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Abstract
Background: Age-associated lung tissue degeneration is a risk factor for lung injury and exacerbated lung
disease. It is also the main risk factor for chronic lung diseases (such as COPD, idiopathic pulmonary
�brosis, cancer, among others).So, it is particularly important to �nd new anti-aging treatments.

Methods: We systematically screened and evaluated elderly senile multiple organ dysfunction macaque
models to determine whether BMMSCs inhibited lung tissue degeneration.

Results: The average alveolar area, Mean linear intercept MLI and �brosis area in the elderly macaque
models were signi�cantly larger than in young rhesus monkeys (p <0.05), while the capillary density
around the alveoli was signi�cantly low than in young macaque models (p<0.05). Intravenous infusion of
BMMSCs reduced the degree of pulmonary �brosis, increased the density of capillaries around the alveoli
(p <0.05), and the number of type  alveolar epithelium in elderly macaques (p <0.05). In addition, the
infusion reduced lung tissue ROS levels, systemic and lung tissue in�ammatory levels and Treg cell ratio
in elderly macaque models p<0.05 . Indirect co-cultivation revealed that BMMSCs suppressed the
expression of senescence-associated genes, ROS levels, apoptosis rate of aging type  alveolar epithelial
cells (A549 cells) and enhanced their proliferation (p<0.05).

Conclusions: BMMSC treatment inhibited age-associated lung tissue degeneration. 

Introduction
The rising aging population in China is a risk for various diseases. It is estimated that by 2050, those
aged 65 years and above will represent about 20% of the Chinese population[1]. Age enhances structural
changes of the the respiratory system, including a gradual increase in lung tissue degeneration, alveolar
enlargement, alveolar wall destruction, reduced gas exchange surface area, increased airway obstruction
or occlusion, decreased pulmonary vascular density, increased collagen deposition and decreased elastin,
etc [2-4]. Immune system disorders such as non-speci�c in�ammation and suppressed immune responses
etc [5] functional changes such as loss of elastic recoil, increased residual volume as well as gas
exchange barriers[2, 6] enhance lung tissue susceptibility to injury. The injuries lead to the development of
chronic lung diseases such as COPD, idiopathic pulmonary �brosis and cancer [7]. Therefore, there is a
need to develop options for inhibiting aging-associated lung degenerative changes.

Mesenchymal stem cells are multipotent stem cells. They are characterized by low immunogenicity, self-
renewal ability, and multi-directional differentiation potential. Due to immune-associated regulation of
anti-apoptosis, angiogenesis, migration and differentiation of stem cells in target organs, enhancing the
growth and differentiation of local stem cells, progenitor cells and anti-scarring have been used in the
treatment of various diseases[8].

Studies have documented that mesenchymal stem cells can repair lung injuries and effectively treat
acute and/or chronic lung diseases [9-11]. However, a majority of these studies have been performed on
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rodents with a few of them being performed on primates. Moreover, the e�cacy of mesenchymal stem
cells in age-associated lung tissue degeneration has not been established.

Macaques are popular non-human primates whose biological characteristics are identical to those of
humans. As model organisms, macaques are physiologically identical to humans. Their genomes have a
93% average sequence identity with humans. They are, therefore, ideal models for studies of human
health and disease.

In addition, as model animals for basic and applied research in biomedicine, macaques have numerous
advantages including environmental factor control and ease of scale [12, 13].

Therefore, the aim of this study was to determine the in vivo and in vitro effects of bone marrow
mesenchymal stem cells (BMMSCs) on age-associated lung tissue degeneration.

Materials And Methods
Animal and cell sources

Thirty macaques aged between 2-26 years and weighing 2.2-12 kg were obtained from the Kunming
Institute of Zoology of the Chinese Academy of Sciences [SCXK (Yunnan) K2017-0003]. Among them, 25
were female macaques aged between 6-26 years while 5 were male macaques aged between 2-3 years.
The animals were housed in the Experimental Animal Center of the 920th Hospital of the Chinese People's
Liberation Army Joint Logistics Support Force, experimental animal license number: SYXK (Military)
2017-0051. Ethical approval for the use of animal models was obtained from the experimental animal
council of the 920th Hospital of Joint Logistics Support Force.

Bone marrow A549 cell lines were purchased form the Wuhan Sevier company, sub-cultured in a culture
�ask with DMEM medium supplemented with 10% fetal bovine serum. They were then incubated at 37°C
in an atmosphere of 5% carbon dioxide.

Main Reagents and antibodies

FBS and penicillin - streptomycin solution were purchased from Servicebio; DMEM / F12 media was
purchased from Hyclone; 0.25% pancreatin-0.04% EDTA was purchased from Invitrogene; 30% hydrogen
peroxide solution was purchased from Solarbio; Cell senescence β-galactosidase staining kit, apoptosis
detection kit, active oxygen detection kit, cell cycle and apoptosis detection kit were purchased from
Beyotime Biotechnology; Anti-proSP-C antibody (AB3786) was purchased from Sigma; Mouse anti-
human CD45 (555555), mouse anti-human CD73 (344007), Cell staining buffer, True-Nuclear
Transcription Factor Buffer Set, Alexa Fluor® 647 anti-human FoxP3 (320113), FITC anti-human CD4
(317408), PE anti-human CD25 antibody (356103), PE Mouse IgG1 κ Isotype Ctrl and Alexa Fluor® 647
Mouse IgG1 κ Isotype Ctrl (400135) were purchased from Biolegend; Monkey interleukin 1β (IL-1β),
monkey interleukin-17A (IL-17A) and human tumor necrosis factor alpha (TNF-α) ELISA kits were

https://www.baidu.com/link?url=k14pJIH-RJShldFr4KoZQFYokOaGBObCBElAnBxoC9_ZfUYX3qa87J2kdjHtcg5t&wd=&eqid=da25b16d001b46c6000000065ec54a8e
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purchased from MeiMian; Fluorescent secondary antibody HRP, �uorescent secondary antibody CY3 and
primers were purchased from Servicebio; GoScriptTMReverse Transcription System, and GoTaq® qPCR
Master Mix were purchased from Promega Corporation; TNF alpha (7B8A11), IL-10 (20850-1-AP) and
CEBPB 2B6E10 antibodies were purchased from Proteintech group; Adipogenic differentiation medium,
osteogenic differentiation medium, and chondrogenic differentiation medium were purchased from
Guangzhou Saiye Biological Technology Co., Ltd.; 18F-FDG was provided by the First A�liated Hospital of
Kunming Medical University

Experimental protocols

Screening and evaluation of senile lung degeneration macaque models

Female macaques aged between 22-26 years were used as the elderly model group, while young female
macaques aged between 6-8 years old were used as the control group. A total of 5 animals were
randomly distributed in each group. Five ml of peripheral blood was obtained from cynomolgus monkeys
and centrifuged to obtain serum. Lung length and width were determined using a ruler. Serum samples
were used to quantify TNF-α and IL-1β levels through the ELISA technique. Macaques were anesthetized
with 3% pentobarbital sodium (5 ml/kg body weight) and sacri�ced to obtain lung tissues. Tissue
samples were divided for size, morphology and textural analysis as well as Hematoxylin-eosin staining.
The Masson’s Trichrome stain was used to determine the degree of pulmonary �brosis in the two groups.
Capillary density was examined by immunohistochemistry.

Preparation and identi�cation of macaque bone marrow mesenchymal stem cells

Bone marrow mesenchymal stem cells of 2-3 year old young rhesus monkeys were isolated and cultured
by the adherence method. The morphology and growth characteristics of P4 BMMSCs generation cells
were observed while CCK8 was used to determine their proliferative capacities. A �ow cytometer was
used to analyze the positive rate of their surface antigens. A special induction medium was used to
induce the differentiation of P4 BMMSCs into bone, cartilage, and adipocytes. Their differentiation
abilities were analyzed by staining (show in supplementary �le 1).

Cell processing and injection

When the fusion degree of the cultured P4 BMMSCs generation was over 80%, the cells were digested and
washed. They were diluted with 0.9% sterile sodium chloride solution at a concentration of 2×10 6

cells/ml. After the macaques had been �xed, the BMMSCs were infused in their femoral veins at a cell
dose of 1×107 cells/kg per macaque, once every other day, for a total of 3 infusions. The macaques in the
control and model groups were also administered with equal volumes of 0.9% sterile sodium.

Determination of the histological structure of macaque lung tissues after BMMSCs infusion

Lung tissue changes were determined by PET-CT before BMMSCs treatment and at 90 as well as 180
days after treatment. After 180 days of treatment, the macaques were anesthetized and sacri�ced. Lung
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tissues were obtained and histologically analyzed (See show in supplementary �le 1).

 

Determination of the effects of BMMSCs on type  alveolar epithelial cells

A549 cell lines were cultured in complete mediums supplemented with 200 μmol/L, 400 μmol/L, 600
μmol/L, 800 μmol/L, 1000 μmol/L, 1200 μmol/L hydrogen peroxide. The expression levels of the P53
gene were determined by PCR while β-galactosidase staining was performed to determine the optimal
hydrogen peroxide concentrations. The expression levels of TERT, TCAB1, P53 and P21 were quanti�ed
by RT-PCR using the GoScriptTM Reverse Transcription System and GoTaq®qPCR Master Mix according
to the manufacturer’s instructions. The expression of these genes re�ected A549 cell senescence levels at
speci�c hydrogen peroxide concentrations. A senescence model of type  alveolar epithelial cell was
established. Senescent cells were seeded in the lower chamber of a transwell with a pore size of 0.4 μm
while an equal proportion of BMMSCs were seeded in the upper chamber. After 48 hours of co-cultivation,
the expression levels of P53, P21 and TCAB1 in the A549 cells were determined by RT-PCR.

The apoptotic rate of A549 cells was determined by �ow cytometry according to the Annexin V Alexa
Fluor488/PI manual of 4ABIO. ROS levels and cell cycle progression were compared between the model
and treatment groups using the Reactive Oxygen Species Assay Kit . Immunohistochemistry was
performed to detect proSPC as markers of type  alveolar epithelial cells. Three �elds, each containing
200 cells were randomly selected after staining and used to calculate the percentage of type II alveolar
epithelial cells to the total number of cells.

Analysis of the effect of BMMSCs treatment on ROS, in�ammatory factors and VEGF in elderly
macaques

Serum was isolated from the peripheral blood of macaque obtained at 0, 30, 60, and 90 days after
BMMSCs treatment. In�ammatory factor (IL-1β, IL-17A, and TNF-α) levels in the peripheral blood were
detected by ELISA.

After BMMSCs treatment  ROS staining was done on the left lung tissue. Sections were then subjected to
the same laser intensity at equal exposure times to obtain images. To obtain the H-scores, the Densito
Quant in the Quant Center was used to set dark red, brown red, light red, and blue nuclei as strong
positive, moderate positive, weak positive and negative respectively. The protein levels of
proin�ammatory factors (IL-6, TNF-α, IL-1β) and anti-in�ammatory factor (IL-10) in the lung tissues were
detected by Western blot. VEGF expression levels in the lung tissues after BMMSCs treatment was
determined by Western blot. ImageJ was used to analyze the gray values of all western blot images, and
to compare the gray values of the internal control band to the gray values of the target protein band. The
effects of BMMSCs on peripheral blood Treg cell and FOXP3 ratios in lung tissues of elderly macaques
were also determined.
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Lymphocytes were isolated from blood samples obtained from the animals at 0, 30, 60, and 90 days after
BMMSCs treatment. Changes in Treg cell ratios in peripheral blood were detected by �ow cytometry. Treg
cells were labeled with FOXP3 and changes in FOXP3 content assayed by immunohistochemistry.

Statistical analysis

Statistical analyses were performed using the SPSS 21.0 statistical software. Data is expressed as mean
± standard deviation. Statistical differences in the means of three or more than three groups were
analyzed by one-way ANOVA (One-Way ANOVA).

Results
Lung tissue structures and appearance among young and elderly macaques

Elderly macaques were found to have a dull coat that turned white, especially around the head and face.
Furthermore, their skin was loose and dry while their faces appeared red (Fig. 1A).

Lung tissues of the young control group and the elderly model group were soft, butter�y-shaped, �exible,
and pale red. However, lung sizes of the elderly macaque models were larger visually compared to those
of the young control models (data show in supplementary �les 2). The young control group exhibited
clear lung structures, thin and smooth alveolar walls, no thickening of the alveolar space, no exudates,
and small amounts of in�ammatory cellular in�ltrate around the blood vessels. In the elderly model
group, the alveolar wall thickness was uniform, the alveoli were clean and without exudates, the alveolar
cavity was irregularly enlarged and formed the pulmonary bullae. Furthermore, they exhibited a visible
pigmentation. When compared to the young group, the elderly model group showed severe in�ammation
while the average area and MLI were also signi�cantly increased in the elderly model group (Fig 1B; p
<0.0001). Masson’s Trichrome stain colored the collagen �bers blue. Compared to the young control
group, the collagen area in the lungs of the elderly model group was signi�cantly increased (Fig. 1C;
p<0.05). Immunohistochemical labelling of the vascular endothelial cells with CD31 revealed that the
nucleus of lung tissue cells were stained blue while the surface markers of vascular endothelial cells were
stained brown. In the elderly group, CD31 expression in the lungs was signi�cantly low when compared to
the young control group (Fig .1D; p<0.0001).

Cultivation and identi�cation of BMMSCs

A few fusiform adherent cells were observed under an inverted phase-contrast microscope after 3-4 days
of BMMSCs culturing. The cell fusion rate was 80% after 9 days of culture. BMMSCs of passage 3 to 5
exhibited a uniform morphology, were dense, spiral and isolated (Fig. 2a). To con�rm the purity of the
cultured cells, the P4 generation immunophenotypes of juvenile macaque BMMSCs were analyzed by
�ow cytometry. A panel of surface antigens was analyzed. The results showed that BMMSCs were
positive for CD29, CD45, CD73, CD90 and CD184 at percentage rates of 96.35 ± 0.62, 0.16 ± 0.12, 95.22 ±
0.37, 96.25 ± 1.71, and 93.53 ± 2.76, respectively (Fig. 2b; Table 1).
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Table 1: Flow cytometry analysis of surface antigens

Surface antigen N Cell positive rate

CD29 3 96.35±0.62

CD45 3 00.16±0.12

CD73          3          95.22±0.37

CD90          3          96.25±1.71

CD184          3          93.53±2.76

n is the number of experimental replicates

The proliferation assay showed that BMMSCs exhibited an “S” shape, were latent for the �rst 1-2 days,
and entered a logarithmic proliferation phase in which they grew vigorously between days 3 to 7. On the
8th day, they entered a plateau phase that was characterized by a reduction in proliferation (Fig. 2c). The
P4 generation of young macaque BMMSCs was used to determine the in vitro differentiation and
proliferative capacities. The duration of the differentiation experiment was 14 to 21 days. Cells were
cultured in an osteogenic induction medium and allowed to aggregate, form nodules, and accumulate
calcium deposits. Alizarin red stain was used to detect precipitated calcium deposits that were an
indication of differentiation. Intracellular lipid droplets were stained with oil red O. Red-stained lipid
droplets were found in the cells. Proteoglycans were stained with Alcian blue and appeared as smears
(Fig. 2d).

Changes in lung tissue structure after BMMSCs treatment

Lung textures before treatment were grid-like, ground-glass opacity, honeycomb-shaped, with the
peripheral, subpleural, and lower lung lobes as the main features. Emphysema was obvious. Before
treatment, the average Houns�eld unit was signi�cantly decreased when compared to the control group
(p <0.01). In addition, HRCT exhibited an irregular thickening of the lea�et intervals before treatment. After
treatment, the small blood vessels in the lea�et were pronounced. This was attributed to the thickening of
the wall in the treatment group. PET showed that the 18F-FDG uptake that was quanti�ed as the glucose
uptake in the lungs decreased after treatment. At 90 and 180 days post-treatment, lung textures were
clear with normal hilar. The Houns�eld unit was higher than before treatment. The average Houns�eld
units were (-685 ± 12.53) and (-705 ± 18.53), respectively (Table 2; Fig. 3A).

 

Table 2: PET-CT changes in elderly macaque lungs after BMMSCs treatment
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  n Houns�eld Unit SUV max

Control 5 -672±12.5 0.4±0.09

Prior treatment 5 -853±25.3 $ 0.7±0.06 $

90 days after treatment 5 -685±12.53* 0.5±0.08 *

180 days after treatment 5 -705±18.53* 0.3±0.07 **

n is for the number of  animals analyzed, $p <0.05 when compared to the control group,* p <0.05 when
compared with prior 

After 180 days of treatment, lung tissues appeared dark white and red without embolism. However, there
were no signi�cant changes between the treatment and the model groups (data show in supplementary
�le 3). Although the in�ammatory score was not statistically different, the treatment group exhibited low
in�ammatory levels than the model group. The average alveolar area and alveolar lining interval (MLI) of
the model group and treatment groups were signi�cantly increased when compared to the control group,
(p <0.05). However, the differences in the average alveolar area and alveolar lining interval between the
model group and the treatment group were not signi�cantly different (Fig.3B; p> 0.05). Masson’s
Trichrome stain showed blue collagen. The collagen area of the treatment group was signi�cantly
reduced (p<0.05) when compared to the model group (Fig. 3C). To determine changes in capillary density
around the alveoli after cell transplantation, immunohistochemistry was performed using CD31 as a
marker of vascular endothelial cells. The nucleus were stained blue while the capillaries with CD31
surface markers were stained brown. Compared to the model group, the CD31 content around the alveoli
was signi�cantly increased in the treatment group (Fig. 3D; p<0.0001).

 

 

Effect of BMMSCs on senile type 2 alveolar epithelial cells

Type  alveolar epithelium plays a signi�cant role in lung tissue aging. Among the elderly, the quantity
and quality of type  alveolar epithelial cells are signi�cantly reduced [14]. In this study, the effect of
BMMSCs on lung structure was determined using type  alveolar epithelial cells. Hydrogen peroxide was
used to establish an aging model of A549 cells. Different hydrogen peroxide concentrations were found
to induce different degrees of aging in A549 cells. At 600 μmol/L hydrogen peroxide concentration, the
A549 cells exhibited senescence after 6 hours of induction (data shown in supplementary �le 4). This
concentration was established to be the best for inducing A549 cell senescence. After the indirect co-
culture of aging A549 cell model with BMMSCs for 48 hours, the lower layer of A549 cells was used to
determine the effects of BMMSCs on the aging A549 cell model. The expression levels of P53 and P21
were found to be signi�cantly decreased (p<0.001, p<0.01) in the treatment group compared to the model
group. However, the expression levels of TCAB1 increased signi�cantly (p <0.05; Fig. 4A). After indirect co-



Page 10/24

culture, the ROS level, apoptosis ratio, and A549 cell cycles were detected by �ow cytometry. Compared to
the model group, the ROS level and apoptosis ratio in the treatment group were found to be signi�cantly
reduced (p < 0.0001, p <0.001, respectively) (Fig. 4B, Fig. 4C). In the treatment group, proliferation was
accelerated in the G2 phase (Fig. 4D; p <0.01). To verify the in vitro effects of BMMSCs on aging A549
cell model, proSPC was used as an in vivo marker for type  alveolar epithelial cells. It was found that
type  alveolar epithelial cells were either round or oval and scattered in the alveolar wall. The number of
type  alveolar epithelial cells in the model group was signi�cantly low when compared to the control
group (p <0.001). However, in the treatment group, type  alveolar epithelial cells were signi�cantly
elevated when compared to the model group (Fig. 4E; p<0.01).

 

VEGF and TGF-β1 expression levels in lung tissues

There were changes in the density of capillaries around the alveoli that necessitated the determination of
VEGF levels in the lungs. Compared to the control group, VEGF levels in the model group were
signi�cantly low (p <0.05). After BMMSCs treatment, VEGF levels in the treatment group were
signi�cantly elevated when compared to the model group (Fig.5A; p <0.05). Since the collagen area in the
lung tissue was changed after the cells had been transferred, TGF-β1 levels in the lung tissue were
determined. The expression levels of TGF-β1 in the lung tissues were found to signi�cantly increase with
age. However, there were no signi�cant changes after BMMSCs treatment Fig. 5B

 

ROS and in�ammatory factor levels after BMMSCs treatment

Studies have revealed that the nine aging hallmarks are stem cell failure, intercellular communication
changes, genomic instability and telomere wear, epigenetic changes, loss of protein homeostasis,
nutrition changes, mitochondrial dysfunctions and cellular senescence [15]. The main causes and impacts
of these events have not been established. However, studies have documented that the causes and
commonalities of these events are associated with the immune system. In�ammatory aging is
characterized by elevated levels of immune cell in�ltration as well as elevated levels of pro-in�ammatory
cytokines and chemokines in the tissue microenvironment and circulatory system [15]. Under normal
physiological conditions, ROS in the cells is constantly generated and eliminated. Therefore, maintaining
appropriate cellular ROS levels is important for the stability of cell functions. During aging, ROS levels
may also be elevated due to mitochondrial stress, damage and persistent in�ammation [16]. Elevated ROS
levels enhance cellular damage and stimulates the immune cells to produce more pro-in�ammatory
factors [17]. The immune regulatory and damage repair functions of mesenchymal stem cells are critical.
Studies have reported that MSCs control in�ammation and ROS production through paracrine and
mitochondrial transfer between MSCs and aging cells [18, 19]. In this study, it is shown that mesenchymal
stem cells in�uenced lung tissue degeneration by altering in�ammation and ROS levels in elderly
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macaques. Frozen lung tissue sections were used to detect ROS levels. An inverted �uorescent
microscope showed that the nucleus of lung cells were stained blue while the cytoplasm exhibited a red
�uorescence. Compared to the model group, ROS levels in the treatment group were signi�cantly low
(Fig.6A; p <0.01). To elucidate on the regulatory effects of BMMSCs on aging-associated in�ammation,
IL-1β, IL-17A, and TNF-α levels were detected by ELISA. Compared to the model group, IL-1β levels were
found to be signi�cantly low in blood serum (p <0.05) at 30 and 60 days after BMMSCs treatment. After
90 days of treatment, these levels had reverted to normal. Moreover, TNF-α levels were found to be
signi�cantly low after 30 days (p <0.05). However, they reverted to their normal levels after 60 days, and
remained unchanged. There were no signi�cant variations in IL-17A levels (Fig. 6B). Alterations in
in�ammatory factor (IL-1β, IL-6, TNF-α, and IL-10) levels in the lungs after BMMSCs treatment were
determined by western blot. The levels of IL-1β, IL-6, and TNF-α in the treatment group were signi�cantly
low when compared to the model group while IL-10 levels in the model group were signi�cantly low than
in the control group (p <0.05), but were signi�cantly elevated after BMMSCs treatment (Fig. 6C; p <0.05).

 

Effect of BMMSCS treatment on immune regulatory cells

As described above, there were changes in the expression levels of in�ammatory factors in peripheral
blood and lung tissues after BMMSCs treatment. Treg cells have immune-regulatory functions and play a
vital role in the regulation of in�ammation. Treg cell ratios in the peripheral blood were measured by �ow
cytometry. Compared to the normal group, it was revealed that Treg ratios in macaque peripheral blood
decreased signi�cantly at 30 days after BMMSCs treatment (p <0.01), and reached their minimum levels
at 60 days after treatment (p <0.0001). Treg cell ratio changes at 60 and 90 days were not signi�cant
(Fig. 7A; p> 0.05). To determine the consistency of Treg cell changes in the periphery and lung tissues, a
Treg cell surface marker (FOXP3) was used for immunohistochemical detection. FOXP3 levels of the
model group lung tissue were found to be signi�cantly elevated when compared to the control group (p <
0.01). In addition, FOXP3 levels in the treatment group were signi�cantly low when compared to the
model and control groups (p <0.0001;Fig. 7B).

Discussion
Age associated lung tissue structural changes are characterized by enlarged alveoli, damaged alveolar
walls, decreased gas exchange surface area, increased airway obstruction or occlusion, decreased
pulmonary vascular density, deepened �brosis, and decreased elastin content [2]. In this study, these
phenomena were observed through pathological analysis.

Chemotaxis of mesenchymal stem cells enhances their accumulation in injured sites. These cells secrete
cytokines (such as KGF, HGF) and some RNA-rich microvesicles. This paracrine effect delays cell
senescence and apoptosis, lung tissue repair and inhibits �brosis. Mitochondrial transfer and
communication between MSCs and neighboring cells are involved in tissue repair [20-22].
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In this study, we report on the effects of BMMSCs on lung tissue degeneration. Lung tissue changes were
detected by PET-CT. There was a signi�cant increase in x-ray transmittance (Houns�eld unit) in lung
tissues after BMMSCs treatment. A signi�cant decrease in SUV max values and �brosis were observed.
Compared to the model group, collagen deposition in the treatment group was signi�cantly inhibited
while the alveolar vascular density was signi�cantly elevated. However, the reduction in alveolar size was
not signi�cant. These results were consistent with those reported by previous studies on mesenchymal
stem cells in the treatment of COPD [23-25]. Breathing is a dynamic process. Changes in the tissues around
the alveoli determine the lung's inspiratory function and alveolar sizes. Due to air volume variations in the
lungs during inspiration and expiration, PET-CT or Hematoxylin-eosin staining may not su�ciently
evaluate whether BMMSCs can repair alveolar size deterioration during actual respiration in elderly lung
tissues. Therefore, assessment of the bene�cial effects of BMMSCs should be performed from multiple
focal points.

SA-β-gal is a hydrolase enzyme that catalyzes the hydrolysis of β-galactosides into monosaccharides in
senescent cells. P53 and its downstream genes (P21 and TCAB1) control cellular aging [15, 26].

We con�rmed that BMMSCs reversed age-associated type  alveolar epithelial cell (A549 cells)
characteristics. These results were consistent with those reported in a previous study of the effects of
bone marrow mesenchymal stem cells on 293T cell senescence models [26].

High in�ammation and oxidative stress enhance tissue and organ degeneration during aging [7, 15, 27]. In
this study, we found high age-associated in�ammatory and oxidative stress levels in elderly macaques.
The inconsistency between the circulatory and lung tissue expression levels of various in�ammatory
factors differed from those previously reported in rodent lung injury models [28, 29]. The fact that IL-6 was
downregulated in the lung tissues after BMMSCs treatment shows that mesenchymal stem cells, such as
BMMSCs, have a regenerative effect on lung tissue aging processes.

Treg cells regulate immune responses. Speci�cally, they play a central role in immune homeostasis and in
preventing autoimmunity. They are secreted by the thymus and lymph, and transported through
the entire body. They inhibit the activation and proliferation of potential self-reactive T cells, thereby
regulating the body's immunity and in�ammation. Studies have documented that the number and
functions of Treg cells change signi�cantly in the aging body. Zhao et al reported that the ratio of Treg
cells in the CD4 + cells was signi�cantly elevated and their function was signi�cantly inhibited in the
peripheral blood of elderly mice [30]. IL-10 is a multi-functional cytokine that regulates cell growth and
differentiation, participates in in�ammatory reactions and immune responses, and is recognized as an
immunomodulatory cytokine for all innate immune cells [31]. Studies have documented that the number
and function of Treg cells have a regulatory effect on the IL-10 secretory roles of CD4 + and CD25+. Aging
affects the capacity of CD4 (+), CD25 (+), and FOXP3FOXP3 (+) T cells to regulate IL-10 production [32].
Mesenchymal stem cells are powerful immune regulatory cells that exhibit their effects on Treg cells and
IL-10 production. Studies have reported that mesenchymal stem cells enhance the production of IL-10 by
communicating with macrophages, B lymphocytes, and dendritic cells or by secreting PGE2, ID0, IL-6, and
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HO-1 [33]. Treg cell levels obtained in this study were inconsistent with those reported in previous studies
on the regulation of Treg cells by mesenchymal stem cells under extremely high in�ammatory conditions
[33]. However, it was not established whether BMMSCs enhanced Treg cell tissue entry thereby inhibiting
Treg ratios in the peripheral blood. FOXP3 was, therefore, used as a marker to determine Treg cell levels in
lung tissues. Lung tissue �ndings regarding FOXP3 levels were consistent with those of the peripheral
blood. However, FOXP3 levels in the lung tissues of treatment group were signi�cantly reduced. Studies
evaluating the role of MSCs in immune regulation in healthy individuals have not been documented while
their effects have only been demonstrated in cell-based therapy and disease scenarios.

 Interleukin 10 levels obtained in this study were consistent with those reported in a previous
mesenchymal stem cell treatment model of lung injury [34]. Decreased Treg cell ratios were inconsistent
with the phenomenon of elevated IL-10. This implied that BMMSCs enhanced IL-10 secretion through
other mechanisms other than Treg.

In summary, BMMSCs inhibit aging-associated lung degeneration. The limitations of this study were that;
the impact of BMMSCs on lung functions as well as the mechanisms by which BMMSCs improved lung
degeneration were not determined.

Conclusions
1. The elderly pulmonary degenerative macaque models revealed that the alveolar cavity was enlarged,

lung structure was disordered, there was increased pigmentation, the degree of �brosis was elevated
while the capillary density was decreased.

2. BMMSCs inhibited the degree of pulmonary �brosis in elderly macaques, suppressed lung and
peripheral blood in�ammatory levels, enhanced VEGF expression in lung tissues, increased capillary
density around the alveoli, and suppressed Treg cell levels in peripheral blood and lung tissues.

3. BMMSCs suppressed the expression of type  alveolar epithelial aging-related genes, inhibited its
apoptosis, oxidative stress levels, and enhanced its proliferation. BMMSCs also elevated the number
of type  alveolar epithelium in lung tissues.
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Abbreviations Full name

BMMSCs Bone marrow mesenchymal stem cells

FOXP3 Recombinant Forkhead Box P3

IL Interleukin

P53 Tumor Protein 53

P21 Tumor Protein 21

TERT telomerase reverse transcriptase

MSCs Mesenchymalstemcells

CCK-8 Cellcountingkit-8

18F-FDG β-2-[ 18 F]-Fluoro-2-deoxy-D-glucose

FBS fetal bovine serum

COPD chronic obstructive pulmonary disease
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Figure 1
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Differences in appearance and lung tissue structure between the young and elderly macaques a. age-
related changes in appearance between the young control group and the elderly model group b.
Comparison of the lung tissue structure between the young control group and the elderly model group
(n=5, n is for the number of animals analyzed. **** P <0.0001 when compared with the young control
group) c. Comparison of the rate of collagen area between the young control group and the elderly model
group (n=5, n is for the number of animals analyzed. * P <0.05 when compared with the young control
group) d. Comparison of CD31 expression quantity around the alveoli between the young control group
and the elderly model group (n=5, n is for the number of animals analyzed. **** P <0.0001 when
compared with the young control group)

Figure 2

Cultivation and identi�cation of BMMSCs a. BMMSCS form b. Flow cytometry analyses of BMMSCs c.
Proliferation curve of BMMSCs d. Differentiation of BMMSCs
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Figure 3

The Changes in lung tissue structure after BMMSCs treatment a. Changes in PET-CT in elderly macaque
lungs after BMMSCs treatment FDG dosage is 0.2 mCi/kg b. Changes in the structure of lung tissues
after BMMSCs treatment by Hematoxylin-eosin staining (n=5, n is for the number of animals analyzed, *
P <0.05 when compared with the control group, ** P <0.01 when compared with the control group, *** P
<0.001 when compared with the control group) c. Changes of the rate collagen area in lung tissue after
BMMSCs treatment (n=5, n is for the number of animals analyzed, $ P <0.05 when compared with the
control group, *P<0.05 when compared with the model group) d. Changes in the expensive quantity of
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CD31 surface markers around the alveoli after BMMSCs treatment (n=5, n is for the number of animals
analyzed, #P <0.001 when compared with the control group, ****P<0.0001 when compared with the
model group)

Figure 4

Effects of BMMSCs on senile type 2 alveolar epithelial cells a. qPCR detection of aging-related gene
expression after co-culture in vitro (n=3, n is the number of repeated experiments, * P<0.05 when
compared with the model group, ** P<0.01 when compared with the model group, * ***P<0.0001 when
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compared with the model group) b. Changes in ROS level of type 2 alveolar epithelial cells after co-culture
in vitro (n=3, n is the number of repeated experiments, ***P<0.001 when compared with the model group,
**** P<0.0001 when compared with the model group) c. the apoptosis rate Changes of type 2 alveolar
epithelial cells after co-culture in vitro (n=3, n is the number of repeated experiments, ***P<0.001
compared with the model group, **** P<0.0001 compared with the model group) d. proliferation Changes
of senile type 2 alveolar epithelial cells after co-culture in vitro (n=3, n is the number of repeated
experiments) e. Effect of BMMSCs on the number of type alveolar epithelial cells in the lung tissue (n=5,
n is for the number of animals analyzed, **P<0.01 when compared with the model group, ^P<0.001
compared with the control group)

Figure 5

Changes in VEGF and TGF-β1 level in the lung tissue after BMMSCs treatment a.VEGF (n=5, n is for the
number of animals analyzed, &P <0.05 compared with the control group, *P<0.05 compared with the
model group) b . TGF-β1, n=5, n is for the number of animals analyzed. *P <0.05 compared with the
control group, **P<0.01 compared with the control group)
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Figure 6

Changes in the level of ROS and in�ammatory factors after BMMSCS treatment a. Changes in ROS level
after BMMSCS treatment (n=5, n is for the number of aninmals analyzed, #P <0.001 compared with the
control group, ***P <0.001 compared with the model group) b. Changes in the level of in�ammatory
factors in peripheral blood after BMMSCs treatment (n=5, n is for the number of aninmals analyzed *P
<0.05 compared with the model) c. Changes in in�ammatory factors in lung tissue after BMMSCs
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treatment (n=5, n is for the number of aninmals analyzed, *P <0.05 compared with the model group, ** P
<0.01 compared with the model group, & P <0.05 compared with the control group, @P <0.001 compared
with the control group).

Figure 7

Effect of BMMSCs treatment on immune regulatory cells a. Changes of Treg cell ratio in peripheral blood
after BMMSCS treatment (FOXP4 antibody, CD25 antibody and CD4 antibody were used to co-label Treg



Page 24/24

cells,, n=5, n is for the number of animals analyzed. ***P <0.001 compared with the model group, & P
0.05 compared with 60 days after treatment) b. Changes of FOXP4 content in the lung tissue after
BMMSCS treatment( n=5, n is for the number of animals analyzed. ****P <0.0001 compared with the
model group, $ *P <0.001 compared with the control group).
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