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Abstract

Objectives To explore the anti-inflammatory effect and the potential mechanism of dexmedetomidine in ARDS/ALI.
Materials and Methods C57BL/6 mice and EL-4 cells were used in this research. The ALI model was established by CLP.
The level of inflammatory cytokines in the lung and blood, the severity of lung injury, the expression of Foxp3, and the
proportion of Tregs were detected before and after dexmedetomidine treatment. The expression of the AMPK/SIRT1 after
dexmedetomidine treatment was detected in vivo and in vitro. After blocking the AMPK/SIRT1 pathway or depleting Tregs
in vivo, the level of the inflammatory response, tissue injury, and Tregs differentiation were detected again to clarify the
effect of dexmedetomidine.

Results Dexmedetomidine significantly reduced systemic inflammation and lung injury in CLP mice. Dexmedetomidine
enhanced the Foxp3 expression in the lungs and the frequency of Tregs in the spleen. Dexmedetomidine up-regulated the
protein expression of p-AMPK and SIRT1 in lungs and EL-4 cells and facilitated the differentiation of naive CD4" T cells
into Tregs in vitro. Meanwhile, DEX also increased the expression of Helios in Treg cells.

Conclusions DEX could improve ARDS/ALI by facilitating the differentiation of Tregs from naive CD4" T cells via activat-

ing the AMPK/SIRT1 pathway.

Keywords Dexmedetomidine - Acute respiratory distress syndrome - Acute lung injury - Regulatory T cells - AMP-

activated protein kinase - Sirtuinl

Introduction

The definition of acute respiratory distress syndrome
(ARDS) was first established by Ashbaugh in 1967. This
clinical syndrome is usually caused by pulmonary infection,
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sepsis, aspiration of gastric contents, and severe trauma
(Matthay et al. 2019). Acute lung injury (ALI), the early
and continuous pathophysiological process of ARDS, will
lead to acute respiratory failure and ARDS when it devel-
ops to a serious stage (Butt et al. 2016). 10% of the inpa-
tients in Intensive Care Units (ICUs) would develop into
ARDS every year eventually (Fan et al. 2018; Matthay et al.
2019; Meyer et al. 2021). Moreover, the mortality varies
from 35 to 46%, according to the degree of hypoxemia and
the severity of this syndrome (Fan et al. 2018; Reilly et al.
2019). Therefore, intervening in the early stage of ARDS
actively could prevent its occurrence (Butt et al. 2016; Yadav
Thompson and Gajic 2017). Especially the Corona Virus
Disease 2019 (COVID-19) pandemic has led to a sharp
increase in ARDS and highlighted challenges associated
with this syndrome, such as the lack of effective pharma-
cotherapy (Meyer et al. 2021). Unlike ventilator and fluid
management of ARDS, pharmacotherapies for ARDS have
failed to identify any consistently effective drugs (Meyer
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et al. 2021). Corticosteroid usage, surfactant replacement
(Hentschel et al. 2020), and drugs targeting biological path-
ways (Meyer et al. 2021), which involves numerous fac-
tors such as dosage, mode of action, biological metabolic
effect, etc., have not proven consistently effective. ARDS
is an over-inflammatory disease of the lung (Mahida et al.
2020), and inflammatory cytokines storm is a critical part
of the syndrome. Therefore, inflammation regulation may
become an important means for the treatment of ARDS
(Chai et al. 2020; Thompson et al. 2017; Yadav et al. 2017).
Currently, programmed death (PD) -1/PD-L1 and cytotoxic
T-lymphocyte associated Protein 4 (CTLA4) are focused as
immune targets to discuss the precise treatment of tumors
(Kalbasi and Ribas 2020). ARDS patients will benefit from
immunotherapy, especially precise immunomodulation (Y.
Zhang et al. 2020).

Dexmedetomidine (DEX) is a selective a 2-adrenergic
receptor agonist, which is widely used in analgesia and seda-
tion of patients undergoing surgery and ICU patients (Turan
et al. 2020; Weerink et al. 2017; Yuan et al. 2020). DEX may
be the preferred sedative in patients with or at risk of ARDS
(Hu, Zhong, Li, Zhang, & Li, 2021; Rosenberg and Traube
2019). At present, the potential anti-inflammatory mecha-
nism of DEX is also valued. Studies mainly focus on the
inflammatory pathways, including PYD domains-containing
protein 3 (NLRP3) (Y. Zhang et al. 2018), nuclear factor
kappa-B (NF-xB) pathway (Zhao et al., 2018), and a-2R/
PI3K/Akt pathway (Li et al. 2018). Animal experiments have
confirmed the anti-inflammatory protective effect of DEX in
the treatment of ALI (Z. Zhang 2020). DEX may be a prom-
ising therapy for treating ARDS as well as chronic diseases
by directly targeting epithelial cells (Sun et al. 2019) and
reducing lung cell apoptosis through a-2R/PI3K/Akt path-
way (Shi et al. 2021). Moreover, DEX can ameliorate ALI by
preserving mitochondrial dynamic equilibrium through the
HIF-1a/HO-1 signaling pathway (Shi et al. 2021). However,
individualized precise immune modulation depends on the
disease course and immune status. In addition, some stud-
ies showed that DEX exerts beneficial effects to ameliorate
renal ischemia—reperfusion (rI/R) -induced ALI in alveolar
macrophages (Y. Chen et al. 2020b,a). Few existing stud-
ies are exploring the therapeutic effects of DEX on ARDS
from the aspects of immune cells, the core of inflammation.
Therefore, research on immune cells as targets can further
explore the therapeutic effects of DEX on ARDS.

Regulatory T cells (Tregs) are a distinctive subset of
CD4* T cells, which occupy an extraordinary position in
regulating autoimmune responses, inhibiting excessive
inflammatory reactions, and maintaining tissue homeosta-
sis (K. Wang and Fu 2020). There is an activation of Tregs
difference in ARDS patients (Halter et al. 2020). The propor-
tion of Tregs in CD4* T cells in the peripheral venous blood
collected within the first week is an important predictor of
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clinical prognosis in patients with ARDS between survivors
and non-survivors (Halter et al. 2020). The immunomodula-
tory effect of Treg has been testified to inhibit the inflam-
matory response during ALI (Nadeem et al. 2020). Tregs
can improve ALI by regulating immune response, promot-
ing alveolar epithelial cell proliferation, and tissue repair
(Mock et al. 2020, 2019). A study has shown that Treg is
one of the critical effectors to protect against transfusion-
related ALI (Kapur et al. 2017). It could be recognized as a
key molecular target for immunotherapy in ARDS. Recent
research found that DEX increases the differentiation of Th1
and Tregs and reduces the PD-1 expression in CD4* T cells,
which assists in ameliorating postoperative pain and attenu-
ating proinflammatory response (Y. Wang et al. 2021a, b).
DEX might have the potential of regulating Tregs in ARDS.
More importantly, Tregs come from naive CD4" T cells.
The differentiation of Treg is influenced by various factors,
such as the immune microenvironment, and this process is
accompanied by metabolic changes (Kurniawan et al. 2020).
We found that the inflammatory microenvironment of ARDS
occupies an important position in the differentiation of Tregs
and affects the progression of this disease (Chai et al. 2020;
Xie et al. 2021). Therefore, the regulatory mechanism of
DEX on Tregs may involve the development of Tregs from
naive CD4% T cells.

To test the above hypothesis, we established an ALI
mouse model induced by CLP to reveal the role of DEX in
lung injury, Treg polarization, and inflammation response in
ALL In vitro experiments, murine naive CD4* T cells and
EL-4 cells were treated with or without DEX or Compound
C (a specific inhibitor of AMPK) to verify the role of DEX
on the differentiation of Tregs and the related signal trans-
duction pathway.

Materials and Methods
Reagents and antibodies

Dexmedetomidine (Sigma-Aldrich, SML0956); Dorsomor-
phin (Compound C) (Selleck, S7306); Cell Counting Kit8
(MCE, HY-K0301); Human lymphocyte separation solu-
tion (GE Healthcare, FICOLL-PAQUE PLUS, 17,144,003);
EasySep™ Mouse Naive CD4* T Cell Isolation Kit (Stem
cell, 19,765); IL-2 (Peprotech, 212—-12); TGF-p1 (Pepro-
tech, 100-21); Anti-Mouse CD3 antibody (eBioscience,
16-0032-86), Anti-Mouse CD28 antibody (eBioscience,
16-0281-85); Anti-Mouse CD25 antibody (eBioscience,
16-0251-38); CD4 Monoclonal antibody (GK1.5), FITC
(eBioscience, 11-0041-82); Rat IgG2b kappa Isotype Con-
trol (eB149/10H5), FITC (eBioscience, 11-4031-82); CD25
Monoclonal Antibody (PC61.5), PE-Cyanine7 (eBioscience,
25-0251-82); Rat IgG1 kappa Isotype Control (eBRG1),
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PE-Cyanine7 (eBioscience, 25-4301-82); HELIOS Mono-
clonal Antibody (22F6), PE (eBioscience, 12-9883-42);
Armenian Hamster IgG Isotype Control (eBio299Arm),
PE (eBioscience, 12-4888-81); FOXP3 Monoclonal Anti-
body (FJK-16 s), APC (eBioscience, 17-5773-82); Rat
IgG2a kappa Isotype Control (eBR2a), APC (eBioscience,
17-4321-81). Since the antibodies used in immunohisto-
chemistry, immunofluorescence, and western blotting exper-
iments are not identical, information on these antibodies will
be described in the corresponding methods section.

Animals

Male, 8-to-10-week, 18-22 g C57BL/6 mice were obtained
from the Experimental Animal Center of Chongqing Medi-
cal University. Before the operation, mice were reared in
specific pathogen-free (SPF) level animal barrier facilities,
at 22 °C constant temperature, in a 12 h light/12 h dark cycle,
free to eat and drink. All mice were raised under the above
conditions for seven days to adapt to the new environment.
The protocol was reviewed and approved by the Animal
Welfare and Use Committee of Chongqing Medical Univer-
sity and the Ethics Committee of the First Affiliated Hospital
of Chongqing Medical University.

Medium and cell culture

EL-4 cells were kindly provided by Stem Cell Bank, Chinese
Academy of Sciences. All cells were cultured with com-
plete RPMI-1640 medium (RPMI-1640 + 10% Fetal Bovine
Serum + 1% Penicillin/Streptomycin, RPMI-1640, Fetal
Bovine Serum, Penicillin/Streptomycin were purchased from
Gibco, USA) in an incubator with 5% CO, at 37 C.

Cecal ligation and puncture model

Isoflurane was used to induce and maintain anesthesia in
mice with the aid of an animal anesthesia machine through-
out the operation. An incision of approximately 1 cm was
cut along the middle line of the abdomen to find the cecum
carefully. The cecum was ligated 1 cm away from the blind
end and punctured with a No. 22 needle to squeeze out a
few feces and put the cecum back into the abdominal cavity,
suture the incision carefully. Mice in the sham group were
not subjected to cecal ligation and puncture.

Isolation and purification of naive CD4* T cells

Naive CD4" T cells were isolated and purified from the
spleen with the use of a naive CD4" T cell isolation kit.
Naive CD4* T cells were treated with DEX (1 pg/mL),
Compound C (100 nM), and their combination under TCR

activation (Anti-Mouse CD3 and CD28 antibody) and Treg
polarization condition (IL-2 and TGF-p).

Isolation of human PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated
from the venous blood of ARDS patients by human lym-
phocyte separation solution combined with density gradient
centrifugation. The selection of patients with ARDS follows
the 2012 Berlin definition (Meyer et al. 2021; Ranieri et al.
2012). The expression of AMPK and SIRTI in PBMCs was
detected by RT-qPCR after treatment by DEX (1 pg/mL)
for 24 h.

Drug intervention

DEX was injected intraperitoneally at a dose of 50 pg/kg
30 min after CLP operation, while Dorsomorphin (Com-
pound C) was injected intraperitoneally 30 min before the
operation at a dose of 5 mg/kg, anti-mouse CD25 antibody
(eBioscience, 16-0251-38) was given at a dose of 10 mg/
kg 1 h before CLP operation. EL-4 cells and PBMCs were
treated with DEX (1 pg/mL) and/or Compound C (1 pM),
mouse naive CD4" T cells were treated with DEX (1 pg/
mL) and/or Compound C (100 nM) under Treg polarization
condition.

Histological analysis

The right upper lobe of the lung was fixed in 4% paraformal-
dehyde solution for 24 h. The thickness of the sections was
4 pm. The paraffin sections were stained with hematoxylin
and eosin (HE). The Mikawa method was used to evalu-
ate the degree of lung injury after the pathological images
were collected under the optical microscope (Mikawa et al.
2003). We assessed the degree of histopathological damage
to mouse lungs based on alveolar congestion, hemorrhage,
neutrophil infiltration, alveolar wall thickening, or hyaline
membrane. Each item was scored on a 5-point scale as fol-
lows: 1 =minimal damage, 2 =mild damage, 3 =moder-
ate damage, 4 =severe damage, and 5 =maximal damage.
The total score is ARDS pathological score. The higher the
score, the more serious the injury.

TUNEL staining

TUNEL assay was detected by In-situ Apoptosis Detection
Kit (Nanjing Jiancheng Bioengineering Institute, G002-
2-2). In short, paraffin sections were soaked in xylene for
five minutes and repeated twice, then soaked in gradient
ethanol (100, 95, 90, 80, 70%) for three minutes, respec-
tively. After blocking and protease K treatment, prepare the
TUNEL reaction mixture and react at room temperature for
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60 min. Add 50 pL TUNEL reaction mixture to the dried
slices, covered with slides or sealing film, incubate in dark
for 60 min at 37 °C, and rinsed with PBS three times. After
the slides were dried, 50 pL converter pod was added to the
specimens, dark incubated at 37 °C for 30 min, and rinsed
with PBS three times. Add 100 pL of DAB substrate to the
tissue and incubate for ten minutes at room temperature,
using PBS to wash three times. After taking photos, hema-
toxylin or methyl green was used to dye the cell nucleus
and rinsed with PBS three times. Finally, observe and take
photos under the microscope.

Immunohistochemistry

Paraffin-embedded sections were conventional dewaxing
and rehydration. Blocked sections in goat serum for 30 min
at room temperature after antigen retrieval. Anti-mouse
myeloperoxidase (MPO) (Abcam, ab208670, 1:200), IL-10
(Servicebio, GB12108, 1:200), IL-17 (Abcam, ab79056,
1:200), FOXP3 (CST, 72,338, 1:200) antibody were added
to the slices and stored in a humidified chamber at 4 °C over-
night. The biotin-labeled secondary antibody was incubated
at 37 °C for 3 min. The images were obtained under the
microscope.

Immunofluorescence

Foxp3 and IL-10 expression in EL-4 cells was detected by
immunofluorescence. Anti-FOXP3 antibody was purchased
from CST (72,338), and Anti-IL-10 antibody was purchased
from Servicebio (GB12108). Goat Anti-Mouse IgG(H+L)
FITC-conjugated (S0007) and Goat Anti-Rabbit IgG (H+L)
Fluor647-conjugated (S0013) were purchased from Affinity
Bioscience. Images were taken under a laser confocal micro-
scope after the completion of staining according to the usual
method of immunofluorescence.

Determination of cytokines in the serum of mice
by ELISA

Sera from mice were stored at—80 ‘C until analysis. The
concentration of TNF-a and IL-6 was detected by ELISA
kits (JINGMEI BIOTECHNOLOGY). After the main steps
of antibody incubation, washing, and enzyme labeling, read
the absorbance at 450 nm. Obtained the corresponding con-
centration of samples according to the standard curve.

Flow cytometry
The mononuclear cells of the mouse spleen were collected
and washed with phosphate buffer solution (PBS). We first

labeled CD4 and CD25 because they are located on the cell
membrane. The cells should be fixed and permeated by
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Foxp3/Transcription Factor Staining Buffer Kit (eBiosci-
ence, 00-5523-00) before labeling Foxp3 and Helios. The
antibody should be incubated for 30 min in dark. Rat IgG2b
kappa Isotype Control (eB149/10H5), FITC; Rat IgG1 kappa
Isotype Control (eBRG1), PE-Cyanine7; Armenian Hamster
IgG Isotype Control (eBio299Arm), PE; Rat IgG2a kappa
Isotype Control (eBR2a), APC were used as the isotype
control, respectively. The samples separately marked by
FITC, PE and APC were used to adjust the voltage com-
pensation of the fluorescent channel. Negative control was
used to gate CD4* T cells, then gated CD25*Foxp3* and
Helios*Foxp3*Tregs in CD4* T cells.

Total RNA isolation, reverse transcription, and qPCR

Total RNA was isolated from lung tissue and cultured cells
by RNAiso plus (Takara, 9109). The relative expression of
mRNAs was detected by RT-qPCR with specific primers,
and B-Actin was used as the internal reference. The primer
sequence was as follows, Mouse Foxp3: forward 5’- TGG
ATGAGAAAGGCAAGGC-3’ reverse 5°- CTGAGTACT
GGTGGCTACGATG-3’; Mouse f-Actin: forward 5°-CCA
CCATGTACCCAGGCATT-3’ reverse 5’-CAGCTCAGT
AACAGTCCGCC-3’; Human SIRTI: forward 5’-GCAGAT
TAGTAGGCGGCTTG-3’ reverse 5’-TCTGGCATGTCC
CACTATCA-3’(Ma et al. 2020); Human AMPK: forward
5’-AAAGTCGGCGTCTGTTCCAA-3’ reverse 5’-CATGTG
TGCATCAAGCAGGAC-3’; Human S-Actin: forward 5’-
CCTTCCTGGGCATGGAGTC -3’ reverse 5’-TGATCTTCA
TTGTGCTGGGTG -3°.

RT-qPCR was executed by using TB Green™ Premix Ex
Taq™ 1II (Tli RNaseH Plus) (Takara, RR820A) on the ABI
PRISM 7000 PCR system (Bio-Rad, USA). Finally, data
were analyzed via the 2724 method.

Western blotting

In the presence of PMSF and phosphatase inhibitors, pro-
teins in lung tissue and cultured cells were harvested by
RIPA lysis buffer (Beyotime, PO013B). Protein concentra-
tion was measured by the BCA protein assay kit (Beyotime,
POO11). Then protein was separated by the SDS-PAGE
method and transferred into the PVDF membrane subse-
quently. The primary antibody of AMPK (1:1000, CST
2532), p-AMPK (1:1000, CST 2537), SIRT1(1:1000, CST
8469), FOXP3(1:2000, Biolegend, 126,402), meanwhile
GAPDH (1:1000, Abcam, ab8245) or f-Actin (1:10,000,
ABclonal, AC026) was used loading control. The blots
were incubated with the HRP-linked secondary antibody
(1:3000, Affinity, S0001, S0009) at room temperature for
60 min. Finally, the gel imaging system (Fusion, Vilber,
French) was used to detect and analyze protein expression
by chemiluminescence.
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Statistical analysis

The data analysis was completed by using GraphPad
Prism 8 (GraphPad Software, USA) and SPSS 22.0 (IBM,
USA). All data were expressed as mean + standard devia-
tion (SD). Student t-test (two groups) or one-way ANOVA
(multiple groups) was used to determine the statistical sig-
nificance of differences. Tukey’s HSD for post hoc test.
P <0.05 indicates the results are statistically significant.
N =5 in each group. All tests were repeated three times.
* p<0.05, ** p<0.01, *** p <0.001, **** p <0.0001.

Lung Injury Score

Controls CLP

CLP+DEX

Apoptotic cell/Nucleated cell

C

MPO positive cell/Nucleated cell

Fig.1 DEX alleviates acute lung injury and systemic inflamma-
tion in CLP mice. A HE staining was used to detect the pathologi-
cal injury of mouse lung, and the lung injury score was obtained by
the Mikawa method. The total histopathological scores were: Control
(2+0.63); CLP (12.8 +1.6); CLP+DEX (5.4 +0.8); B TUNEL stain-
ing was used to detect lung apoptosis. (C-D) The expression of MPO

Results

DEX alleviates acute lung injury and systemic
inflammation in CLP mice

To evaluate the effect of DEX on CLP mice, the mice were
sacrificed 24 h after the operation to obtain lung tissue and
serum for detection. The degree of pulmonary injury was
evaluated through the histopathological method. The path-
ological score of lung injury in the CLP group was sig-
nificantly higher than controls, and DEX intervention sig-
nificantly improved the pathological damage in the lungs
of CLP mice (p <0.0001, Fig. 1A). DEX also reduced the
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and IL-17 in lung tissue was detected by immunohistochemistry. All
images were randomly obtained at 200 X and 400 X visual fields. E
The concentration of inflammatory cytokines (TNF-a, IL-6) in mouse
serum was measured by ELISA. N=5 in each group. All tests were
repeated three times. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001
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apoptosis of lung tissue cells (p <0.05, Fig. 1B). Immu-
nohistochemical staining images showed that the level of
MPO and IL-17 in lung tissue decreased to a great extent
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addition, inflammatory cytokines such as IL-6 and TNF-a
in serum were significantly reduced after DEX treatment
(p<0.05, Fig. 1E).
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«Fig.2 DEX promotes Foxp3 expression and Treg differentiation.
A The mRNA level of Foxp3 in lungs was detected by qRT-PCR.
B Western blotting was used to measure the expression of FOXP3
protein in the lung tissue. C The expression of FOXP3 in lungs was
determined by immunohistochemistry. D The proportion of CD4*
CD25" Foxp3™ Treg cells in the spleen was detected by flow cytom-
etry. E The IL-10 expression in lung tissue was detected by immu-
nohistochemistry. All images were randomly acquired at 200 X and
400 x visual fields. F HE staining showed the lung injury of mice.
The lung injury score was obtained according to the Mikawa method.
All images were randomly obtained at 200 X and 400 X visual
fields. The total histopathological scores were: Control (4+0.89);
CLP (14+0.89); CLP+DEX (8+0.63); CLP+DEX+ Anti-CD25
(13.6+1.74); G The FOXP3 protein expression level in lungs of
controls, CLP, CLP+DEX, CLP+DEX+anti-CD25 Ab groups was
detected by western blotting. H After anti-mouse CD25 antibody
injection, the percentage of CD4t CD25" Foxp3™ Tregs in the spleen
of mice in controls, CLP, CLP+DEX, CLP + DEX + anti-CD25 anti-
body groups was detected by flow cytometry. N=35 in each group. All
tests were repeated three times. * p <0.05, ** p<0.01, *** p<0.001,
*#x% p<0.0001

DEX promotes Foxp3 expression and Treg
differentiation

Lung tissues of mice were collected for gPCR and western
blotting, and we found an obvious decline in Foxp3 expres-
sion in the CLP group than that in controls, and the mRNA
and protein expression of Foxp3 in the lungs of mice under-
went CLP surgery could be up-regulated by DEX apparently
(p<0.05, Fig. 2A, B). Immunohistochemistry also indicated
that DEX promoted the expression of FOXP3 and IL-10 in
the lung of CLP mice (p <0.05, Fig. 2C, E). Mononuclear
cells were extracted from the mouse spleen and the fre-
quency of CD4" CD25" Foxp3* Tregs was detected by flow
cytometry. After DEX treatment, a significant increase in the
proportion of Tregs was observed in CLP mice (p <0.05,
Fig. 2D). After administration of the anti-CD25 antibody,
CD4% CD25* Foxp3™ Tregs in the spleen of mice in the
DEX treatment group were partially depleted (p <0.001,
Fig. 2H), meanwhile, the expression of FOXP3 protein in
lung tissue was also inhibited (p <0.05, Fig. 2G). As shown
in Fig. 2 F significant aggravation of lung tissue damage
could be observed after Tregs depletion although DEX was
used (p <0.05).

DEX up-regulates AMPK/SIRT1 signaling pathway
in vivo, and blocking AMPK leads to increased
inflammation and injury

The protein expression level of SIRT1 and phosphoryla-
tion degree of AMPK in lung tissue of mice in the CLP
group was detected using western blotting, we found that
DEX treatment could restore the expression of p-AMPK
and SIRT1, which was inhibited by CLP operation (p <0.05,
Fig. 3A). Compound C is a specific inhibitor of AMPK. We

injected Compound C into DEX-treated CLP mice, result-
ing in significantly aggravated lung injury and increased
lung histopathological score (p <0.01, Fig. 3B). When the
AMPK pathway was inhibited by Compound C, the mRNA
expression of Foxp3 in the lungs was down-regulated mark-
edly (p<0.01, Fig. 3C). We also discovered that the relative
protein level of IL-1p in the lung tissue of CLP mice was
higher than in controls, while DEX reduced the expression
of IL-1B. When Compound C was used to block the AMPK
pathway, the expression level of IL-1  was even lower
(p<0.05, Fig. 3D).

DEX facilitates the differentiation from naive CD4" T
cells to Tregs in vitro.

We first verified the effects of DEX and Compound C on
the proliferation of EL-4 cells. We found that using Com-
pound C (1 pM) to block AMPK could inhibit cell viability
prominently. Although DEX had no effect by a single use,
while it could offset against the inhibitory effect of Com-
pound C partly (p <0.01, Fig. 4A). Naive CD4* T cells were
extracted and purified from mouse spleen. DEX (1 pg/mL)
and Compound C (100 nM) were given under Treg polari-
zation conditions. DEX increased the frequency of CD4*
CD25* Foxp3™ Tregs, while Compound C almost inhabited
it completely (p <0.05, Fig. 4B). We also paid attention to
the expression of Helios. DEX up-regulated the proportion
of CD4* Helios* Foxp3™ Tregs, which decreased apparently
in the Compound C treatment group (p <0.0001, Fig. 4C).
Immunofluorescence detection showed that DEX at a con-
centration of 1 pg/mL did not seem to affect the proportion
of FOXP3" or IL-10" EL-4 cells, but when Compound C
inhibited their expression, DEX intervention recovered the
production of FOXP3 and IL-10 (p <0.01, Fig. 4D).

DEX up-regulates AMPK/SIRT1 signaling pathway
in vitro, also enhances Foxp3 expression in T cells
in a concentration-dependent manner.

We extracted PBMCs from sepsis patients and intervened
PBMCs with DEX (1 pg/mL) for 24 h. It was found that
DEX could apparently increase the mRNA expression of
SIRTI (p<0.05), while the mRNA level of AMPK had no
significant differences (Fig. SA). Different from the control
group, a notable increase of SIRT1 and p-AMPK protein
levels in the DEX treatment group was observed (p <0.05,
Fig. 5B). However, Compound C could inhibit the produc-
tion of SIRT1 and p-AMPK, and even the addition of DEX
in the Compound C treatment group could not restore the
expression level of SIRT1 and p-AMPK (p <0.01, Fig. 5C).
To explore whether the effects of DEX on the expression
of FOXP3 are dose-dependent, we used DEX to treat EL-4
cells at the concentrations of 0, 1.0, 2.5, and 5.0 (pg/mL),
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Fig.3 DEX up-regulates AMPK / SIRT1 signaling pathway in vivo,
and blocking AMPK leads to increased inflammation and injury. A
The level of SIRT1 and p-AMPK protein in lungs of mice in each
group was detected by western blotting, and GAPDH was used as
internal reference. B After Compound C (a specific inhibitor of
AMPK) was used to intervene in mice, the degree of lung injury of
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groups was assessed by using HE staining, and the lung pathologi-
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cal injury score was calculated according to the Mikawa method. All
images were randomly obtained at 200 X and 400 X visual fields.
The total histopathological scores were: Control (4.7+0.6); CLP
(13.6+0.49); CLP+DEX (8.2+1.03); CLP+DEX+ Compound
C (15.8+0.81); C The mRNA level of Foxp3 in lungs was detected
by qPCR. D IL-1P was detected by Western blotting. N=5 in each
group. All tests were repeated three times. * p <0.05, ** p <0.01, ***
p<0.001, **** p <0.0001
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«Fig.5 DEX up-regulates AMPK/SIRT1 signaling pathway in vitro,
also enhanced Foxp3 expression in 7 cells in a concentration-depend-
ent manner. A PBMCs from patients with sepsis were extracted and
treated with DEX for 24 h. The mRNA level of AMPK and SIRTI
was detected by qRT-PCR. B The level of AMPK, p-AMPK and
SIRT1 protein in EL-4 cells before and after DEX treatment was
detected by Western blotting. C After Compound C was given to
intervene EL-4 cells under DEX treatment condition, the protein level
of AMPK, p-AMPK and SIRT1 was detected by Western blotting. D
Cell Counting kit-8 (CCK8) was used to measure the cell viability
under different concentration of DEX. E Western blotting was used to
detect the expression of FOXP3 protein under different concentration
of DEX. F The level of FOXP3 and IL-10 was detected by immu-
nofluorescence under different concentration of DEX. N=5 in each
group. All tests were repeated three times. * p <0.05, ** p <0.01, ***
p<0.001, ##+* p<0.0001

respectively. Although a high concentration of DEX could
inhibit the proliferation of EL-4 cells (Fig. 5D), however, a
clear direct concentration-dependent relationship between
DEX and FOXP3 expression in EL-4 cells was observed
(Fig. 5E, F).

There is a stable molecular docking between DEX
and Foxp3

Download the pdb file of FOXP3 from the PDB database
(https://www.rcsb.org/) and the SDF file of DEX was got
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/). First, use PYMOL to convert the format of SDF file,
then use autodocktools 1.5.6 software for molecular dock-
ing, and finally use PyMOL to beautify the results. From
the result, the binding site of DEX and Foxp3 is dt-4014.
Through hydrogen bond interaction, the free binding energy
is—>5.5 kcal / mol (Fig. 6), and the free binding energy is
less than—6 (kcal/mol), which is relatively stable.

Discussion

ARDS is a clinically heterogeneous syndrome, which can
cause serious pulmonary diffuse inflammatory changes. It
is a major cause of death in the ICUs (Matthay et al. 2019).
Despite the continuous improvement of treatment, the mor-
tality of ARDS remains high (Matthay et al. 2020; Ramana-
than et al. 2020; Yadav et al. 2017). At present, we have rec-
ognized that the nature of ARDS is excessive, uncontrolled
immune inflammatory response. The immune regulation
imbalance and cytokine storm are the key links to this syn-
drome. Therefore, screening for inflammatory markers such
as cytokines (like IL-33, IL-6, TNF-a), SRAGE in plasma,
and Ang-2, endothelial injury factors (vWF) may help us
to identify ARDS phenotypes early (Jabaudon et al. 2021).
In addition, it provides assistance in anti-inflammatory
interventions as soon as possible, which may improve the

prognosis of ARDS (Fajgenbaum and June 2020; Henderson
et al. 2020).

ARDS impairs the ability of the lungs to oxygenate.
Reducing oxygen consumption is key to a successful strat-
egy for ARDS (Marini 2015). The management of sedation
and analgesia in patients with ARDS is extremely impor-
tant, especially in patients needed mechanical ventilation
(Chanques et al. 2020). It could reduce the oxygen con-
sumption of ARDS. A cohort study systematically showed
that the risk of death was reduced in patients with ARDS
treated with DEX, and it may be the preferred sedative (Hu
et al. 2021). Furthermore, the progression of hypoxemia
is associated with pulmonary as well as systemic inflam-
matory responses. DEX could reduce inflammation and
the mortality of sepsis animal models, possibly because it
enhanced the activity of the immune system, but the reduced
systemic response and the concentration of proinflammatory
cytokines (TNF-a, IL-1, IL-6)(Dardalas et al. 2019). Previ-
ous research pointed out that DEX may exert an anti-inflam-
matory function in ALI through multiple complex molecular
mechanisms, including improving epithelial sodium chan-
nel (ENaC) (Jiang et al. 2021), upregulating tumor necrosis
factor-a-induced protein-8-like 2 (TIPE2)(Kong et al. 2020),
and activating the NLRP3 inflammasome in alveolar mac-
rophages (Y. Chen et al. 2020b, a). We established an ALI
model induced by CLP, and then DEX was used for treat-
ment. We found that DEX can indeed alleviate lung injury
and reduce lung and systemic inflammatory response in CLP
mice. In addition, it can reduce the expression of MPO and
IL-17 in lung tissue and down-regulates the level of inflam-
matory cytokines like TNF-a, IL-6 in the serum (Fig. 1). It
suggests that DEX has great anti-inflammatory and immu-
nomodulatory effects in the occurrence of ALI. The release
of inflammatory factors is related to immune cell activation.
Then does the anti-inflammatory molecular mechanism of
DEX in ARDS associated with some special immune cell.

CD4* CD25" Foxp3™ Tregs is a special subset of CD4*
T cells with an immunosuppressive function that directly or
indirectly limits ALI-inflicted tissue damage through a vari-
ety of mechanisms. Tregs play a pivotal role in ALI develop-
ment (Lin et al. 2018). Tregs could exert their immunosup-
pressive function to prevent from activated immune response
via three main mechanisms: direct contact and killing
cytotoxic lymphocytes, inhibition of cytokine secretion by
cytotoxic cells, and direct generation of immunoregulatory
cytokines (Askenasy et al. 2008; Deng et al. 2019; Mikami
et al. 2020). Foxp3* Tregs promote lung epithelial prolif-
eration (Mock et al. 2014), and inhibiting its DNA methyl-
transferase can accelerate the resolution of lung inflamma-
tion (Singer et al. 2015). In pulmonary inflammation, Treg
depletion might impair the reciprocal conversion between
Treg, Thl, and Th17 immune cells and result in decreased
Th1 and Th17 immune responses related to tissue repair (Liu

@ Springer


https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

434

Z.Zhang et al.

v22

£

\‘,

Energy: -5.5kcal/mol
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et al. 2015; Tan et al. 2019). When ARDS was in its early
stages, the ratio of Th17 to Treg cells had been regarded
as an important risk indicator (Yu et al. 2015). One study
showed that DEX increases the differentiation of Tregs,
which is related to attenuating proinflammatory response
(Y. Wang et al. 2021a, b). In our research, we found that
DEX could increase the proportion of Tregs in the spleen of
CLP mice (Fig. 2D). On the other hand, Foxp3 is a pivotal
transcription factor specifically expressed by Tregs, which
maintains the phenotypic stability and immune regulation
function of Tregs, especially its suppressive activity (Barbi
et al. 2014; Ohkura and Sakaguchi, 2020). In our experi-
ment, the expression of Foxp3 in the lung was up-regulated
after DEX treatment (Fig. 2A, B, C, and supplementary
figure). Simultaneously, we detected the level of cytokines
IL-10 in the lung, its expression was up-regulated after
DEX treatment (Fig. 2E, and supplementary figure). The
anti-inflammatory cytokine IL-10 plays an important role in
ARDS (Kapur et al. 2017). In a pro-inflammatory cytokine-
rich microenvironment, this cytokine is secreted by Tregs
and plays a critical role in promoting the differentiation of
Th17 cells (Rubtsov et al. 2008; Tan et al. 2019). Therefore,
DEX has excellent anti-inflammatory activity in improv-
ing ALI and it might promote Tregs, which is a potential
molecular therapeutic target for ARDS. CD25 on the cell
surface is indispensable for Tregs to develop immune tol-
erance (Ohkura and Sakaguchi 2020). To verify the above
conjecture, we injected anti-mouse CD25 antibody into
mice intraperitoneally, then detected the spleen and lung.
Depleting Tregs (by injecting anti-mouse CD25 antibody)
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interfered with the remission of inflammation and the repair
of the impaired pulmonary epithelium (Fig. 2F). Although
DEX was given at the same time, the damage caused by Treg
depletion could not be reversed (Fig. 2F). Moreover, the fre-
quency of Treg cells in the spleen of CLP mice decreased
almost by half after injection of anti-CD25 antibody. Even if
DEX was used again, it was difficult to restore the proportion
of Tregs, which were depleted by the anti-CD25 antibody
(Fig. 2H). Similar results were obtained when we use west-
ern blotting to detect the FOXP3 protein expression level in
lung tissue (Fig. 2G). These results show that the protective
effect of DEX on ARDS was exerted by promoting Tregs,
and the anti-inflammatory effect of DEX was almost lost
when Treg was inhibited.

Mature CD4* T cells could preserve and show their dif-
ferentiation plasticity under specific conditions (Liu et al.
2015). Our previous research found that promoting the dif-
ferentiation of naive CD4" T cells into Tregs can reduce
the severity of ALI and uncontrolled inflammation (Chai
et al. 2020; Xie et al. 2021). To further clarify the effect
of DEX on Tregs, naive CD4* T cells were extracted from
mouse spleen and treated with DEX in vitro. Flow cytometry
showed that DEX could significantly facilitate the differen-
tiation of naive CD4% T cells into Tregs (Fig. 4B). Helios
is regarded as another functional marker of Tregs, which is
expressed in 60-70% of Tregs in mice and humans (Thorn-
ton and Shevach 2019). Helios™ and Helios™ Tregs subpop-
ulations are different in phenotypic stability and function.
Helios also seems to play a positive role in the expression
of Foxp3; moreover, the coordination of Helios and Foxp3
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can enhance the immunosuppressive activity of Treg (Seng
et al. 2020; Thornton et al. 2019). After treating naive CD4*
T cells with DEX and culturing them for 72 h, we detected
the expression of Helios in each group by flow cytometry. It
showed that DEX intervention could markedly up-regulate
the percentage of Helios* Foxp3* Tregs compared with con-
trols (Fig. 4C). In summary, the therapeutic mechanism of
DEX in ARDS through Tregs includes three main aspects:
promote the differentiation of Tregs, increase the number of
Tregs, and enhance the function of Tregs.

Tregs development depends on the key activities of
Foxp3, the master-switch transcription factor (Piccirillo
2020). Altering the metabolic pathways and generation of
metabolites can regulate Tregs (Lu et al. 2021; W. Wang
et al. 2021a, b). Based on the observations in colonic tis-
sues, it was found that butyrate derived from commensal
microbes induces Treg differentiation (Braun 2021; Furu-
sawa et al. 2013). Tregs can transform through different main
energy metabolism pathways, including glycolysis, FAO, or
OXPHOS according to their state changes (Furusawa et al.
2013). With activation, Drastic biosynthesis increases in T
lymphocytes must be slowed down depending on the activity
of AMP-activated protein kinase (AMPK), to avoid exces-
sive consumption of cellular ATP (Andris and Leo 2015;
Braun, 2021). SIRT1 is an NAD"-dependent deacetylase,
whose activity is closely related to cell aging (C. Chen et al.
2020b, a). Furthermore, SIRT1 can also regulate many cel-
lular processes such as inflammation, oxidative stress, and
apoptosis (Hwang et al. 2013; Ong and Ramasamy 2018;
Singh and Ubaid 2020). It is found that targeting SIRT1
can promote Treg differentiation and maintain its stabil-
ity, regulate the balance between Th17 and Tregs, and
play a protective role in a variety of autoimmune diseases
(Daenthanasanmak et al. 2019; Gao et al. 2021; Lv et al.
2018). SIRT1 and AMPK are not independent of each other.
AMPK enhances SIRT1 activity by increasing intracellu-
lar NAD" levels, resulting in deacetylation and regulation
of the activity of downstream SIRT1 targets (Canto et al.
2009). AMPK/SIRT]1 signaling pathway is very important
for Treg differentiation. Studies have found that melatonin
prevents Th17/Treg imbalance by activating the AMPK/
SIRT1 pathway, thereby improving necrotizing enterocol-
itis (Ma et al. 2020), and methylene blue could improve
autoimmune encephalomyelitis by regulating the AMPK/
SIRT1 signaling pathway and Th17/Treg immune response
in animal experiment (J. Wang et al. 2016). Obviously, DEX
can enhance the phosphorylation of AMPK and the expres-
sion of SIRT1 in the lung tissue of CLP mice and PBMCs
(Figs. 3A, 5A, B). To explore whether DEX mediates Treg
differentiation through the AMPK/SIRT1 signaling pathway,
we treated EL-4 cells with Compound C (a specific inhibi-
tor of AMPK) in vitro to block the AMPK signal pathway.
The results showed blocking the AMPK signal pathway

by Compound C can significantly reduce cell prolifera-
tion activity in vitro (Fig. 4A). Then, Compound C could
decrease the expression level of SIRT1 and p-AMPK protein
(Fig. 5C). The promoting effect of DEX on Treg differentia-
tion and function maintenance was significantly inhibited
by Compound C (Fig. 4B, C). Meanwhile, in vivo experi-
ments confirmed that the positive effect of DEX on acute
lung injury in CLP mice was eliminated when Compound C
was used (Fig. 3 B). It suggests that DEX plays its protective
role by promoting the differentiation of Tregs via AMPK/
SIRT1 pathway. AMPK is indispensable for energy stress
and metabolic regulation in cells (Herzig and Shaw 2018).
Notable, unusual IL-1f decreased expression was observed
in the Compound C treated group, which may be related to
abnormal intracellular metabolism (Fig. 3D). The potential
mechanism is worthy of further exploration. On the other
hand, low-concentration DEX seems not to improve FOXP3
expression in EL-4 cells, there is a concentration-dependent
effect of DEX on promoting FOXP3 expression (Fig. 5 E, F).
Network pharmacology approaches as well as bioinformatics
revealed a possible stable docking between DEX and Foxp3
(Fig. 6). It may help explain the concentration-dependent
effect of DEX on Foxp3 expression, while the exact mecha-
nism needs further exploration.

In summary, DEX can alleviate lung injury, and reduce
systemic inflammatory response by facilitating the differen-
tiation from naive CD4" T cells into CD4* CD25" Foxp3™*
Tregs. The mechanism may be related to DEX activating
downstream SIRT1 by activating AMPK phosphorylation,
promoting the development and differentiation of Tregs, and
maintaining their functional phenotype.

Conclusion

DEX could improve ARDS/ALI by facilitating the differen-
tiation from naive CD4% T cells into Tregs via activating the
AMPK/SIRT1 pathway.
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