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Abstract
Mesenchymal stem cells (MSCs) can alleviate acute respiratory distress syndrome (ARDS), but the mechanisms involved are 
unclear, especially about their specific effects on cellular mitochondrial respiratory function. Thirty mice were allocated into 
the Control, LPS, and LPS + Bone marrow mesenchymal stem cell (BMSC) group (n = 10/group). Mouse alveolar epithelial 
cells (MLE-12) and macrophage cells (RAW264.7) were divided into the same groups. Pathological variation, inflammation-
related factors, reactive oxygen species (ROS), ATP levels, and oxygen consumption rate (OCR) were analyzed. Pathologic 
features of ARDS were observed in the LPS group and were significantly alleviated by BMSCs. The trend in inflammation-
related factors among the three groups was the LPS group > LPS + BMSC group > Control group. In the MLE-12 co-culture 
system, IL-6 was increased in the LPS group but not significantly reduced in the LPS + BMSC group. In the RAW264.7 
co-culture system, IL-1β, TNF-α, and IL-10 levels were all increased in the LPS group, IL-1β and TNF-α levels were 
reduced by BMSCs, while IL-10 level kept increasing. ROS and ATP levels were increased and decreased respectively in 
both MLE-12 and RAW264.7 cells in the LPS groups but reversed by BMSCs. Basal OCR, ATP-linked OCR, and maximal 
OCR were lower in the LPS groups. Impaired basal OCR and ATP-linked OCR in MLE-12 cells were partially restored by 
BMSCs, while impaired basal OCR and maximal OCR in RAW264.7 cells were restored by BMSCs. BMSCs improved the 
mitochondrial respiration dysfunction of macrophages and alveolar epithelial cells induced by LPS, alleviated lung tissue 
injury, and inflammatory response in a mouse model of ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS) is the lead-
ing cause of death in ICU patients [1]. ARDS is a severe 
complication of patients presenting life-threatening organ 
dysfunction caused by a dysregulated host response to viral 
(e.g., SARS-CoV-2), bacterial, or fungal infection [2], and 
about 67% of patients with COVID-19 admitted to the ICU 

are diagnosed with ARDS [3]. As a multifactorial syndrome, 
ARDS involves severe lung injury characterized by hypox-
emia, loss of lung compliance, and pulmonary edema [4]. 
The pathology of ARDS is strongly associated with pulmo-
nary sepsis and can involve a disordered immune response 
[5]. Neutrophils and macrophages invade the alveolar space 
and produce high levels of pro-inflammatory cytokines, such 
as interleukin (IL)-6, IL-1β, IL-8, and tumor necrosis factor-
alpha (TNF-α), resulting in damage to the lung endothelia 
and epithelia [6]. The production of reactive oxygen species 
(ROS) resulting from the increased inflammation impairs 
lung barrier function and increases vascular permeability 
[7].

As there are no direct therapies for ARDS, treatment 
relies on management strategies such as protective mechani-
cal ventilation and fluid-restriction [8]. This, however, can 
increase the inflammatory response and cause ventilator-
induced lung injury [9]. Even antibiotic treatment cannot 
often reduce the inflammatory response despite the removal 

 * Yuan Gao 
 shsmubs@163.com

 * Yuxiao Deng 
 dengyuxiao@renji.com

1 Department of Emergency, Ren Ji Hospital, School 
of Medicine, Shanghai Jiao Tong University, 
Shanghai 200127, China

2 Department of Critical Care Medicine, Ren Ji Hospital, 
School of Medicine, Shanghai Jiao Tong University, 
Shanghai 200127, China

http://orcid.org/0000-0001-5054-6085
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-020-03888-3&domain=pdf


94 Molecular and Cellular Biochemistry (2021) 476:93–107

1 3

of the causative pathogen [4]. Other pharmacologic treat-
ments, including glucocorticoids, surfactants, inhaled nitric 
oxide, antioxidants, and protease inhibitors, have been inef-
fective so far [10].

Mesenchymal stem cells (MSCs) are an emerging treat-
ment method [11–13]. MSCs have a protective effect on 
sepsis-induced ARDS. Previous studies showed that MSCs 
could improve oxygenation and reduce the histological 
changes of lung injury in the treatment of sepsis-induced 
ARDS [14, 15], but the specific mechanism of action is 
not very clear. MSCs play a role in the immune modula-
tion of immune cells, including alveolar macrophages, 
through paracrine action and cell contact [16, 17]. Alveo-
lar macrophages and alveolar epithelial cells are important 
cells found in the lung and play roles in the immunity of 
this organ [18]. Apoptosis caused by the excessive activa-
tion of alveolar macrophages is an important pathogenesis 
mechanism of ARDS [19]. Cell apoptosis can be caused 
by a mitochondrion-dependent pathway [20, 21]. The func-
tional status of alveolar macrophage mitochondria is an 
important factor affecting the release of interferon (IFN)-γ, 
TNF-α, IL-1β, and IL-6 by alveolar macrophages [22]. LPS 
stimulation can cause the abnormal mitochondrial function 
of alveolar macrophages and increased intracellular ROS 
content [23]. MSCs can prolong the survival time of cells 
under ischemia and hypoxia [24]. MSCs can reduce reactive 
oxygen species (ROS) production by alveolar macrophages 
[20, 21], MSCs might improve mitochondrial dysfunction of 
alveolar macrophages induced by lipopolysaccharide (LPS).

These studies indirectly suggest that mesenchymal stem 
cells may improve the mitochondrial dysfunction of alveolar 
macrophages caused by LPS stimulation. Nevertheless, how 
MSCs affect the specific changes in the mitochondrial res-
piratory function of alveolar macrophages induced by LPS 
is not well understood. In addition, it is not clear how MSCs 
affect the specific changes in the mitochondrial respiratory 
function of the alveolar epithelial cells injured by LPS. We 
hypothesized that MSCs improve the mitochondrial respira-
tory function of alveolar macrophages and alveolar epithe-
lial cells, increase the ATP levels in alveolar macrophages, 
and decrease ROS levels in alveolar macrophages, thereby 
improving cell dysfunction and ultimately alleviating sepsis-
induced ARDS. Therefore, in this study, we performed cell 
experiments to evaluate cell metabolism, cell respiration, 
mitochondrial function, and changes in ROS levels. Further-
more, we established a mouse model of LPS-induced ARDS 
to observe the pathological changes in lung tissues and in 
the concentrations of inflammatory factors in lung tissue and 
alveolar lavage fluid. The results of this study should provide 
a solid theoretical basis for the clinical application of MSCs 
in the treatment of sepsis-induced acute lung injury. Mouse 
models have been used extensively in the study of ARDS 
[25]. These have provided some insight into the mechanisms 

involved. A common method is the use of LPS to model 
sepsis-induced ARDS. This model causes lung injury within 
hours of LPS challenge, peaking within 24–36 h and fol-
lowed by a rapid recovery phase over the next 2–3 days [26, 
27].

Materials and methods

Animals

C57bl/6j wild-type male mice were purchased from Shang-
hai Sippr-bk Laboratory Animal Ltd. The mice used for iso-
lating the BMSCs were 2–3 weeks old (12–14 g). The mice 
used for ARDS modeling were 8–10 weeks old (25–28 g). 
The animals were kept in a specific pathogenic-free and lam-
inar flow laboratory cage with controlled temperature and 
humidity and a 12-h light/dark cycle. All animal protocols 
were approved by the Institutional Animal Care and Use 
Committee of Ren Ji Hospital (IACUC Approval Number 
RJ2019-0210). All experiments were in accordance with the 
National Institutes of Health Guidelines for the Care and Use 
of Laboratory Animals.

Isolation of BMSC cells

BMSCs were isolated and passaged for in vivo or in vitro 
experiments. The BMSCs were isolated from five C57bl/6j 
male mice aged 2–3 weeks (Shanghai Sippr-bk Laboratory 
Animal Ltd.) according to previously developed procedures 
[28]. The mice were anesthetized with 5% chloral hydrate 
(0.1 ml/10 g) before sacrifice by cervical dislocation and 
washed in a wide-mouth cup containing 100 ml 70% alcohol 
for 3 min. Then the mice were placed in a 100-mm ster-
ile glass dish, the inguinal skin was cut, the muscles were 
dissected, and the femurs under the femoral head were cut 
to separate the lower limbs from the trunk. Subsequently, 
the forelimbs at the armpits were cut, and the humeri were 
separated. The skin was peeled off, and micro-dissecting 
scissors were used to remove the muscles and tendons from 
the humeri, tibias, and femurs. The bones were placed on 
sterile gauze and rubbed carefully to remove the attached 
soft tissues. Prior to treatment, the bones were immersed 
in a 35-mm sterile glass dish in 5 ml of α-minimal essen-
tial media (MEM, Gibco, USA) containing 0.1% penicillin/
streptomycin and 2% FBS (Hyclone, USA). The bones were 
not stored for more than 2 h. Hematopoietic cells were iso-
lated from the tibias and femurs after the callus at the ends of 
the bone marrow cavity was removed using sterile scissors. 
Then a 0.45-mm syringe needle was inserted into the bone 
marrow cavity, through which 3 ml of α-MEM was injected 
to flush out the bone marrow. The bone marrow cavity was 
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thoroughly rinsed with a syringe at least three times until the 
bones turned white.

The humeri, femurs, and tibias were held with forceps, 
and the dense bones were cut into 1–3-mm3 fragments with 
scissors, placed into a 25-cm2 plastic culture bottle, and 
suspended in 3 ml of α-MEM (containing 10% FBS and 
1 mg/ml collagenase II), followed by digestion for 1–2 h 
in a shaking incubator at 37 °C at a speed of 200 rpm. The 
digestion was stopped when the small bone fragments were 
loosely connected to each other. The digestion medium 
and released cells were aspirated and discarded. The bone 
pieces were washed three times with 6 ml of α-MEM con-
taining 10% FBS (Hyclone, USA), followed by incubation 
and inoculation for 3 days in a 5%  CO2, 37 °C incubator 
(Forma Scientific, USA). On the third day after inocula-
tion, the medium was replaced to remove non-adherent 
cells and tissue debris, using 6 ml of α-MEM containing 
10% FBS over 5 min. During the first three days of inocu-
lation, frequent and unnecessary movements of the bottle 
were avoided to reduce damage to the sprouting MSCs in the 
bone fragments. After 5 days, the medium was removed, and 
3 ml of a 0.25% trypsin/0.02% EDTA (Gibco, USA) solu-
tion was added. The cells were digested for 3 min at room 
temperature (18–25 °C) and passaged at a ratio of 1:3. The 
cells and bone fragments were re-inoculated in the same 
bottle to allow BMSCs to continue to migrate from the bone 
fragments to the bottle for at least 3 days. The medium was 
changed every 48 h, and the cells were passaged twice a 
week, at a ratio of 1:4 or 1:3 until the tenth passage. Cells 
at the 3–8th passage were used for the in vivo and in vitro 
experiments.

The 3rd to 5th generations of BMSCs were rinsed with 
PBS (Gibco, USA) and removed by 0.25% trypsin diges-
tion. The digestion was observed under a microscope and 
was stopped by Dulbecco’s modified Eagle media (DMEM) 
containing 10% FBS when the cells were detached, followed 
by the collection of the cell suspension. The suspension was 
centrifuged at 1000 × g for 5 min, the supernatant was dis-
carded, and the cell pellets were resuspended with 1% BSA 
and transferred to centrifuge tubes, with  106 cells in each 
tube.

Mouse models of ARDS

The C57BL/6J male mice were kept for 1 week before 
the experiments. LPS dose testing was also performed in 
mice by allocating animals to three groups: one mouse was 
assigned to the PBS control group, three mice were assigned 
to the 10-mg/kg LPS treatment group, three mice were 
assigned to the 15-mg/kg LPS treatment group, and three 
mice were assigned to the 20-mg/kg LPS treatment group. 
After treatment, the animals were placed in different cages 

and were housed and fed normally. Testing was performed 
48 h later.

For ARDS modeling, the animals were numbered and 
randomly grouped into the Control, LPS, and LPS + BMSC 
groups. There were 10 animals in each group. The control 
group received an intraperitoneal injection of PBS. The 
LPS group received an intraperitoneal injection of LPS for 
30 min, and each animal was injected with PBS (100 µl) via 
the tail vein. The LPS + BMSC group received an intraperi-
toneal injection of LPS for 30 min and was injected with 
100 µl of 5 × 105 BMSC cells via the tail vein. LPS (Sigma, 
USA) was dissolved in normal saline to 0.5 mg/ml before 
use, and the mice in the ARDS groups received 15 mg/kg.

Analysis of alveolar lavage and lung tissues of mice 
in the ARDS model

In each group, five mice were selected for bronchoalveolar 
lavage. The mice that survived 48 h were sacrificed by spi-
nal dislocation, and the trachea was exposed. The chest was 
opened, the left bronchus was ligated, and then the chest 
was simply sutured. A small opening was made on the tra-
chea, through which a retention needle was inserted until 
half of the length, and the needle was fixed with ligature 
thread. Normal saline (0.5 ml) was drawn into a syringe, 
which was connected to the retention needle to inject the 
normal saline into the lung until the entire lung was filled 
with fluid. The chest was gently massaged for 20 s, retained 
for 1 min, and then the normal saline was aspirated. The 
retrieved fluid (about 400 µl) was placed in centrifuge tubes 
on ice. The collected bronchoalveolar lavage fluid (BALF) 
was centrifuged at 1000 rpm, the precipitate was removed, 
and the supernatant was collected for ELISA. The right lung 
tissues were ground and centrifuged; the supernatant was 
collected, followed by BCA quantification, and ELISA. The 
left lung tissues were fixed with formalin for histochemistry. 
For the remaining five mice in each group, the entire lungs 
were harvested, weighed, and dried overnight in a drying 
oven (GZX-9023MBE, Shanghai Boxun Industrial Co., Ltd. 
Medical Equipment Factory, China) and their dry weight 
was measured the next day.

The levels of IL-1β, TNF-α, and IL-10 in the BALF and 
lung tissue (right lung) were measured by ELISA assays 
(Shanghai Enzyme-Linked Biotechnology Co., Ltd., China). 
In addition, left lung sections were prepared for hematoxylin 
and eosin (HE) staining with an HE Kit (Thermo, USA). 
The lung sections were examined to score lung injury using 
a light microscope (DM750, Leica, Germany). The patho-
logical sections were observed by independent pathologists 
who were unaware of grouping. Ten high-power fields were 
selected for each mouse, in which the percentages of the 
lesion area was evaluated according to the criteria of lung 
injury score. Then, the mean value of the 10 fields was 
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calculated according to the area standard of lung injury 
score, and scores of various criteria were summed up to 
obtain the lung injury score. The scoring indicators (refer-
ring to Smith scoring) were as follows: pulmonary edema, 
alveolar and mesenchymal congestion, alveolar and mes-
enchymal inflammation, atelectasis, and formation of the 
transparent membrane were graded as 0 = no injury; 1 = mild 
injury (25%); 2 = moderate injury (25–50%); 3 = severe 
injury (50–75%); 4 = extremely severe injury (75% or more).

Alveolar epithelial cell or macrophage cell 
co‑culture with BMSCs

The mouse alveolar epithelial cells (MLE-12 cell line, 
FH1103, FuHeng Cell Center, Shanghai, China) and mouse 
macrophage cells (RAW264.7 cell line, SCSP-5036, Chinese 
Academy of Sciences Cell Bank, Shanghai, China) were ran-
domly divided into three groups: the Control group, LPS 
group, and LPS + BMSC group, with three samples in each 
group. Then, 6 × 105 of MLE-12 cells or RAW264.7 cells 
were seeded overnight in each well, and 1 × 105 of BMSCs 
were seeded on the upper chamber of 24-well culture plates 
with Transwell inserts (Corning, USA). PBS was used in the 
control group, and an indirect co-culture model was adopted. 
The lower chamber contained 2 ml of serum-free medium. 
The upper chamber contained 1 ml of serum-free medium 
or 3 ml for the Control and LPS groups. The measurements 
were taken after 24 h of stimulation with 0.5 μg/ml LPS 
(Sigma, USA).

Analysis of inflammation

For the analysis of the inflammatory factors, 1 ml of super-
natant was collected from each sample and centrifuged. The 
supernatant was collected for ELISA using kits for IL-6, 
IL-1β, IL-10, and TNF-α (Shanghai Enzyme-linked Bio-
technology Co., Ltd., China). The plates were read on a 
microplate reader (MuLTiSKAN MK318, Thermo, USA).

Currently, it is believed that alveolar epithelial cells are 
not a source of IL-1β, IL-10, or TNF-α, but can be a source 
of IL-6. Therefore, only IL-6 was detected in alveolar epi-
thelial cells to represent the changes in inflammation. Since 
macrophages are a source of IL-1β, IL-10, and TNF-α, those 
cytokines were tested in the macrophage co-culture system.

Analysis of mitochondrial respiratory function

The changes in the mitochondrial respiratory function of 
the mouse alveolar epithelial cells (MLE-12 cell line) and 
mouse macrophage cells (RAW264.7 cell line) in each group 
were tested using the Seahorse detection system (Seahorse 
XF96 bioenergy analyzer, Agilent, USA). After mounting, 
the following interventions were, respectively, applied to the 

three groups. The extracellular fluid of the corresponding 
culture system was added before detection according to dif-
ferent intervention conditions. The detection solution was 
injected three times, including 1 μmol/l oligomycin, 1 μmol/l 
carbonyl cyanide phospho-(p)-trifluoromethoxy phenylhy-
drazone (FCCP, a proton gradient uncoupler), and 0.5 μmol/l 
rotenone/antimycin. The oxygen consumption rate (OCR) 
value tested before starting the injection of oligomycin was 
considered as the basal oxygen consumption. The OCR was 
tested at three time points between each injection point and 
the next injection point, and the mean value was considered 
as the OCR at the corresponding period. BCA was used to 
determine the protein concentration, and the OCR value was 
corrected by the cell protein concentration.

ATP measurement

ATP was detected in the alveolar cells by catalyzing lucif-
erin to produce fluorescence with the enhanced ATP test 
kit (S0027) (Beyotime Biotechnology Co., Ltd., China). 
The protein concentration was determined by a BCA pro-
tein assay kit (Beyotime Biotechnology Co., Ltd., China). 
The intracellular ATP was isolated as follows: the culture 
medium was aspirated, and the cells were rinsed twice with 
pre-cooled PBS and lysed by adding 200 µl of the lysate 
(equivalent to 1/10 of 2 ml cell culture medium) to each well 
of the 6-well plate. In order to ensure sufficient pyrolysis, 
a pipette was used to repeatedly blow or shake the culture 
plate to ensure complete contact between lysate and cells. 
The pyrolysis was performed on ice. After that, the cells 
were centrifuged at 4 °C 12,000 × g for 5 min, and the super-
natant was collected for subsequent determination by com-
parison with an ATP standard curve. Appropriate amounts 
of ATP working fluid was prepared by applying 100 μl of 
ATP working fluid to each sample or standard. The reagents 
were melted in an ice bath. An appropriate amount of ATP 
reagent was diluted using the ATP reagent dilution solution 
at a ratio of 1:4. The diluted ATP reagent was the working 
fluid for subsequent experiments. The ATP working fluid 
was temporarily stored in an ice bath. ATP concentration 
was determined by 100 μl of ATP working solution being 
added to the test well or test tube, which was placed still for 
3–5 min at room temperature to remove background ATP. 
Then, 20 μl of sample or standard was added to the test well 
or test tube and mixed quickly. A microplate reader was used 
to test the RLU or CPM after at least 2 s.

Analysis of ROS

ROS were detected in alveolar epithelial cells using 
an enhanced ROS test kit (S0033) (Beyotime Bio-
technology Co., Ltd.), which uses a fluorescent probe 
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dichloro-dihydro-fluorescein diacetate (DCFH-DA) to 
monitor the changes in ROS.

Flow cytometry

Flow cytometry was used to determine the characteris-
tics of the isolated and passaged BMSCs. A BD-C6 flow 
cytometer was used. The cells were probed before analysis 
with CD29-APC, CD90-PE, and CD45-FITC antibodies 
(Biolegend, USA). In brief, a cell suspension was col-
lected, centrifuged at 1000 rpm for 5 min, the supernatant 
was discarded, and the cells were resuspended with PBS 
and adjusted to a concentration of 5 × 105/ml. Each sample 
was resuspended in 300 µl of PBS, and 3 μl of antibody 
was added and mixed gently. The cells were incubated for 
20 min at room temperature in the dark, rinsed three times 
with PBS, and resuspended with 500 µl of PBS.

Statistical analysis

The results were analyzed using SPSS 19.0 (IBM Corp., 
USA) and analysis of variance (ANOVA) and expressed as 
mean ± standard deviation (SD). A P-value < 0.05 was con-
sidered significant. Bar charts and line charts were drawn 
using GraphPad Prism (GraphPad Software, LLC, USA).

Results

Flow cytometry and morphological features 
of the isolated BMSCs

The results of the flow cytometry analysis showed that the 
isolated BMSCs were CD45−CD29+CD90+. Microscopy 
showed that the spindle-shaped, triangular, and polygonal 
cells BMSCs possessed morphologically homogenous fibro-
blast-like features (Fig. 1).

Fig. 1  Flow cytometry analysis and morphological characteristics of 
the isolated bone marrow stem cells (BMSCs). a Detection of CD29. 
b Detection of CD45. c Detection of CD90. Blue refers to the nega-
tive control group, and red refers to the sample group. Therefore, 

the isolated BMSCs were characterized as CD45−CD29+CD90+. d 
Morphological features of the fourth-generation BMSCs. (Color fig-
ure online)
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Histopathology of the mouse ARDS model

The mouse ARDS model was established after intraperi-
toneal injection of LPS, leading to significant edema and 
infiltration of inflammatory cells in the lungs. The dosing 
test showed that pulmonary edema and infiltration of inflam-
matory cells in the 15 mg/kg LPS dose group were more 
significant than those in the 10 mg/kg LPS dose group, while 
all the mice in the 20 mg/kg LPS treatment died within 48 h. 
So, 15 mg/kg was used as the dose of LPS for the mouse 
ARDS modeling in this study.

As shown in Fig. 2, the lung sections from the LPS group 
showed obvious pulmonary edema, thickening, congestion, 
inflammatory cell infiltration of the alveolar and mesen-
chyme, local atelectasis, and formation of a membrane. 
The LPS + BMSC group also showed pulmonary edema, 
thickening, and inflammatory cell infiltration of the alveo-
lar and mesenchyme, but the severity of lung injury was 
significantly alleviated compared with the LPS group. The 
lung injury scores in the Control, LPS, and LPS + BMSC 
groups were 0.6 ± 0.6, 6.2 ± 1.9, and 4.4 ± 0.9, respectively 
(P < 0.001). The lung injury score was the highest in the 

LPS group, followed by the LPS + BMSC and Control 
groups (P < 0.05). The lung wet-dry weight ratios in the 
Control, LPS, and LPS + BMSC groups were 1.97 ± 0.15, 
12.89 ± 6.83, and 3.04 ± 0.85, respectively (P = 0.002). The 
Control and LPS + BMSC groups had lower lung wet–dry 
weight ratios than the LPS group (P < 0.05), but without 
difference between the Control and LPS + BMSC groups 
(P = 0.679).

Expression of inflammatory factors in lung tissue 
and BALF samples

Figure 3 shows the expression of inflammatory factors in 
mouse lung tissue and BALF samples. The IL-1β levels in 
lung tissues in the Control, LPS, and LPS + BMSC groups 
were 52.34 ± 6.20, 202.94 ± 22.66, and 783.94 ± 15.98, 
respectively (P < 0.001). The IL-1β level in the LPS group 
was higher than that in the LPS + BMSC group, which was 
higher than in the Control group (all P < 0.05).

The TNF-α levels in the lung tissue in the Control, 
LPS, and LPS + BMSC groups were 384.18 ± 145.47, 
645.08 ± 55.39, and 453.24 ± 58.90, respectively (P = 0.003). 

Fig. 2  Histopathology of LPS-induced lung injury in mice in high-
power fields (× 400). a Representative lung section from the Control 
group. b Representative lung section from the LPS group. c Repre-

sentative lung section from the LPS + BMSC group. d Assessment of 
the lung injury score. e The lung wet–dry weight ratio in the Control, 
LPS, and LPS + BMSC groups
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The Control and LPS + BMSC groups had lower TNF-α 
than the LPS group (P < 0.05), but there was no significant 
difference between the Control and LPS + BMSC groups 
(P = 0.278).

The IL-10 levels in lung tissue in the Control, LPS, and 
LPS + BMSC groups were 956.58 ± 89.31, 1367.25 ± 199.14, 
and 960.20 ± 258.32, respectively (P = 0.008). The Con-
trol and LPS + BMSC groups had lower IL-10 than the 
LPS group (P < 0.05), but there was no significant differ-
ence in IL-10 in the lung tissue between the Control and 
LPS + BMSC groups (P = 0.977).

The BALF IL-1β levels in the Control, LPS, and 
LPS + BMSC groups were 38.46 ± 5.05, 119.26 ± 29.16, and 
70.26 ± 5.37, respectively (P < 0.001). The LPS group had 
higher levels of IL-1β in BALF than the LPS + BMSC group, 
which had higher levels than the Control group (P < 0.005).

The lung BALF TNF-α in the Control, LPS, and 
LPS + BMSC groups were 35.15 ± 8.66, 244.49 ± 93.89, 
and 109.12 ± 15.59, respectively (P < 0.001). The Control 
and LPS + BMSC groups had lower lung BALF TNF-α than 
the LPS group (P < 0.05), but there was not a significant 
difference in lung BALF TNF-α between the Control and 
LPS + BMSC groups (P = 0.056).

The BALF IL-10 in the Control, LPS, and LPS + BMSC 
groups were 605.57 ± 81.18, 893.65 ± 80.54, and 

554.11 ± 103.43, respectively (P ≤ 0.001). The Control and 
LPS + BMSC groups had lower levels than the LPS group 
(P < 0.05), but there was no significant difference between 
the Control and LPS + BMSC groups (P = 0.379).

Expression of LPS‑induced inflammatory factors 
in extracellular fluid from macrophages and alveolar 
epithelial cell lines co‑cultured with BMSCs

The results of the ELISA analysis for the levels of inflam-
matory factors in the extracellular fluid produced by alveolar 
epithelial cells and macrophages are shown in Fig. 4. The 
IL-6 levels in the MLE-12 cell supernatants in the Con-
trol, LPS, and LPS + BMSC groups were 75.61 ± 51.63, 
218.09 ± 43.40, and 173.36 ± 45.99, respectively (P = 0.026). 
The LPS and LPS + BMSC groups had higher IL-6 concen-
trations than the Control group (P < 0.05), but there was no 
significant difference between the LPS and LPS + BMSC 
groups (P = 0.289). This result suggests that co-culture with 
BMSC does not directly affect the levels of inflammatory 
factors secreted by LPS-induced alveolar epithelial cells.

The levels of IL-1β in macrophage supernatants in the 
Control, LPS, and LPS + BMSC groups were 11.34 ± 1.33, 
41.63 ± 2.39, and 27.92 ± 0.38, respectively (P < 0.001). 
The IL-1β concentration was the highest in the LPS 

Fig. 3  Expression of inflammatory factors in mouse lung tissue and 
bronchoalveolar lavage fluid (BALF) samples. a The IL-1β levels in 
lung tissues in the Control, LPS, and LPS + BMSC groups. b The 
TNF-α levels in lung tissue in the Control, LPS, and LPS + BMSC. c 
The IL-10 levels in lung tissue in the Control, LPS, and LPS + BMSC 

groups. d The BALF IL-1β in the Control, LPS, and LPS + BMSC 
groups e The BALF TNF-α in Control, LPS, and LPS + BMSC 
groups. f The BALF IL-10 in the Control, LPS, and LPS + BMSC 
groups
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group, followed by the LPS + BMSC and Control groups 
(P < 0.001). The TNF-α levels in the macrophage super-
natants in the Control, LPS, and LPS + BMSC groups 
were 1713.12 ± 1134.47, 57,928.62 ± 8202.23, and 
48,193.64 ± 1484.96, respectively (P < 0.001). The LPS 
group had a higher concentration than the LPS + BMSC 
group, which had a higher concentration than the Control 
group (P < 0.05). These results suggest that co-culturing 
macrophages with BMSCs can significantly decrease the 
concentration of LPS-induced pro-inflammatory factors in 
the extracellular fluid.

The IL-10 levels in supernatants from RAW264.7 
cells in the Control, LPS, and LPS + BMSC groups were 
315.62 ± 59.56, 770.52 ± 41.78, and 1646.88 ± 241.70, 
respectively (P < 0.001). The LPS + BMSC group had a 
higher concentration than the LPS group, which had a 
higher concentration than the Control group (P < 0.05). 
This result suggests that the anti-inflammatory IL-10 
increases with LPS induction, possibly in response to the 

increased inflammation, and increases even further when 
the macrophages are co-cultured with BMSCs.

ROS and mitochondrial function in macrophages 
co‑cultures with BMSCs

The analysis of ROS is shown in Fig. 5. The DCFH-DA 
fluorescence suggested that ROS may be involved in LPS-
induced stress in macrophages. The fluorescence sig-
nal was higher in the LPS group than in the control and 
LPS + BMSC groups. The fluorescence signal was also 
higher in the LPS + BMSC group had more green fluores-
cence than in the Control group. This demonstrated that LPS 
caused an elevation of ROS levels in macrophages and that 
BMSCs reduced LPS-induced ROS generation.

The ATP concentrations in the Control, LPS, and 
LPS + BMSC groups were 11.79 ± 0.84, 5.52 ± 0.77, and 
8.74 ± 0.66, respectively. The relative ATP levels in the 
Control, LPS, and LPS + BMSC groups were 6.25 ± 0.73, 

Fig. 4  Effects of bone marrow stem cells (BMSCs) on lipopolysac-
charide (LPS) induced inflammatory factors in macrophage and alve-
olar epithelial extracellular fluid. a IL-6 levels in alveolar epithelial 
cell (MLE-12) supernatants in the Control, LPS, and LPS + BMSC 
groups. b IL-1β in macrophage (RAW264.7) supernatants in the Con-

trol, LPS, and LPS + BMSC groups. c TNF-α levels in the RAW264.7 
supernatants in the Control, LPS, and LPS + BMSC groups. d IL-10 
concentration in supernatants from RAW264.7 cells in the Control, 
LPS, and LPS + BMSC
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2.78 ± 0.57, and 4.65 ± 0.63, respectively (P = 0.002). The 
relative ATP levels were the highest in the Control group, 
followed by the LPS + BMSC and the LPS groups (P < 0.05).

Changes in mitochondrial respiratory function 
induced by LPS in macrophages co‑cultured 
with BMSCs

The analysis of the mitochondrial respiratory function in 
macrophages is shown in Fig. 6. The three groups showed 
changes in OCR over time. The mitochondrial basal 
OCRs in the Control, LPS, and LPS + BMSC groups were 
656.89 ± 78.76 pmol/min/10,000 cells, 452.44 ± 57.75 pmol/
min/10,000 cells, and 702.33 ± 8.67 pmol/min/10,000 cells, 
respectively (P = 0.004). The Control and LPS + BMSC 
groups had higher basal OCR than the LPS group (P < 0.05), 
but there was no significant difference between the Control 
and LPS + BMSC groups (P = 0.363).

The ATP-linked OCRs in the Control, LPS, and 
LPS + BMSC groups were 481.89 ± 92.77, 325.44 ± 39.50, and 
442.56 ± 82.35, respectively. The LPS group had lower ATP-
linked OCR than the Control group (P < 0.05). No significant 

difference in ATP-linked OCR was observed between the Con-
trol and LPS + BMSC groups (P = 0.545) or between the LPS 
and LPS + BMSC groups (P = 0.105).

The mitochondrial maximal respiration capacities in the 
Control, LPS, and LPS + BMSC groups were 744.11 ± 60.85, 
325.78 ± 49.28, and 539.00 ± 67.91, respectively (P < 0.001). 
The Control group had a higher level than the LPS + BMSC 
group, which had a higher level than the LPS group (P < 0.05). 
Overall, these results showed that compared with the control 
group, the basic oxygen consumption, oxygen consumption for 
ATP synthesis, and the maximum oxygen consumption capac-
ity in the LPS group were significantly reduced. This suggests 
that LPS stimulation can decrease the mitochondrial respira-
tory function of alveolar macrophages, while BMSC reversed 
the impaired basic respiratory function and partially restored 
the maximum respiratory function of the mitochondria.

Changes in ROS induced by LPS in alveolar epithelial 
cells co‑cultured with BMSCs

The changes in LPS-induced ROS in MLE-12 cells co-cul-
tured with BMSCs are shown in Fig. 7. The fluorescence 

Fig. 5  Effects of bone marrow stem cells (BMSCs) on changes in 
lipopolysaccharide (LPS) induced reactive oxygen species (ROS) 
and mitochondrial function in alveolar macrophages. a–c ROS level 
shown as green fluorescence in macrophages in the Control, LPS, 

and LPS + BMSC groups. d and e Mitochondrial function in the mac-
rophages in the Control, LPS, and LPS + BMSC groups from ATP 
analysis. (Color figure online)
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signal was higher in the LPS group than in the Control and 
LPS + BMSC groups. The fluorescence signal was higher in 
the LPS + BMSC group than in the Control group, suggest-
ing that LPS caused an elevation in ROS in alveolar epithe-
lial cells, and that co-culture with BMSCs reduced the LPS-
induced ROS generation.

The ATP concentration, as a measure of mitochondrial 
function, in the Control, LPS, and LPS + BMSC groups was 
25.15 ± 0.17, 12.21 ± 2.42, and 18.79 ± 1.62, respectively 
(P < 0.001). The ATP concentration was the highest in the 
Control group, followed by the LPS + BMSC and LPS groups 
(P < 0.05). The relative ATP levels in the Control, LPS, and 
LPS + BMSC groups were 16.89 ± 0.62, 8.60 ± 0.47, and 
13.14 ± 1.07, respectively (P < 0.001). The relative ATP 
level was the highest in the Control group, followed by the 
LPS + BMSC and LPS groups (P < 0.05).

Mitochondrial respiratory function in alveolar 
epithelial cells

Figure 8 shows the respiratory function in alveolar epi-
thelial cells. The changes in OCR in each group varied 
with time. The basal respiration OCRs in the Control, 
LPS, and LPS + BMSC groups were 140.22 ± 9.35 pmol/
min/10,000 cells, 27.33 ± 5.78 pmol/min/10,000 cells, and 
102.33 ± 6.66  pmol/min/10,000 cells, respectively (P < 
0.001). The levels were the highest in the Control group, 
followed by the LPS + BMSC and LPS groups (P < 0.05).

The ATP-linked OCRs in the Control, LPS, and 
LPS + BMSC groups were 117.89 ± 12.08, 4.33 ± 6.64, and 
83.33 ± 6.35, respectively (P < 0.001). The levels were higher 
in the Control group than in the LPS + BMSC group, which 
was higher than in the LPS group (P < 0.05). The maximal 

Fig. 6  Changes in mitochondrial respiratory function induced by 
lipopolysaccharide (LPS) in macrophages co-cultured with bone 
marrow stem cells (BMSCs). a Changes in mitochondrial respira-
tory function measured by oxygen consumption rate (OCR) of mac-
rophages (RAW264.7) in the Control, LPS, and LPS + BMSC groups. 

b The basal mitochondrial OCR (pmol/min/10,000 cells) in the 
Control, LPS, and LPS + BMSC groups. c The ATP-linked OCR in 
the Control, LPS, and LPS + BMSC groups. d The mitochondrial 
maximal respiration capacity in the Control, LPS, and LPS + BMSC 
groups
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OCRs in the Control, LPS, and LPS + BMSC groups were 
147.78 ± 6.93, 100.44 ± 20.92, and 116.67 ± 12.78, respec-
tively (P = 0.02). The LPS and LPS + BMSC groups had 
lower values than the Control group (P < 0.05), but there was 
no significant difference between the LPS and LPS + BMSC 
groups (P = 0.225).

These results showed that these three OCRs were reduced 
in the LPS group, suggesting that LPS stimulation decreased 
the mitochondrial respiratory function of alveolar epithelial 
cells, while BMSCs partially restored the impaired basal 
respiratory function and ATP production.

Discussion

In this study, we used a mouse model of ARDS and an indi-
rect co-culture system of mouse BMSCs with alveolar mac-
rophages or epithelial cell lines to test cell metabolism and 
respiration, evaluate the mitochondrial function, and demon-
strate those changes induced by LPS and alleviation caused 
by BMSCs. The study aimed to provide insights into the 
mechanisms involved in ARDS and its alleviation caused by 

MSCs. The results showed that BMSCs improved the symp-
toms of ARDS in a mouse model alongside reversing the 
detrimental changes in IL-1β, TNF-α, and IL-10 inflamma-
tory factors. In the cell-based assays, the BMSC co-culture 
also modified the inflammatory response and restored the 
mitochondrial respiration dysfunctions of alveolar epithe-
lial cells and macrophages that were induced by LPS. ATP 
levels and ROS levels were changed, and impaired basal 
OCR, ATP-linked OCR, and maximal OCR were reversed 
by BMSCs.

The key point of this paper was that BMSCs improve the 
mitochondrial respiratory function of alveolar macrophages 
and alveolar epithelial cells, can increase the ATP level in 
alveolar macrophages and alveolar epithelial cells, reduce 
the ROS levels of alveolar macrophages and alveolar epithe-
lial cells, improve cell dysfunction, and ultimately alleviate 
sepsis-induced ARDS. This study provides data about how 
BMSCs affect the specific changes in the mitochondrial res-
piratory function of alveolar macrophages caused by LPS 
stimulation, which has not been done before. There are few 
studies on the specific changes in the mitochondrial function 
of alveolar epithelial cells caused by LPS stimulation. The 

Fig. 7  Changes in lipopolysaccharide (LPS)-induced reactive oxy-
gen species (ROS) and mitochondrial function in alveolar epithelial 
cells (MLE-12) co-cultured with bone marrow stem cells (BMSCs). 
a–c ROS level indicated by green fluorescence in the Control, LPS, 

and LPS + BMSC groups. d and e Mitochondrial function of alveolar 
epithelial cells in the Control, LPS, and LPS + BMSC groups repre-
sented by ATP concentration (d) and relative ATP level (e). (Color 
figure online)
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effect of BMSCs on the mitochondrial function of alveolar 
epithelial cells induced by LPS stimulation has not been 
reported before.

The results of this study support previous studies that 
showed that MSCs could relieve ARDS symptoms in mice. 
Pedrazza et al. confirmed that murine BMSCs administered 
in LPS-treated mice improved survival and reduced white 
cell influx to the lung, cyclooxygenase-2, nuclear factor 
κB (NF-κB) expression, and neutrophil extracellular trap 
formation [29]. Human MSCs from Wharton’s jelly could 
improve survival and increase the production of prostaglan-
din 2 and IL-10 in LPS-injected mice [30]. Human men-
strual MSCs administered to LPS mice could decrease lung 
edema, decrease BALF IL-1β, and enhance lung repair [31]. 
Rats that had 100%  O2 for 48 h and cecal ligation puncture 
also were observed to have improved survival with the early 
administration of human umbilical cord MSCs [32]. Gupta 
et al. constructed an Escherichia coli endotoxin lung injury 
mouse model and confirmed that MSCs could alleviate lung 
injury and improve survival [33]. In their study, the MSCs 
were shown to inhibit pro-inflammatory TNF-α and enhance 
anti-inflammatory IL-10 secretion [33]. It was similar to our 

results, but we found that TNF-α and IL-10 levels were all 
reduced by BMSCs in mouse lung tissue and BALF. On 
the other hand, in the macrophage co-culture experiments 
of our study, IL-10 levels in the cell supernatants were 
enhanced above that of the LPS group by BMSCs. These 
differences in different experiments highlight the complex-
ity of the immune response. The timing of treatment and the 
measurements could be critical. The secretion of IL-10 has a 
compensatory effect on the inflammatory response. This was 
confirmed by the increase in IL-10 in the LPS group com-
pared with the Control group. The animal experiments were 
tested 48 h after BMSC and LPS injection; at this time the 
pathological lung sections already confirmed that the degree 
of lung injury in the BMSC group was alleviated compared 
with the LPS group, so this might reduce the compensatory 
secretion of the anti-inflammatory factor IL-10 along with 
pro-inflammatory factors. Nevertheless, the cell experiments 
showed that at 24 h after treatment with BMSCs and LPS, a 
large amount of anti-inflammatory factor IL-10 was evident 
and had probably been induced by the BMSCs to respond 
to the inflammatory response. The results of this study also 
showed that co-culture with BMSCs did not directly affect 

Fig. 8  Mitochondrial respiratory function in alveolar epithelial cells 
(MLE-12). a Oxygen consumption rate (OCR) changes in the Con-
trol, LPS, and LPS + BMSC groups. b The basal respiration OCRs in 

the Control, LPS, and LPS + BMSC groups. c The ATP-linked OCRs 
in the Control, LPS, and LPS + BMSC groups. d The maximal OCRs 
in the Control, LPS, and LPS + BMSC groups
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the secretion of inflammatory factors by alveolar epithelial 
cells stimulated by LPS, which suggests that BMSCs may 
affect the inflammatory response of the lung tissue through 
the macrophage pathway.

The research focus of our study was to investigate the role 
of mitochondrial dysfunction in ARDS and its alleviation by 
BMSCs. The generation of ATP by mitochondria requires a 
negatively charged matrix on the inner mitochondrial mem-
brane that allows the passage of electrons over the electron 
transport chain. Stressors can disrupt the negative charge of 
the matrix, and the loss of the potential negative results in 
a failure of ATP production and the generation and release 
of ROS, which can lead to widespread damages [34]. Previ-
ous studies confirmed the role of mitochondria in response 
to inflammation. MSCs can donate their mitochondria to 
macrophages under oxidative stress via several extracellular 
ways, such as vesicle-mediated transport [35]. The transfer 
of mitochondria from MSCs promoted phagocytosis and 
suppressed pro-inflammatory cytokine secretion by human 
macrophages, mitigating lung injury in vivo [36]. The results 
of our study showed that BMSCs alleviated the increased 
ROS in macrophages and alveolar epithelial cells induced 
by LPS. The results also showed that the decreased ATP lev-
els in macrophages and alveolar epithelial cells induced by 
LPS were reversed by BMSCs, which provided some clues 
that BMSCs maybe can reverse the damage of mitochondrial 
function induced by LPS.

Oxidation is an important source of energy for the effi-
cient functioning of various organs, including the lung. 
Oxidation of NADH, pyruvate, or succinate in the body is 
done through the mitochondrial electron transport chain. 
We can use specific substrates and inhibitors to assess the 
independent mitochondrial ability to use an independent 
substrate and the specific function of using each compound 
[37]. OCR measurement is one of the preferred methods to 
assess cell mitochondrial function or dysfunction. Through 
testing controlled breathing oxygen consumption rate in 
the medium with the supplemental respiratory substrate, 
we can determine the oxygen consumption rate of the cells 
under basal respiratory conditions, the oxygen consump-
tion to maintain ATP conversion, and the maximal capac-
ity of the mitochondrial electron transport system [38]. 
In this study, we used the Seahorse XF96 bioenergy ana-
lyzer to detect the oxygen consumption of macrophages 
and alveolar epithelial cells under different intervention 
conditions, thereby demonstrating how the complex oxi-
dative phosphorylation function of cells under different 
interventions was affected by specific substrate inhibitors, 
thus assessing the effect of BMSCs on the cellular mito-
chondrial function. We found that LPS stimulation could 
significantly reduce the basal oxygen consumption, oxygen 
consumption for ATP synthesis, and the maximum oxy-
gen consumption capacity of macrophages’ mitochondria, 

confirming that stress factors can cause respiratory dys-
function of macrophages’ mitochondria. We also found 
that BMSCs could significantly reverse the basic respira-
tory function damaged of macrophages’ mitochondria, 
partially restore the maximum capacity of the mitochon-
drial electron delivery system. In the alveolar epithelial 
cells, we found that the basal oxygen consumption, the 
oxygen consumption for ATP synthesis, and the maximum 
oxygen consumption capacity were significantly reduced 
by LPS stimulation, confirming that stress factors can lead 
to significant respiratory dysfunction of alveolar epithe-
lial cells mitochondria. BMSCs could partially restore the 
basal respiratory function of damaged alveolar epithelial 
cells and the oxygen consumption rate to maintain ATP 
conversion under basic conditions. Although the differ-
ences were not yet significant, a partial recovery trend also 
might appear in the impaired maximum capacity of the 
mitochondrial electron delivery system.

This study has some limitations. As a cell and animal 
model-based study, the results may not directly reflect the 
clinical situation. Further studies are needed to fully reveal 
the mechanisms involved.

BMSCs improved the ARDS symptoms in a mouse 
model by decreasing the inflammatory response. BMSCs 
co-culture with macrophages also modified the inflamma-
tory response to LPS stimulation. Pulmonary immune cells 
such as macrophages and alveolar epithelial cells showed 
mitochondrial respiratory dysfunction induced by LPS, 
with the evidence of changed ROS, ATP, and OCR levels. 
Those dysfunctions were reversed, in part, by BMSCs. 
Therefore, our study suggests that BMSCs may be able 
to improve mitochondrial respiratory dysfunction of mac-
rophages and alveolar epithelial cells so that they can alle-
viate ARDS.
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