLE-12 cells and murine lung tissue
after LPS exposure. Moreover, MAP3K1 was reversely
regulated by miR-376b-3p and modulated by circPalm2 in
a positive manner in MLE-12 cells. In rescue assays, over-
expression of MAP3K1 reversed the suppressive impact of
circPalm?2 deficiency on apoptosis, cell cycle progression,
and inflammation in LPS-treated MLE-12 cells. Notably, the
proapoptotic and proinflammatory roles of MAP3K1 have
been identified in other inflammatory disorders. For exam-
ple, genetic variation in MAP3K1 is involved in cell apopto-
sis and inflammation in acute respiratory distress syndrome
[55]. In addition, MAP3K1 regulates Mycoplasma galli-
septicum (HS strain)-induced inflammation via the MAPK
and NF-kB pathways [56]. In summary, MAP3K1 enhances
LPS-triggered MLE-12 cell damage, thereby promoting the
pathology of septic ALIL.

MAP3KI1 can evoke the activation of JNK signalling,
thereby affecting cell apoptosis or survival in many diseases
[40-42]. Moreover, activation of JNK signalling aggravates
ALI development [43, 44]. JNK is a member of the mito-
gen-activated protein kinase (MAPK) family [57]. By being
phosphorylated by MAP3Ks, JNK can be activated by pro-
inflammatory factors and stress [58]. Many JNK inhibitors
have been demonstrated to be promising therapeutic options
for ALI treatment. For example, SP600125 ameliorates sep-
sis-associated lung injury by suppressing endoplasmic retic-
ulum stress and thus inhibiting apoptosis [59]. INK-in-8, the
first irreversible JNK inhibitor, mitigates LPS-induced AKI
by suppressing the JNK/NF-«xB signalling-induced inflam-
matory response and oxidative stress [60].

Consistent with previous findings, the current work
revealed that JNK-in-8 attenuates LPS-induced cell apopto-
sis, cell cycle arrest, and the inflammatory response in vitro.
Moreover, MAP3K1 activates INK1/2 signalling, while
miR-376b-3p inhibits the activation of JNK1/2 signaling in
LPS-stimulated MLE-12 cells. Silencing circPalm2 inhibits
phosphorylated JNK1/2 levels by downregulating MAP3K1
via miR-376b-3p. It can be concluded that circPalm?2 inter-
acts with miR-376b-3p to upregulate MAP3K1 levels and
thus activates JNK1/2 signaling, thereby promoting MLE-
12 cell apoptosis, cell cycle arrest, and the inflammatory
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response. In other words, silencing circPalm?2 represses
LPS-induced MLE-12 cell dysfunction and ameliorates
lung injury in CLP-treated mice via regulation of the miR-
376b-3p/MAP3K1/INK1/2 pathway.

The findings of this study might provide novel biomark-
ers for improving the prognosis of patients diagnosed with
septic ALI. Additional studies focusing on other molecules
involved in the circPalm2/miR-376b-3p/MAP3K1/JNK1/2
pathway and the axes involved in other activities in ALI,
such as oxidative stress, are needed.
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