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apoptosis; Background: Sepsis is a systemic inflammatory response syndrome and leads to patient’s death.
AQP1; Objective: To investigate the effect of myocyte enhancer factor 2 (MEF2C) on acute lung injury
inflammation; (ALI) with sepsis and its possible mechanism.

MEF2C; Material and Methods: The cecal ligation and puncture (CLP)-induced sepsis rat model was
sepsis established. The lung injury was determined by lung wet-dry weight ratio, the concentration

of inflammatory cytokines, including tumor necrosis factor-o (TNF-a), Interlukin (IL)-6, IL-1pB,
and IL-10, were measured by the enzyme-linked-immunosorbent serologic assay kit. The cell
apoptosis was detected by TUNEL staining assay.

Results: Interestingly, MEF2C was down-regulated in this model. Moreover, adeno-associated
virus (AAV)-MEF2C treatment markedly suppressed TNF-a, IL-18, and IL-6 concentrations but
promoted IL-10 concentration in serum in CLP-challenged rats. Besides, overexpression of
MEF2C alleviates CLP-induced lung injury. Interestingly, AAV-MEF2C treatment was confirmed
to suppress apoptosis in CLP-induced sepsis rats as well as promote aquaporin APQ1 expres-
sion. Mechanistically, the rescue experiments indicated that MEF2C alleviated CLP-induced
lung inflammatory response and apoptosis via up-regulating AQP1.

Conclusion: In summary, overexpression of MEF2C suppressed CLP-induced lung inflamma-
tory response and apoptosis via up-regulating AQP1, providing a novel therapeutic target for
sepsis-induced ALI.
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Introduction Animals
Sepsis is a systemic inflammatory response syndrome Male Sprague-Dawley (SD) rats (n = 48), weighing

that affects multiple systems and organs, even leading to
patient’s death."? In sepsis, various inflammatory factors
and inflammatory mediators, including tumor necrosis
factor a (TNF-a), interleukin (IL)-6, and IL-10 are released
and activated, resulting in pro- and anti-inflammatory pro-
cesses, which means the immune function of the body is
damaged. Among them, acute lung and kidney injuries
are common and serious complications of sepsis patients,
with an incidence rate of as high as 40-70%. In the major-
ity of cases (>70%), sepsis seriously threatens the safety of
patients.>* Acute lung injury (ALI) is one of the most com-
mon fatal complications of sepsis due to lung susceptibility.
Although numerous studies have investigated the patho-
genesis and diagnosis of sepsis-induced ALI, the current
treatment options are limited. Therefore, finding novel and
more effective therapeutic drugs would contribute to the
treatment of sepsis-induced ALI.>

The myocyte enhancer factor 2 (MEF2) family of tran-
scription factors consists of MEF2A, B, C, and D mem-
bers. A recent study has shown that MEF2 is associated
with inflammatory diseases, in particular, limitation of
MEF2C can promote the expression of pro-inflammatory
chemokines (CCL2 and CCL5) and cytokines (IL-1 and
TNF).® Moreover, overexpression of MEF2C inhibits induc-
tion of pro-inflammatory molecules by TNF-o, activation
of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB), and adhesion of leukocytes to endothe-
lial cells.” In addition, MEF2 is normally expressed in lung
tissues, especially MEF2C is down-regulated in pulmonary
hypertension.® However, the role of MEF2C in sepsis-in-
duced ALl still remains unclear.

Aquaporins (AQPs) are a small and complete family
of membrane proteins that facilitate water transport and
small neutral solutes across various biofilms in various
eukaryotes and prokaryotes.® Aquaporin AQP-1 is expressed
in pulmonary endothelial cells and regulates water trans-
port and plays an important role in many pulmonary dis-
eases.'” Notably, both mRNA and protein levels of AQP-1
are significantly down-regulated in ALl rats, whereas
up-regulation of AQP1 can protect the lungs from injury."
Interestingly, overexpression of MEF2C increases the AQP1
mRNA and protein levels in human umbilical cord vein
endothelial (HUVEC) cells.”? Nevertheless, the association
of MEF2C and AQP1 in sepsis-induced ALI is unknown.

In this study, we established cecal ligation and punc-
ture (CLP)-induced sepsis rat model, and investigated the
function of MEF2C on inflammatory response and apoptosis
in lung tissues of rats, which might be mediated by AQP1
expression. Our results suggested the importance of a
MEF2C-AQP1 axis in sepsis-induced ALl and provided mech-
anistic insight into how MEF2C is associated with sepsis.

Method and materials

The animal experiments were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals.
Ethical approval was obtained from the Ethics Committee
of the Affiliated Hospital of Zunyi Medical University.

200+20g, were purchased from Nanjing Zunke (China).
Rats were housed at a room temperature of 21+2°C,
humidity of 55-65%, and 12-h light/12-h dark conditions,
and received adaptive feeding for 1 week. The rats were
randomly divided into the following four groups: Sham,
CLP, CLP+adeno-associated virus (AAV)-shRNA (Scramble)
(Hanheng Company, China), and CLP+AAV-MEF2C (Hanheng
Company, China).

The recombinant AAV containing MEF2C was purchased
from Hanheng Company (China). The AAV expressing no
transgene was used as negative control (AAV-Scramble).
Three weeks before construction of CLP model, the rats
were anesthetized and randomized to intratracheal instilla-
tion of surfactant-phosphate buffer solution (PBS) mixture
containing (@) 3.5x10" drp AAV-Scramble, or (b) 3.5x10%
drp AAV-MEF2C. The efficacy of overexpressed MEF2C was
evaluated by western blot test.

Two days before CLP treatment, the rats received
intraperitoneal administration of 1% pentobarbital sodium
(80mg/kg), and were injected with intravenous sh-AQP1
(Genepharma, China) or scrambled shRNA (NC) at a dose of
4x107 transduction units/mL.

The CLP model was used to induce sepsis and established
by intraperitoneal injection of pentobarbital sodium (10mg/
kg body wt.). A 2-3-cm incision along the midline of the abdo-
men, at the end of the cecum was positioned, the cecum
was punctured with a #20 needle, and the proximal end of
the cecum was ligated and closed. The Sham rats underwent
the same operation, except CLP. After 12 and 24h, the rats
were anesthetized with 5% isoflurane, and euthanized by
cervical dislocation, the left lung was isolated, and blood
was washed with pre-cooled PBS, respectively.

Hematoxylin and eosin (H&E) staining

The lung tissues were dissected, washed, and fixed with
4% paraformaldehyde. These were embedded in paraffin,
sectioned at 4-um thickness, de-waxed and rehydrated,
and stained with H&E straining kit (Solarbio, China). The
histologic injury scores were calculated by the sum of the
score for pulmonary edema (PE), inflammatory cell infiltra-
tion, alveolar hemorrhage, hyaline membrane, and atel-
ectasis. Each histologic characteristic was evaluated on a
scale from 0 to 5: 0: normal (no injury); 1: minimal, injured
area <25%; 2: mild, 26-50% injured area; 3: moderate,
51-75% injured area; 4: severe, 76-90% injured area; and 5:
extremely severe, injured area >90%. Three regions were
randomly selected for each slide and their averages were
used as a histopathologic score.

Enzyme-linked-immunosorbent serologic
assay (ELISA)

Levels of tumor necrosis factor (TNF)-a, interleukin (IL)-6,
IL-1B, and IL-10 were assessed using commercial ELISA kits
(Elabscience Biotechnology Co. Ltd., China) according to
the manuscript’s protocol.
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Myeloperoxidase (MPO) activity assay

MPO activity was measured by an MDA detection kit
(Nanjing Jiancheng Bioengineering Institute, China) after
homogenization of the lung tissue.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay

The lung tissues were fixed in polyformaldehyde, and
dehydrated and embedded in paraffin. The TUNEL stain-
ing procedure (Millipore, Germany) was strictly fol-
lowed to detect the lung tissue apoptosis. Staining of
the lung tissue was visualized under light microscope,
which showed red staining of positive apoptotic cells.
Approximately 10 visual fields (high magnification x400)
were selected.

Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA from the lung tissues was extracted with Trizol
(Invitrogen, USA) and complementary DNA (cDNA) was
synthesized with RNA transcription kit (Promega, USA).
Then RT-gPCR was performed with SYBR Green ¢RT-
PCR kit (Takara, Japan). The primer sequences are as
follows: MEF2C, forward: 5-CTTCTGCCACTGGCCCAC-3),
reverse: 5-GGGGTTGCCGTATCCATTC-3; AQP1, forward:
5-GCTGTGGTGGCTGAGTTCC-3, reverse: 5-TGTGACCGCTGG
GTTGAG-3'; and GAPDH, forward: 5-CTGGAGAAACCTGCCAA
GTATG-3', reverse: 5-GGTGGAAGAATGGGAGTTGCT-3".

Western blot

Total protein from the lung tissues was extracted using
RIPA lysis buffer, and protein concentration was deter-
mined using a BCA protein kit (Beyotime, China). Protein
samples (30ug) were separated with 10% SDS-PAGE, and
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked with one of the pri-
mary antibodies at 4°C overnight, including BAX (1/800;
Abcam, UK), Bcl-2 (1/800; Abcam, UK), AQP1 (1/800;
Abcam, UK), MEF2C (1/800; Abcam, UK), and GAPDH
(1/1000; Abcam, UK). After three washes with TBST buffer,
the membranes were incubated for 1h with appropriate
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secondary antibody (1/5000; Abcam, UK) at room tempera-
ture and visualized by enhanced chemiluminescence (ECL)
kit (Beyotime, China). GAPDH was regarded as an internal
reference.

Statistical analysis

The data were presented as meanztstandard deviation
(SD) and analyzed using SPSS 22.0 software (IBM, USA).
Differences between two groups were analyzed by stu-
dent’s t-test, comparisons between three or more groups
were analyzed by one-way analysis of variance; P<0.05 was
considered as significant difference.

Results

MEF2C is down-regulated in CLP-induced
sepsis rats

In order to characterize the roles of MEF2C in CLP-induced
ALl in rats, the mRNA and protein levels of MEF2C were
observed by RT-qPCR and western blot assay, respectively.
As shown in Figures 1A and 1B, both mRNA and protein lev-
els of MEF2C were significantly lower in CLP-induced sep-
sis rats in comparison with the Sham group. These findings
concluded that MEF2C was down-regulated in CLP-induced
sepsis rats.

Overexpression of MEF2C alleviates lung
inflammatory response in CLP-induced
sepsis rats

In order to identify the mechanism of MEF2C in ALI during
sepsis, the protective effect of MEF2C overexpression
was evaluated in CLP-induced sepsis rats. The CLP rats
received intratracheal instillation of AAV-Scramble or AAV-
MEF2C. The western blot test indicated that AAV-MEF2C
treatment significantly promoted MEF2C expression in
CLP-induced sepsis rats (Figure 2A). More importantly,
CLP challenge induced TNF-a, IL-1B, IL-6, and IL-10 con-
centrations in serum in rats at 6 and 12h, respectively
(Figure 2B). Nevertheless, overexpression of MEF2C mark-
edly suppressed TNF-a, IL-1B, and IL-6 concentrations but
promoted IL-10 concentration in serum in CLP-challenged
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MEF2C is down-regulated in CLP-induced sepsis rats. After the CLP-induced ALI rats model was established, (A) mMRNA

and (B) protein levels of MEF2C were detected by gqRT-PCR and western blot assay; this indicated that MEF2C expression was
down-regulated in CLP-induced sepsis rats. Each experiment was repeated thrice. **P<0.01.
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Figure 2 Overexpression of MEF2C alleviates lung inflammatory response in CLP-induced sepsis rats. The CLP rats received
intratracheal instillation of AAV-Scramble or AAV-MEF2C. (A) The MEF2C expression was determined by western blot.
(B) Inflammation factors, including TNF-a, IL-1B, IL-6, and IL-10, in serum were examined by commercial ELISA kit at 6 and 12h.
(C) The mortality of rats was recorded. Each experiment was repeated thrice. **P<0.01 vs. Sham. #P<0.01 vs. CLP+AAV-Scramble.

rats at 6 and 12h, thereby indicating that MEF2C allevi-
ated lung inflammatory response in CLP-induced sepsis
rats. Furthermore, the mortality of rats was recorded,
suggesting that CLP challenge induced rat sacrifices,
whereas overexpression of MEF2C rescued this phenome-
non (Figure 2C).

Overexpression of MEF2C alleviates
CLP-induced lung injury

In order to investigate the role of IGFBP7 in sepsis-induced
ALl, the lung tissues were harvested and subjected to
H&E staining (Figure 3A). There were no obvious histo-
logic changes in the lung tissues of Sham rats. Significant
pathologic changes, including mass inflammatory cell
infiltration, pulmonary interstitial edema, and alveolar
wall thickening, were observed in CLP rats. Fortunately,
these changes were alleviated by the overexpression of
MEF2C. Additionally, a scoring system was used to assess
the degree of lung injury, indicating that CLP surgery
increased the lung injury score, which was markedly
decreased by the overexpression of MEF2C. The wet-dry
weight ratio of the lungs is an important characteris-
tic of ALl and a commonly used indicator of pulmonary
vascular permeability. CLP-challenged rats showed a sig-
nificant increase in the lung wet-dry weight ratio com-
pared to Sham rats at 12 and 24h, respectively, which
was decreased by the overexpression of MEF2C (Figure
3B). Moreover, compared to Sham rats, CLP surgery pro-
moted serum lactate dehydrogenase (LDH) concentration
in lung tissues, which was reversed by the overexpression
of MEF2C (Figure 3C). The MPO activity in lung tissues was

measured, revealing that CLP challenge enhanced MPO
activity at 12 and 24 h, which was reduced by the overex-
pression of MEF2C (Figure 3D). Therefore, these findings
demonstrated that overexpression of MEF2C alleviated
CLP-induced lung injury.

Overexpression of MEF2C suppresses apoptosis
in CLP-induced sepsis rats

To explore mechanism underlying the protective effects of
MEF2C on sepsis-induced ALI, cell apoptosis in the lungs of
CLP-induced sepsis rats was determined by TUNEL stain-
ing. The lung tissue sections from CLP rats accompanied
with an increased number of TUNEL-positive cells, which
was reduced by the overexpression of MEF2C (Figure 4A).
Moreover, the western blot examination suggested that
BAX expression was promoted and Bcl-2 expression was
suppressed by CLP challenge in comparison to Sham rats,
while overexpression of MEF2C led to a significant decrease
of BAX and an increase of Bcl-2 (Figure 4B). Thus, these
findings concluded that overexpression of MEF2C sup-
pressed apoptosis in CLP-induced sepsis rats.

MEF2C alleviates CLP-induced lung inflammatory
response and apoptosis via up-regulating AQP1

In clinic, promising drug targets may depict aquaporins
(AQPs) as they modulate crucial mechanisms in sepsis. By
examining AQP1 expression, we demonstrated that CLP
challenge reduced both mRNA and protein levels of AQP1
in rats, whereas they were promoted by the overexpression
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Figure 3 Overexpression of MEF2C alleviates CLP-induced lung injury. (A) Representative histology sections of the lung tissues
under light microscope (H&E staining x200). In addition, the lung histologic injury score was calculated. (B) Wet/dry ratio was
measured at 12 and 24h, respectively. (C) LDH concentration in the lung tissues was measured by commercial ELISA kit. (D) MPO
activity in the lung tissues was measured at 12 and 24h after CLP challenge. Each experiment was repeated thrice. **P<0.01 vs.
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Figure 4 Overexpression of MEF2C suppresses apoptosis in CLP-induced sepsis rats. (A) Cell apoptosis in the lung tissues was
determined by TUNEL staining assay. (B) BAX and Bcl-2 expressions were detected by western blot assay. Each experiment was
repeated thrice. **P<0.01 vs. Sham. #P<0.01 vs. CLP+AAV-Scramble.

of MEF2C (Figures 5A and B). Interestingly, by knockdown
of AQP1 in CLP rats, the MEF2C-induced decrease of BAX
and increase of Bcl-2 were reversed by sh-AQP1, indicating
that knockdown of AQP1 promoted cell apoptosis (Figure
5C). Besides, MEF2C declined TNF-a, IL-18, and IL-6 con-
centrations but promoted IL-10 concentration in serum,
which was reversed by knockdown of AQP1 (Figure 5D).
Therefore, these findings confirmed that MEF2C alleviated
CLP-induced lung inflammatory response and apoptosis via
up-regulating AQP1.

Discussion
In this study, the CLP-induced sepsis rat model was estab-

lished, and MEF2C was down-regulated in this model.
Moreover, AAV-MEF2C treatment markedly suppressed

TNF-a, IL-1B, and IL-6 concentrations but promoted
IL-10 concentration in the serum of CLP-challenged rats.
Besides, overexpression of MEF2C alleviated CLP-induced
lung injury. Interestingly, AAV-MEF2C treatment was con-
firmed to suppress apoptosis in CLP-induced sepsis rats,
and promoted APQ1 expression. Mechanistically, the rescue
experiments indicated that MEF2C alleviated CLP-induced
lung inflammatory response and apoptosis via up-regulating
AQP1. Taken together, our study demonstrated that over-
expression of MEF2C suppressed CLP-induced lung inflam-
matory response and apoptosis via up-regulating AQP1,
providing a novel therapeutic target for sepsis-induced ALI.

The essence of ALl is believed to be an excessive,
uncontrolled inflammatory response. Extensive pulmonary
inflammation contributes to the destruction of the base-
ment membrane and increases the permeability of the
alveolar-capillary membrane." Release of pro-inflammatory
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Figure 5 MEF2C alleviates CLP-induced lung inflammatory response and apoptosis via up-regulating AQP1. After transfected with
sh-AQP1 or sh-NC, the rats were treated with AAV-MEF2C. (A) mRNA and (B) protein levels of AQP1 were detected by RT-gPCR and
western blot assay, respectively. (C) Expressions of Bcl-2 and BAX were determined by western blot assay. (D) Concentrations of
inflammatory cytokines, including TNF-a, IL-1B, IL-6, and IL-10, in serum were evaluated by commercial ELISA kit. Each experiment
was repeated thrice. **P<0.01 vs. CLP+AAV-Scramble+NC. #P<0.01 vs. CLP+AAV-MEF2C+NC.

mediators, such as TNF-a, IL-1B, and IL-6, has been shown to
play a key role in the early phase of ALIL." Similarly, produc-
tion of TNF-a, IL-1B, IL-6, and IL-10 was markedly increased
by CLP challenge. Accumulating evidence has confirmed
that suppression of inflammatory responses efficiently pro-
tects against sepsis-induced lung injury. Isoliquiritigenin
alleviates sepsis-induced lung injury through suppressing
inflammatory responses.” Ghrelin exerts a protective role
against sepsis-induced ALI, probably by reducing the pro-
duction of inflammatory cytokines.' In the present study,
increase in TNF-a, IL-1B, and IL-6 production was alleviated
by the overexpression of MEF2C. Nevertheless, produc-
tion of IL-10 was further increased by the overexpression
of MEF2C. This phenomenon occurs because IL-10 is shown
to mediate protection in sepsis.'”” Meanwhile, these findings
suggested the anti-inflammatory effect of MEF2C in vivo.
Dysfunctioning of inflammatory response leads to
uncontrolled inflammatory response and subsequent immu-
nosuppression.’”® Uncontrolled apoptosis is thought to be
the main cause of significant immunosuppression.’” Hence,
dysregulation of apoptosis occurs in immune and nonim-
mune cells in sepsis.?’ As a novel therapeutic strategy, it
has been reported that methane alleviates sepsis-induced
injury by inhibiting apoptosis in vivo and in vitro.*" Jiang
et al. have confirmed that circC3P1 attenuates pro-in-
flammatory cytokine production and cell apoptosis in

sepsis-induced ALI by modulating miR-21.22 During sepsis,
increased numbers of TUNEL-positive cells in the lung sec-
tions were observed.? Currently, we demonstrated that
CLP challenge elevated the number of TUNEL-positive cells
in the lung section, which was further reduced by the over-
expression of MEF2C, suggesting the anti-apoptosis effect
of MEF2C in vivo.

Aquaporin AQP1 is primarily expressed in the lung.?
Nevertheless, after lipopolysaccharide (LPS) exposure,
AQP1 expression is decreased in rat lungs.? As a therapeu-
tic option, hydrogen-rich saline and parenteral vitamin C
can protect against sepsis-induced lung injury by attenu-
ating AQP1 expression.?? In addition, AQP1 expression is
declined in the lung after inflammatory stimulation, but
up-regulated AQP1 attenuates lung inflammation.'®? In line
with this result, we demonstrated that knockdown of AQP1
significantly promoted the production of TNF-a, IL-1f3, and
IL-6 but suppressed the IL-10 production. If treated with
emodin, the up-regulation of AQP1 reduces the inflam-
matory cytokine release and pulmonary apoptosis in lung
sepsis, suggesting that emodin suppresses inflammation,
leading a lower mortality in CLP-induced ALL.%2 Meanwhile,
AQP1 is identified as a pathway in the hyperoxia-induced
lung injury.? In vitro, CASC2/miR-144-3p/AQP1 axis sup-
presses LPS-induced A549 cell apoptosis.*® Consistent with
these findings, APQ1 was promoted by MER2C and then
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suppressed cell apoptosis. These findings concluded that
the anti-inflammatory and anti-apoptotic effects of MEF2C
were functioned through up-regulation of AQP1. More
importantly, AQP-1 is involved in sodium and water homeo-
stasis. When inflammatory mediators down-regulate AQP-1
protein expression, removal of pulmonary edema fluid is
impeded, revealing that down-regulation of AQP-1 induces
pulmonary edema.3' Thus, the MEF2C could promote AQP-1
expression via reducing levels of inflammatory mediators
and subsequently inducing removal of pulmonary edema
fluid, thereby alleviating ALI.

The present study has certain limitations. It has been
reported that MEF2C cooperates with Sp1 to activate
human AQP1 transcription by binding to its promoter in
HUVEC cells.’? Nevertheless, the delineation of transcrip-
tional regulation of AQP1 by MEF2C in sepsis remains
unclear. Second, NF-xB is a vital signal pathway in sep-
sis.®* More importantly, transcription factor MEF2C inhib-
ited endothelial cell inflammation via modulating NF-«B.”
The relationship between MEF2C and NF-«B signal pathway
remains unclear. These investigations are not expounded
amply and require further exploration.

Conclusion

The current study demonstrated that MEF2C expression
was enhanced in CLP-induced sepsis rats. Overexpression
of MEF2C could alleviate ALl, and reduce lung inflamma-
tory response and apoptosis. MEF2C alleviated CLP-induced
lung inflammatory response and apoptosis via up-regulating
AQP1. As such, agent-facilitating MEF2C expression could
be a promising strategy for preventing sepsis-induced ALI.
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