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Abstract
BACKGROUND 
The treatment of acute respiratory distress syndrome (ARDS) complicated by sepsis syndrome (SS) remains 
challenging.

AIM 
To investigate whether combined adipose-derived mesenchymal-stem-cells (ADMSCs)-derived exosome (EXAD) 
and exogenous mitochondria (mitoEx) protect the lung from ARDS complicated by SS.

METHODS 
In vitro study, including L2 cells treated with lipopolysaccharide (LPS) and in vivo study including male-adult-SD 
rats categorized into groups 1 (sham-operated-control), 2 (ARDS-SS), 3 (ARDS-SS + EXAD), 4 (ARDS-SS + mitoEx), 
and 5 (ARDS-SS + EXAD + mitoEx), were included in the present study.

RESULTS 
In vitro study showed an abundance of mitoEx found in recipient-L2 cells, resulting in significantly higher 
mitochondrial-cytochrome-C, adenosine triphosphate and relative mitochondrial DNA levels (P < 0.001). The 
protein levels of inflammation [interleukin (IL)-1β/tumor necrosis factor (TNF)-α/nuclear factor-κB/toll-like 
receptor (TLR)-4/matrix-metalloproteinase (MMP)-9/oxidative-stress (NOX-1/NOX-2)/apoptosis (cleaved-
caspase3/cleaved-poly (ADP-ribose) polymerase)] were significantly attenuated in lipopolysaccharide (LPS)-
treated L2 cells with EXAD treatment than without EXAD treatment, whereas the protein expressions of cellular 
junctions [occluding/β-catenin/zonula occludens (ZO)-1/E-cadherin] exhibited an opposite pattern of inflam-
mation (all P < 0.001). Animals were euthanized by 72 h post-48 h-ARDS induction, and lung tissues were 
harvested. By 72 h, flow cytometric analysis of bronchoalveolar lavage fluid demonstrated that the levels of inflam-
matory cells (Ly6G+/CD14+/CD68+/CD11b/c+/myeloperoxidase+) and albumin were lowest in group 1, highest 
in group 2, and significantly higher in groups 3 and 4 than in group 5 (all P < 0.0001), whereas arterial oxygen-
saturation (SaO2%) displayed an opposite pattern of albumin among the groups. Histopathological findings of lung 
injury/fibrosis area and inflammatory/DNA-damaged markers (CD68+/γ-H2AX) displayed an identical pattern 
of SaO2% among the groups (all P < 0.0001). The protein expressions of inflammatory (TLR-4/MMP-9/IL-1β/TNF-
α)/oxidative stress (NOX-1/NOX-2/p22phox/oxidized protein)/mitochondrial-damaged (cytosolic-cytochrome-
C/dynamin-related protein 1)/autophagic (beclin-1/Atg-5/ratio of LC3B-II/LC3B-I) biomarkers exhibited a 
similar manner, whereas antioxidants [nuclear respiratory factor (Nrf)-1/Nrf-2]/cellular junctions (ZO-1/E-
cadherin)/mitochondrial electron transport chain (complex I-V) exhibited an opposite manner of albumin among 
the groups (all P < 0.0001).

CONCLUSION 
Combined EXAD-mitoEx therapy was better than merely one for protecting the lung against ARDS-SS induced injury.

Key Words: Acute respiratory distress syndrome; Sepsis syndrome; Exosomes; Mitochondria; Adipose tissue-derived 
mesenchymal stem cells; Inflammation

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: To investigate whether combined adipose-derived mesenchymal-stem-cells-derived exosome (EXAD) and 
exogenous mitochondria (mitoEx) protect the lung from acute respiratory distress syndrome complicated by sepsis syndrome. 
The results of this study showed that combined EXAD and mitoEx exerted a synergic effect on protecting the lung from acute 
respiratory distress syndrome complicated by sepsis syndrome mainly by suppressing inflammatory reaction and oxidative 
stress, resulting in improved respiratory system and outcomes.
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INTRODUCTION
Sepsis syndrome (SS), a systemic disease caused by overwhelming infections has been reported to occur in as many as 
three million adults in the United States annually, resulting in substantial morbidity and mortality[1]. On the other hand, 
acute respiratory distress syndrome (ARDS) is a devastating complication of SS. SS is one of the most common etiology of 
ARDS[2,3] and ARDS complicated by SS is associated with the highest case-fatality rate[2,4]. Universally, once ARDS 
develops, lung ventilatory support is the only intervention known to be improved mortality rates[5]. However, severe 
ARDS carries an extremely high mortality rate, and few effective therapeutic modalities exist to combat this condition[6-
8].

Various cellular and molecular mechanisms are involved in the pathophysiologies of ARDS and SS[8-13]. Dysregulated 
inflammation is a pathophysiological features of ARDS-sepsis[8]. The pathways of innate immune responses are activated 
by toll-like receptors (TLRs) binding by either pathogen-associated molecular patterns or damage-associated molecular 
patterns that serve as danger signals. Activation of these TLRs leads to proinflammatory signaling, and robust production 
of cytokines and chemokines, activating alveolar macrophages and recruiting neutrophils from the vasculature into the 
alveolar space[14]. On the other hand, nucleotide-binding and oligomerization domain-like receptors can also be 
activated, leading to inflammasome activation, caspase-1 cleavage and release of the proinflammatory cytokines [i.e., 
interleukin (IL)-1 and IL-18][14].

Adherent junction maintained the integrity of the lung endothelial barrier. Proinflammatory agonists, such as 
thrombin, vascular endothelial growth factor, tumor necrosis factor (TNF)-α, IL-1, and bacterial products [i.e., lipopoly-
saccharide (LPS)] may increase pulmonary vascular permeability in ARDS-SS[15]. The alveolar epithelium is an 
important site of injury in ARDS-SS that contributes to enhance alveolar-capillary barrier destruction and its permeability 
and the formation of pulmonary edema[16]. Therefore, an aberrant host response to ARDS/ARDS-SS leads to the 
disruption of the pulmonary alveolar-capillary barrier, resulting in lung injury characterized by hypoxemia, inflam-
mation, and pulmonary edema.

Our previous studies showed that exogenous mitochondrial delivery significantly protected the heart[17] and liver[18,
19] from ischemia-reperfusion (IR) injury, and effectively protected the lung from ARDS[9,13] and pulmonary arterial 
hypertension- induced lung injury[20] mainly by inhibiting excessive intracellular levels of reactive oxygen species, 
inflammation, and apoptosis as well as refreshment of mitochondria in ischemic organs. Accumulating evidence has 
shown that adipose derived mesenchymal stem cells (ADMSCs) have therapeutic potential ischemia-related organ 
dysfunction because of their pro-angiogenic, anti-inflammatory, and immunomodulatory properties against[11,21]. 
Exosomes, which are microvesicles derived from many kinds of cells, are membrane fragments with sizes ranging from 
60-120 nm[22-24]. Depending on the cell type from which they are secreted, exosomes contain a rich collection of 
microRNAs, mRNA, DNA, and proteins[25]. Furthermore, previous studies have demonstrated that MSCs-derived 
exosomes have distinctive properties, including, promotion of angiogenesis, immunomodulation, and paracrine effects 
that preserve organ function following injury[26-29]. Interestingly, our recent studies revealed that ADMSCs-derived 
exosomes (EXAD) treatment effectively attenuated IR injury in the brain, kidney, liver, and lung[24-27]. Additionally, it is 
well recognized that combined chemotherapy is frequently superior to merely one for suppressing the cancer cell growth 
and invasion via blocking the different mechanism of cancer cell proliferation. However, whether a combined regimen of 
exogenous mitochondria (mitoEx) and exosomes would offer a synergistic effect in safeguarding the lungs from ARDS-
induced damage is current remains unclear. Based on the above considerations, we hypothesized that combined EXAD and 
mitoEx may offer a synergic effect [i.e., by inhibiting the inflammatory reaction, augmenting the immunomodulation by 
EXAD and refreshing the adenosine triphosphate (ATP)/energy by transferring the mitoEx] on protecting the lung func-
tional integrity and its architecture against ARDS-SS injury.

MATERIALS AND METHODS
Ethical issues
Animal investigations were authorized by the Committee at Kaohsiung Chang Gung Memorial Hospital (Affidavit of 
Approval of Animal Use Protocol No. 2020121604) and performed in accordance with the Guide for the Care and Use of 
Laboratory Animals, 8th edition (NIH publication No. 85-23, National Academy Press, Washington, DC, United States, 
revised 2011). Animals were housed in American Association for Accreditation of Laboratory Animal Care-approved 
animal facility in our hospital, with controlled temperature and light cycles (24 °C and 12/12 light/dark cycle).

A rat model of ARDS complicated by SS and animal grouping
The procedures and protocols were based on our previous reports[9-11]. Briefly, the rats were placed in a sealed clear 
glass box with free access to food and water supply, and pure oxygen (100% O2) was continuously administered for 48 h. 
After the inhalation of pure oxygen for 48 h, the ARDS model was created. This model was also validated by the previous 
studies[9-11]. Additionally, to mimic the clinical setting of ARDS complicated by SS (i.e., ARDS-SS), the cecal ligation and 
puncture (CLP) was performed in the ARDS groups, 72 h after finishing ARDS induction. CLP was performed to induce 
sepsis as previously described[10,11]. The adult-male SD rats (Charles River Technology, BioLASCO Taiwan Co. Ltd., 
Taiwan) were used in our study and equally categorized into five groups: Group 1 [sham-operated control (SC), i.e., only 
by opening the abdomen, followed by closure of the muscle and skin layers], group 2 (ARDS-SS), group 3 [ARDS-SS + 
EXAD (100 μg/rat)], group 4 [ARDS-SS + mitoEx (1 mg/rat)] and group 5 (ARDS-SS + EXAD + mitoEx), respectively. The 
dosages of exosomes and mitochondria utilized in the present study were based on previous reports[9-11] (Supple-

https://f6publishing.blob.core.windows.net/fa843255-ba98-4c30-9a3f-e1a857f7745c/92184-supplementary-material.pdf
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mentary Figure 1).

Preparation of adipose tissue for ADMSCs
To isolate the adipose tissue for ADMSCs culture, an additional 12 rats (i.e., served as the donors of ADMSCs for the 
preparation of exosomes) were utilized. Adipose tissues from the epididymis and abdominal areas were carefully isolated 
according to previous reports[10,11] by day 14 before exosome treatment. Cell culture was performed in Dulbecco’s 
modied Eagle’s medium-low glucose medium containing 10% fetal bovine serum (FBS) for at least fourteen days. 
Roughly, (2.5-3.5) × 107 ADMSCs were obtained from each animal after 14-d cell culture.

Isolation of EXAD

The procedure and protocol have been described in our previous reports[21,22]. Briefly, ADMSCs were grown in the 
presence of 10% exosome-depleted FBS (Thermo Fisher Scientific) and exosomes were harvested from this cell culture 
medium. Cells and debris were removed by centrifugation at 350 × g for 10 min and 2000 × g for 30 min, respectively. For 
precipitation, total exosome isolation kit (Thermo Fisher Scientific) was added to the cell and debris-free cell medium (1:2 
with exosome isolation reagent and cell medium, respectively). Cell medium and the exosome isolation reagent were 
mixed by brief vertexing and incubated at 4 °C overnight before centrifugated at 4 °C, at 10000 × g for 1 h. The pellet 
containing the pre-enriched exosomes was resuspended in phosphate-buffer saline.

Mitochondrial isolation
In the present study, six additional animals served as mitochondria donors. The procedures and protocols of liver 
mitochondrial isolation were based on our previous report[9]. In detail, the rats were starved overnight prior to 
mitochondrial isolation. The rats were then euthanized, and the livers were harvested. Immediately, the liver (3 g) was 
immersed into 50 cc of ice-cold isolation buffer (IBc) (10 mmol/L Tris-MOPS, 5 mmol/L EGTA/Tris and 200 mmol/L 
sucrose, pH = 7.4), followed by rinsing the liver free of blood by using ice-cold IBc. The liver was then minced into small 
pieces using scissors in a beaker surrounded by ice. The IBc was discarded during mincing and replaced with 18 mL of 
ice-cold fresh IBc. Livers were homogenized using a Teflon pestle. The homogenate was transferred to a 50 mL polypro-
pylene Falcon tube and then centrifuged at 600 × g for 10 min at 4 °C. The supernatants were again transferred to 
centrifuge tubes for centrifugation at 7000 × g for 10 min at 4 °C. The supernatants were discarded, and the pellets were 
washed with 5 mL of ice-cold IBc. Again, the supernatants from pellets were centrifuged at 7000 × g for 10 min at 4 °C. 
The supernatants were discarded, and the pellets containing mitochondria were resuspended. The concentration of the 
mitochondrial suspension was measured using the Biuret method. Mitochondrial transfusion was performed in the study 
animals immediately after preparation (i.e., < 3 h post isolation).

Procedure and protocol for quantification of oxygen consumption rate of isolated mitochondria (Seahorse method)
The procedures and protocols were based on this previous report[9]. The functional activity of isolated mitochondria 
from the rat liver was determined by an Extracellular Flux Analyzer (XFe24, Seahorse Bioscience, MA, United States) 
through measuring the degree of coupling between the electron transport chain (ETC) and oxidative phosphorylation 
(OXPHOS) machinery. Mitochondrial bioenergetics as reflected in the integrity of the ETC and capacity of OXPHOS were 
evaluated by measuring the mitochondrial oxygen consumption rate (OCR). In this study, isolated mitochondria (10 μg/
well) from rat liver were diluted in cold 1× mitochondria assay solution (70 mmol/L sucrose, 220 mmol/L mannitol, 10 
mmol/L KH2PO4, 5 mmol/L MgCl2, 2 mmol/L HEPES, 1.0 mmol/L EGTA and pH = 7.2), followed by spinning down at 
3000 × g for 30 min. After attachment of mitochondria to the XF24 plate, the coupling reaction was initiated by adminis-
tering the substrate (10.0 mmol/L succinate). State 3 was initiated with ADP (0.5 mmol/L), while state 4 was induced 
with the addition of oligomycin (2 μmol/L). Maximal uncoupler-stimulated respiration was elicited with carbonyl 
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (4 μmol/L), whereas complex III repression was induced by 
antimycin A (4 μmol/L). The mitochondrial OCR in reactions mentioned above was sequentially measured.

Histological findings of lung injury
The lung injury score assessment was based on our previous report[21]. Briefly, lung specimens were sectioned at 5 μm 
for light microscopy. Hematoxylin and eosin (H&E) staining was carried out to assess the number of alveolar sacs. Three 
lung sections from each rat were analyzed; three randomly selected high-power fields (HPFs; 100 ×) were examined in 
each section, and the mean number was determined. The extent of the crowded area, which was defined as regions of 
thickened septa in the lung parenchyma associated with partial or complete collapse of alveoli on H&E-stained sections, 
was also assessed in a blinded manner. The following scoring system was adopted: (1) 0, no detectable crowded area in a 
given HPF; (2) 1, < 15% crowded area; (3) 2, 16%-25%; (4) 3, 26%-50%; (5) 4, 51%-75%; and (6) 5, > 75%.

Western blot analysis
Equal amounts (50 μg) of protein extracts were separated by sodium-dodecyl sulfate gel electrophoresis. After electro-
phoresis, the separated proteins were transferred onto a polyvinylidene difluoride membrane (Amersham Biosciences). 
Nonspecific sites were blocked with blocking buffer [5% nonfat dry milk in TBS containing 0.05% Tween 20 (T-TBS)] for 1 
h at room temperature. Membranes were incubated with the indicated primary antibodies [cytosolic cytochrome C 
(1:1000, BD), NOX-1 (1:2000, Sigma-Aldrich), NOX-2 (1:500, Sigma-Aldrich), p22phox (1:1,000, Abcam), total OXPHOS 
antibody cocktail (1:1,000, Abcam), dynamin-related protein (DRP) 1 (1:1,000, cell signaling), mitofusin-2 (Mfn2) (1:1000, 
cell signaling), peroxisome proliferator-activated receptor gamma coactivator 1-alpha, nuclear respiratory factor 1 (NRF1) 
(1:1000, cell signaling), NRF2 (1:1000, Abcam), beclin-1 (1:1000, cell signaling), autophagy related 5 (Atg5) (1:1000, cell 

https://f6publishing.blob.core.windows.net/fa843255-ba98-4c30-9a3f-e1a857f7745c/92184-supplementary-material.pdf
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signaling), LC3B-I/II (1:2000, Abcam), and β-actin (1:10000, Chemicon)] overnight at room temperature. The membranes 
were then incubated with a secondary antibody, horseradish peroxidase-conjugated anti-rabbit immunoglobulin IgG 
(1:2000, cell signaling), for 1 h at room temperature. The washing procedure was repeated eight times within 1 h. 
Immunoreactive bands were visualized using enhanced chemiluminescence (ECL; Amersham Biosciences) and exposed 
to Biomax L film (Kodak). For quantification, ECL signals were digitized using the Labwork software (UVP).

Immunohistochemical and immunofluorescent staining
The procedures and protocols were based on our previous reports[9,11,13]. Rehydrated paraffin sections were treated 
with 3% H2O2 for 30 min., and then incubated with Immuno-Block reagent (BioSB) for 30 min at room temperature. 
Sections were incubated with primary antibodies against zonula occludens 1 (ZO-1) (1:200, Thermo Fisher Scientific), E-
cadherin (1:200, Thermo Fisher Scientific), occluding (1:200, Thermo Fisher Scientific), claudin (1:200, Thermo Fisher 
Scientific), F4/80+ (1:250, Cell Signaling Technology), CD40L+ (1:200, Thermo Fisher Scientific), CD14 (1:200, BioSS), 
CD68 (1:100, Abcam), CD31 (1:100, Abcam), heme-oxygenase-1 (1:250, Abcam), and glutathione reductase (1:300, Abcam), 
while sections incubated with irrelevant antibodies served as controls. Three lung sections from three rat were analyzed. 
For quantification, three randomly selected HPFs (200 × or 400 × magnification) were analyzed in each section. The mean 
number of positively stained cells per HPF for each animal was then determined by the summation of all numbers 
divided by 9.

Mitochondrial DNA copy number in lung parenchyma
Total DNA was extracted from the lung parenchyma using the DNeasy Blood and Tissue kit (Qiagen) with proteinase K 
and RNase treatment, according to the manufacturer’s instructions. The copy number of mitochondrial DNA (mitDNA) 
was quantified by QuantiNOVA SYBR Green PCR assay (Qiagen) and normalized by rat genomic GAPDH DNA. Primer 
sequences are listed below: ND1 - mtDNA forward: 5’-CTCCCTATTCGGAGCCCTAC-3’; ND1 - mtDNA reverse: 5’-
ATTTGTTTCTGCTAGGGTTG-3’; GAPDH - DNA forward: 5’-GTTACCAGGGCTGCCTTCTC-3’; GAPDH - DNA 
reverse: 5’-GGGTTTCCCGTTGATGACC-3’; ANP forward: 5’-CTGCTAGACCACCTGGAGGA-3’; ANP reverse: 5’-
AAGCTGTTGCAGCCTAGTCC-3’[17]. Triplicate assays were performed for each sample using Step One-Plus system 
(Applied Biosystems).

Statistical analysis
Quantitative data were expressed as mean ± SD. Statistical analysis was conducted using ANOVA followed by 
Bonferroni multiple-comparison post hoc test. The SAS statistical software for Windows version 8.2 (SAS Institute, Cary, 
NC, United States) was utilized. Statistical significance was set at P < 0.05.

RESULTS
Qualitative exosome biomarkers and OCR of mitochondria
To verify the specific biomarkers of exosomes, the western blot analysis was performed. The result showed that the 
protein expressions of CD63, TSG101 and β-catenin, three specific biomarkers of exosomes, were notably increased as the 
concentration of exosomes was stepwise increased from 1 μg, 2 μg, 10 μg, to 50 μg, particularly increased in the 50-μg 
concentration of the sample (Figure 1A).

Additionally, to verify the OCR of isolated mitochondria (i.e., the time courses of mitochondrial respiration and 
glycolysis), the Seahorse assay was utilized (i.e., using Seahorse XF Analyzers to measure the OCR) for several different 
situations, including the injection of oligomycin, FCCP, and antimycin A/rotenone. The results showed that mito-
chondrial respiration reflected by the level of OCR was remarkably high, implicating that the isolated mitochondrial had 
excellent functional integrity and efficacy (Figure 1B).

Influence of mitoEx transfusion into L2 cells
To clarify whether mitoEx could be transfused into the recipient cells, the L2 cells were categorized into groups A1 (i.e., L2 
cell only), A2 [L2 cells + (hypoxia condition: O2 1%, CO2 5%, other N2, for 3 h)], A3 [L2 cells + exogenous mitochondrial 
(100 ug) mixed with cells for 24 h] and A4 (L2 cells + hypoxia for 3 h, followed by mixture of mitoEx with the cells for 24 
h), respectively. The result of immunofluorescent (IF) microscopic examination (Figure 2A-C) showed that the 
mitochondria in the L2 cells [i.e., the intracellular level of endogenous mitochondria (Figure 2D) and total mitochondria, 
i.e., summation of endogenous + mitoEx (Figure 2E)] were lowest in A2, highest in A4 and significantly higher in A3 than 
in A1. Additionally, the quantitative polymerase chain reaction demonstrated that the relative mitDNA exhibited a 
similar pattern of IF microscopic finding among the groups (Figure 3A). Furthermore, the concentration level of ATP 
exhibited a comparable pattern of mitDNA among the groups (Figure 3B). These findings implicated that the mitoEx were 
quite easily transfused into the recipient cells, especially under condition of hypoxia (i.e., implicated damaged 
mitochondrial cells).

To elucidate whether exogenous mitochondrial transfusion into L2 cells would augment the expressions of tight 
junctions protein in pulmonary epithelial cells, the western blot analysis was utilized. The results of western blot analysis 
demonstrated that the protein expressions of occluding (Figure 3C), ZO-1 (Figure 3D), β-catenin (Figure 3E) and E-
cadherin (Figure 3F), four indicators of pulmonary epithelial cellular junctions for assessment of pulmonary epithelial 
integrity, also exhibited an identical pattern of IF microscopic finding among the groups (Figure 2D and E).
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Figure 1 Qualitative exosome biomarkers and oxygen consumption rate of mitochondria. A: Illustrating the protein expressions of CD63, TSG101 
and β-catenin. The result showed that the protein expressions of these three fundamental biomarkers of exosome were notably progressively increased as the 
concentration of exosomes was stepwise increased from 1 μg, 2 μg, 10 μg, to 50 μg; B: Illustrating the oxygen consumption rate (OCR) curve; the result showed that 
the mitochondrial respiration reflected by the level of OCR was remarkably high, implicating that the isolated mitochondria had excellent functional integrity and 
efficacy. A: Untreated; B: Oligomycin; C: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; D:  Actinomycin A/rotenone. OCR: Oxygen consumption rate; FCCP: 
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.

Exosomes suppressed inflammation/oxidative stress and preserved cell junctions
To elucidate whether the exosome treatment would attenuate the inflammatory reaction, the L2 cells were categorized 
into B1 (L2 cells), B2 [L2 cells + LPS (1.0 μg/mL)], and B3 [L2 cells + LPS (1.0 μg/mL) + exosomes (100 μg)] groups, 
respectively. The result showed that the protein expressions of IL-1β (Figure 4A), TNF-α (Figure 4B), nuclear factor-κB 
(Figure 4C), TLR-4 (Figure 4D) and matrix-metalloproteinase-9 (Figure 4E), five indicators of inflammation, were signi-
ficantly higher in B2 than in B1 that were significantly reversed in B3. Additionally, the protein expressions of NOX-1 
(Figure 4F) and NOX-2 (Figure 4G), two indicators of oxidative stress, and protein expressions of cleaved caspase 3 
(Figure 4H) and cleaved poly (ADP-ribose) polymerase (Figure 4I), two indices of apoptosis, exhibited an identical 
manner of inflammation among the groups.

Furthermore, to verify whether the pulmonary epithelial cell-cell junctions would also be affected by LPS-exosome 
treatment, the western blot analysis was utilized again. As we expected, the protein expressions of occluding (Figure 4J), 
β-catenin (Figure 4K), ZO-1 (Figure 4L) and E-cadherin (Figure 4M), four indicators of pulmonary epithelial cellular 
junctions, exhibited an opposite pattern of inflammation among the three groups.

Inflammation/albumin in bronchoalveolar lavage fluid and circulatory cytokines and mortality
To elucidate the therapeutic effect of EXAD-mitoEx on lung protection against ARDS-SS injury, flow cytometric analysis of 
bronchoalveolar lavage (BAL) fluid was conducted by day 5 after ARDS induction. The result showed that the BAL fluid 
level of TNF-α (Figure 5A), a proinflammatory cytokine, was highest in group 2 (ARDS-SS), lowest in SC, significantly 
higher in group 4 (ARDS-SS + mitoEx) than in group 3 (ARDS-SS + EXAD) and group 5 (ARDS-SS + EXAD + mitoEx) and 
significantly higher in group 3 than in group 5. Additionally, circulating numbers of Ly6G+ (Figure 5B), CD11b/c+ 
(Figure 5C) and myeloperoxidase+ (Figure 5D) cells, three indicators of inflammatory cells, exhibited an identical pattern 
of TNF-α among the groups.

Furthermore, the albumin level in the BAL fluid, an indicator of increased permeability and leakage in the lung 
parenchyma after ARDS-induced damage, was lowest in group 1 and significantly and progressively reduced in groups 2 
to 5. On the other hand, the relative mitDNA (Figure 5E) level in the lung tissue was lowest in group 2, highest in group 
5, significantly higher in group 4 than in groups 1 and 3, and significantly higher in group 1 than in group 3.

Moreover, the circulatory levels of TNF-α (Figure 5F) and IL-6 (Figure 5G), two indices of proinflammatory cytokine, 
exhibited an identical pattern of Ly6G in BAL fluid among the groups. Our findings suggested that combined exosome 
and exogenous mitochondrial therapy was better than merely one for alleviating the inflammatory reaction. A total of 121 
rats were utilized in the present study and the aim of this study proposed that at the end of the study period, the numbers 
of the survival animals in each group should be more than 10 for individual study. Additionally, we prospectively 
randomized the animals into different groups immediately after completely ARDS induction.

Prior to categorizing the animals into different groups, the mortality rate was 28.9% (35/121). However, after grouping 
(i.e., during the treatment period), the mortality rates were 0%, 44.0% (11/25), 23.5% (4/17), 17.7% (3/17) and 18.8% (3/
16) in groups 1 to 5, respectively. Thus, the mortality rate at the end of the study period was significantly higher in group 
2 than in group 1 (i.e., P < 0.049) (Figure 5H). However, there was no significant difference between the groups 1 and 3 to 
5 or between the groups 2 to 5 (P > 0.1). To elucidate the severity of lung parenchymal leakage in ARDS, albumin levels in 
BAL fluid were analyzed in the current study. The results demonstrated that this parameter expressed an identical 
pattern of circulatory levels of inflammatory cells among the groups (Figure 5I).
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Figure 2 Immunofluorescent microscopic finding for elucidating the ability of exogenous mitochondria transfusion into the L2 cells. A: 
Demonstrating MitoTracker stain (400 ×) for identifying endogenous mitochondria (green color) among four groups; B: Indicating the MitoTracker stain (400 ×) for 
identifying exogenous mitochondria to be transfused into the L2 cells (red color); C: Denoting the merged picture of a4 to b4 (i.e., endogenous and exogenous 
mitochondrial staining). Pink-yellow color indicated the endogenous and exogenous mitochondria colocalized together. Abundant mitochondria were found in c3 and 
c4 groups. Blue color in c1 to c4 indicated the DAPI stain (400 ×) for identifying rat lung epithelial cells (i.e., L2 cell line) in four groups. Scale bars in right lower corner 
represent 20 μm; D: Analytical result of endogenous mitochondrial expression (%); E: Analytical result of combined expression of endogenous and exogenous 
mitochondrial amount. Dark bar chart indicated percentage of endogenous mitochondria, whereas gray color indicated percentage of exogenous mitochondria. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 5 for each group). Control vs other groups with 
different letters, aP < 0.01, bP < 0.05, cP < 0.001. Grouping: L2 cells; L2 cells + hypoxia; L2 cells + mitochondria (100 μg); L2 cells + hypoxia + mitochondria (100 μg).

Oxidative stress, autophagy and DNA-damaged markers post-5-d ARDS induction
It is well known that the oxidative stress and autophagy play an essential role in lung parenchymal damage after acute 
lung injury. Therefore, western blot analysis was utilized for these parameters. The protein expressions of NOX-1 
(Figure 6A) and NOX-2 (Figure 6B), two indices of oxidative stress, were highest in group 2, lowest in group 1 and 
significantly lower in group 5 than in groups 3 and 4, but were similar between groups 3 and 4. In contrast, the protein 
expressions of Nrf1 (Figure 6C) and Nrf2 (Figure 6D), two indicators of anti-oxidants, exhibited an opposite pattern of 
oxidative stress among the groups.

The protein expression of beclin-1 (Figure 6E), Atg5 (Figure 6F) and the ratio of LC3B-II to LC3B-I (Figure 6G), three 
indicators of autophagy, displayed an identical pattern of oxidative stress among the groups. Additionally, the cellular 
level of γ-2AX, an index of DNA damage, showed a similar manner of autophagy (Figure 6H-M). Our findings suggested 
that combined exosome and exogenous mitochondrial therapy was superior to just one for ameliorating the oxidative 
stress, autophagy and DNA damage.
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Figure 3 Protein expressions of cellular junctions, relative mitochondrial DNA expression and adenosine triphosphate concentration. A: 
Relative mitochondrial DNA expression, control vs other groups with different letters, aP < 0.01, bP < 0.05, cP < 0.001 (n = 6 for each group); B: Concentration level of 
adenosine triphosphate, control vs other groups with different letters, aP < 0.01, bP < 0.05, cP < 0.001 (n = 6 for each group); C: Protein expression of occludin, control 
vs other groups with different symbols, aP < 0.001, bP < 0.01; D: Protein expression of β-catenin, control vs other groups with different letters, aP < 0.001, bP < 0.01; 
E: Protein expression of zonula occludens-1, control vs other groups with different letters, aP < 0.001, bP < 0.01; F: Protein expression of E-cadherin, control vs other 
groups with different letters, aP < 0.001, bP < 0.01 (n = 4 for each group). All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple 
comparison post hoc test. Grouping: L2 cells; L2 cells + hypoxia; L2 cells + mitochondria (100 μg); L2 cells + hypoxia + mitochondria (100 μg).

Mitochondrial damaged markers and cell junctions post-5-d ARDS induction
In order to realize the degree of mitochondria and cellular junctions damage, the western blot analysis was conducted. 
The protein expressions of DRP1 (Figure 7A), p22phox (Figure 7B) and cytosolic cytochrome C (Figure 7C), three indices 
of mitochondrial damaged markers, were lowest in group 1, highest in group 2, significantly lower in group 5 than in 
groups 3 and 4, however they showed similar between groups 3 and 4. Additionally, the protein expressions of ZO-1 
(Figure 7D) and E-cadherin (Figure 7E), two indicators of cellular junctions of lung epithelial integrity, displayed an 
opposite pattern of the mitochondrial damaged markers. Our findings implied that combined exosome and mitoEx 
therapy rescued the lung ultrastructural integrity against ARDS-SS damage.

ETC complexes, mfn and oxidative stress post-5-d ARDS induction
Next, we utilized the western blot analysis once more to determine the ETC and mitochondrial fusion. The result 
demonstrated that the protein expressions of complexes I-V (Figure 8A-E), five parameters of mitochondrial ETC, and the 
protein expression of Mfn2 (Figure 8F), an indicator of mitochondrial fusion, were highest in group 1, lowest in group 2, 
significantly higher in group 5 than in groups 3 and 4, but these parameters did not differ between groups 3 and 4, 
whereas the cellular level of oxidative stress (i.e., 8-hydroxy-2’-deoxyguanosine stain) displayed an opposite manner of 
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Figure 4 Exosomes therapy effectively reduced inflammation, oxidative stress and apoptosis and preserved the lung epithelial cell 
junctions. A: Protein expression of interleukin-1β; B: Protein expression of tumor necrosis factor-α; C: Protein expression of nuclear factor-κB; D: Protein 
expression of toll-like receptor-4; E: Protein expression of matrix metalloproteinase-9; F: Protein expression of NOX-1; G: Protein expression of NOX-2; H: Protein 
expression of cleaved caspase 3; I: Protein expression of cleaved poly (ADP-ribose) polymerase; J: Protein expression of occludin; K: Protein expression of β-



Lin KC et al. Combined ADMSCs-mitochondria therapy for ARDS

WJSC https://www.wjgnet.com 699 June 26, 2024 Volume 16 Issue 6

catenin; L: Protein expression of zonula occludens-1; M: Protein expression of E-cadherin. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 3 for each group). Control vs other groups with different letters, aP < 0.001, bP < 0.01. B1: L2 cells only; B2: L2 cells 
+ lipopolysaccharide (LPS) (1.0 μg/mL); B3: L2 cells + LPS (1.0 μg/mL) + exosomes (10 μg). IL: Interleukin; TNF: Tumor necrosis factor; NF-κB: Nuclear factor NF-
κB; TLR: Toll-like receptor; MMP: Matrix metalloproteinase; c-Casp3: Cleaved caspase 3; ZO-1: Zonula occludens-1; PARP: Poly (ADP-ribose) polymerase; LPS: 
lipopolysaccharide.

Figure 5 Levels of inflammatory cells and albumin in bronchoalveolar lavage fluid and circulatory proinflammatory cytokine by day 5 
after acute respiratory distress syndrome induction. A: Enzyme-linked immunosorbent assay analysis of tumor necrosis factor (TNF)-α level in 
bronchoalveolar lavage (BAL), control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001; B: Flow cytometric analysis of number of 
Ly6G+ cells, control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001; C: Flow cytometric analysis of number of CD11b/c+ cells, 
control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001; D: Flow cytometric analysis of number of myeloperoxidase+ cells, control 
vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001; E: Relative mitochondrial DNA level, control vs other groups with different letters, a
P < 0.01, bP < 0.05, cP < 0.001, dP < 0.0001; F: Circulatory level of TNF-α, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01, dP < 0.001; 
G: Circulatory level of interleukin-6, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01, dP < 0.001; H: The mortality rate by day 5 after 
acute respiratory distress syndrome induction, control vs aP < 0.05, control vs bP > 0.05; I: Analytical result of BAL albumin concentration, control vs other groups with 
different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test (n = 6 for each group). IL: Interleukin; TNF: Tumor necrosis factor; MPO: Myeloperoxidase; SC: Sham-operated control; ARDS: Acute respiratory 
distress syndrome; SS: Sepsis syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived mesenchymal stem cells-derived exosomes; BAL: 
Bronchoalveolar lavage.

ETC among the groups (Figure 8G-L), implicating that combined exosome and mitoEx therapy was better than one 
therapy alone in protecting the cell mitochondrial homeostasis and effective energy utilization.

EXAD-mitoEx were identified in the lung parenchyma of ARDS rat
To delineate the final destination of EXAD and mitoEx, these two molecules were stained with specific dyes and serial 
sections of the lung (Figure 9), brain, heart, liver and kidney (Supplementary Figure 2) were investigated. IF microscopic 
findings demonstrated that the presence of EXAD and mitoEx could be identified only in lung specimens (Figure 9A-D). 
This study might support that only damaged lung organs could trap EXAD and mitoEx to safeguard the lung from ARDS 
damage.

https://f6publishing.blob.core.windows.net/fa843255-ba98-4c30-9a3f-e1a857f7745c/92184-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/fa843255-ba98-4c30-9a3f-e1a857f7745c/92184-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/fa843255-ba98-4c30-9a3f-e1a857f7745c/92184-supplementary-material.pdf
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Figure 6 Protein expressions of oxidative stress and autophagy, and cellular level of DNA damage by day 5 after acute respiratory 
distress syndrome induction. A: Protein expression of NOX-1, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; B: Protein 
expression of NOX-2, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; C: Protein expression of nuclear respiratory factor 1 (Nrf1), 
control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; D: Protein expression of Nrf2, control vs other groups with different letters, aP < 0.0001, 
bP < 0.05, cP < 0.01; E: Protein expression of beclin-1, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; F: Protein expression of 
autophagy related 5, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; G: Protein expression of the ratio of LC3B-II to LC3B-I, control vs 
other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; H-L: Illustrating the immunofluorescent microscopic finding (400 ×) for identification of γ-H2AX+ 
cells (red color). Yellow dotted line large square box was the manifestation of yellow dotted line small square box for more clear identification of double stained (i.e., 
DAPI stain for nuclei+ γ-H2AX) γ-H2AX+ cells (white arrows). The scale bars in right lower corner represent 20 μm; M: Analytical result of number of γ-H2AX+ cells, 
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control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05, dP < 0.001. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 6 for each group). Nrf1: Nuclear respiratory factor 1; Atg5: Autophagy related 5; SC: Sham-operated control; ARDS: 
Acute respiratory distress syndrome; SS: Sepsis syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived mesenchymal stem cells-derived exosomes.

Figure 7 Protein expressions of mitochondrial damaged markers and cellular junctions by day 5 after acute respiratory distress 
syndrome induction. A: Protein expression of dynamin- related protein 1, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; B: 
Protein expression of p22phox, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; C: Protein expression of cytosolic cytochrome C, 
control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01; D: Protein expression of zonula occludens-1, control vs other groups with different 
letters, aP < 0.0001, bP < 0.05, cP < 0.01; E: Protein expression of E-cadherin, control vs other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01. All 
statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Drp1: Dynamin-related 
protein 1; cyto-CytC: Cytosolic cytochrome C; ZO-1: Zonula occludens-1; SC: Sham-operated control; ARDS: Acute respiratory distress syndrome; SS: Sepsis 
syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived mesenchymal stem cells-derived exosomes.

Lung injury score and oxygen saturation (SaO2%) post-5-d ARDS induction
To verify whether exosome and exogenous mitochondrial therapy would protect the cellular level of the lung 
parenchyma against ARDS-SS, microscopic findings of H&E staining (Figure 10A-E) were conducted. The results showed 
that the crowded score (Figure 10G), an indicator of histopathological finding of lung damage, was highest in group 2, 
lowest in group 1, significantly lower in group 5 than in groups 3 and 4, and notably lower in group 3 than in group 4. 
The number of alveolar sacs (Figure 10F) and SaO2% (Figure 10H) exhibited the opposite pattern of crowded score among 
the groups. These findings implicated that combined exosome and mitoEx therapy was better than either one for 
alleviating the lung injury score and preserving the lung functional integrity.

Cellular levels of fibrosis and inflammation post-5-d ARDS induction
Furthermore, to clarify the cellular levels of fibrosis and inflammatory expression, both IF and immunohistochemical 
microscopic findings were utilized for these studies. Masson’s trichrome staining (Figure 11A-E) demonstrated that the 
fibrotic area (Figure 11F) in the lung section was highest in group 2, lowest in group 1, significantly lower in group 5 than 
in groups 3 and 4 and notably lower in group 3 than in group 4. Additionally, the cellular expression of CD68+ cells 
(Figure 11G-K), an indicator of inflammation, expressed an identical manner of fibrosis among the groups (Figure 11L).

DISCUSSION
This study investigated the therapeutic effect of EXAD-mitoEx and has brought out several striking preclinical implications. 
First, we created a reproducible ARDS-SS animal model that closely mimicked the clinical setting of severe ARDS 
complicated by SS. This model provides crucial sights for clinicians and scientists to test different various therapeutic 
modalities for ARDS-SS. Second, both in vitro and in vivo studies proved that mitochondria could be transfused into lung 
epithelial cells and lung parenchyma potentially providing energy for cell struggling in a harsh environment. Third, both 
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Figure 8 Protein expressions of mitochondrial electron transport chain complexes and mitofusin 2 by day 5 after acute respiratory 
distress syndrome induction. A: Protein expression of complex I, control vs other groups with different letters, aP < 0.0001, bP < 0.001, cP < 0.01; B: Protein 
expression of complex II, control vs other groups with different letters, aP < 0.0001, bP < 0.001, cP < 0.01; C: Protein expression of complex III, control vs other groups 
with different letters, aP < 0.0001, bP < 0.001, cP < 0.01; D: Protein expression of complex IV, control vs other groups with different letters, aP < 0.0001, bP < 0.001, cP 
< 0.01; E: Protein expression of complex V, control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.001, dP < 0.05; F: Protein expression of 
mitofusin 2, control vs other groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.05; G-K: Illustrating the microscopic finding (400 ×) of immunohistochemical 
stain for identification of 8-hydroxy-2’-deoxyguanosine (8-OHdG)+ cells (gray color). The scale bars in right lower corner represent 20 μm; L: Analytical result of 
number of 8-OHdG+ cells, control vs other groups with different letters, aP < 0.0001, bP < 0.005, cP < 0.01, dP < 0.001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). CI: Complex I; CII: Complex II; CIII: Complex III; CIV: Complex IV; CV: 
Complex V; Mfn2: Mitofusin 2; 8-OHdG: 8-hydroxy-2’-deoxyguanosine; SC: Sham-operated control; ARDS: Acute respiratory distress syndrome; SS: Sepsis 
syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived mesenchymal stem cells-derived exosomes.

in vitro and in vivo studies have demonstrated that exosomes had a notable capacity of alleviating inflammation, oxidative 
stress and apoptosis. Finally, thecombined EXAD and mitoEx treatment was better than either treatment alone for 
protecting lung function and parenchymal integrity against ARDS-SS-induced injury.

Although the etiologies of ARDS-SS have been appraised as multifactorial and the mechanism of ARDS-SS has been 
extensively discussed to be too complicated to fully understand[1-16], the fundamental damage caused by this disaster is 
easily realized as the functional unit of the respiratory system, i.e., including the alveoli, ductuli alveola, respiratory 
bronchioles and capillary networks[9,11,13,21]. The most important finding in the present study was that the lung injury 
score (i.e., including the reduction in alveolar number and an increase in crowded score) of the functional unit of the 
respiratory system was remarkably higher increased in ARDS-SS animals than in SC animals. Additionally, SaO2 (%), an 
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Figure 9 Adipose-derived mesenchymal stem cells-derived exosomes-exogenous mitochondria were identified in the lung parenchyma 
of acute respiratory distress syndrome rat by day 5 after acute respiratory distress syndrome induction. A and B: Illustrating the immuno-
fluorescent (IF) microscopic finding (1000 ×) of Lipophilic Tracers Dil stain for identification whether the present or absent exogenous mitochondria in acute 
respiratory distress syndrome (ARDS) group (A) and ARDS-sepsis syndrome (SS) + mitochondria group (B). Noted that no mitochondria were found in ARDS animal. 
However, numerous mitochondria (red color) (note yellow arrows indicated very small-brilliant particles are mitochondria) were identified in lung parenchyma of 
ARDS-SS + mitochondria animal; C and D: Illustrating the IF microscopic finding (1000 ×) of Lipophilic Tracers DiO stain for identification whether the present or 
absent adipose-derived mesenchymal stem cells-derived exosomes in ARDS group (C) and ARDS-SS + exosome group (D). Noted that no exosome was found 
ARDS animal. However, some exosomes (green color) (note yellow arrows indicate very small particles are exosomes) were identified in lung parenchyma of ARDS-
SS + mitochondria animal. The scale bars in right lower corner represent 10 μm. ARDS: Acute respiratory distress syndrome; SS: Sepsis syndrome.

Figure 10  Histopathological findings of lung injury and arterial oxygen saturation by day 5 after acute respiratory distress syndrome 
induction. A-E: Illustrating the histopathological findings (i.e., hematoxylin and eosin stain) of lung parenchyma by microscope (200 ×) for verifying the lung injury 
scores (i.e., including variables of alveoli and lung crowding) among the five groups of animals; F: The number of alveolar sacs among five groups. control vs other 
groups with different letters, aP < 0.0001, bP < 0.01, cP < 0.001, dP < 0.05; G: Crowded scores of lung parenchyma. control vs other groups with different letters, aP < 
0.0001, bP < 0.05, cP < 0.01, dP < 0.001. The scale bars in right lower corner represent 50 μm; H: Arterial oxygen saturation (SaO2%), control vs other groups with 
different letters, aP < 0.001, bP < 0.05. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for 
each group). SC: Sham-operated control; ARDS: Acute respiratory distress syndrome; SS: Sepsis syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived 
mesenchymal stem cells-derived exosomes.

index of lung function capacity, was substantially reduced in the ARDS-SS group compared to that in the SC group. Thus, 
our findings reinforced those of the previous studies[9,11,13,21]. An important finding of the present study was that 
combined EXAD and mitoEx therapy was notably better than just one therapy in reducing the ARDS-SS-induced lung 
functional and ultrastructural detriments, highlighting that EXAD-mitoEx may be an innovative therapeutic potential for 
ARDS-SS patients, especially in those patients who are already refractory to conventional therapies.

It is well known that lung fibrosis is a serious complication of ARDS[9,11,13,21,23,24]. An essential finding in the 
present study was that the lung fibrotic area was substantially upregulated in the ARDS-SS group than in the SC group. 
Biomarkers, including apoptosis, inflammation, oxidative stress and autophagy which commonly boost the worsening 
lung fibrosis, were found to be upregulated in the former group compared to the latter group. Our finding, in this way, 
corroborated with the findings of previous studies[9,11,13,21,23,24]. Interestingly, previous investigations have succe-
ssfully demonstrated that exosomes therapy effectively preserves lung function and parenchymal integrities against 
ARDS[25-30]. Another essential finding in the present study was that lung function and architecture were remarkably 
preserved in ARDS-SS animals with EXAD treatment than without EXAD treatment and further remarkably preserved after 
combined EXAD and mitoEx therapy. Accordingly, our findings, in addition to strengthening the findings of previous 
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Figure 11  Cellular levels of fibrosis and inflammation by day 5 after acute respiratory distress syndrome induction. A-E: Showing the 
microscopic finding (200 ×) of Masson’s trichome stain for identification of fibrosis in lung fibrosis (blue color); F: Analytical result of fibrotic area, control vs other 
groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01, dP < 0.001. The scale bars in right lower corner represent 50 μm; G-K: Illustrating the 
immunofluorescent microscopic finding (400 ×) for identification of cellular expression of CD68 (green color); L: Analytical result of number of CD68+ cells, control vs 
other groups with different letters, aP < 0.0001, bP < 0.05, cP < 0.01, dP < 0.001. The scale bars in right lower corner represent 20 μm. All statistical analyses were 
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). SC: Sham-operated control; ARDS: Acute respiratory 
distress syndrome; SS: Sepsis syndrome; mitoEx: Exogenous mitochondria; EXAD: Adipose-derived mesenchymal stem cells-derived exosomes.

studies[9,11,13,21,23-30], could, at least in part, explain why the lung injury score and lung fibrosis were significantly 
attenuated by EXAD-mitoEx therapy.

The underlying mechanism of EXAD-mitoEx therapy which provided impressive and promising effects for improving 
outcomes in the setting of ARDS-SS draws special attention in the present study; therefore, we feel obligated to explain 
this issue based on the results of the study. Studies have emphasized that MSC-derived exosomes which contain well-
known and unknown components[25] have distinctively inherent features of MSCs, i.e., including anti-inflammation, 
immunomodulation and tissue regeneration[21,22,30-32]. Additionally, previous studies have shown that not only mitoEx 
could be transfused into recipient cells[13] but also mitochondria could be transferred from normal donor cells to 
damaged recipient cells through tunneling nanotube for refreshing the mitochondria-derived ATP/available energy, 
resulting in the rescue of cells that succumbed to ischemic situation[33]. A principal finding in our in vitro study was that 
exosome therapy protected lung epithelial cells (i.e., L2 cell line) against inflammatory damage. Additionally, another 
principal finding in the in vivo study that compared with the ARDS-SS group, the inflammatory reactions in BAL fluids, 
both in lung tissue and in systemic circulation, were remarkably suppressed, whereas the cell junction biomarkers were 
notably preserved in the ARDS-SS group after receiving EXAD-mitoEx therapy. Furthermore, our in vitro study also 
demonstrated that mitoEx could be quite easily transfused into the recipient cells (i.e., L2 cell line), resulting in increased 
levels of APT, mitDNA and mitochondrial cytochrome C. Moreover, the in vivo study demonstrated that the protein 
expressions of complexes I-V and Mfn2 (i.e., mitochondrial fusion marker) were notably increased in ARDS-SS animals 
after EXAD-mitoEx therapy. In this way, the results of our in vitro and in vivo studies not only support the findings of 
previous studies[21,22,30-33] but also fundamentally explain why EXAD-mitoEx therapy could significantly improve the 
outcomes in ARDS-SS rats. Collectively, we proposed that the results of this combined therapy offered so called “synergic 
effect” for those of ARDS-SS rodents cardinally through rejuvenating cells and refreshing the intracellular mitochondria 
by mitoEx supply and ensuring the cell survival in ischemic/toxic environment via EXAD selfless contribution.
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Figure 12  Illustrating the underlying mechanism of combined exogenous mitochondria and adipose-derived mesenchymal stem cells-
derived exosomes therapy on protecting the lung parenchyma against acute respiratory distress syndrome-sepsis syndrome induced 
injury mainly through suppressing inflammation and oxidative stress and refreshing the adenosine triphosphate/mitochondria. ARDS: 
Acute respiratory distress syndrome; SS: Sepsis syndrome; ADMSC: Adipose-derived mesenchymal stem cell; CLP: Cecal ligation and puncture; IL: Interleukin; TNF: 
Tumor necrosis factor; TGF: Transforming growth factor; Drp1: Dynamin-related protein 1; Atg5: Autophagy related 5; ZO-1: Zonula occludens-1; HO-1: Heme 
oxygenase-1; GR: Glutathione reductase; OXPHOS: Oxidative phosphorylation.

The treatment of moderate to severe ARDS remains a formidable challenge, especially in patients with ARDS-SS who 
are always observed to have extremely high mortality[6-8]. Interestingly, our phase I clinical trial demonstrated that 
human umbilical cord-derived mesenchymal stem cell therapy could be beneficial for moderate-severe ARDS patients
[12]. Based on our previous study[12] and the current results, perhaps, combined EXAD-mitoEx therapy would provide 
more promising effect for those severe ARDS-SS patients, especially for those who are refractory to conventional therapy.

Study limitation
This study had some limitations. First, although the results are promising, the study period was relatively short. Thus, we 
do not know whether the long-term outcomes of such a treatment are still promising. Second, it is a common sense that 
the underlying mechanism of ARDS complicated by SS is definitely more complicated than merely ARDS or SS. 
Accordingly, we schematically illustrated the proposed underlying mechanism in Figure 12 for elucidating why the EXAD-
mitoEx therapy effectively salvaged the lung function and its parenchymal ultrastructural integrity.

CONCLUSION
The results of this study demonstrated that EXAD-mitoEx therapy attenuated the lung parenchymal damage and preserves 
lung function in rodents with ARDS-SS.
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