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Xenogeneic and Allogeneic Mesenchymal
Stem Cells Effectively Protect the Lung
Against Ischemia-reperfusion Injury
Through Downregulating the
Inflammatory, Oxidative Stress, and
Autophagic Signaling Pathways in Rat

Kun-Chen Lin1, Jun-Ning Yeh2, Yi-Ling Chen3,4,5,
John Y. Chiang6,7, Pei-Hsun Sung3,5, Fan-Yen Lee4,5,8,9,
Jun Guo2,*, and Hon-Kan Yip3,4,5,10,11,12,*

Abstract
This study tested the hypothesis that both allogenic adipose-derived mesenchymal stem cells (ADMSCs) and human inducible
pluripotent stem cell-derived MSCs (iPS-MSCs) offered a comparable effect for protecting the lung against ischemia-
reperfusion (IR) injury in rodent through downregulating the inflammatory, oxidative stress, and autophagic signaling path-
ways. Adult male Sprague–Dawley rats (n¼ 32) were categorized into group 1 (sham-operated control), group 2 (IRI), group 3
[IRIþ ADMSCs (1.0� 106 cells)/tail-vein administration at 0.5/18/36 h after IR], and group 4 [IRIþ iPS-MSCs (1.0� 106 cells)/
tail-vein administration at 0.5/18/36 h after IR], and lungs were harvested at 72 h after IR procedure. In vitro study demon-
strated that protein expressions of three signaling pathways in inflammation (TLR4/MyD88/TAK1/IKK/I-kB/NF-kB/Cox-2/
TNF-a/IL-1ß), mitochondrial damage/cell apoptosis (cytochrome C/cyclophilin D/DRP1/ASK1/APAF-1/mitochondrial-Bax/
caspase3/8/9), and autophagy/cell death (ULK1/beclin-1/Atg5,7,12, ratio of LCB3-II/LC3B-I, p-AKT/m-TOR) were significantly
higher in lung epithelial cells þ 6h hypoxia as compared with the control, and those were significantly reversed by iPS-MSC
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treatment (all P < 0.001). Flow cytometric analysis revealed that percentages of the inflammatory cells in bronchioalveolar
lavage fluid and circulation, and immune cells in circulation/spleen as well as circulatory early and late apoptotic cells were
highest in group 2, lowest in group 1, and significantly higher in group 3 than in group 4 (all P < 0.0001). Microscopy showed the
lung injury score and numbers of inflammatory cells and Western blot analysis showed the signaling pathways of inflammation,
mitochondrial damage/cell apoptosis, autophagy, and oxidative stress exhibited an identical pattern of flow cytometric results
among the four groups (all P < 0.0001). Both xenogeneic and allogenic MSCs protected the lung against IRI via suppressing the
inflammatory, oxidative stress, and autophagic signaling.

Keywords
xenogeneic and allogenic MSCs, acute lung ischemia-reperfusion injury, inflammation, oxidative stress, apoptosis, autophagy

Introduction

Physiologically, the lung is an extremely crucial vital organ

due to its unique function in providing direct gaseous

exchange with the environment through the abundant alveo-

lar surface area and delicate alveolar capillary network with

great intrinsic elasticity and good compliance. As such, it is

vulnerable to acute lung injury (ALI)/acute ischemia-

reperfusion injury (IRI) in those detrimental conditions such

as lung transplantation, cardiopulmonary bypass, resuscita-

tion for circulatory arrest, hypoxic respiratory failure, smoke

or toxic chemical inhalation, viral infection, and sepsis,

highlighting that ALI/acute lung IRI resulted from diverse

disease entities1–8. Basic researches have clearly shown that

inflammatory cells act as the coordinators for ischemia-

reperfusion (IR)-elicited pulmonary injury in response to

inflammatory response and oxidative stress9–11. Addition-

ally, the productions of reactive oxygen species, proinflam-

matory cytokines, and adhesion molecules have also been

identified to be consequential contributors to the lung injury

in situation of IRI10,12–16. Furthermore, damage-associated

molecular patterns (DAMPs)-inflammatory axis and autop-

hagic signaling play a crucial role on ischemia/

inflammatory-related organ damage17–22, suggesting that

these signaling pathways surely involve in the ALI/IRI. Sur-

prisingly, despite state-of-the-art advance in pharmacologi-

cal therapy, technical improvement, aggressive intervention,

guideline renewal, and education, ALI/IRI still lead to a

universally unacceptable high in-hospital morbidity and

mortality23–25. Accordingly, to develop a new therapeutic

modality is utmost important and urgent for physicians and

patients.

Abundant data have shown that mesenchymal stem cells

(MSCs), especially those of adipose-derived mesenchymal

stem cells (ADMSCs), have properties of anti-inflammation

and immunomodulation24,26–31. Accordingly, ADMSC

therapy is effective and promising on protecting the organs

from ischemia or IRI, which in turn, preserves organ

function24,26–31. On the other hand, it is well recognized that

induced pluripotent stem cells (iPSCs) are reprogrammed

cells that have features similar to embryonic stem cells, such

as the capacity of self-renewal and differentiation into

various types of cell lineage. Interestingly, growing data

have revealed that human inducible pluripotent stem cell-

derived MSCs (iPS-MSCs) also has capacity of tissue regen-

eration and protect the organ from ischemia/IRI32–38. How-

ever, the therapeutic effect of iPS-MSCs on acute lung IRI

remains uncertain. Furthermore, whether ADMSCs is super-

ior to iPS-MSCs or vice versa in terms of therapeutic effects

has not yet been studied. Moreover, the underlying mechan-

ism involved in protecting the lung from acute IRI after these

two stem cell therapy has not been clarified, especially the

data are much more limited in the case of iPS-MSCs therapy.

This study was, therefore, designed to answer these unre-

solved questions.

Materials and Methods

Ethics Statement

All animal procedures were approved by the Institute of

Animal Care and Use Committee at Kaohsiung Chang Gung

Memorial Hospital (Affidavit of Approval of Animal Use

Protocol No. 2018032103) and performed in accordance

with the Guide for the Care and Use of Laboratory Animals.

Animals were housed in an Association for Assessment and

Accreditation of Laboratory Animal Care International

(AAALAC; Frederick, MD, USA)-approved animal facility

in our hospital with controlled temperature and light cycles

(24�C and 12/12 light cycle).

Animal Model of Acute Lung IRI and Animal Grouping

Pathogen-free, adult male Sprague–Dawley (SD) rats (n ¼
32) weighing 320–350 g (BioLASCO Taiwan Co., Ltd. Tai-

pei, Taiwan) were utilized in the present study. The proce-

dure and protocol have been described in our previous

reports39,40. In detail, all animals were anesthetized by

chloral hydrate (35 mg/kg i.p.) plus inhalational isoflurane

(2.0%) and placed in a supine position on a warming pad at

37�C, followed by endotracheal intubation with positive-

pressure ventilation (180 ml/min) with room air using a

Small Animal Ventilator (SAR-830/A, CWE, Inc., USA).

Under sterile conditions, the lung was exposed via a left

thoracotomy. Lung IR was then conducted in designated

(i.e., groups 2 to 4) animals on which a left thoracotomy was

performed with the left main bronchus and blood supplies to

the left lung totally clamped for 30 min using nontraumatic
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vascular clips before reperfusion for 72 h. Successful clamp-

ing was confirmed by the observation of a lack of inflation of

the left lung on mechanical ventilation. Sham-operated rats

subjected to left thoracotomy only served as normal controls.

The CellTracker™ Orange CMRA cell-labeling solution

(Molecular Probes, Inc. Eugene, OR, USA) (25 mM) was

added to the culture medium 37�C, 30 min prior to IR pro-

cedure for ADMSC and iPS-MSC labeling. After completion

of cells labeling, intravenous infusion of allogenic ADMSCs

or xenogeneic iPS-MSCs was performed at 30 min, 18 h, and

36 h after IR procedure in groups 3 or 4, respectively. The

dosage of ADMSCs utilized in this procedure was based on

our recent reports with minimal modification26–28.

The adult male SD rats (n¼ 32) were equally categorized

into four groups, i.e., group 1 [sham-operated control (SC)],

group 2 (IRI þ normal saline/3.0 cm3 via i.p. injection),

group 3 [IRIþ allogenic ADMSC (1.2 � 106 cells) from

tail-vein administration at 30 min, 18 h, and 36 h after IR

procedure], and group 4 [IRI þ human-derived iPS-MSC

(1.2 � 106 cells) from tail-vein administration at 30 min,

18 h, and 36 h after IR procedure], respectively.

In Vitro Study for Determining the Autophagic and
DAMPs-inflammatory Signaling Pathways

L2 cells (i.e., rat lung epithelial cell line) purchased from

Bioresource Collection and Research Center, Taiwan were

utilized in the present study. Under the hypoxia and reperfu-

sion condition (i.e., 1% oxygen for 6 h then return to room

temperature for 24 h, i.e., mimicked IR injury), L2 cells were

cultured (5.0 � 105 cells) in Transwell (bottom) with and

without iPS-MSC (1.0 � 105) (at the top of the bottle) for 24

h, and then the cells were collected and Western blot analysis

was performed for protein expressions of autophagic and

DAMPs-inflammatory biomarkers.

Allogenous ADMSC Preparation and Culturing

Adipose tissue surrounding the epididymis was carefully

dissected, excised, and prepared from additional six animals

based on our previous reports39,40. After isolation, adipose

tissue was cut into <1 mm3 pieces using a pair of sharp,

sterile surgical scissors. Sterile saline (37�C) was added to

the homogenized adipose tissue in a ratio of 3:1 (saline:adi-

pose tissue), followed by the addition of stock collagenase

solution to a final concentration of 0.5 units/ml. The centri-

fuge tubes with the contents were placed and secured on a

Thermaline shaker and incubated with constant agitation for

60 + 15 min at 37�C. After 40 min of incubation, the con-

tent was triturated with a 25 ml pipette for 2–3 min. The cells

obtained were placed back to the rocker for incubation. The

contents of the flask were transferred to 50 ml tubes after

digestion, followed by centrifugation at 600�g for 5 min at

room temperature. The cell pellets thus obtained were resus-

pended in 40 ml saline and then centrifuged again at 600�g

for 5 min at room temperature. After being resuspended

again in 5 ml saline, the cell suspension was filtered through

a 100 mm filter into a 50 ml conical tube to which 2 ml of

saline was added to rinse the remaining cells through the

filter. The tubes were centrifuged for a third time at

600�g for 5 min at room temperature. The cells were resus-

pended in saline. An aliquot of cell suspension will be then

removed for cell culture in Dulbecco’s modified Eagle’s

medium (DMEM)-low glucose medium (Gibco, Carlsbad,

CA, USA). containing 10% fetal bovine serum for 14 days.

Approximately 5.5� 106 ADMSCs were obtained from each

rat.

In Vitro Study of Cell Culturing for Differentiation of
Human iPSC into MSCs

The procedure and protocol of human iPSC culture for dif-

ferentiation into MSCs were based on the manufacturer’s

instruction and our recent report41. In detail, by day 1, human

iPSCs (mTeSR™1; StemCell, #28315) were first washed by

5 ml phosphate buffered saline (PBS), followed by 2 ml

Accutase (Gibco, #A1110501; Accutase:PBS ¼ 1:1) and

allowed the reaction in incubator for 1 min. The 2 ml KO

DMEM/F12 (Gibco, #12660012) was added and the cells

were then collected in 15 ml centrifugation tube and centri-

fugated (200�g) for 5 min. The cells were then cultured in

10 cm dish for 24 h in mTeSR™1 culture medium.

By day 2, the cells (mTeSR™1) were collected and

washed by 5 ml PBS, followed by adding STEMdiff™-ACF

Mesenchymal Induction Medium (StemCell, #05241) and

then cultured in incubator for 24 h. The STEMdiff™-ACF

Mesenchymal Induction Medium was refreshed once/day

from days 1 to 3. This procedure was repeated at days 3 to

6. From days 7 to 21, the procedure was repeated daily with

culture medium regularly refreshed for every 3 days.

Histological Assessment of Lung Injury Score
and Crowded Score of Lung Parenchyma by Day 3
After IR Procedure

For identification of number of alveolar sac distributed n in

lung parenchyma, left lung specimens from every animal

were fixed in 4% paraformaldehyde prior to embedding in

paraffin and the lung tissue was sectioned at 5 mm for light

microscopic analysis. The hematoxylin and eosin (H&E)

stain was performed for the assessment of number of alveo-

lar sacs based on our previous reports in a blind fashion39,40.

Three lung sections from each rat were analyzed with three

randomly selected high-power fields (HPFs, i.e., 100�) in

each section. The mean number per HPF for each animal was

then determined by summation of all numbers divided by 9.

The extent of crowded area, defined as region of thickened

septa in lung parenchyma associated with partial or complete

collapse of alveoli on H&E-stained sections, was performed

in a blind fashion. The scoring system adopted was as fol-

lows: 0¼ no detectable crowded area, 1¼ <15% of crowded

area, 2 ¼ 15%–25% of crowded area, 3 ¼ 26%–50% of
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crowded area, 4 ¼ 51%–75% of crowded area, and 5 ¼
>75% of crowded area/per HPF (100�).

Flow Cytometric Quantification of Immune and
Inflammatory Cells in Circulation, Spleen, and
Bronchioalveolar Lavage

The procedure and protocol of flow cytometry for identifi-

cation and quantification of inflammatory and immune cells

were based on our previous report42. Briefly, prior to sacrifi-

cing the animals, peripheral blood mononuclear cells

(PBMCs) were obtained from the tail vein using a 27# nee-

dle. PBMCs (1.0 � 106 cells) were triple stained with FITC-

anti-CD3 (BioLegend, San Diego, CA, USA), PE-anti-CD8a

(BD Biosciences, San Jose, CA, USA), and PE-Cy™5 anti-

CD4 (BD Biosciences). To identify CD4þCD25þFoxp3þ

regulatory T cells (Tregs), PBMCs were triple stained with

Alexa Fluor® 488-anti-CD25 (BioLegend), PE-anti-Foxp3

(BioLegend), and PE-Cy™5 anti-CD4 (BD Biosciences)

according to the manufacturer’s protocol of Foxp3 Fix/Perm

buffer set. The numbers of CD3þCD4þ helper T cells,

CD3þCD8þ cytotoxic T cells, and CD4þCD25þFoxp3þ

Tregs were analyzed using flow cytometry (FC500, Beck-

man Coulter, Brea, CA, USA). Additionally, the numbers of

inflammatory cells (CD11bþ/CD86þ, CD11bþ/CD206þ,

CD68þ/CD80þ, CD68þ/CD163þ, CD11b/cþ, Ly6Gþ)

in circulation or in bronchioalveolar lavage (BAL) fluid

were also assessed by flow cytometry.

A Pilot Study for Comparison of the Therapeutic Effect
Between iPS-MSCs and ADMSCs on Attenuating the
Albumin Leakage into the Bronchioalveolar Space at
72 h After Acute Lung IR Procedure

To elucidate whether the iPS-MSCs was superior to

ADMSCs or vice versa on protecting the lung against acute

IRI in rat, a pilot study was done among the aforementioned

four groups of 16 additional animals (i.e., n ¼ 4 in each

group). The results of the BAL fluid showed that the con-

centration of leaked albumin was lowest in group 1, highest

in group 2, and significantly lower in group 4 as compared

with that of group 3, implicating that iPS-MSCs offered a

better protective effect on lung after acute lung IRI. Accord-

ingly, the iPS-MSCs were utilized for the in vitro study

(Supplemental Fig. 1).

Flow Cytometric Analysis for Assessment of Cellular
Apoptosis

The percentages of viable and apoptotic cells were deter-

mined by flow cytometry using double staining of annexin

V and propidium iodide (PI). This is a simple and popular

method for the identification of apoptotic cells [i.e., early

Fig. 1. iPS-MSCs effectively suppressed the inflammatory signaling pathway. (A to I) Protein expressions of TLR-4 (A), MyD88 (B), TAK1
(C), IKK-a (D), NF-kB (E), Cox-2 (F), TNF-a (G), IL-ß (H), and nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor
alpha (IKBa) (I), respectively, * versus other groups with different symbols (y, z), P < 0.001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n¼ 3 for each group). Symbols (*, y, z) indicate significance (at 0.05
level). ANOVA: analysis of variance; Clt: control; HR: hypoxia–reperfusion; IKK-a: inhibitory-kB kinase a; IL: interleukin; iPS-MSCs: human
inducible pluripotent stem cell-derived mesenchymal stem cells; MyD88: myeloid differentiation primary response 88; NF: nuclear factor;
TAK1: transforming growth factor-b-activated kinase 1; TLR: toll-like receptor; TNF: tumor necrosis factor.
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(annexin Vþ/PI�) and late (annexin Vþ/PIþ) phases of

apoptosis].

Western Blot Analysis of Lung Specimen

The procedure and protocol for Western blot have been

reported in our previous studies39,40. In detail, equal amounts

(50 mg) of protein extracts will be loaded and separated by

sodium dodecyl sulfate polyacrylamide gel electrophoresis

using acrylamide gradients. After electrophoresis, the sepa-

rated proteins were transferred electrophoretically to a poly-

vinylidene difluoride membrane (Amersham Biosciences,

Amersham, UK). Nonspecific sites will be blocked by incu-

bation of the membrane in blocking buffer [5% nonfat dry

milk in T-TBS (TBS containing 0.05% Tween 20)] over-

night. The membranes will be incubated with the indicated

primary antibodies [toll-like receptor (TLR)-4 (1:500,

Abcam, Cambridge, UK), myeloid differentiation primary

response 88 (MyD88) (1:2,000, Abcam), transforming

growth factor-b-activated kinase 1 (TAK1) (1:1,000, Cell

Signaling, Danvers, MA, USA), IkB kinase (IKK)-a
(1:5,000, Abcam), nuclear factor (NF)-kB (1:600, Abcam),

Cox-2 (1:1,000, Abcam), tumor necrosis factor (TNF)-a
(1:1,000, Cell Signaling), interleukin (IL)-1ß (1:1,000, Cell

Signaling), IkBa (1:1,000, Cell Signaling), cytosolic cyto-

chrome C (1:1,000, BD Biosciences), mitochondrial cyto-

chrome C (1:1,000, BD Biosciences), Cyclophilin D

(CyPD) (1:3,000, Abcam), dynamin-related protein (DRP)

1 (1:1,000, Cell Signaling), apoptosis signal-regulating

kinase 1 (ASK1) (1:1,000, Abcam), apoptotic protease acti-

vating factor 1 (1:1,000, Cell Signaling), mitochondrial Bax

(1:1,000, Abcam), cleaved caspase 3 (1:1,000, Cell Signal-

ing), caspase 8 (1:1,000, Cell Signaling), caspase 9 (1:1,000,

Cell Signaling), Bcl-2 (1:1,000, Arigobio), Bcl-XL (1:1,000,

Abcam), unc-51 like autophagy activating kinase 1 (ULK1)

(1:1,000, Cell Signaling), beclin-1 (1:1,000, Cell Signaling),

Atg5 (1:1,000, Cell Signaling), Atg7 (1:1,000, Cell Signal-

ing), Atg12 (1:1,000, Cell Signaling), LC3B-I (1:2,000,

Abcam), LC3B-II (1:2,000, Abcam), phosphorylated (p)-

Akt (1:1,000, Cell Signaling), p-m-TOR (1:1,000, Cell Sig-

naling), gp91phox (1:750, Sigma), p22phox (1:1,000,

Abcam), and actin (1: 10,000, Chemicon)] for 1 h at room

temperature. Horseradish peroxidase-conjugated anti-rabbit

immunoglobulin IgG (1:2,000, Cell Signaling) was used as a

secondary antibody for 1-h incubation at room temperature.

The washing procedure was repeated eight times within 1 h.

Immunoreactive bands were visualized by enhanced chemi-

luminescence (ECL; Amersham Biosciences) and exposed

to Biomax L film (Kodak, Rochester, NY, USA). For pur-

poses of quantification, ECL signals were digitized using

Labwork software (UVP, Waltham, MA, USA).

Immunofluorescent Study

The procedure and protocol for immunofluorescent (IF)

staining have been reported in our previous studies39,40. For

IF staining, rehydrated paraffin sections were first treated

with 3% H2O2 for 30 min and incubated with Immuno-

Block reagent (BioSB, Santa Barbara, CA, USA) for 30 min

at room temperature. Sections were then incubated with pri-

mary antibodies specifically against g-H2AX (1:500,

Abcam), F4/80 (1:100, Santa Cruz Biotechnology, Dallas,

TX, USA), and CD14 (1:200, Bioss, Woburn, MA, USA) at

4�C overnight. Alexa Fluor488, Alexa Fluor568, or Alexa

Fluor594-conjugated goat anti-mouse or rabbit IgG were

used to localize signals. Sections were finally counterstained

with 4’,6-diamidino-2-phenylindole and observed with a

fluorescent microscope equipped with epifluorescence

(Olympus IX-40).

Three lung sections were analyzed for each rat. For quan-

tification, three randomly selected HPFs (�400 for IF study)

were analyzed in each section. The mean number of posi-

tively stained cells per HPF for each animal was then deter-

mined by summation of all numbers divided by 9.

Statistical Analysis

Quantitative data will be expressed as mean + standard

deviation. Statistical analysis was adequately performed by

analysis of variance followed by Bonferroni multiple com-

parison post hoc test. Statistical analysis was performed

using SPSS statistical software for Windows version 13

(SPSS for Windows, version 13; SPSS, Chicago, IL, USA).

A P-value of less than 0.05 will be considered statistically

significant.

Results

iPS-MSCs Effectively Suppressed the Activations of
Inflammatory, Mitochondrial-damaged/Cell Death,
and Autophagic Signaling Pathways

While the role of ADMSC on anti-inflammation and immu-

nomodulation has been well recognized by our previous

basic researches26–28,39,40,43, the role of iPS-MSCs on reg-

ulating the inflammatory signaling remains yet to be fully

investigated (Figs. 1–5). To verify whether iPS-MSCs

share the capacity of ADMSC on inhibiting the up-/

down-stream inflammatory signaling pathways, the L2

cells were cultured in Transwell undergoing the hypoxia

and reperfusion (H-R) condition (i.e., for mimicked IR con-

dition) (refer Materials and Methods for detailed informa-

tion). The results demonstrated that the protein expressions

of TLR4, MyD88, TAK1, IKK-a, NF-kB, Cox-2, TNF-a,

and IL-1ß, the indices of up-/down-stream inflammatory

signaling pathways, were significantly upregulated in L2

cells þ H-R (group 2) as compared with control group

(group 1), and those were significantly downregulated in

H-R condition treated by iPS-MSCs (group 3) (Fig. 1). On

the other hand, the protein expression of p-IKBa, a protein

for transmitting the signaling from upper to the lower
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signaling pathway, displayed an opposite pattern of TLR4

among the three groups.

To further verify whether iPS-MSCs also has the ability

on regulating the mitochondrial damage/cell apoptosis

signaling, L2 cells were cultured as the condition depicted

in Fig. 1. As we expected, the results showed that the

protein expressions of cytosolic cytochrome C,

cyclophilin D, DRP1, ASK1 and APAF-1, five indicators

of mitochondrial-damaged biomarkers, and protein expres-

sions of mitochondrial Bax, caspases 3, 8 and 9, four

indicators of cellular apoptosis, were significantly

increased in group 2 than in group 1, and those were

significantly reversed in group 3 (Fig. 2). On the other

hand, protein expression of mitochondrial cytochrome C,

Fig. 2. iPS-MSCs effectively suppressed the mitochondrial damage and cell apoptotic signaling pathways. (A to E) Protein expressions of
cyto-CytC (A), cyc-D (B), DRP1 (C), ASK1 (D), APAF-1 (E), and mito-CytC (F), respectively, * versus other groups with different symbols (y,
z), P < 0.001. (G to L) Protein expressions of mitochondrial (mito)-Bax (G), c-Csp3 (H), c-Csp8 (I), c-Csp9 (J), Bcl-2 (K), and Bcl-XL (L),
respectively, * versus other groups with different symbols (y, z), P < 0.001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test (n ¼ 3 for each group). Symbols (*, y, z) indicate significance (at 0.05 level).
ANOVA: analysis of variance; APAF-1: apoptotic protease activating factor 1; ASK1: apoptosis signal-regulating kinase 1; c-Csp3: cleaved
caspase 3; Clt: control; cyc-D: cyclophilin D; cyto-CytC: cytosolic cytochrome C; DRP1: dynamin-related protein 1; HR: hypoxia–reperfu-
sion; iPS-MSCs: human inducible pluripotent stem cell-derived mesenchymal stem cells; mito-CytC: mitochondrial cytochrome C.
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an indicator of mitochondrial integrity, and protein expres-

sion of Bcl-2 and Bcl-XL, two indices of antiapoptosis,

displayed an opposite pattern of apoptosis among the three

groups (Fig. 2).

Again, to further clarify the impact of iPS-MSCs on reg-

ulating the expression of the autophagic signaling, the L2

cells were once again cultured as the condition in Fig. 1. No

doubt, the protein expressions of ULK1, beclin-1, Atg5, 7

and 12, ratio of LCB3-II/LC3B-I, six indices of autophagic

biomarker, and protein expressions of p-AKT and m-TOR,

two indicators of cell survival/cell death, were significantly

higher in group 2 than in that of group 1, and those were

significantly reversed in group 3 (Fig. 3). Based on the find-

ings of Figs. 1–3, we proposed the underlying mechanism of

xenogeneic MSCs protecting the lung epithelial cells from

hypoxia–reperfusion injury in Figs. 4 and 5. Also, based on

these findings, a lung IRI animal model was performed to

further test hypothesis proposed.

Flow Cytometric Analyses of Inflammatory, Immune,
and Apoptotic Cells by 72 h After Lung IR Procedure

To determine the change of bronchioalveolar and circulatory

inflammatory cells, flow cytometric analysis was performed

(Figs. 6 and 7). The result displayed that cellular expressions

of CD11bþ/CD86þ, CD11bþ/CD206þ, and CD68þ/

CD80þ cells in BAL fluid, three indicators of acute inflam-

matory cells, were highest in group 2 (i.e., acute lung IR),

lowest in group 1 (SC), and significantly higher in group 3

(acute lung IR þ ADMSC) than in group 4 (acute lung IR þ
iPS-MSC) (Fig. 6). On the other hand, the number of

CD68þ/CD163þ cells in BAL fluid, an indicator of M2-

like macrophages, was significantly and progressively

increased from group 1 to group 4 (Fig. 6). Additionally,

flow cytometric analysis identified that the circulatory

inflammatory cells, including CD68þ/CD80þ, CD11bþ,

and Ly6Gþ cells, were significantly higher in group 2 than

Fig. 3. iPS-MSCs effectively suppressed the autophagic and cell proliferation/death signaling pathways. (A to H) Protein expressions of
autophagy activating kinase 1 (ULK1) (A), beclin-1 (B), Atg5 (C), Atg7 (D), Atg12 (E), ratio of LCB3-II/LC3B-I (F), phosphorylated (p)-Akt
(G), and p-m-OTR (H), respectively, * versus other groups with different symbols (y, z), P < 0.001. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n¼ 3 for each group). Symbols (*, y, z) indicate significance (at
0.05 level). ANOVA: analysis of variance; Clt: control; HR: hypoxia–reperfusion; iPS-MSCs: human inducible pluripotent stem cell-derived
mesenchymal stem cells.
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in groups 1, 3, and 4, significantly higher in groups 3 and 4

than in group 1, and significantly higher in group 3 than in

group 4 (Fig. 6). On the other hand, the number of CD68þ/

CD163þ cells in circulation was significantly and progres-

sively increased from group 1 to group 4 (Fig. 6).

To clarify the alternations of immune cells in circulation

and spleen, flow cytometric analysis was performed. The

result showed that the cellular expressions of CD3þCD4þ

helper T cells and CD3þCD8þ cytotoxic T cells in circula-

tion and spleen displayed an identical pattern of circulatory

inflammatory cells among the four groups. On the other

hand, the expression of CD4þCD25þFoxp3þ Tregs was pro-

gressively increased from groups 1 to 4, implying an intrin-

sic response to IR stimulation and further enhanced by MSC

treatment (Fig. 7). Furthermore, numbers of the circulatory

early and late apoptotic cells followed an identical pattern of

inflammatory cells among the four groups (Fig. 7). Our find-

ings suggested that the acute IR upregulated only local but

systemic inflammatory-immune reactions which, in turn,

participated in the damage of the lung organ after IR.

Consistently, the flow cytometric analysis exhibited that

the early and late mononuclear cell apoptosis revealed an

Fig. 4. Schematic proposed mechanism of inflammatory downstream signaling pathway in lung epithelial cells undergoing hypoxia–reperfu-
sion stimulation. IR: ischemia-reperfusion.
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identical pattern of inflammatory cells in circulation among

the four groups (Fig. 7).

Lung Injury Score, DNA-damaged Biomarker
and Inflammatory Infiltration in Lung Parenchyma
and Arterial Oxygen Saturation by 72 h After Lung IR
Procedure

We further assessed the histopathological findings and cel-

lular levels of the lung parenchymal damage (Figs. 8 and 9).

As we expected, the microscopic findings showed that the

lung injury score (i.e., reduced number of alveolar sacs and

increased lung crowded score) and the number of g-H2AXþ
cells, an indicator of DNA-damaged biomarker, were lowest

in group 1, highest in group 2, and significantly higher in

group 3 than in group 4 (Fig. 8). Of interesting findings in the

present study were that the patch consolidation and inflam-

matory infiltrations in lung parenchyma and peribronchial

trees were remarkably increased in group 2 than in group 1

that were remarkably suppressed in group 3 and further

remarkably suppressed in group 4 (Fig. 8).

On the other hand, the arterial oxygen saturation (%)

displayed an opposite pattern of g-H2AXþ cell expression

Fig. 5. Schematic proposed mechanism of oxidative stress, cell proliferation/death, mitochondrial, and autophagic signaling pathways in lung
epithelial cells undergoing hypoxia–reperfusion stimulation. PI3 K: phosphoinositide 3-kinase; ROS: reactive oxygen species.
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among the four groups (Fig. 8). Additionally, the protein

expressions of F4/80þ and CD14þ cells, two cellular level

of inflammation, exhibited an identical pattern of DNA-

damaged biomarker among the four groups (Fig. 9).

Protein Expressions of Inflammatory, Mitochondrial-
damage/Cell Apoptosis, Autophagic and Oxidative
Stress Signaling Pathways in Lung Parenchyma by 72 h
After Lung IR Procedure

The protein expressions of TLR4, MyD88, NF-kB, Cox-2,

TNF-a, and IL-1ß, the inflammatory up- and down-stream

signalings, were highest in group 2, lowest in group 1, and

significantly higher in group 3 than in group 4 (Figs. 10–12).

On the other hand, the protein expression of p-IKBa, a pro-

tein for transmitting the signaling from the upper to lower

signaling pathway, exhibited an opposite pattern of TLR4/

MyD88, implying a utilization of p-IKBa was notably

required with respect to inflammatory reaction that was ame-

liorated by MSC therapy (Fig. 10).

Additionally, the protein expressions of cytosolic cyto-

chrome C, DRP1, ASK1, mitochondrial Bax and caspase3,

and index of mitochondrial-damaged/cell apoptotic signal-

ing, revealed an identical pattern of inflammatory signaling

among the four groups (Fig. 11). On the other hand, the

protein expression of mitochondrial cytochrome C, an indi-

cator of mitochondrial integrity, exhibited an opposite pat-

tern of cytosolic cytochrome C among the four groups.

Furthermore, the protein expressions of ULK1, beclin-

1, Atg5 and ratio of LCB3-II/LC3B-I, four indices of

autophagy, and protein expressions of gp91phox and

p22phox, two indicators of oxidative stress biomarkers,

exhibited an identical pattern of apoptosis among the four

groups (Fig. 12).

Discussion

This study which investigated the therapeutic impact of

ADMSCs and iPS-MSCs on acute lung IRI in rodent yielded

several striking implications. First, for the same amount of

cell numbers (i.e., 1.2 � 106 cells/at 30 min, 18 h, and 36 h

after IR procedure), the xenogeneic iPS-MSCs was not infer-

ior to allogenic ADMSCs in protecting the rat lung against

IRI. Second, the circulatory inflammatory-immune

responses were promptly elicited in rodent after acute lung

Fig. 6. Flow cytometric analysis of inflammatory cells in BAL fluid and circulation by 72 h after lung IR procedure. (A) Number (%) of
CD11bþ/CD86þ cells in BAL fluid, * versus other groups with different symbols (y, z, §), P < 0.001. (B) Number (%) of CD11bþ/CD206þ
cells in BAL fluid, * versus other groups with different symbols (y, z, §), P < 0.001. (C) Number (%) of CD68þ/CD80þ cells in BAL fluid, *
versus other groups with different symbols (y, z, §), P < 0.001. (D) Number (%) of CD68þ/CD163þ cells (i.e., indicates M2-like macro-
phages) in BAL fluid, * versus other groups with different symbols (y, z, §), P < 0.001. (E) Number (%) of CD68þ/CD80þ cells in circulation, *
versus other groups with different symbols (y, z, §), P < 0.001. (F) Number (%) of CD68þ/CD163þ cells in circulation, * versus other groups
with different symbols (y, z, §), P < 0.001. (G) Number (%) of CD11bþ cells in circulation, * versus other groups with different symbols (y, z,
§), P < 0.001. (H) Number (%) of Ly6Gþ cells in circulation, * versus other groups with different symbols (y, z, §), P < 0.001. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n ¼ 6 for each group). Symbols
(*, y, z, §) indicate significance (at 0.05 level). ADMSCs: adipose tissue-derived mesenchymal stem cells; ANOVA: analysis of variance; BAL:
bronchioalveolar lavage; iPS-MSCs: human inducible pluripotent stem cell-derived mesenchymal stem cells; IR: ischemia-reperfusion; SC:
sham-operated control.
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IRI. Third, ADMSCs and iPS-MSCs effectively protected

the lung from acute IRI mainly through suppressing

immune-inflammatory, oxidative stress, mitochondrial-dam-

aged/cell death, and autophagic signaling pathways, high-

lighting that multiple signaling pathways rather than a

single one participated in lung injury after acute IRI

development.

The molecular and cellular mechanisms involved in the

pathogenesis of ALI/acute lung IRI have been extensively

investigated by previous studies5,12–16. Intriguingly, major-

ity of these studies have focused on clarifying one rather than

multiple signaling pathways of causing the lung organ dam-

ages5,12–16,43–46. An essential finding of the in vitro result

demonstrated that the inflammatory, oxidative stress, mito-

chondrial-damaged/cell death, and autophagic signaling

pathways were all remarkably upregulated in hypoxia and

reperfusion conditions (i.e., mimicked clinical setting of IR

injury). These findings implicate that complex rather than a

single signaling pathways frequently work together to dam-

age the cells in setting of IRI.

In the in vitro study, because the iPS-MSCs were cultured

in upper compartment and L2 cells cultured at the bottom of

the Transwell, there was no direct contact between iPS-

MSCs and L2 cells. However, the inflammatory/oxidative

stress/autophagic signalings were still notably suppressed

by iPS-MSCs treatment, suggesting these effects can be

attributed to condition medium, i.e., could be the results

from the secretions of the paracrine, cytokines, exosomes,

etc. from iPS-MSC. Abundant data have previously shown

that condition medium and exosomes therapy effectively

protected the organs from ischemia-related/IRI39,47–50. In

this way, our suggestions are supported by previous stud-

ies39,47–50.

An especially interesting new issue should be discussed in

the present study was that autophagic signaling was found to

be substantially increased on IR lung injury. Intriguingly,

our previous studies have also demonstrated that autophagic

biomarkers were notably in setting of cardiorenal syn-

drome51 and acute ischemic stroke52. Other studies have also

demonstrated that the autophagy proteins beclin-1, LC3-I,

and LC3-II were notably augmented in ALI animals53. Our

findings, in addition to being consistent with the results of

the previous studies51–53, may raise the need of taken deeply

into consideration of this important pathway in ALI, espe-

cially when we consider how to offer a safe and effective

treatment for the ALI patients.

Our in vitro results encourage us to inquire into the in vivo

condition of a rodent acute lung IRI. As we expected, just

Fig. 7. Flow cytometric analyses of immune and apoptotic cells by 72 h after lung IR procedure. (A) Number (%) of CD3þCD4þ cells in
circulation, * versus other groups with different symbols (y, z, §), P < 0.001. (B) Number (%) of CD3þCD4þ cells in spleen, * versus other
groups with different symbols (y, z, §), P < 0.001. (C) Number (%) of CD3þCD8þ cells in circulation, * versus other groups with different
symbols (y, z, §), P < 0.001. (D) Number (%) of CD3þCD8þ cells in spleen, * versus other groups with different symbols (y, z, §), P < 0.001.
(E) Number (%) of CD4þCD25þFoxp3þ Tregs in circulation, * versus other groups with different symbols (y, z, §), P < 0.001. (F) Number
(%) of CD4þCD25þFoxp3þ Tregs in spleen, * versus other groups with different symbols (y, z, §), P < 0.001. (G) Number of early phase
(annexin Vþ/PI�) of apoptotic cells, * versus other groups with different symbols (y, z, §), P < 0.001. (H) Number of late phase (annexin Vþ/
PIþ) apoptotic cells, * versus other groups with different symbols (y, z, §), P < 0.001. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n ¼ 6 for each group). Symbols (*, y, z, §) indicate significance (at 0.05
level). ADMSCs: adipose tissue-derived mesenchymal stem cells; ANOVA: analysis of variance; iPS-MSCs: human inducible pluripotent stem
cell-derived mesenchymal stem cells; IR: ischemia-reperfusion; SC: sham-operated control.
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Fig. 8. Histopathological findings in lung parenchyma, arterial oxygen saturation, and DNA-damaged biomarkers at 72 h after lung IR
procedure. (A to D) Histopathological findings (i.e., H&E staining) of lung parenchyma under microscopy (�100) among the four groups. It
was worthy notably that abundant inflammatory cell infiltration in the lung parenchyma and peribronchial area (violet color, red arrows), and
patch consolidation in lung (yellow dotted lines) were identified to be much higher in IR animals than in other groups of animals. (E) The
number of alveolar sacs among four groups, * versus other groups with different symbols (y, z, §), P < 0.0001. (F) Crowded scores of lung
parenchyma, * versus other groups with different symbols (y, z, §), P < 0.0001, P < 0.0001. The scale bars in right lower corner represent 100
mm. (G) Arterial saturation (Sat) oxygen (O2) (%), * versus other groups with different symbols (y, z), P < 0.001. (H to K) Illustrating the IF
microscopic finding (�400) for the identification of g-H2AXþ cells in lung parenchyma (green color). Red color in (J) and (K) indicate the
transfused MSCs. (L) Analytical result of number of g-H2AXþ cells, * versus other groups with different symbols (y, z, §), P < 0.0001. The
scale bars in right lower corner represent 20 mm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni
multiple comparison post hoc test (n ¼ 6 for each group). Symbols (*, y, z, §) indicate significance (at 0.05 level). ADMSCs: adipose tissue-
derived mesenchymal stem cells; ANOVA: analysis of variance; H&E: hematoxylin and eosin; HPF: high-power field; IF: immunofluorescent;
iPS-MSCs: human inducible pluripotent stem cell-derived mesenchymal stem cells; IR: ischemia-reperfusion; SC: sham-operated control.
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like the in vitro results, these inflammatory, oxidative stress,

and autophagic downstream signalings were consistently

and substantially upregulated in setting of acute lung IRI

in rat, highlighting that in vitro results strongly supported

the findings from the in vivo study and implied that these

signaling pathways worked together to damage the lung after

acute IRI (refer to Fig. 13).

Lung is a fragile organ susceptible to the damage caused

by many different disease entities1–8. A principal finding in

the present study was that the histological scoring of lung

Fig. 9. Inflammatory cell infiltrations in lung parenchyma at 72 h after lung IR procedure. (A to D) Illustrating the IF microscopic finding
(�400) for identification of F4/80þ cells in lung parenchyma (green color). (E) Analytical result of number of F4/80þ cells, * versus other
groups with different symbols (y, z, §), P < 0.0001. (F to I) Illustrating the IF microscopic finding (�400) for identification of CD14þ cells in
lung parenchyma (green color). (J) Analytical result of number of CD14þ cells, * versus other groups with different symbols (y, z, §), P <
0.0001. Red color in (C), (D), (H), and (I) indicated the transfused MSCs. The scale bars in right lower corner represent 20 mm. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n ¼ 6 for each group). Symbols
(*, y, z, §) indicate significance (at 0.05 level). ADMSCs: adipose tissue-derived mesenchymal stem cells; ANOVA: analysis of variance; HPF:
high-power field; IF: immunofluorescent; iPS-MSCs: human inducible pluripotent stem cell-derived mesenchymal stem cells; IR: ischemia-
reperfusion; MSC: mesenchymal stem cell; SC: sham-operated control.
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parenchymal damage (i.e., histopathological finding of lung

injury score) was found to markedly increase, whereas the

number of alveoli sacs (i.e., sites of gas exchange) was

substantially reduced in IR animals as compared to the

SC. Accordingly, our findings, in addition to strengthening

the findings of previous studies, could explain why the

arterial oxygen saturation (i.e., functional status) was nota-

bly reduced in the former than the latter group1–8,54.

Conclusively, our findings highlighted that acute lung IRI

is a complex pathogenetic situation, which involves

bronchioalveolar architecture, cellular, and molecular

perturbations5.

The possible therapeutic strategy to reduce or prevent the

acute lung IRI is still largely lacking. The role of ADMSCs

and iPS-MSCs on tissue regeneration and organ protection

against ischemia/IRI have been individually extensively dis-

cussed24,26–38. However, when potency is taken into consid-

eration, there is regrettably lacking works to specifically

validate the quality of these two kinds of cells. An intriguing

finding in the present study was that, by administrating an

equal amount of cells at exactly the same time points through

the identical route to animal, the iPS-MSCs was superior to

ADMSCs for downregulating the signaling pathways of

inflammation, immune reaction, generations of oxidative

stress and autophagy, mitochondrial damage and apoptosis,

resulting in a more eminently reduced lung injury score and

protecting the lung architecture. In light of this observation,

our in vitro study supported the in vivo findings that trans-

cended those of previous studies24,26–38.

Multiple dosages of antibiotic use are one of the most

common methods for successful treatment of infectious dis-

eases in our daily clinical practice. Interestingly, our previous

study has also shown that two successive dosages and early

treatment were superior to single dosage and delayed treat-

ment for suppressing post-heart transplant acute rejection in

rat54. Based on the concept of early treatment and the results

of our previous study, we administered the allogenic/xeno-

geneic MSCs to the lung IR animals at the time points of 30

min, 18 h, and 36 h after IR procedure. Even more impor-

tantly, our findings are not only safe but also promising54.

Fig. 10. Protein expression of inflammatory signaling in lung parenchyma at 72 h after lung IR procedure. (A) Protein expressions of TLR4, *
versus other groups with different symbols (y, z, §), P < 0.0001. (B) Protein expression of MyD88, * versus other groups with different symbols
(y, z), P < 0.0001. (C) Protein expression of phosphorylated (p)-NF-kB, * versus other groups with different symbols (y, z, §), P < 0.0001. (D)
Protein expression of Cox-2, * versus other groups with different symbols (y, z), P < 0.0001. (E) Protein expression of TNF-a, * versus other
groups with different symbols (y, z, §), P < 0.0001. (F) Protein expression of IL-1ß, * versus other groups with different symbols (y, z, §), P <
0.0001. (G) Protein expression of p-IKBa, * versus other groups with different symbols (y, z, §), P < 0.0001. All statistical analyses were
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n¼ 6 for each group). Symbols (*, y, z, §) indicate
significance (at 0.05 level). ADMSCs: adipose tissue-derived mesenchymal stem cells; ANOVA: analysis of variance; iPS-MSCs: human inducible
pluripotent stem cell-derived mesenchymal stem cells; IR: ischemia-reperfusion; SC: sham-operated control; TNF: tumor necrosis factor.
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Pathophysiological changes and pathological findings of

ALI always raise the investigator’s interesting. In this study,

the inflammatory cell infiltration in the lung parenchyma

was clearly identified in IR animals. Additionally, the con-

centration of albumin in BAL was also found to markedly

increase in the IR animals, suggesting a result of exudate

leakage due to a pathologically increased the permeability

of lung parenchyma. Furthermore, the patch consolidation in

the lung parenchyma was clearly observed in the IR animals.

These findings along with the findings of lung injury scores

in the present study highlight that the rat lung parenchyma

underwent a pulmonary swelling and edema as well as an

acute inflammatory reaction. These findings may explain

why patients with acute severe lung injury will frequently

develop into the setting of acute respiratory distress

syndrome55.

Study Limitation

This study has limitations. First, although the results were

attractive and promising, the study period was relatively

short. Accordingly, the long-term outcome of iPS-MSCs/

Fig. 11. Protein expressions of mitochondrial-damage/cell apoptosis signaling pathways in lung parenchyma at 72 h after lung IR
procedure. (A) Protein expression of cyto-CytC, * versus other groups with different symbols (y, z), P < 0.0001. (B) Protein expression
of DRP1, * versus other groups with different symbols (y, z, §), P < 0.0001. (C) Protein expression of ASK1, * versus other groups with
different symbols (y, z, §), P < 0.0001. (D) Protein expression of mitochondrial (mito)-Bax, * versus other groups with different symbols
(y, z), P < 0.0001. (E) Protein expression of c-Csp3, * versus other groups with different symbols (y, z, §), P < 0.0001. (F) Protein
expression of mito-CytC, * versus other groups with different symbols (y, z, §), P < 0.0001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n ¼ 6 for each group). Symbols (*, y, z, §) indicate significance
(at 0.05 level). ADMSCs: adipose tissue-derived mesenchymal stem cells; ANOVA: analysis of variance; ASK1: apoptosis signal-regulating
kinase 1; c-Csp3: cleaved caspase 3; cyto-CytC: cytosolic cytochrome C; DRP1: dynamin-related protein 1; iPS-MSCs: human inducible
pluripotent stem cell-derived mesenchymal stem cells; IR: ischemia-reperfusion; mito-CytC: mitochondrial cytochrome C; SC: sham-
operated control.
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ADMSCs remained uncertain. Second, this study did not

perform the stepwise increased dosage of iPS-MSCs or

ADMSCs on treatment of acute lung IR. Therefore, the

therapeutic impact of iPS-MSCs on protecting the lung

from IR injury was superior to ADMSCs or vice versa

remained to be clarified. Third, this study did not assess

the physiological changes that occurred in the left lung

during the clamping procedure. Additionally, 30 min of

ischemia, followed by reperfusion of the rat lung in the

present study did not cause acute severe lung injury that

might not mimicking the true clinical settings of acute

severe lung IR injury, especially in the procedure of lung

transplantation. Accordingly, the effect of ADMSCs and

iPS-MSCs shown by this study should be further evalu-

ated for more obviously understanding the therapeutic

impact of the cell therapy on severe rat lung IR injury

prior to applying the cell-based therapy in our future

clinical practice.

In conclusion, iPS-MSCs/ADMSCs protected the lung

against IR injury mainly through attenuating the inflamma-

tory/oxidative stress/mitochondrial-damaged/autophagic

signaling pathways.

Fig. 12. Protein expressions of autophagic and oxidative stress signaling pathways in lung parenchyma at 72 h after lung IR procedure. (A)
Protein expression of ULK1, * versus other groups with different symbols (y, z, §), P < 0.0001. (B) Protein expression of beclin-1, * versus
other groups with different symbols (y, z, §), P < 0.0001. (C) Protein expression of Atg5, * versus other groups with different symbols (y, z, §),
P < 0.0001. (D) Protein ratio of LCB3-II/LC3B-I, * versus other groups with different symbols (y, z, §), P < 0.0001. (E) Protein expression of
gp91phox, * versus other groups with different symbols (y, z, §), P < 0.0001. (F) Protein expression of p22phox, * versus other groups with
different symbols (y, z, §), P < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n ¼ 6 for each group). Symbols (*, y, z, §) indicate significance (at 0.05 level). ADMSCs: adipose tissue-
derived mesenchymal stem cells; ANOVA: analysis of variance; iPS-MSCs: human inducible pluripotent stem cell-derived mesenchymal
stem cells; IR: ischemia-reperfusion; SC: sham-operated control.
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