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Abs tract 
Objective: To compare the therapeutic effects of intravenous (IV) and intratracheal (IT) delivery of adipose-derived 
stem cells (ADSCs) in a mouse model of bleomycin (BLM)-induced idiopathic pulmonary fibrosis (IPF). 

Materials and Methods:  In this experimental study, BALB/c mice were divided into 4 groups: control, BLM only, 
BLM+ADSC(IV), BLM+ADSC(IT). ADSCs were administered on day 14 after BLM induction. Outcomes measured 
on day 42 included mortality, body weight, lung edema, collagen deposition, fibrosis scoring, cytokine levels (TGF-β, 
SDF-1, IL-6, IL-1β, TNF-α), hydroxyproline, and leukocyte infiltration. 

Results: ADSC(IT) reduced mortality more effectively than ADSC(IV). Both IV and IT mitigated weight loss and lung 
edema with no significant difference. Both routes significantly decreased collagen synthesis, collagen fiber accumula-
tion, Ashcroft scores, and hydroxyproline levels. Both routes lowered TGF-β, α-SMA, TNF-α, IL-6, IL-1β, and SDF-1 
levels, and reduced leukocyte infiltration and alveolar barrier dysfunction, with no significant difference between routes. 

Conclusion: This design enables discrimination between route-dependent and route-independent therapeutic ef fects 
of ADSCs, thereby providing new insight into the optimization of stem cell delivery strategies for pulmo nary fibrosis. 
Importantly, whether the choice of deliv ery route differentially affects survival and inflammatory resolution, inde-
pendent of antifibrotic efficacy, remains insufficiently addressed in current preclinical studies. 
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a severe and pro-

gressive lung disease associated with high morbidity and 
mortality in numerous countries (1, 2). The pathogenesis 
of IPF is multifaceted and has yet to be elucidated (1-3). 
IPF is characterised by chronic inflammation, oxidative 

stress, and aberrant wound healing that ultimately result 
in irreversible lung damage (1, 3). This disease generally 
involves excessive accumulation of extracellular matrix 
components, predominantly collagen, and increased in-
terstitial fibrosis, which lead to lung function decline (3, 
4). These pathological features are caused by scarring of 
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Route-Dependent Effects of ADSCs in Lung Fibrosis

lung tissue and restructuring of the interstitium, distal air-
way, and alveolar spaces (3, 4). IPF can be initiated by 
exposure to various toxins, by radiation exposure through 
inhalation of various compounds, or by infection (3, 4). 
Treatment strategies that are effective against IPF have 
only recently become available (1, 4).

Bleomycin (BLM) is often used to induce IPF in ani-
mals in research regarding the disease (5). Intratracheal 
(IT) administration of BLM leads to increased production 
of proinflammatory cytokines and chemokines, namely 
interleukin-1β (IL-1β), IL-6, tumor necrosis factor-alpha 
(TNF-α), transforming growth factor-beta (TGF-β), and 
stromal cell-derived factor 1 (SDF-1), by pulmonary tis-
sue, which disrupts the integrity of the pulmonary en-
dothelial barrier (6, 7). Subsequently, pulmonary immune 
responses are mediated. That is, various leukocytes are 
recruited, including innate and adaptive white blood cells 
(8, 9).

In recent decades, remarkable progress has been made 
in regenerative medicine, particularly in stem cell-based 
therapy (10). This innovative treatment approach involves 
leveraging the regenerative properties of stem cells to 
promote tissue regeneration and cellular replacement 
(10). In stem cell-based therapy, various types of viable 
human stem cells are used to treat diseases. Mesenchymal 
stem cells derived from different tissue sources, including 
bone marrow and umbilical cord, have demonstrated im-
munomodulatory and antifibrotic potential in experimen-
tal lung injury models. Among these sources, adipose-
derived stem cells (ADSCs) offer practical advantages 
for translational application, such as higher cell yield, less 
invasive harvesting procedures, and preserved paracrine 
activity, which support their selection in the present study. 
ADSCs are among these cells and have emerged as a val-
uable component of such therapy. ADSCs originate from 
the stromal vascular fraction of adipose tissue, and they 
are primarily sourced from perivascular adipose tissue, 
including that of subcutaneous fat deposits (11). IT ad-
ministration of ADSCs was reported to enhance recovery 
from IPF in Sprague-Dawley rats with pulmonary fibrosis 
induced using BLM (11). The transplantation of ADSCs 
into the airways was determined to considerably decrease 
the rate of fibrosis by altering the levels of Hsp27, Vegfa, 
Nf-kβ, Il-6, Col4, and Tgf-β1. Such transplantation is ef-
fective in both the early and established stages of the dis-
ease (12). Moreover, introducing ADSCs into the lungs 
through intravenous (IV) administration in the early stage 
of this disease can mediate the repair of lung injuries and 
can reduce lung fibrosis (13). This approach may be ef-
fective for treating lung diseases in their initial stages, 
as indicated by studies on IPF caused by BLM (13). In 
consideration of the aforementioned findings, the present 
study conducted a comparative analysis of IV and IT ad-
ministration of ADSCs in mice with BLM-induced IPF in 
the established stage. Unlike previous studies that evalu-
ated a single delivery route or different experimental time 
windows, this study directly compares IV and IT adminis-
tration under identical experimental conditions, including 

the same disease stage, cell source, dosage, and outcome 
measures. 

Materials and Methods
Isolation and culture of human adipose-derived stem 
cells

Human ADSCs were obtained from BIONET (Tai-
pei City, Taiwan). These ADSCs were cultured in the 
BIONET Laboratory under Good Manufacturing Practice 
conditions, as described in a previous study (14).

Animals
Male BALB/c mice aged 7 to 8 weeks that were ob-

tained from BioLASCO Taiwan (Taipei City, Taiwan) 
were bred in a pathogen-free facility at the Animal Science 
Center of Chung Shan Medical University (Taichung, Tai-
wan). The mice were housed in cages at an ambient tem-
perature of 23°C to 25°C and with humidity maintained at 
30-70%. They were provided with a standard laboratory 
diet and had unrestricted access to water. 

Institutional review board statement
The study was conducted according to the guidelines 

of the Declaration of the International Animal Care and 
Use Committee (IACUC). It was approved by the Institu-
tional Animal Ethics Committee of Chung Shan Medical 
University (Approval No. 2429).

Animal experiment design
This study assessed the potential of ADSCs for treat-

ing BLM-induced pulmonary fibrosis in a rodent model. 
The experiment involved 4 groups. Each group received 
different treatments that were used to evaluate the effec-
tiveness of ADSCs administered through different routes. 
The 80 mice that were used in this study were random-
ly divided into the following 4 groups, with 20 mice in 
each group: control group: these mice received IT-ad-
ministered saline on days 0 and 14; BLM group: these 
mice received IT-administered BLM at 5 mg/kg on day 
0; ADSC(IT) group: these mice received IT-administered 
BLM on day 0, with this followed by IT administration 
of 1×106 ADSCs on day 14; and ADSC(IV) group: these 
mice received IT-administered BLM on day 0, with this 
followed by IV administration of 1×106 ADSCs on day 
14. All mice were euthanised on day 42, and their lung tis-
sues and bronchoalveolar lavage fluid (BALF) were col-
lected for histological, biochemical, and molecular analy-
ses for assessing fibrosis, proinflammatory responses, 
and immunocyte infiltration. Due to mortality during the 
experimental period, the number of animals available for 
endpoint analyses varied among groups; therefore, equal 
numbers of surviving animals (n=6 per group) were ran-
domly selected for biochemical and histological assays. 
No additional immunosuppressive agents were adminis-
tered, as ADSCs are known to possess low immunogenic-
ity and exert therapeutic effects primarily through parac-
rine immunomodulation (25).
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Mortality, body weight, lung oedema, and pulmonary 
index analysis of mice

After inducing pulmonary fibrosis by using BLM, we 
monitored the mortality of the animals for 42 days. We 
confirmed that the animals had died by assessing their 
heartbeats, respiration, eye reflexes, and body movement. 
We weighed all animals in all groups before and after in-
ducing pulmonary fibrosis. We also determined the wet 
weight of the lung tissues after excision and measured the 
dry weight of the tissues after placing the wet lung tissues 
in an oven set to 80°C for 48 hours. Lung oedema was 
assessed using the wet/dry weight ratio, which was calcu-
lated by dividing the dry weight by the wet weight. Ad-
ditionally, we calculated the pulmonary index by dividing 
the body weight by the wet lung weight (15, 16).

Bronchoalveolar lavage fluid collection and cell  
counting

Following 42-day treatment with BLM, the mice were 
anesthetised. Subsequently, the bronchoalveolar lavage 
(BAL) procedure was performed; the mice were admin-
istered 3 sequential lavages of 1 mL of ice-cold sterile 
saline through a tracheal cannula. The supernatants ob-
tained after centrifugation were used for quantification 
of the levels of proinflammatory cytokines and the me-
diators of lung fibrosis. The cellular fraction was resus-
pended, and cell counting was conducted through haemo-
cytometry. Furthermore, cell subsets were identified us-
ing flow cytometry. Specifically, neutrophil subsets were 
characterised on the basis of the expression of CD45 and 
Ly6G. Moreover, lymphocyte subsets were identified on 
the basis of the expression of CD45 and CD3, and phago-
cyte subsets (neutrophils, monocytes, and macrophages) 
were identified on the basis of the expression of CD45 
and CD11b (17, 18).

Histopathological analysis
After BLM treatment, on day 42, the lungs of each 

mouse were isolated and fixed in 10% neutral buffered for-
malin. Subsequently, the lungs were embedded in paraffin, 
sectioned, and stained with either haematoxylin and eosin 
(H&E) or Masson’s trichrome stain. The lung sections 
were evaluated for fibrotic changes by using a microscope. 
Fibrotic changes in 10 fields of each slide were assessed, 
and these changes were assigned a score ranging from 0 to 
8 based on the Ashcroft scoring system, where 0 indicates 
normality and 8 indicates severe fibrosis. The fibrotic areas 
in each field were analysed, and the total field area was 
computed and is expressed as a fraction of 100%.
Immunohistochemical analysis

In preparation for immunohistochemical staining, the 
lung tissue sections underwent dewaxing and dehydration 
(18, 19). Antigen retrieval was performed by using antigen 
retrieval buffer to expose antigens. Hydrogen peroxide 
was applied to block endogenous peroxidase activity, and 
the slides were incubated with antibodies for TNFα and 
α-SMA, a smooth muscle-specific marker. Subsequently, 

the slides were incubated with a horseradish peroxidase-
labelled donkey anti-rabbit or anti-mouse secondary anti-
body at room temperature. Finally, the slides were visu-
alised using 3,3'-Diaminobenzidine reagents and viewed 
under the Lionheart-FX automated microscopy (Agilent 
Technologies, Santa Clara, CA, USA).

Enzyme-linked immunosorbent assay
The levels of hydroxyproline, stromal-derived growth 

factor-1 (SDF-1), and TGF-β in the lung tissues were 
assessed through enzyme-linked immunosorbent assay 
(ELISA). The frozen lung tissues were homogenised, and 
the resulting lysates were centrifuged at 5000 ×g for 10 
minutes at 4°C. The levels of hydroxyproline, SDF-1, and 
TGF-β in the supernatants were quantified using ELISA 
kits. Additionally, the levels of TNF-α, IL-1β, and IL-6 
levels in BALF were determined using ELISA kits (16, 
17). All ELISA procedures were performed following the 
manufacturer’s instructions.

Statistical analysis
The data values were reported as the mean ± standard 

deviation (SD). Statistical significance between groups 
was assessed using a one-way analysis of variance (ANO-
VA), and pairwise comparisons between multiple groups 
were conducted using Fisher’s least significant differ-
ence (LSD) test. Statistical significance was defined as 
P<0.05; however, when P values were extremely small, 
results were reported as P≤0.001. Mortality rates were 
analyzed using the Kaplan-Meier method, and survival 
curves were compared using the log-rank test while pair-
wise comparisons were conducted. Data were allocated 
into four groups, including control, Bleomycin, ADSC 
(IV)+Bleomycin, and ADSC(IT)+Bleomycin. Exact P 
values for log-rank comparisons are reported in Figure 1.

Results
Effects of ADSCs on mortality and body weight in 
mice with BLM-induced pulmonary fibrosis

To elucidate the protective effects of ADSCs admin-
istered through IV or IT routes on mortality, this study 
administered ADSC treatment to mice with BLM-induced 
pulmonary fibrosis through either IV or IT routes on day 
14 post-BLM exposure. The mortality rates were assessed 
on a daily basis for 42 days. Kaplan-Meier survival anal-
ysis and then compared using the log-rank test revealed 
a marked survival deficit following BLM challenge 
(Fig.1A). Relative to Control, the BLM group showed 
an early and sustained separation of the survival curve, 
consistent with increased mortality over the observation 
period (P=0.006). ADSC(IT) (P=0.014) and ADSC(IV) 
(P=0.014) regimens shifted the Kaplan-Meier curves up-
ward compared with BLM alone, indicating improved 
survival. Notably, the IT-treated cohort exhibited a more 
favorable survival trajectory than the IV-treated cohort, 
supporting an apparent advantage of IT delivery for im-
proving survival in this model. The results indicated that 

Ng et al.
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the administration of ADSCs mitigated the loss of body 
weight caused by BLM treatment. Notably, the reduction 
in body weight loss following IV administration of AD-
SCs was comparable to that observed following IT ad-
ministration (Fig.1B).

Fig.1: Effects of ADSC on mortality and body weight in BLM-induced pul-
monary fibrosis. A. Kaplan-Meier curves were generated for control, BLM, 
ADSC(IV)+BLM, and ADSC(IT)+BLM groups (42 days per group). Group dif-
ferences were assessed using the log-rank test, with pairwise compari-
sons performed under a stratified framework based on the stratification 
variable. Exact log-rank P values are shown. B. The plot illustrated the 
body weights. Data are presented as mean ± SD (n=6 per group). Statisti-
cal significance was assessed using one-way ANOVA followed by Fisher’s 
LSD test. The symbol # denoted a significant difference between the in-
dicated group and the control group, while * indicated a significant dif-
ference between the indicated group and the BLM group, with P<0.05. 
ADSC; Adipose-derived stem cells, IV; Intravenous, IT; Intratracheal, and 
BLM; Bleomycin.

Effects of ADSCs on lung oedema and collagen  
synthesis in mice with BLM-induced pulmonary  
fibrosis

The lung index and wet/dry weight ratio are indicators 
of lung oedema. As presented in Figure 2, lung oedema in 
the BLM group was significantly increased relative to that 
in the control group (P≤0.001). Furthermore, lung oedema 
in the ADSC(IV) and ADSC(IT) groups was significantly 
decreased relative to that in the BLM group (P≤0.001). 
However, no significant difference was noted between the 
ADSC(IV) and ADSC(IT) groups. In addition, collagen 
synthesis in the BLM group was significantly increased 
relative to that in the control group (P≤0.001), and col-
lagen synthesis in the ADSC(IV) and ADSC(IT) groups 
was significantly decreased relative to that in the BLM 

group (P≤0.001). However, no significant difference was 
observed between the ADSC(IV) and ADSC(IT) groups.

Fig.2: Effects of ADSC on lung edema and collagen synthesis in bleomycin-
induced pulmonary fibrosis. The parameters illustrated were lung index, 
wet/dry weight ratio, and collagen synthesis. Data are presented as mean 
± SD (n=6 per group). Statistical significance was assessed using one-way 
ANOVA followed by Fisher’s LSD test. The symbol # denoted a significant 
difference between the indicated group and the control group, while * in-
dicated a significant difference between the indicated group and the BLM 
group, with P≤0.001. ADSC; Adipose-derived stem cells, IV; Intravenous, 
IT; Intratracheal, and BLM; Bleomycin. 

Effects of ADSCs on histopathological changes and 
fibrotic lesions in lungs of mice with BLM-induced  
pulmonary fibrosis

Figure 3 presents the histopathological morphology of 
lung tissues with H&E and Masson’s trichrome staining in 
mice with BLM-induced pulmonary fibrosis. H&E stain-
ing revealed that the control group had healthy pulmonary 
architecture, preserved alveolar walls, and clear lumens 
without leukocyte infiltration. BLM-induced pulmonary 
fibrosis caused lung tissue degradation, which was char-
acterised by disrupted alveolar walls, leukocyte infiltra-
tion, and localised haemorrhage. The ADSC(IV) and 
ADSC(IT) groups exhibited significantly improved histo-
pathological morphologies, as indicated by H&E staining 
and Ashcroft scores (P≤0.001). No significant difference 

Route-Dependent Effects of ADSCs in Lung Fibrosis
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was observed between the ADSC(IV) and ADSC(IT) 
groups. Masson’s staining indicated that the control group 
exhibited evenly distributed colours without noticeable 
fibrotic lesions. By contrast, the BLM-treated group ex-
hibited severe fibrotic lesions with the substantial accu-
mulation of collagen fibres; the accumulation was notable 
in the interstitial areas surrounding the bronchial and vas-
cular branches of the lung. The ADSC(IV) and ADSC(IT) 
groups exhibited a significant reduction in collagen fibre 
proliferation and accumulation, as indicated by Masson’s 
staining and fibrotic area analysis (P≤0.001). Addition-
ally, no discernable difference was noted in the effects of 
ADSCs on the histopathological changes that occurred 
between the ADSC(IV) and ADSC(IT) groups.

Effects of ADSCs on TGF-β, a-SMA, and hydroxyproline  
levels in lungs of mice with BLM-induced pulmonary 
fibrosis

TGF-β is a key driver of pulmonary fibrotic processes. 
Therefore, this study examined the effect of BLM treat-
ment on TGF-β levels. Immunohistochemistry and ELI-
SA revealed that BLM led to marked increases in TGF-β 
levels relative to those in the control group (P≤0.001). 
In addition, the ADSC(IV) and ADSC(IT) groups ex-
hibited significantly decreased levels of TGF-β relative 
to the BLM group (P≤0.001, Fig.4A). Elevated α-SMA 
levels are indicative of fibroblast activation, which leads 
to fibrosis (20). In addition, this study investigated the 
effect of BLM on α-SMA levels. Immunohistochemistry 
revealed that BLM led to marked increases in α-SMA 
levels relative to those the control group (P≤0.001, 

Fig.4B). Furthermore, the ADSC(IV) and ADSC(IT) 
groups exhibited significantly decreased α-SMA levels 
relative to those in the BLM group (P≤0.001). Hydroxy-
proline is commonly used as a biochemical marker to 
quantify the collagen content in fibrotic tissue (21). 
Therefore, this study evaluated the effect of BLM treat-
ment on hydroxyproline levels. ELISA revealed that 
BLM led to marked increases in hydroxyproline levels 
relative to those in the control group. In addition, the 
ADSC(IV) and ADSC(IT) groups exhibited significant-
ly decreased hydroxyproline levels relative to those in 
the BLM group (P≤0.001, Fig.4C). However, no signifi-
cant differences were observed in the effects of ADSCs 
on TGF-β, α-SMA, and hydroxyproline levels between 
the ADSC(IV) and ADSC(IT) groups.

Effects of ADSCs on TNF-a, SDF-1, IL-6, and IL-1β 
levels in mice with BLM-induced pulmonary fibrosis

To explore the effects of ADSCs on cytokine levels in 
mice with BLM-induced pulmonary fibrosis, this study 
analysed the presence of inflammatory cytokines, includ-
ing TNF-β, SDF-1, IL-6, and IL-1 β, in BALF through 
ELISA. The results revealed that BLM treatment led to 
marked increases in the levels of inflammatory cytokines 
relative to those in the control group (P≤0.001). Further-
more, the ADSC(IV) and ADSC(IT) groups exhibited sig-
nificantly decreased levels of cytokines relative to those 
in the BLM group (P≤0.001, Fig.5). However, no sig-
nificant differences were observed in the effects of AD-
SCs on the cytokine levels between the ADSC(IV) and 
ADSC(IT) groups.

Ng et al.

Fig.3: Effects of ADSC on the histopathological exchange and fibrotic lesion of lungs in bleomycin-induced pulmonary fibrosis. A. The plot illustrated the 
histopathological morphology of lung tissues with H&E and Masson’s trichrome staining assay. The parameters illustrated were B. Ashcroft score and C. 
Fibrotic areas. Data are presented as mean ± SD (n=6 per group). Statistical significance was assessed using one-way ANOVA followed by Fisher’s LSD 
test. The symbol # denoted a significant difference between the indicated group and the control group, while * indicated a significant difference between 
the indicated group and the bleomycin group, with P≤0.001. ADSC; Adipose-derived stem cells, H&E; Haematoxylin and eosin, IV; Intravenous, and IT; 
Intratracheal.
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Fig.5: Effects of ADSC on the secretion of TNF-β, SDF-1, IL-6, and IL-1β in 
bleomycin-induced pulmonary fibrosis. The parameters illustrated were 
TNF-β, SDF-1, IL-6, and IL-1β. Data are presented as mean ± SD (n=6 per 
group). Statistical significance was assessed using one-way ANOVA fol-
lowed by Fisher’s LSD test. The symbol # denoted a significant difference 
between the indicated group and the control group, while * indicated a 
significant difference between the indicated group and the bleomycin 
group, with P≤0.001. ADSC; Adipose-derived stem cells, IV; Intravenous, 
IT; Intratracheal, TNF-β; Tumor necrosis factor-alpha, SDF-1; Stromal cell-
derived factor 1, and IL; Interleukin.

Effects of ADSCs on alveolar barrier dysfunction 
and leukocyte infiltration in mice with BLM-induced  
pulmonary fibrosis

Leukocyte infiltration has been indicated to occur dur-
ing the onset and progression of pulmonary fibrosis due to 
disruptions in the alveolar barrier (22). Therefore, the pre-
sent study investigated the effect of BLM on alveolar bar-
rier dysfunction. The Bradford protein assay revealed that 
BLM treatment led to marked increases in protein con-
centrations in BALF relative to those in the control group 
(P≤0.001). Furthermore, the ADSC(IV) and ADSC(IT) 
groups exhibited significantly decreased protein con-
centrations in BALF relative to those in the BLM group 
(P<0.05, Fig.6). This study further investigated the effect 
of BLM on leukocyte infiltration. Flow cytometry re-
vealed that BLM treatment led to marked increases in the 
infiltration of leukocytes, including neutrophils and lym-
phocytes, relative to that in the control group (P≤0.001). 
In addition, the ADSC(IV) and ADSC(IT) groups exhib-
ited significantly decreased leukocyte infiltration relative 
to that in the BLM group (P≤0.001, Fig.6). However, no 
significant differences were identified in the effects of 
ADSCs on alveolar barrier dysfunction and leukocyte in-
filtration between the ADSC(IV) and ADSC(IT) groups.

Route-Dependent Effects of ADSCs in Lung Fibrosis

Fig.4: Effects of ADSC on the expression of TGF-β, α-SMA, and hydroxyproline of lungs in bleomycin-induced pulmonary fibrosis. A. The plot illustrated the 
histopathological morphology of lung tissues using an immunohistochemistry staining assay. The parameters illustrated were B. TGF-β and C. Hydroxy-
proline levels. Data are presented as mean ± SD (n=6 per group). Statistical significance was assessed using one-way ANOVA followed by Fisher’s LSD test. 
The symbol # denoted a significant difference between the indicated group and the control group, while * indicated a significant difference between the 
indicated group and the bleomycin group, with P≤0.001. ADSC; Adipose-derived stem cells, IV; Intravenous, IT; Intratracheal, TGF-β; Transforming growth 
factor-beta, α-SMA; Stromal cell-derived factor 1, and BLM; Bleomycin.
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Fig.6: Effects of ADSC on the alveolar barrier dysfunction and leukocytic 
infiltration in bleomycin-induced pulmonary fibrosis. The parameters il-
lustrated were leakage of protein and infiltration of leukocytes, including 
neutrophils and lymphocytes. Data are presented as mean ± SD (n=6 per 
group). Statistical significance was assessed using one-way ANOVA fol-
lowed by Fisher’s LSD test. The symbol # denoted a significant difference 
between the indicated group and the control group, while * indicated a 
significant difference between the indicated group and the bleomycin 
group, with P≤0.001. ADSC; Adipose-derived stem cells, IV; Intravenous, 
IT; Intratracheal, and BAL; Bronchoalveolar lavage. 
 
Discussion

The majority of the studies that have investigated tem-
poral trends in the incidence of IPF have identified an in-
creasing trend for IPF incidence over time. Investigations 
conducted in the 1980s recorded somewhat low incidence 
rates, whereas subsequent studies using analogous data-
sets have identified significantly higher incidence rates 
for IPF. Such increases in incidence rates for IPF have 
been identified in the United Kingdom, South America, 
Asia, and Europe (2, 23). 

Epidemiological studies in North America and Europe 
have reported that the annual incidence of IPF varies be-
tween 2.8 and 19 cases per 100,000 individuals. A ret-
rospective analysis of at-risk adults in northern Califor-
nia from 2000 to 2014 utilised a common case-finding 
algorithm to estimate the incidence rate of IPF; the results 
revealed that the incidence rate was 6.8 per 100,000 per-
son-years. However, when a modified algorithm with en-
hanced predictive value was employed, the incidence rate 
decreased to 5.6 per 100,000 individuals. In Europe, the 
United Kingdom has the highest IPF incidence rates, with 
the annual incidence ranging between 4.6 and 8.65 cases 
per 100,000 individuals and approximately 6000 new 
diagnoses made each year. By contrast, lower incidence 
rates, that is, rates of 1.3 to 4.3 and 4 to 6 per 100,000 per-
son-years, have respectively been reported in Scandinavia 

and Russia. Globally, the lowest incidence rates of IPF are 
those in Asian countries; for example, South Korea, Tai-
wan, and Japan have annual incidence rates ranging from 
1.2 to 4.16 cases per 100,000 individuals (2, 23, 24). Al-
though 2 recently introduced antifibrotic drugs, namely, 
pirfenidone and nintedanib, have significantly mitigated 
the lung function decline associated with IPF, no cure has 
been developed for the disease. Thus, novel therapeutic 
approaches to IPF treatment should be developed. ADSCs 
are an essential component of stem cell-based therapy and 
have been one of the most widely used types of stem cells 
for >5 years in clinical settings. These cells have many 
advantages. For example, the number of ADSCs per vol-
ume of tissue and their proliferation rate are high. More-
over, they have been demonstrated to have antifibrotic, 
antiapoptotic, anti-inflammatory, and immunomodulatory 
properties and paracrine mechanisms in several preclini-
cal studies (25). 

A study reported that male Swiss albino mice that re-
ceived IV-administered human ADSCs on days 3, 6, and 9 
post-BLM administration exhibited significant improve-
ment in survival rates by day 24 relative to that in mice 
that received human ADSCs with BLM administration 
(26). Another study reported that the administration of 
BLM on day 1 followed by IV administration of mouse 
ADSC did not significantly influence the body weights 
of C57BL/6 mice (27). By contrast, IV administration of 
ADSCs on day 10 post-BLM administration significantly 
reversed the reduction of body weight resulting from the 
administration of BLM in the rats on days 14 and 21 (28). 
In the present study, we found that IV and IT administra-
tion of human ADSCs on day 14 post-BLM treatment sig-
nificantly increased the survival rates of BALB/c mice by 
day 42. Furthermore, we discovered that IT administra-
tion of human ADSCs led to a greater improvement in the 
survival rate than IV administration did. The decrease in 
body weight mediated by BLM was reversed by IT and IV 
administration of human ADSCs. The superior survival 
observed with IT ADSC administration may reflect more 
effective local modulation of the pulmonary inflammatory 
microenvironment and alveolar-capillary barrier integrity, 
while minimizing systemic exposure or procedure-related 
stress associated with IV delivery, as both routes produced 
comparable antifibrotic and anti-inflammatory effects 
within lung tissue, consistent with the predominantly par-
acrine and context-dependent actions of ADSC (25). In 
addition, differences in systemic immunomodulatory ef-
fects between IV and IT delivery cannot be excluded and 
may contribute to route-dependent survival outcomes, al-
though this was not directly assessed in the present study 
(25). Although IV delivery has been proposed to confer 
survival benefits through systemic immunoregulation or 
protection against extrapulmonary complications, such 
mechanisms were not directly supported by the survival 
patterns observed in the present study. These results in-
dicate that ADSCs administered either intravenously or 
intratracheally can improve the survival rates and body 
weights of mice with IPF, and the effects were stable and 
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long-lasting. Within this context, the present findings in-
dicate that the route of ADSC administration may differ-
entially influence survival outcomes, while exerting com-
parable effects on fibrotic remodeling and inflammatory 
responses in established pulmonary fibrosis.

BLM-induced IPF manifests with several pathologi-
cal features, including lung oedema, relative lung weight, 
collagen synthesis, and pulmonary fibrosis (29). The pre-
sent study discovered that IV and IT administration of 
human ADSCs reversed lung oedema and relative lung 
weight by day 14 post-BLM administration; in addition, 
administration of human ADSCs significantly increased 
the survival rates of the BALB/c mice by day 42 (13). 
Moreover, IV administration of ADSCs improved BLM-
induced histopathological changes. IV administration of 
ADSCs also improved BLM-induced pulmonary fibrosis 
and architecture loss by day 1 and day 10 post-BLM ad-
ministration and significantly reversed the reduction in 
body weight resulting from BLM treatment by day 21 (27, 
28). In addition, IV and IT administration of human AD-
SCs on day 14 post-BLM administration significantly re-
versed collagen accumulation, histopathological changes, 
pulmonary fibrosis, architecture loss, and survival rate in 
the BALB/c mice by day 42. These results indicate that 
ADSCs administered either intravenously or intratrache-
ally effectively improve IPF by mitigating BLM-induced 
lung oedema and pathological features, including histo-
pathological changes and fibrotic lesions.

In the pathogenesis of BLM-induced pulmonary fibro-
sis, TGF-β is released by damaged pulmonary epithelial 
cells and alveolar macrophages. TGF-β promotes the acti-
vation of fibroblasts, which then differentiate into myofi-
broblasts (30). α-SMA is a marker of myofibroblast dif-
ferentiation and contractility (31). TGF-β also mediates 
the activation of myofibroblasts, with this resulting in ex-
cessive deposition of extracellular matrix, primarily col-
lagen (30, 31). Hydroxyproline is a major amino acid in 
collagen, and hydroxyproline is a biochemical marker of 
the collagen content in pulmonary fibrosis (21). Increased 
levels of TGF-β, α-SMA, and hydroxyproline are corre-
lated with histological fibrosis scores and the progression 
of lung tissue scarring (32, 33). In the current study, after 
IV injection of human ADSCs on the 3rd, 6th, and 9th 
days after BLM administration, the levels of hydroxypro-
line and TGF-β mRNA in the mice decreased by the 24th 
day (26). Another study reported that administering BLM 
on day 1 and subsequently intravenously administering 
mouse ADSCs resulted in a significant reduction in the 
levels of hydroxyproline and TGF-β and α-SMA mRNA 
in C57BL/6 mice (27). By contrast, IV administration of 
rat ADSCs on day 10 post-BLM administration signifi-
cantly reduced the expression levels of TGF-β mRNA in 
rats on days 14 and 21 (28). In the current study, both 
IV and IT administration of human ADSCs on the 14th 
day after BLM administration significantly reduced the 
levels of hydroxyproline, TGF-β, and α-SMA in the lungs 
of the mice. This result suggests that ADSCs effectively 
alleviated BLM-induced IPF by decreasing the levels of 

hydroxyproline, TGF-β, and α-SMA.
Several cytokines and chemokines, particularly 

TNF-α, SDF-1, IL-6, and IL-1β, play crucial roles in the 
pathogenesis of BLM-induced IPF (34, 35). When BLM 
is administered to induce IPF, TNF-α and IL-1β levels in-
crease in the early stage of the disease, thus promoting the 
recruitment of neutrophils, macrophages, and fibroblasts 
to the lung injury site (34, 36). In addition to increasing 
the levels of the fibrogenic mediator of TGF-β, these re-
cruited cells release other proinflammatory cytokines, in-
cluding TNF-α, SDF-1, IL-6, and IL-1β, causing inflam-
mation (35). IL-6 is secreted shortly after, and it amplifies 
the inflammatory response while promoting fibroblast 
activation and differentiation into myofibroblasts (37). 
SDF-1, also named CXCL12, is a chemoattractant that 
recruits leukocytes and fibrocytes to the lung injury site. 
Thus, SDF-1 participates in aberrant lung tissue remodel-
ling during fibrosis (34, 36). After IV administration of 
human ADSCs on Days 3, 6, and 9 after BLM treatment, 
the BLM-induced levels of TNF and IL-1β mRNA signif-
icantly decreased by day 24 (26). When BLM administra-
tion followed by IV administration of mouse ADSCs was 
performed on day 1, the TNF-α mRNA levels in C57BL/6 
mice notably decreased (27). Notably, IV administra-
tion of ADSCs increased the levels of IL-1 and TNF-α 
induced by BLM (13). In the present study, administer-
ing human ADSCs intravenously and intratracheally on 
day 14 post-BLM treatment significantly decreased the 
levels of TNF-α, SDF-1, IL-6, and IL-1β in BALF. This 
finding indicates that ADSCs effectively reduced the lev-
els of BLM-induced fibrotic markers, such as TGF-β and 
α-SMA, by reducing the levels of these cytokines. 

The reduction in proinflammatory cytokines observed 
in this study is consistent with the predominantly par-
acrine mode of action attributed to ADSCs. Rather than 
requiring durable engraftment within injured tissue, AD-
SCs are known to secrete a broad spectrum of soluble 
mediators that modulate macrophage polarization, sup-
press excessive cytokine release, and stabilize endothelial 
and epithelial barrier function (25). Although transient 
homing of administered cells to injured lung tissue may 
occur, accumulating evidence indicates that therapeutic 
effects can be achieved with minimal long-term cell re-
tention. Moreover, ADSC-derived extracellular vesicles, 
including exosomes, have been increasingly recognized 
as functional mediators capable of transferring regulatory 
microRNAs and proteins that influence inflammatory and 
fibrotic signaling, thereby offering a plausible mechanis-
tic explanation for the cytokine modulation observed in 
the present model (25, 38).

Alveolar barrier dysfunction is the initiating factor in 
the development of IPF induced by BLM because it leads 
to damage to alveolar epithelial cells, particularly type I 
and type II pneumocytes (39). The greater permeability of 
the alveolar-capillary barrier cause by BLM treatment re-
sults in plasma protein leakage and peripheral leukocyte 
infiltration into the alveolar space, exacerbating lung in-
jury and promoting fibrotic processes (40). In addition, the 
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recruitment and activation of lymphocytes and granulo-
cytes, such as neutrophils and macrophages, play pivotal 
roles in the inflammatory response and subsequent fibrotic 
remodelling in BLM-treated lung tissue (40). In the present 
study, we demonstrated that BLM-induced leakage of pro-
teins and infiltration of leukocytes, such as granulocytes, 
neutrophils, and lymphocytes, into the alveolar space were 
reduced when human ADSCs were intravenously or in-
tratracheally administered on day 14 post-BLM treatment. 
Notably, the absence of increased leukocyte infiltration in 
the IV group compared with the IT group further argues 
against a xenogeneic immune response to human ADSCs 
trapped in pulmonary capillaries.

Several limitations of the present study should be ac-
knowledged. First, this work was conducted using a bleo-
mycin-induced pulmonary fibrosis mouse model, which, 
although widely accepted, does not fully recapitulate the 
complexity and chronic progression of human IPF. Sec-
ond, while survival, fibrotic remodeling, and inflamma-
tory parameters were comprehensively evaluated, the 
biodistribution, long-term engraftment, and fate of ad-
ministered ADSCs were not directly assessed. Third, po-
tential differences in systemic immunomodulatory effects 
between IV and IT administration were not directly meas-
ured and therefore cannot be definitively distinguished 
in this study. In addition, some downstream mechanistic 
pathways, including extracellular vesicle-mediated sign-
aling, were inferred based on existing literature rather 
than experimentally interrogated. Finally, as a preclinical 
study, the translational relevance of these findings requires 
further validation in well-designed clinical investigations.

From a clinical translation perspective, it is important 
to note that the therapeutic effects observed in this study 
are not unique to ADSCs, as bone marrow- and umbili-
cal cord-derived MSCs share core immunomodulatory 
and paracrine properties. The use of ADSCs in the present 
work is therefore based on considerations of accessibil-
ity, scalability, and translational feasibility, rather than 
an assumption of biological superiority over other MSC 
sources (25). From a translational perspective, IV admin-
istration remains the most commonly used and clinically 
established route for stem cell–based therapies, owing 
to its procedural simplicity, reproducibility, and existing 
safety monitoring frameworks, whereas IT delivery is less 
standardized and typically requires bronchoscopic guid-
ance. Although IV delivery may be associated with poten-
tial risks related to pulmonary microvascular trapping or 
first-pass cell sequestration in the lung, IT administration 
allows more localized deposition within the respiratory 
tract but may introduce procedure-related challenges and 
variability in distribution. Therefore, the selection of de-
livery route for clinical translation should balance thera-
peutic efficacy with feasibility and safety considerations. 
These perspectives are consistent with current clinical 
and translational evidence indicating that the therapeutic 
effects of adipose-derived or mesenchymal stem cells are 
predominantly paracrine and context dependent, rather 
than reliant on durable engraftment (25).

Conclusion
Our study demonstrated that IV administration of hu-

man ADSCs significantly reduced mortality in mice with 
BLM-induced IPF, with IV administration outperforming 
IT administration. Nevertheless, administration of ADSCs 
through either route effectively mitigated BLM-induced 
weight loss, with the outcomes being comparable be-
tween the routes. Histological analyses revealed that both 
ADSC(IV) and ADSC(IT) treatment significantly attenu-
ated collagen synthesis, collagen fibre proliferation, and 
collagen fibre accumulation. The levels of hydroxypro-
line and profibrotic markers, such as TGF-β and α-SMA, 
were significantly reduced in both treatment groups, with 
no significant differences between the 2 administration 
routes. Additionally, both treatments led to decreases in 
the levels of inflammation-associated cytokines and the 
infiltration of leukocytes, improving alveolar barrier func-
tion. These findings highlight the therapeutic potential of 
ADSCs for alleviating pulmonary fibrosis and inflamma-
tion, irrespective of the administration route.
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