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Abstract: Pulmonary fibrosis (PF) is a chronic, progressive, irreversible, fibrotic interstitial lung disease
with high mortality. Ginsenoside Re (G-Re) is one of the active components of ginseng, which has been
proven to possess multiple pharmacological effects, including anti-inflammatory and antioxidant. Thus, G-
Re is considered a potential therapeutic agent for treating PF. The present study explored the protective
mechanisms of G-Re against bleomycin (BLM) -induced PF in mice and its potential as a therapeutic
strategy for PF. A mouse model of BLM-induced PF was utilized to assess the effect of G-Re treatment,
with N-acetylcysteine (NAC) set as a positive control agent. Various parameters such as lung function,
histopathological changes, oxidative stress markers, nuclear factor erythroid 2-related factor 2 (Nrf2)
nuclear translocation and its related protein expressions, including Kelch-like ECH-associated protein 1
(Keapl), heme oxygenase 1 (HO-1), and NAD(P)H quinone oxidoreductase 1 (NQO-1), and ferroptosis
signature protein glutathione peroxidase 4 (GPX4) were evaluated. Continuous administration of G-Re for
14 days significantly reduced lung injury, enhanced antioxidant capacity, activated the Nrf2/Keapl signaling
pathway, and inhibited ferroptosis as evidenced by GPX4. Additionally, G-Re treatment reduced collagen
deposition, improved pulmonary function, and alleviated oxidative stress in the lung tissue of PF mice.
These findings demonstrate that G-Re exerts its therapeutic effects against PF by modulating the Nrf2/
Keap1/GPX4 axis and targeting oxidative stress and ferroptosis pathways, highlighting the potential of G-
Re as a pharmacological intervention for PF and providing insights into the molecular mechanisms
underlying its protective effects.
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1. Introduction

Pulmonary fibrosis (PF) is a progressive, irreversible, and age-associated chronic interstitial lung
disease with high morbidity and mortality [1]. The pathological features of PF encompass abnormal
interstitial hyperplasia, excessive collagen deposition, and sustained injury to alveolar epithelial cells. These
changes result in the formation of extensive fibrous cicatricial tissue, leading to diminished lung compliance
and, in severe instances, culminating in pulmonary failure [2]. PF is triggered by various factors, including
environmental exposure, chemotherapy, radiation, severe infection, or idiopathic PF. The median survival
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duration of patients after diagnosis is approximately 3—5 years [3]. Although nintedanib and pirfenidone are
the two medications approved for PF treatment, they are ineffective at improving the survival rate or quality
of life of patients. Moreover, nintedanib and pirfenidone have been associated with notable adverse drug
reactions affecting the gastrointestinal tract, nervous system, and dermal tissues. The exorbitant cost has also
proven to be a deterrent for most patients [4,5]. Thus, identifying alternative pharmacotherapeutic agents
characterized by reduced adverse effects and a more economically viable cost structure for patients with PF is
paramount.

Although numerous studies on PF have been investigated, the underlying molecular mechanisms of PF
are yet to be fully understood. Accumulating evidence suggests that oxidative stress injury plays a crucial role
in the physiological and pathological processes of PF [6,7]. Oxidative stress injury involves the accumulation
of reactive oxygen species (ROS), including reactive nitrogen species (RNS), singlet oxygen (O?), superoxide
anion (O*7), hydrogen peroxide (H,0,), nitric oxide (NO*), hydroxyl radical (OH*), and hydroxyl ion (OH"),
leading to an imbalance between endogenous oxidation and antioxidant systems, which results in lipid
peroxidation of the cell membrane, protein oxidative modification, and DNA damage [8,9]. Notably, the
nuclear factor erythroid 2 related factor 2 (Nrf2) and its specific repressor, kelch-like ECH-associated protein
1 (Keapl), serve as a crucial cellular defense mechanism against oxidative stress injury [10]. The Nrf2/Keapl
signaling pathway regulates a series of cytoprotective genes, including superoxide dismutase (SOD), NAD(P)
H quinone oxidoreductase-1 (NQO-1), heme oxygenase-1 (HO-1), and glutathione peroxidase 4 (GPX4),
promoting the production of reduced glutathione (GSH) [11]. Moreover, oxidative stress leads to the
intracellular accumulation of phospholipid hydroperoxides, which react with both ferrous and ferric ions,
causing rapid and irreversible damage to cell membranes, ultimately resulting in cell death. This series of
cascading events is known as the Fenton reaction and serves as a hallmark of cellular ferroptosis [12]. As a
crucial neutralizing enzyme in this process, GPX4 catalyzes the conversion of two molecules of GSH into
oxidized glutathione, thereby reducing toxic phospholipid hydroperoxides to non-toxic products, and plays a
crucial role in suppressing cellular ferroptosis [13,14]. Prior investigations have documented the protective
effect of the Nrf2/Keapl signaling pathway on pulmonary injury, attributed to the increased expression of
GPX4 and subsequent inhibition of ferroptosis [15,16]. However, the activation status of the Nrf2/Keapl/
GPX4 axis in PF remains unclear. Consequently, targeting and inhibiting the Nrf2/Keap1/GPX4 axis emerges
as a potentially promising therapeutic strategy for PF, given its potential role in modulating oxidative stress
and ferroptosis pathways.

Ginseng (Panax ginseng C.A. Mey), a perennial herb belonging to the Araliaceae family, has been used
as a tonic medicine in traditional Chinese medicine for over 2000 years. The pharmacological effects of
ginseng have been demonstrated in metabolism, infectious diseases, tumors, and central nervous system
disorders [17]. Moreover, within the spectrum of active compounds in ginseng, ginsenoside Re (G-Re), a
protopanaxatriol-ginsenoside, stands out as a crucial component with notable pharmacological properties.
Numerous studies have elucidated the multifaceted pharmacological effects of G-Re, including antioxidant,
anti-inflammatory, antiviral, anti-cancer, and neuroregulatory properties [18-20]. Furthermore, our previous
investigation revealed a discernible protective effect of G-Re against bleomycin (BLM)-induced PF in mice.
However, the precise molecular mechanism underlying this effect remains elusive. Building upon our prior
research and integrating insights from existing literature, the current study sought to delve deeper into the
interplay between the anti-PF properties of G-Re, Nrf2/Keap! signaling pathway, and ferroptosis. This study
seeks to furnish scientific evidence supporting the therapeutic potential of G-Re in treating PF.

2. Materials and Methods
2.1. Regents

G-Re (high-performance liquid chromatography (HPLC) > 95%) (Cat#20200601) was procured from
Hengkang Yibai Technology Co., Ltd. (Beijing, China). BLM (Cat#20067411) was obtained from Hanhui
Pharmaceutical Co., Ltd. (Shanghai, China). N-acetylcysteine (NAC) (Cat#IA0050), Sirius Red dye (Cat#
1471), and improved Masson’s trichrome staining solution (Cat#1346) was sourced from Solarbio
Technology Co., Ltd. (Beijing, China). Myeloperoxidase (MPO) (Cat#E-BC-K074-M), malondialdehyde
(MDA) (Cat#E-BC-K025-M), total antioxidant capacity (T-AOC) (Cat#E-BC-K136-M), T-SOD (Cat#E-BC-
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K020-M), and GSH (Cat#E-BC-K030-M) colorimetric test kits were was from Elabscience Biotechnology
Co., Ltd. (Wuhan, China). Keapl (Cat#ab119403), HO-1(Cat#ab68477), and GPX4 (Cat#abl125066)
antibodies were acquired from Abcam (Cambridge, MA, USA). Alpha-smooth muscle actin (a-SMA) (Cat#
55135-1-AP), B -actin (Cat#6609-1-Ig), Alexa Flour 488 Labeled Goat Anti-Mouse IgG (H + L)
(Cat#SA00013-1), Alexa Flour 488 Labeled Goat Anti-IgG (H + L) (Cat#SA000), Alexa Flour 594 Labeled
Goat Anti-Rabbit IgG (H + L) (Cat#SA00013-4), horseradish peroxidase (HRP)-conjugated Affinipure Goat
Anti-Mouse IgG (Cat#AB-92455), and HRP-conjugated Affinipure Goat Anti-Rabbit IgG (Cat#AB-
10122492) were procured from Proteintech Group Inc. (Rosemont, IL, USA).

2.2. Animals

Forty male C57BL/6J mice (8 — 12 weeks old, 18 —22 g body weight) were obtained from SPF
Biotechnology Co., Ltd. (Beijing, China, certificate No. SCXK 2019-0010). Mice were accommodated in a
specific pathogen-free facility under controlled environmental conditions, including a room temperature of
22-26 °C, relative humidity of 55 + 5%, and a 12:12-h dark-light cycle. All experimental protocols were
approved by the Ethics Committee of Zunyi Medical University (approval No. ZMU21-2203-583). The
experimental procedures strictly adhered to the guidelines established in the US National Institutes of Health
guide for the care and use of laboratory animals (National Institutes of Health Publication 85-23, revised
1996).

2.3. Experimental Model for PF

After one week of adaptive feeding, the experiment was carried out on a BLM-induced PF mouse model
as previously described [10]. Briefly, mice were anesthetized by intraperitoneal injection of 2% pentobarbital
sodium until unconscious and then fixed to a mouse plate in a supine position. The trachea was exposed
through a midline incision in the neck, through which BLM was injected into the trachea between the
cartilage rings of the trachea. Following the injection, mice were positioned upright and rotated at a constant
speed along the longitudinal axis for 3 min to ensure even distribution of BLM (3 mg/kg) in both lungs. In
addition, mice in the Sham group received an equivalent dose of saline as a control. Subsequently, mice were
sterilized, sutured, and intramuscularly injected with 120,000 U of benzathine penicillin to prevent postoperative
infections.

2.4. Experimental Treatment Protocols

NAC is a widely utilized therapeutic agent in respiratory medicine, demonstrating efficacy in conditions
such as bronchiectasis, influenza, and idiopathic PF. Consequently, NAC was employed as a positive control
in this study [21]. The surviving PF mice were randomly divided into three groups in a 1:1 ratio: Model
group, Model + G-Re group, and Model + NAC group. Mice in Model + G-Re and Model + NAC groups
received G-Re 10 mg/kg or NAC respectively by gavage from days 2—14. Mice in the Sham and Model
groups received an equivalent volume of saline.

2.5. Assessment of Pulmonary Function and Index

After 1 h of the final administration of respective reagents, mice were anesthetized using 2%
pentobarbital sodium (50 mg/kg). Subsequently, a T-shaped incision was carefully made along the median
line of the neck to expose the trachea, enabling a thorough evaluation of pulmonary function. A tracheal
catheter was then inserted to facilitate the assessment of pulmonary function. After completing functional
measurements, mice were immediately euthanized, and lung tissues were harvested for subsequent analyses.
The end pulmonary index, a vital metric reflecting pulmonary changes, was calculated using the following
formula: pulmonary index = (pulmonary weight (mg)/body weight (g)) x 100%.

2.6. Histological Analysis

After 14 days of daily treatment, mice were humanely euthanized, and left lung tissues were carefully
harvested. The harvested tissues were then fixed in 4% formalin for 24 h, followed by systematic dehydration
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and paraffin embedding. Subsequently, paraffin-embedded tissues were sliced into 5-um sections for comprehensive
histopathological staining using hematoxylin and eosin (H&E), Sirius Red, Masson’s trichrome, and
Prussian blue staining following the manufacturer’s instructions. The processed tissue sections were
dehydrated and sealed with neutral resin. Histopathological changes were examined under an optical
microscope (Olympus BX43, Tokyo, Japan) and analyzed with Image Pro Plus 6.0 software. Additionally,
the degree of alveolar inflammation and lung damage was assessed using the Szapie scoring criteria: 0
scores, healthy lung tissue; 1 score, mild alveolitis affecting <20% of the total lung area; 2 scores,
moderate alveolitis, affecting 20—50% of the total lung area; and 3 scores, severe alveolitis, affecting >50%
of the total lung area. The Szapie scoring criteria offered a structured and quantifiable approach to evaluate
the extent of alveolar inflammation and lung damage, contributing valuable insights into the pathological
changes associated with the experimental conditions [22]. Moreover, the severity of PF was assessed
utilizing the Ashcroft scoring criteria, a widely employed system for evaluating histopathological changes.
The criteria encompass various scores: 0 scores, healthy lung tissue; 1 score, partial enlargement of the
alveoli and slight thickening of the alveolar septum (<3 times normal); 2 scores, moderate thickening of the
alveolar septum (>3 times normal) without lung structural damage; 3 scores, moderate thickening of the
alveolar septum (>3 times normal) with increased fibrous pulmonary tissue; 4 scores, the formation of
fibrous tissue mass covering <10% of the total lung tissue, accompanied by mild lung structural damage; 5
scores, the area of fibrous tissue mass formation accounting for 10—50% of the total lung tissue area,
accompanied by lung structural damage; 6 scores, the formation area of fibrous tissue mass covering >50%
of the total lung tissue, and significant lung structural damage; 7 scores, severe lung structural damage and
a large area of fibrosis, forming a honeycomb lung; and 8 scores, full fibrous lung tissue. This scoring
system provides a nuanced and quantitative evaluation of the pathological alterations in lung tissues,
enhancing the precision of PF severity assessment [23].

2.7. Immunofluorescence

Tissue sections were initially heated with citrate repair solution for 8§ min after dewaxing and hydration.
Subsequently, sections were incubated at 4 °C overnight with primary antibodies against a-SMA and Nrf2.
Afterward, sections were thoroughly washed with a phosphate-buffered saline (PBS) buffer and subsequently
incubated with Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:100) and Alexa Fluor 594-conjugated
goat anti-rabbit antibody (1:100) for 1 h at room temperature, respectively. 4', 6-diamidino-2-phenylindol
(DAPI]) stain was applied for 5 min to visualize nuclei. Sections were then coverslipped using an anti-
fluorescence attenuation tablet, followed by a systematic examination. At least 6 random microscopic fields
were selected under a fluorescence microscope (Olympus BXS53, Tokyo, Japan) and the intensity of
fluorescence was quantified using Image Pro Plus 6.0.

2.8. Cytokine Measurements

The collected mouse serum and the supernatant obtained from centrifugation of homogenized lung
tissue were utilized for subsequent analysis. MDA content and MPO, T-AOC, GSH, and SOD activities
were determined using respective colorimetric activity assay kits following the manufacturer’s
instructions. The absorbance was measured at 460 nm to assess MDA levels and MPO, T-AOC, and SOD
activities.

2.9. Western Blot Analysis

Protein expression levels were detected by western blotting as previously described [24]. Briefly,
protein samples were extracted from lung tissue and dissolved in radioimmunoprecipitation assay (RIPA)
buffer containing 10% proteinase inhibitor phenylmethylsulfonyl fluoride (PMSF) and protein phosphatase
inhibitors, respectively. The protein concentration was determined using a BCA protein assay Kkit.
Subsequently, quantitative protein samples from each group were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then electro-transferred onto nitrocellulose membranes. Afterward,
membranes were blocked with 5% skim milk at room temperature for 2 h and then incubated at 4 °C
overnight with primary antibodies, including Keapl (1:1000), HO-1 (1:1000), GPX4 (1:1000), a-SMA (1:
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1000), and P -actin (1:2000). The membranes were subsequently incubated with HRP-labeled secondary
antibodies: HRP-conjugated Affinipure Goat Anti-Mouse IgG (1:5000) or HRP-conjugated Affinipure Goat
Anti-Rabbit IgG (1:5000) at room temperature for 2 h. Finally, membranes were visualized with enhanced
chemiluminescence (ECL) reagents and analyzed using a ChemiDoc MP Imaging System (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) (Figure S1).

2.10. Statistical Analysis

All data were analyzed using SPSS version 26.0. A one-way analysis of variance (ANOVA) was
employed for multiple group comparisons. The homogeneity of variance was tested with P > 0.05 using the
least significant difference (LSD) method. The Dunnett’s T3 method was applied when the homogeneity of
variance was not met (P < 0.05). Data were presented as mean + standard error of the mean (SEM). P < 0.05
was considered statistically significant.

3. Results
3.1. Effects of G-Re on Body Weight and Lung Index in PF Mice

An animal lung function test system was employed to systematically body weight and lung index in
BLM-induced PF mice. The results revealed significant differences between the Sham and the Model groups.
Mice in the Model group exhibited signs of lethargy, sluggish movement, substantial weight loss, and an
increase in pulmonary index. However, continuous administration of G-Re for 14 days markedly ameliorated
these symptoms, leading to a significant decrease in lung index (P < 0.05) (Figure 1). These results suggested
a positive influence of G-Re in mitigating the physiological consequences of PF, contributing to its potential
as a therapeutic strategy for PF.
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Figure 1. G-Re increased the net body weight and decreased the lung index in BLM-induced PF mice. Mice in Model +
G-Re group and Model + NAC group were intragastric administration with G-Re (10 mg/kg) or NAC for 14 days,
respectively, while mice in Sham group and Model group were gavaged with the equal volume of normal saline after
BLM treatment. (A) The body weight change curve of mice in each group; (B) Pulmonary coefficient of mice in each
group. Data are shown as the mean = SEM (n = 10; * P < 0.05 significantly different from the Sham group; * P < 0.05
significantly different from the Model group).

3.2. Effect of G-Re on Pulmonary Function in PF Mice

Functional residual capacity (FRC), forced vital capacity (FVC), maximal mid-expiratory flow
curve (MMEF), and inspiratory capacity (IC) were comprehensively assessed using a pulmonometer
before the mice were sacrificed to investigate the effect of G-Re on pulmonary function in BLM-induced
PF mice. The results revealed a significant reduction in FRC, FVC, MMEF, and IC in PF mice compared
with the Sham group. However, continuous administration of G-Re for 14 days significantly improved
FRC, FVC, MMEF, and IC in PF mice (Figure 2). These results indicated that G-Re ameliorates BLM-
induced pulmonary ventilation disorder in mice, suggesting that G-Re may alleviate the pathological
process of PF.
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Figure 2. G-Re alleviated lung dysfunction in BLM-induced PF mice. The lung function was measured through a spirometer
including (A) FRC, (B) FVC, (C) MMEEF, and (D) IC before the mice were sacrificed; Data are presented as the mean + SEM
(n=6;" P<0.05 significantly different from the Sham group; * P < 0.05 significantly different from the Model group).

3.3. Effect of G-Re on Pulmonary Histopathological Morphology in PF Mice

Histological evaluation using H&E staining was employed to examine pulmonary pathological changes
following BLM instillation. H&E staining results revealed disordered pulmonary alveolar structures accompanied
by pulmonary interstitial hyperplasia in the Model group. However, these pathological symptoms were markedly
alleviated in the Model + G-Re group (Figure 3A). Furthermore, the Szapiel and Ashcroft scoring systems were
utilized to quantify alveolar inflammation and PF in mice post-BLM infusion, revealing an exceptionally severe
condition compared with the Sham group. Remarkably, the administration of G-Re at a dose of 10 mg/kg
mitigated both inflammation and PF lesions on day 14 in PF mice (Figure 3B, C). Collectively, these findings
underscore the potential therapeutic efficacy of G-Re in treating BLM-induced PF.

3.4. Effect of G-Re on Collagen Deposition in Lung Tissue of PF Mice

Sirius Red and Masson’s trichrome staining were employed histological techniques to examine the
effect of G-RE on BLM-induced collagen deposition and PF in mouse lung tissues. Sirius Red staining
imparts a red color to collagen fibers, facilitating a visual representation of collagen deposition. Collagen
deposition was evident in PF mice, including increased collagen fibers in alveolar septa, around bronchi, and
in other structures (Figure 4A). Additionally, Masson’s trichrome staining imparts a blue color to collagen
and muscle fibers and a red color to the cytoplasm. Results showed clear blue-stained collagen fibers in lung
fibrosis mice, indicating a higher prevalence of fibrotic lesions (Figure 4C). Conversely, continuous treatment
with G-Re for 14 days significantly ameliorated these structural changes, including a significant reduction in
collagen deposition and fibrotic lesions in the lung tissues of PF mice, further confirmed by the
corresponding collagen volume fraction (Figure 4B,D). The observed reduction in collagen deposition and
fibrotic lesions with G-Re treatment suggests its potential as a therapeutic intervention in mitigating BLM-
induced PF.

3.5. Effect of G-Re on a-SMA in PF Mice

a-SMA is a hallmark protein indicating the activity of pulmonary myofibroblasts, and its expression
level is closely associated with collagen protein deposition. Hence, immunofluorescence was performed to
examine o-SMA protein expression in mouse lung tissue to further investigate the protective effects of G-Re
against BLM-induced PF in mice. Compared with the Sham group, the Model group showed increased
fluorescence intensity of a-SMA protein, signifying elevated levels after BLM instillation. Conversely, the
Model + G-Re group displayed a significant reduction in a-SMA protein levels compared with the Model
group (Figure 5). These results indicated that G-Re can mitigate collagen deposition in the lungs of PF mice.
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Figure 3. G-Re ameliorated pulmonary injury in BLM-induced PF mice. Successful establishment of BLM-induced
acute lung injury in vivo. The mice were anesthetized with 2% pentobarbital sodium (50 mg/kg) and then BLM was
injected into the trachea followed by gavage with G-Re or NAC for 14 days, continuously. (A) Representative images
of H&E staining in Sham, Model, Model + G - Re, and Model + NAC groups. The red arrows indicate the damaged
alveolar structure. Scale bar = 500 um, 4x; 100 pum, 20x; (B) Ashcroft score of lung tissue; (C) Szapiel score of lung
tissue. Data are shown as the mean + SEM (n = 6; * P < 0.05 significantly different from the Sham group; * P < 0.05
significantly different from the Model group).
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Figure 4. G-Re attenuated lung collagen deposition and lung fibrosis in BLM-induced PF mice. The mouse lung
tissue was collected after BLM instillation followed by gavage G-Re for 14 days. (A) Representative images of the
Sirius red staining (pink) in Sham, Model, Model + G - Re, and Model + NAC groups. The red arrows point to areas
with significant collagen deposition, scale bar = 500 pm, 4x; 100 um, 20x. (B) Area density analysis of Sirius red
staining; (C) Representative images of the Masson staining assay (blue) in Sham, Model, Model + G - Re, and Model
+ NAC groups. The red arrows represent the collagen volume fraction among different groups, scale bar = 500 pum, 4x;
100 pum, 20x%. (D) Area density analysis of Masson staining Data are shown as the mean = SEM (n = 6; * P < 0.05
significantly different from the Sham group; * P < 0.05 significantly different from the Model group).
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Figure 5. G-Re reduced a-SMA protein level in lung tissue of BLM-induced PF mice. The mouse lung tissue was
collected after BLM instillation followed by gavage G-Re for 14 days. (A) Immunofluorescence staining of a - SMA
(green), DAPI (blue), and their merge in Sham, Model, Model + G - Re, and Model + NAC groups. The red arrows
indicate protein deposits in different groups, scale bar = 100 pm, 20% ; (B) The analysis of o -SMA average

fluorescence intensity among different groups; Data are presented as the mean + SEM (n = 6; ~ P < 0.05 significantly
different from the Sham group; * P < 0.05 significantly different from the Model group).

3.6. Effect of G-Re on Oxidative Stress-Related Indicators in PF Mice

Oxidative stress is implicated in the pathogenesis of PF. Therefore, we initially assessed oxidative
markers, including MDA, MPO, T-AOC, GSH, and SOD. It was found that MDA content and MPO activity
were significantly increased and T-AOC and GSH activities were markedly decreased in PF mice (Figure 6A—

F). Additionally, the suppression rate of SOD was dramatically enhanced, with a significant decrease in its

activity. However, all these effects were reversed by G-Re treatment (10 mg/kg). Taken together, these data

suggest that G-Re can alleviate BLM-induced oxidative stress injury in PF mice.

A

MDA (pmol/gprot)

T-AOC (U/mL)

SOD suppression rate %

150

100

50

Sham

Sham

Sham

Model

Model

Model

G-Re NAC

Model +

G-Re NAC
Model +

G-Re NAC

Model +

MPO specific activity (U/L)

GSH (pmol/gprot)

SOD specific activity (U/ml)

=

=3

S
1

400

)

=1

S
1

o
I

15

300+

Sham  Model G-Re NAC
Model +

Sham  Model G-Re NAC
Model +

Model  G-Re NAC
Model +

Figure 6. G-Re regulated oxidative stress-related indicators including MDA, MPO, T-AOC, GSH, SOD in serum by
colorimetric preparation kit and statistical analysis. (A) MDA content; (B) MPO activity; (C) T-AOC content; (D) GSH
content; (E) SOD suppression rate; (F) SOD activity. Data are presented as the mean + SEM (n = 6; ~ P < 0.05
significantly different from the Sham group; “ P < 0.05 significantly different from the Model group).
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3.7. Effect of G-Re on Nrf2 Nuclear Translocation in PF Mice

Given the pivotal role of oxidative stress in the physiological and pathological processes of PF, we
employed immunofluorescence staining to assess the nuclear translocation of Nrf2, a key nuclear
transcription factor in oxidative stress regulation. Red fluorescence in immunofluorescence images represents
Nrf2 expression, whereas blue fluorescence corresponds to the nucleus when using DAPI. As depicted in
Figure 7A, Nrf2 nuclear translocation was significantly reduced in the lung tissue of Model compared with
Sham mice. The Pearson correlation coefficient was also significantly decreased, further confirming a notable
reduction in Nrf2 nuclear translocation in the Model group. Conversely, the expression of nuclear red
fluorescence was significantly increased in the lung tissue of Model + G-Re compared with Model mice. The
Pearson correlation coefficient was also significantly increased. The observed enhancement of Nrf2 nuclear
translocation by G-Re highlights its potential as a therapeutic agent against oxidative stress in PF, and further
understanding of Nrf2-mediated pathways may provide insights for targeted PF therapies.

Sham Model Model + G-Re B

A
- ---
. ---
- ---

Figure 7. G-Re promoted Nrf2 nuclear translocation in BLM-induced PF mice. (A) Immunofluorescence staining of
Nrf2 (red), DAPI (blue), and their merge in Sham, Model, and Model + G - Re groups. The red arrows indicate Nrf2
translocation from cytoplasm to the nucleus, Scale bar = 100 um, 20x; (B) Pearson correlation coefficient among
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different groups. Data are the presented as the mean + SEM (n = 6; * P < 0.05 significantly different from the Sham
group; ” P < 0.05 significantly different from the Model group).

3.8. Effect of G-Re on Keap-1, HO-1, and NQO-1 Protein Expression in PF Mice

Next, the expression of Nrf2-related proteins, including Keap-1, HO-1, and NQO-1 was assessed by
western blot analysis to further explore the potential involvement of the Nrf2 signaling pathway in BLM-
induced PF in mice. As depicted in Figure 8, the results revealed significant alterations in protein expression
in the Model group compared with the Sham group. Specifically, Keapl protein expression was significantly
upregulated and HO-1 and NQO-1 protein expressions were significantly down-regulated in the Model
group, which were significantly reversed by G-Re (10 mg/kg) treatment (Figure 8A —D). These findings
highlight the potential role of the Nrf2 signaling pathway in the development of BLM-induced PF and the
regulatory effects of G-Re on Keap-1, HO-1, and NQO-1 protein expressions.

3.9. Effect of G-Re on GPX4 Protein Expression and Iron lon Deposition in Lung Tissues of PF Mice

Furthermore, the expression of molecules associated with ferroptosis was assessed to investigate the
potential mechanism by which G-Re alleviates BLM-induced PF in mice. Prussian blue staining results
provided insight into iron concentrations. Notably, the Model group exhibited an increase in iron levels,
indicative of a perturbation in iron homeostasis. In contrast, the Model + G-Re group displayed relatively
normal iron levels compared with the Sham group (Figure 9A,B). The protein expression of GPX4, a pivotal
protein in the regulation of ferroptosis, was also examined. The Model group exhibited lower GPX4
expression than the Sham group. Conversely, mice in the Model + G-Re group exhibited higher GPX4 levels
than those treated with BLM alone, indicating that G-Re effectively inhibited BLM-induced ferroptosis in PF
mice. These findings suggested a potential role for G-Re in modulating ferroptosis, a form of regulated cell
death associated with iron-dependent lipid peroxidation, in PF mice.
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Figure 8. G-Re relieved oxidative stress injury by regulating the Nrf2/Keap!1 signaling pathway in BLM-induced PF
mice. (A) Representative images of western blot for Keapl, HO-1, NQO-I1protein expressions, respectively. f-actin
was applied as loading control; (B) Quantitative analysis of Keapl protein expression (n = 5); (C) Quantitative
analysis of HO-1 protein expression (n = 5); (D) Quantitative analysis of NQO-1 protein expression (n = 5). Data are
presented as the mean + SEM (n = 6; " P < 0.05 significantly different from the Sham group; * P < 0.05 significantly
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Figure 9. G-Re effectively inhibited the ion deposition and GPX4 protein expression in BLM-induced PF mice. (A)
Representative images of mouse lung tissue stained with Prussian blue in Sham, Model, and Model + G - Re groups.
The red arrows indicate regions with notable Prussian blue staining, suggesting areas of iron accumulation or relevant
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Sham group; * P < 0.05 significantly different from the Model group).
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4. Discussion

The present study has for the first time demonstrated that G-Re effectively alleviates BLM-induced PF
in mice. The potential molecular mechanism may be linked to its anti-oxidative stress effects through the
activation of the Nrf2/Keapl signaling pathway. Notably, the reduction in iron sedimentation and GPX4
protein expression suggests the involvement of cell ferroptosis in the protective action of G-Re against PF
injury. Overall, these findings highlight that G-Re exerts a protective role by modulating the Nrf2/Keapl/
GPX4 axis, providing a pharmacological foundation for developing PF treatment strategies that warrant
further exploration.

BLM has been widely used to investigate the mechanism of PF in mice, which induces inflammatory
cell infiltration, fibrosis, and pulmonary structure disorders, resulting in restricted dyspnea and ventilation
dysfunction [25]. The current study showed that body weight gain was significantly decreased and the lung
coefficient was remarkably increased after BLM instillation. Moreover, the pulmonary dysfunction
significantly worsened 14 days post-BLM exposure, evidenced by the reduced FVC, FRC, MMEEF, and IC
[26]. Notably, G-Re effectively mitigated these effects after BLM treatment. Similarly, H&E staining results
further confirmed that G-Re reversed the pathological morphology of lung tissue in PF mice, evidenced by
increased inflammatory cell infiltration, alveolar structure disorder, and lung tissue destruction after BLM
instillation. These results affirm the inhibitory role of G-Re in the pathological progression of PF.

Numerous clinical and experimental studies have demonstrated that the pathological process of PF is
closely associated with sustained damage to the alveolar epithelium, triggering downstream effector cell
recruitment and fibrotic factor secretion. Among them, the released pro-fibrotic factors initiate epithelial-
mesenchymal transformation and fibroblast-to-myofibroblast transdifferentiation, which is a key driver
promoting PF formation [27]. Particularly, myofibroblasts, key contributors to PF, deposit excessive
extracellular matrix components and resist apoptosis, leading to abnormal fibrous tissue formation. Moreover,
a-SMA is a signature protein of lung myoblast activity, and its expression level can directly reflect the
situation of collagen deposition [28]. The present study found that G-Re inhibited collagen deposition and
lung fibrosis in PF mice, as evidenced by Sirius Red and Masson’s trichrome staining. Furthermore, G-Re
reduced a-SMA levels in the lung tissue of PF mice, demonstrating its ability to mitigate BLM-induced
collagen deposition.

Previous studies have shown that the pathological progression of PF is closely associated with oxidative
stress damage. Therefore, MDA and MPO, markers of oxidative stress injury, were measured to determine
whether oxidative stress is a key factor in BLM-induced PF [29, 30]. Our findings showed that G-Re
significantly reduced lung tissue MDA levels and serum MPO activity in PF mice, suggesting that G-RE may
play a potential role in mitigating lipid peroxidation induced by excessive ROS accumulation. NAC, a well-
known antioxidant that scavenges free radicals and boosts GSH synthesis, is widely used in clinical
respiratory disease treatment. NAC, widely used to study oxidative stress injuries, served as a positive control
in the current study [31,32]. In our previous study of redox homeostasis maintenance, we discovered that
Nrf2, a key redox transcription factor, plays a crucial role in balancing oxidation and antioxidant capacity.
Nrf2 remains bound to Keapl in the cytoplasm with low activity under normal physiological conditions.
However, Nrf2 dissociates from Keapl and translocates into the nucleus after exposure to oxidative stress,
where it binds to antioxidant response elements (ARE), initiating the transcription and expression of
downstream antioxidant enzymes (e.g., GPX4 and SOD) and phase II detoxification enzymes (e.g., HO-1 and
NQO-1) [33]. This cascade enhances cellular T-AOC and preserves cell redox homeostasis. The present study
found that G-Re promoted Nrf2 nucleation in the lung tissue of PF mice. Concurrently, G-Re inhibited the
expression of Keap1 protein and upregulated the expression levels of HO-1 and NQO-1 proteins. Importantly,
G-Re also increased SOD, T-AOC, and GSH activities in the lung tissue of PF mice. These findings suggest
that G-Re can mitigate BLM-induced PF in mice by activating the Nrf2/Keap!1 signaling pathway.

Our study also discovered that G-Re significantly reduced the protein expression of GPX4 in the lung
tissue of PF mice. GPX4 is a central regulatory factor in ferroptosis, and its decline is regarded as a hallmark
of ferroptosis [34]. Ferroptosis represents an iron-dependent form of regulated cell death characterized by the
toxic accumulation of lipid peroxides on the cell membrane, which is closely associated with oxidative stress
[35]. Based on this discovery, it has also been recognized that ferroptosis plays a crucial role in the
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progression of PF, and its potential molecular mechanisms are increasingly being unveiled [36,37]. The
current study revealed that G-Re significantly reduced protein expression of GPX4 in the lung tissue of PF
mice, suggesting that the alleviating effect of G-Re on PF may involve ferroptosis. The results of Prussian
blue staining further validated this conclusion, indicating that G-Re has a mitigating effect on iron ion
precipitation in the lung tissue of PF mice.

In summary, this study preliminarily investigated the impact of G-Re on BLM-induced PF in mice,
primarily focusing on oxidative stress damage. The findings demonstrated that continuous administration of
G-Re at a dosage of 10 mg/kg effectively reduced lung tissue injury and enhanced the antioxidant capacity in
PF mice. Moreover, the study identified a correlation between the protective effect of G-Re against BLM-
induced PF in mice and the activation of the Nrf2/Keapl signaling pathway and ferroptosis. However, the
specific molecular mechanisms have not been thoroughly investigated. T further exploration of potential
mechanisms can be pursued using protein inhibitors, gene knockout techniques, network pharmacology, and
other methodologies in subsequent studies (Figure 10).
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Figure 10. Schematic diagram showing the mechanism by which G-Re alleviates BLM-induced PF injury by
inhibiting the Nrf2/Keap1/GPX4 axis in mice.
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