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Abstract

The efficacy of rosuvastatin in reducing allergic inflammation has been established. How-
ever, its potential to reduce airway remodeling has yet to be explored. This study aimed to
evaluate the efficacy of rosuvastatin in reducing airway inflammation and remodeling in a
mouse model of chronic allergic asthma induced by sensitization and challenge with OVA.
Histology of the lung tissue and the number of inflammatory cells in bronchoalveolar lavage
fluid (BALF) showed a marked decrease in airway inflammation and remodeling in mice
treated with rosuvastatin, as evidenced by a decrease in goblet cell hyperplasia, collagen
deposition, and smooth muscle hypertrophy. Furthermore, levels of inflammatory cytokines,
angiogenesis-related factors, and OVA-specific IgE in BALF, plasma, and serum were all
reduced upon treatment with rosuvastatin. Western blotting was employed to detect AMPK
expression, while immunohistochemistry staining was used to observe the expression of
remodeling signaling proteins such as a-SMA, TGF-3, MMP-9, and p-AMPKa in the lungs. It
was found that the activity of 5-adenosine monophosphate-activated protein kinase alpha
(AMPKa) was significantly lower in the lungs of OVA-induced asthmatic mice compared to
Control mice. However, the administration of rosuvastatin increased the ratio of phosphory-
lated AMPK to total AMPKa, thus inhibiting the formation of new blood vessels, as indicated
by CD31-positive staining mainly in the sub-epithelial region. These results indicate that
rosuvastatin can effectively reduce airway inflammation and remodeling in mice with chronic
allergic asthma caused by OVA, likely due to the reactivation of AMPKa and a decrease in
angiogenesis.
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Introduction

Asthma is a complex condition with a global impact, affecting approximately 334 million peo-
ple [1, 2]. It is a chronic condition marked by inflammation and remodeling of the airways,
resulting in high medical costs, a decrease in quality of life, and, in severe cases, death if not
treated with traditional treatments [3]. To improve asthma management, it is essential to gain
an in-depth understanding of its pathophysiology and to search for more effective treatments.

Chronic allergic asthma is a condition characterized by an abnormal response of Th2 cells
to allergens, resulting in a long-term inflammatory reaction and the remodeling of the airways
[4, 5]. This remodeling includes the proliferation of mucosal cells, the accumulation of sube-
pithelial fibrosis, an increase in airway smooth muscle mass and collagen deposition, and
angiogenesis. Angiogenesis, which is supported by TGF-B, VEGF, and MMP-9 [6, 7], is partic-
ularly noteworthy, as it allows for an ongoing influx of inflammatory cells and mediators, as
well as providing essential elements such as oxygen, nutrients, and growth factors for irregular
cell growth and increased activity [8-10]. Bronchial angiogenesis is mainly dependent on
VEGEF and endothelial progenitor cells that are activated when stromal cell-derived factor 1
(SDF-1) binds to chemokine receptor CXCR4 [11, 12]. Therefore, an effective treatment of
chronic allergic asthma should include a therapeutic approach that targets both the persistent
airway inflammation and the remodeling of the airways.

Clinical studies have demonstrated that statins, a type of lipid-regulating medication, have
a variety of non-lipid-lowering effects, such as immunomodulation, control of inflammatory
reactions, antioxidative stress, and inhibition of mitosis in cancer cells [13-17]. Research con-
ducted on asthmatic individuals has revealed that taking statins can be beneficial in terms of a
decrease in asthma exacerbations, relieving symptoms, and lowering the risk of asthma-related
hospitalizations and emergencies [18]. Furthermore, the daily cumulative dose of statins is
inversely proportional to the frequency of asthma attacks [19, 20]. Clinical trials have also indi-
cated that a combination of oral statin treatment and budesonide is effective in reducing lung
inflammation in severely asthmatic patients by enhancing IL-10 production and suppressing
macrophage autophagy [21]. Experimental studies have demonstrated that statins, such as
rosuvastatin and simvastatin, can reduce inflammation [22]. Additionally, research has shown
that when asthmatic mice are treated with rosuvastatin, the expression of eosinophils, neutro-
phils, and cytokines such as IL-4, IL-13, IL-5, and IL-17 is decreased, while the expression of
the anti-inflammatory cytokine IL-10 is increased [22, 23]. This leads to a significant decrease
in lung tissue inflammation and airway hyperresponsiveness. Moreover, it has been observed
that systemic administration of simvastatin in a mouse model of allergic inflammation caused
by mite antigens can reduce more than 50% of the lung inflammatory responses, including
eosinophil and neutrophil infiltration, an increased number of hyperplastic goblet cells, and
the secretion of pro-inflammatory cytokines [24]. Overall, the evidence from these studies sup-
ports the use of statins as a potential treatment option for asthma, as they have been shown to
have anti-inflammatory and immunomodulatory effects that can provide relief for individuals
with asthma.

AMP-activated protein kinase o. (AMPKa), a significant signaling pathway related to cellu-
lar energy balance, has been observed to be a major regulator of physiological activities such as
inflammation, metabolism, and autophagy [25-27]. Recent studies have suggested that activat-
ing AMPKoa: could have beneficial effects in asthma, such as inhibiting airway contraction, sup-
pressing the activation and migration of inflammatory cells into the airways, reducing mucus
production, and reducing oxidative stress [28, 29]. To further explore the anti-inflammatory
effects of statins, this study will investigate whether rosuvastatin, a commonly used statin, can
reduce asthma-related inflammation and airway remodeling through the AMPKo. pathway.
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Materials and methods
Ethics approval

All animal-based research studies have been conducted in compliance with the ARRIVE
guidelines (https://arriveguidelines.org) and have been approved by the Ethics Committee for
Animal Care and Use of Hainan Medical University (approval No. ETH_HMU201800128).

Establishment of an ovalbumin-mediated mouse allergic chronic asthma
model and treatment with rosuvastatin

Mice aged between 6-8 weeks were acquired from the Chengdu Animal Center (Sichuan,
China) and kept in a temperature-regulated, pathogen-free atmosphere with a 12-hour light-
dark cycle. Thirty mice were randomly allocated into three separate groups: the Control, the
OVA, and the OVA+Rstin groups. All the groups were given an ample supply of standard
OVA-free food and water. The chronic allergic mouse asthma model was established based on a
previously documented protocol [30], with a minor adjustment to prolong the study to 78 days,
as illustrated in Fig 1A. In brief, mice were administered a total of 40 pug of OVA (Grade V,
Sigma Aldrich, St. Louis, MO) along with 2 mg of aluminum hydroxide (ImjectAlum; Pierce
Biotechnology, Rockford, IL) in a volume of 200 pL through intraperitoneal injection on Days
0,7, and 14. From the 21st day onwards, the OV A-sensitized mice were subjected to an eight-
week period of exposure to 5% OVA (Grade V, Sigma Aldrich) aerosol in a sealed environment,
facilitated by a nebulizer (PARI Respiratory Equipment, Richmond, VA). The exposure was car-
ried out five times a week, with each session lasting 30 minutes. The OVA+Rstin group of mice
were administered a subcutaneous injection of rosuvastatin (30 mg/kg, Sigma-Aldrich) 30 min-
utes prior to each inhalation challenge on the same day, whereas the OVA group did not receive
the rosuvastatin treatment [31]. The Control group followed the same protocol; however, they
were administered saline instead of OVA for sensitization and challenge, and rosuvastatin.
Upon completion of the last experiment, all mice were humanely euthanized according to previ-
ously reported methods [32], which involved an intraperitoneal injection of a combination of
Ketamine (250 mg/kg) and Xylazine (25 mg/kg) until the toe pinch and corneal reflex were no
longer present. Subsequently, BALF, blood, and lung tissues were collected by an intraperitoneal
injection of an excessive amount of pentobarbital sodium (illustrated in Fig 1A).

Lung histopathology

Following the collection of BALF, the left lung was fixed in 4% formalin solution for 24 hours
before being embedded in paraffin wax. The right lung was stored in liquid nitrogen for future
Western blot analysis. To assess the presence of inflammatory cell infiltrations, mucus secre-
tions, and subepithelial fibrosis, sections (5 um) of the paraffin-embedded lung tissue were
stained with Hematoxylin and Eosin (H&E), Periodic Acid-Schiff (PAS), and Masson’s Tri-
chrome dyes, respectively. A Nikon ECLIPSE 80i light microscope (Tokyo, Japan) at 40x mag-
nification was employed to measure the inner diameters of 20 randomly chosen bronchioles,
which ranged from 100 to 200 um. A double-blind, quantitative analysis of the lung tissues was
conducted by two independent experimenters using Image-Pro Plus v6.0 software (Media
Cybernetics, Rockville, MD). A five-point scale was used to evaluate the degree of inflamma-
tion of the airway wall and smooth muscle layers, as well as the mucus score based on the per-
centage of goblet cells found in the epithelium [33]. Furthermore, Masson’s Trichrome
staining was used to measure the degree of collagen deposition in the submucosal region and
the basement membrane. The area of Masson’s staining per unit length of the basement mem-
brane (um) was calculated to quantify the results [34].
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Fig 1. Rosuvastatin treatment on inflammatory infiltration in the lungs. (A) The illustration shows the establishment of the OVA-mediated chronic
allergic asthma model in mice and the groups with or without PAC treatment. (B) The representative image of a lung tissue section stained with
Hematoxylin and Eosin (HE) from each experimental group. (C) The blinded inflammation score obtained from the analysis of HE-stained sections. (C and
D) The airway wall thickness (C) and smooth muscle thickness (D) from the HE-stained lung sections using Image-Pro Plus software. All images were
captured at a magnification of x200. The data are expressed as the mean + SD (n = 5) and analyzed using one-way ANOVA followed by Tukey’s post-hoc
test. Statistical significance is denoted as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

https://doi.org/10.1371/journal.pone.0305863.g001
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Immunohistochemistry of lungs

Lung immunohistochemistry was performed as previously reported [35]. In brief, the lung tis-
sue sections were processed by dewaxing and rehydrating them with a xylene and ethanol solu-
tion. Subsequently, a 10 mmol/L sodium citrate buffer was applied using a microwave to
retrieve the antigens, and 3% hydrogen peroxide was used to inhibit the endogenous peroxidase.
This was followed by a 30-minute blocking step with 3% bovine serum albumin. The sections
were then incubated with primary antibodies, including anti-o-SMA (1:1500), anti-MMP-9
(1:300), anti-TGF-p (1:450), anti-CD31 (1:200), and anti-p-AMPKoa. (Thr172, 1:200), purchased
from Servicebio (Wuhan, China) or Cell Signaling Technology (Danvers, MA, United States).
After an overnight incubation at 4°C, these sections were labeled with either goat anti-rabbit or
mouse antibodies, and the DAB Kit (Abcam ab64238, Shanghai, China) was used to visualize
them. Finally, the intensity of the brown color in the peribronchial area was quantitatively
assessed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).

Immunofluorescence detection of lung sections

Immunofluorescence detection of lung sections was performed in accordance with a previ-
ously reported method [36]. To begin, the lung tissue sections were permeabilized with 0.1%
Triton X-100 and blocked with 3% bovine serum albumin. Afterwards, the sections were incu-
bated with a rabbit anti-CD31 antibody (ab124432; Abcam, Shanghai, China) at a dilution of
1:100 overnight at 4°C. Afterwards, a FITC-labeled anti-rabbit IgG secondary antibody (1:300;
ab313801, Abcam) was applied to the lung slices for an hour at room temperature to complete
the staining process. Following the washing, the lung slices were placed in a medium contain-
ing DAPI for mounting. Finally, using a fluorescence microscope and a digital photomicro-
graph system (LX83, Olympus, Tokyo, Japan), the green fluorescent images were captured and
quantified objectively using free Image]J software.

Western blotting analysis

Frozen lung tissue samples of approximately 100 mg were homogenized in 1,000 uL of RIPA
buffer containing protease inhibitors obtained from Boster Biotech (Wuhan, China), and the
homogenate was then subjected to Western blotting analysis as previously described [37]. The
lysates were then centrifuged at a speed of 12,000 rpm for 20 minutes at a temperature of 4°C
to separate the proteins. Following the detection of the protein concentration of the superna-
tant using a BCA Protein Assay Kit (Takara, Dalian, China), the proteins were then separated
via 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto PVDF
membranes using a Mini Trans-Blot Protein Transfer System (Bio-Rad, Hercules, CA, USA).
The membranes were then treated with a 5% skim milk solution for one hour to block them,
and were subsequently incubated with primary antibodies against AMPKo. (ab32047; Abcam)
at a dilution of 1:1,500 and p-AMPKa (Thr183 and Thr172) (ab133448; Abcam) at a dilution
of 1:2,000. Following this, the HRP-conjugated anti-IgG antibodies were left to incubate the
lung slices at room temperature for an hour, in order to detect the primary antibodies. Finally,
the blotted lung sections were incubated with an enhanced chemiluminescence substrate for
30 minutes, and then the images were obtained by a UVP ChemStudio system (Analytik Jena,
Upland, CA). This was subsequently quantified using Image] software.

Determination of the inflammatory cell subtypes and cytokines in BALF

The BALF was examined for interleukins and inflammatory cells, such as total inflammatory
cells, eosinophils, lymphocytes, and neutrophils, using standard protocols [38]. In brief, the
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BALF was centrifuged at a rate of 170 g for 10 minutes, and the cell pellet was then resus-
pended in 1 mL of PBS. To ascertain the total cell count, 90 pL of cell suspensions were stained
with 10 pL of 0.2% Crystal Violet. The quantification of eosinophils, lymphocytes, and neutro-
phils was carried out according to criteria that had been previously established [38]. In addi-
tion, the supernatants of the BALF were collected, and the concentrations of L-4, IL-13, IL-5,
TGF-B1, TNF-0, and MMP-9 were determined and quantified using ELISA kits (Boster,
Wuhan, China) as per the instructions provided by the manufacturer. The Optical Density
(OD) of the solution was then determined using an ELISA reader (ELX808IU, Bio-Tek, VT) at
450 nm. A standard preparation of known concentrations was used to create a standard con-
centration curve, which allowed the calculation of the concentrations of the samples from
their OD values.

Detection of OVA specific IgE and cytokines in blood

Samples of blood were taken by extracting from the eyes and divided into pyrogen-free and
EDTA-anticoagulated tubes to collect the serum, as mentioned before [35]. Thereafter, the
concentration of OVA-specific IgE, CXCR4, VEGF, and SDF-1 in the serum was measured
using ELISA kits (Boster, Wuhan, China) as per the manufacturer’s instructions. An ELISA
reader (ELX808IU, Bio-Tek, VT) was then utilized to read the ELISA plates at 450 nm. A con-
centration curve was constructed and the concentrations of the IgE and cytokines were deter-
mined based on the OD values of the samples.

Statistical analysis

The mean and standard deviation (SD) of the data were reported. A one-way analysis of vari-
ance (ANOVA) was employed, followed by Tukey’s post hoc test, and the results were analyzed
using GraphPad Prism v9.0.0 software (GraphPad, San Diego, CA). Statistical significance was
established at P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****) with adjusted
P-values.

Results

Rosuvastatin treatment reduces airway inflammation and remodeling in
mice with chronic allergic asthma

Histopathological analysis of H&E-stained slides demonstrated that, in comparison to the
Control group, which was administered a normal saline solution, mice exposed to OVA had
an increased presence of inflammatory cells near the bronchi in the pulmonary parenchyma.
However, this inflammatory cellular infiltration was significantly reduced in mice that were
administered rosuvastatin (Fig 1B). Subsequently, a significant decrease in the inflammatory
score, derived from peribranchial inflammatory cells, was observed in the OVA+Rstin group
compared to the OVA group (Fig 1C). Additionally, the OVA group, which had been exposed
to OVA for an extended period of time, had an increased bronchial wall thickness (Fig 1D)
and smooth muscle thickness (Fig 1E) compared to the Control group of mice; yet, the OVA
+Rstin group that was treated with rosuvastatin experienced a decrease in these modifications.
These findings demonstrate the successful induction of airway inflammation and remodeling
in the chronic allergic asthma model mice, caused by sensitization and recurrent challenge
with OVA, as well as the efficacy of rosuvastatin treatment in alleviating these histological
changes.
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Rosuvastatin treatment attenuates airway remodeling in the histological
examination of the lungs of OVA-mediated chronic allergic mice

In this study, we employed PAS, Masson’s Trichrome, and immunohistochemistry staining
techniques to identify and quantify airway remodeling features, such as mucus production in
the bronchi, collagen accumulation in the vicinity of the bronchi, proliferation of airway
smooth muscle cells, and airway fibrosis. Analysis of PAS-stained lung sections revealed a
notable hyperplasia of goblet cells in the OVA group, which was ameliorated by rosuvastatin
treatment (Fig 2A). This was further confirmed by the mucus score, which was significantly
higher in the OVA group compared to the Control group; and, as expected, administration of
rosuvastatin resulted in a significant decrease in the mucus score in the mice from the OVA

Control
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Fig 2. Rosuvastatin treatment mitigates airway remodeling in the histology. (A) Representative images of lung sections stained with PAS (upper) and
Masson’s trichrome (down) from each group. (B) Blinded scoring of the percentage of PAS-positive epithelial cells. (C) Blinded quantitative analyses of the
area of peribronchial Masson’s trichrome staining using Image-Pro Plus. All images were captured at a magnification of x200. The data are presented as the
mean + SD (n = 5) and were analyzed using one-way ANOVA followed by Tukey’s post-hoc test. Statistical significance is indicated as *P < 0.05, **P < 0.01,
P < 0.001, and ****P < 0.0001.

https://doi.org/10.1371/journal.pone.0305863.9002
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+Rstin group (Fig 2B). As anticipated, Masson’s staining demonstrated that sensitization and
recurrent challenge with OVA resulted in increased marker collagen deposition around the
bronchi in the mice from the OV A group, yet, rosuvastatin treatment significantly decreased
this deposition (Fig 2A and 2C). In addition, immunohistochemistry staining of alpha-smooth
muscle actin (a-SMA) showed an increase in o-SMA immunostaining in the chronic OVA
exposure group compared to the Control group, which was reversed by rosuvastatin treatment
(Fig 3A and 3B). TGF-p and MMP-9 are proteins associated with fibrosis and indicate airway
remodeling. The immunohistochemistry analysis revealed that the expression of both TGF-§
and MMP-9 was significantly higher in the recurrent OVA-challenged mice from the OVA
group when compared to the Control mice only treated with saline; however, the expression of
these two proteins was significantly decreased in the mice from the OVA+Rstin group (Fig 3A,
3C and 3D). Taken together, these findings demonstrate that rosuvastatin is capable of dimin-
ishing the prominent characteristics of the airway remodeling in this experimental chronic
allergic asthma model.

Effect of rosuvastatin treatment on cytokine production, IgE levels, and
angiogenesis in the lungs of OVA-mediated chronic allergic mice

The level of inflammation in the lung tissues was evaluated by assessing the number of macro-
phages, neutrophils, eosinophils, and lymphocytes, as well as by analyzing the concentrations
of cytokines in the BALF and the serum. In comparison to the mice from the Control group
only treated with normal saline, the total cell counts of inflammatory cells and the percentages
of eosinophils and neutrophils in the OVA group increased after two months of recurrent
exposure to OVA; however, administration of rosuvastatin was successful in decreasing the
total cell count and the percentages of eosinophils and neutrophils in the BALF (Fig 4A and
4B). Additionally, the ELISA results revealed a significant increase in the concentrations of
Th2 cytokines, including IL-4 (Fig 4C), IL-5 (Fig 5D) and IL-13 (Fig 4E) in the BALF of mice
from the OV A group sensitized and challenged with OVA, compared to the mice from the
Control group treated with saline; however, the concentrations of these cytokines were sub-
stantially decreased in the mice treated with rosuvastatin in the OVA+Rstin group. Similarly,
the three remodeling characteristic proteins, including TGF-p (Fig 4F), TNF-a (Fig 4G) and
MMP-9 (Fig 4H) in the BALF were also found to be increased in the mice from the OVA
group, but rosuvastatin reversed their concentrations. Moreover, analysis of blood samples
using ELISA revealed that levels of OVA-specific IgE (OVA-IgE) were significantly increased
in the serum of mice with OVA-induced chronic allergic asthma compared to those in the
Control group that had been treated with saline only. Furthermore, angiogenesis-associated
factors such as VEGF (Fig 5B), SDF-1 (Fig 5C), and CXCR4 (Fig 5D) were also significantly
elevated in the serum of the OV A-induced allergic asthma mice. However, these effects were
significantly reduced in mice from the OVA+Rstin group (Fig 5B-5D). Collectively, these
findings suggest that rosuvastatin has an inhibitory effect on the Th2 immune response and
the generation of numerous proinflammatory, pro-fibrotic, and pro-angiogenic substances.

Rosuvastatin restores AMPKa activity and suppresses angiogenesis in the
lungs of OVA-mediated allergic mice

Immunohistochemical staining and Western blotting were used to assess the levels of AMPKo.
and its phosphorylated form, p-AMPKa (Thr172), in lung tissue in order to understand the
effects of rosuvastatin. The p-AMPKao staining revealed a significant presence of p-AMPKa-
positive cells in the recurrent OVA-challenged allergic asthmatic mice treated with rosuvasta-
tin, which was observed in almost every cell when compared to the Control and OVA groups

PLOS ONE | https://doi.org/10.1371/journal.pone.0305863 June 24, 2024 8/19


https://doi.org/10.1371/journal.pone.0305863

PLOS ONE Rosuvastatin reduces airway inflammation and remodeling

A Control

ST € et Y W I8 N
,i_ﬂ"z‘. . J&:I’M’!R :.gl. ¢ éf o
ST LI - A

VA+Rstin

a-SMA

- ¥

- edne b,
Ry

»

;’6

-~

ﬁ@‘

TR

-

L

> §
il J «
’..‘;_ y i
Lo J
4 ; 3 13 ol K

SRt

s 8
-s“"t%é’ . ’é‘.’?‘:f‘%'
> ":fg;’.'j‘ isl‘,' 3
i'lfl‘Jw oty "o <

£

\X
el

I 5 )

AR g 0

4 }v‘ ;

< g
Lo ‘.- 5
(O] . A "k'. 4
= £y ia® i o ; ;fw-:‘
3 “ﬁ 4 ‘{\'; \,a K
f . s . -"' o
5 ﬁé&ﬁ T

":k‘ﬂ"‘ . ;.ié s

¥ "Ta .

MMP-9
.
Y
»
s

w

0.10+ ; *kokokok it Kokkok ; C 0.04- ; *kokokok it *k D 0.06+ ; *kokokok . *k

0.08- .. 0.03 T

0.04+ °
0.064

0.024
0.04+

IOD of TGF-B

0.024

IOD of a-SMA
IOD of MMP-9
L]

0.09- 0.014

0.00- 0.00- 0.00-

Control  OVA OVA+Rstin Control OVA OVA+Rstin Control  OVA OVA+Rstin

Fig 3. Rosuvastatin treatment exhibits anti-fibrotic effects. (A) Representative images displaying the immunoreactivity of a-SMA, TGF-B, and MMP-9 in
lung tissues. (B-D) Quantitative analysis of a-SMA (B), TGF-B (C), and MMP-9 (D) immunohistochemical integral optical density (IOD) using Image-Pro

Plus. The images were captured at a magnification of x200. The data is presented as the mean + SD (n = 5) and was analyzed using one-way ANOVA,
followed by Tukey’s post-hoc test. Statistical significance is denoted as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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(Fig 6A). This was quantified as integral optical density (IOD) and showed an approximate
two-fold increase in the mice treated with rosuvastatin compared to the Control group, and
above four-fold increase compared to the OVA group (Fig 6B). Consistently, analysis by West-
ern blotting showed that p-AMPKo. expression was significantly lower in the OVA group than
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https://doi.org/10.1371/journal.pone.0305863.g004

in the Control group, but it was substantially higher in the OVA+Rstin group (Fig 6C). Sur-
prisingly, the expression of AMPKo remained unchanged across the three groups (Fig 6C).
These findings indicate that rosuvastatin could amplify the expression of both AMPKo and its
phosphorylated form, p-AMPKa, in epithelial and endothelial cells in the lungs of mice with
chronic allergic asthma caused by OV A exposure. Furthermore, we investigated the relation-
ship between the activation of AMPKo and angiogenesis in the subepithelium of mice with
OVA-induced chronic allergic asthma. Additionally, immunohistochemistry analysis using a
monoclonal antibody against CD31, a marker of angiogenesis, revealed that, in comparison to
Control mice, OVA-induced chronic allergic mice had a greater number (Fig 6D and 6F) and
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https://doi.org/10.1371/journal.pone.0305863.g005

area (Fig 6D and 6G) of microvessels in the subepithelium; however, rosuvastatin treatment
significantly reduced these increases. Consistently, immunofluorescence quantitative analysis
of CD31-positive green signal in the airway also exhibited a noticeable decrease in the rosuvas-
tatin-treated mice compared to the OVA-induced chronic allergic mice (Fig 6E and 6H).
These results suggest that the activation of AMPKo may inhibit angiogenesis in the vicinity of
the bronchioles.

Discussion

In this study, our research has demonstrated that rosuvastatin treatment can be used to effec-
tively reduce airway inflammation and remodeling in a chronic asthma mouse model caused
by sensitization to OVA and inhalation. Through animal experiments, we observed that rosu-
vastatin treatment was successful in decreasing the pathological changes in the lungs, such as
the accumulation of inflammatory cells, the outflow of inflammatory mediators, hyperplasia of
goblet cells, hypertrophy of the airway smooth muscle, subepithelial fibrosis, and
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using one-way ANOVA, followed by Tukey’s post-hoc test showed that the results were statistically significant (P < 0.05, P < 0.01, P < 0.001, and
P < 0.0001).

https://doi.org/10.1371/journal.pone.0305863.9006

neovascularization. Furthermore, we discovered that AMPKoa activity was deficient in the
mouse airways due to long-term OV A exposure, and that this was restored by rosuvastatin
treatment.

Our results are consistent with the evidence that statins can offer protection from pulmo-
nary inflammation in asthmatic mice [21, 24, 39]. Nevertheless, these studies only looked at
the short-term effects of statins, either as monotherapy or combination therapy, and were con-
ducted using mite-induced allergic inflammation mouse models. As asthma is a chronic disor-
der characterized by persistent inflammation and remodeling of the airways, a more precise
evaluation of the long-term effectiveness of rosuvastatin requires a longer intervention. There-
fore, we employed a mouse model of chronic allergic asthma, induced by a two-month OVA
inhalation challenge, to examine the particular effects of rosuvastatin. We consider that the
mouse model of chronic allergic asthma constructed in this study is more suitable for investi-
gating airway remodeling in mice.

In this study, we employed a variety of histological techniques, such as PAS, Masson, and
o-SMA staining, to analyze lung tissue sections. Our results showed that rosuvastatin treat-
ment can reduce the number of goblet cells that proliferate and secrete mucus, as well as signif-
icantly reduce collagen deposition in the subepithelial layer. Additionally, it was found to
increase the generation of ASM mass. This finding is in line with the results of Zeki et al., who
found that statins can effectively alter multiple key indicator molecules of airway remodeling
and improve airway remodeling in a rat model of chronic airway inflammation induced by
ovalbumin and fungal allergen protease [40]. Additionally, previous research has demon-
strated that statin therapy may be effective in inhibiting the growth and spread of airway
smooth muscle cells when exposed to various stimuli in vitro. Additionally, experiments con-
ducted on mouse models of pulmonary fibrosis have provided evidence that statin therapy can
be beneficial in preventing the progression of the condition [41-43]. Given that airway remod-
eling is a common feature of chronic inflammatory lung diseases such as asthma and COPD,
in combination with our current findings, it suggests that statins may be a viable option for
treating these chronic lung inflammations with pulmonary fibrosis and remodeling.

The extracellular matrix (ECM) is a three-dimensional structure of molecules, including
proteins, polysaccharides, and other biological molecules, that is located outside the cell [44].
This complex arrangement is of immense importance, as it provides structural support,
enables cell movement, and assists in the transmission of signals [44]. To further validate the
anti-fibrotic properties of rosuvastatin treatment in asthma, we investigated two significant
remodeling mediators: TGF-p and MMP-9. In this study, immunohistochemistry and ELISA
were employed to assess the levels of these molecules in lung tissue following rosuvastatin
treatment. It was observed that rosuvastatin treatment significantly decreased the expression
of TGF-B and MMP-9. Additionally, immunohistochemistry and immunofluorescence results
revealed that rosuvastatin inhibited the formation of new blood vessels in the subepithelial
region of chronic allergic asthma mice, thereby reducing the infiltration of inflammatory cells
and mediators, and improving the composition and structure of the extracellular matrix.
These findings suggest that rosuvastatin may be an effective therapeutic agent in controlling
and improving airway remodeling in chronic allergic asthma, as excessive accumulation or
degradation of the ECM can lead to the proliferation and fibrosis of the ECM in chronic aller-
gic asthma.
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In this study, our findings demonstrate the effectiveness of rosuvastatin in reducing the
presence of eosinophils and neutrophils, as well as the production of Th2 cytokines and OVA-
specific IgE in a mouse model of chronic asthma caused by OVA, which is a characteristic of
Th2-driven inflammation. This is in agreement with the results of prior studies on OVA-medi-
ated chronic asthma models [13], and further indicates that rosuvastatin treatment leads to a
significant decrease of not only Th2 cytokines, but also other mediators, including TNF-a,
MMP9, and TGF-B1. This is also in accordance with other disease models, where lovastatin
treatment has been found to inhibit the upregulation of TGF-B1 and TNF-o. by focusing on
several cell signaling pathways [23, 43, 45]. Additionally, we found that the administration of
rosuvastatin was effective in decreasing the levels of VEGF, SDF-1, and CXCR4 in the serum
of mice with chronic allergic asthma. This could hypothetically lead to a decreased formation
of pulmonary neovascularization and a decrease of inflammatory mediators in asthma. This
result is consistent with earlier research in non-asthma models, which showed that rosuvasta-
tin treatment could effectively lower VEGF expression and impede the migration of endothe-
lial progenitor cells [46, 47]. However, the precise mechanism by which rosuvastatin therapy
affects asthma angiogenesis, matrix cytokines, and other biological mediators is still not
known, and further research is required. Taken together, these results imply that rosuvastatin
has a strong anti-inflammatory effect in chronic allergic asthma, and its mechanism of action
is more intricate than merely suppressing the Th2 immune response.

In order to gain further insight into the impacts of rosuvastatin on the symptoms of chronic
asthma, we conducted an analysis of the frequency and activity of AMPKo. In this study,
results from immunohistochemical analysis revealed that the active phosphorylated form of
AMPKo. (p-AMPKa) had significant expression in the vascular endothelial and epithelial cells
of the Control mice compared to those from the chronic allergic mice sensitized and recur-
rently challenged with OVA. However, rosuvastatin treatment resulted in a noteworthy
increase in AMPKo activity, evidenced by a significant expression of p-AMPKa: observed in
the chronic allergic mice induced by OV A sensitization and recurrent challenge. This finding
is consistent with the results of Wang et al., who reported that mouse lungs exposed to OVA
combined with FAP exhibited higher concentrations of both total AMPKa and p-AMPKo.
[48]. At present, it has been suggested that the AMPK o1 and a2 subtypes are necessary for the
maintenance of pulmonary function of endothelial and epithelial barriers [49]. A decrease in
AMPK 02 activity has been linked to damage of airway epithelia and vascular endothelia [50].
Our study findings suggest that rosuvastatin may be an effective treatment for chronic allergic
asthma inflammation and the inhibition of airway fibrosis remodeling, due to its ability to
induce active expression of p-AMPKao.

This study was restricted to employing a mouse model of chronic allergic asthma, which
only permitting us to observe the advantages of rosuvastatin treatment on chronic allergic
inflammation at the whole-animal level. Moreover, there was a flaw in the design of our
research project. In our current study, we divided the experimental mice into three groups: the
first group served as the control group, where the mice did not undergo OVA induction to
develop chronic asthma inflammation and only received normal saline (NS) throughout the
experiment; the second group was the OVA-induced inflammation group, where the same NS
was used to dissolve the OV A; and the third group was the Rosuvastatin treatment group,
where Rosuvastatin was administered to the mice along with OV A induction in the second
group. We believed that including a group of control mice treated with Rosuvastatin to observe
the potential side effects of Rosuvastatin on the control mice could improve the results of our
study and reinforce our findings and conclusions. Overall, in order to better understand how
rosuvastatin treatment impacts the activity of the inflammatory immune microenvironment,
as well as the complex factors of the extracellular matrix, the multiple cell types in chronic
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allergic asthma, and its upstream and downstream target pathways, a more comprehensive
investigation using in vitro models is needed. Furthermore, because chronic allergic animal
models and in vitro cell models can only partially replicate the pathological changes that occur
in human chronic allergic asthma patients, further research incorporating samples and data
from clinical allergic asthma patients is urgently needed.

Statins work by inhibiting the enzyme HMG-CoA reductase, which is involved in choles-
terol synthesis. Recent studies have shown that statins also have anti-inflammatory properties,
reduce cytokine levels, lower oxidative stress, inhibit myofibroblast differentiation, prevent
lung tissue remodeling, and hinder processes associated with fibrosis. These medications have
been found to directly affect macrophages and cytokines, leading to anti-fibrotic effects [51].
Research has indicated that simvastatin can reduce collagen deposition in alveolar septa, thus
decreasing the development of pulmonary fibrosis in mice [52]. An analysis of a population-
based cohort revealed that statin use is independently associated with a lower risk of interstitial
lung disease and idiopathic pulmonary fibrosis in a dose-dependent manner [53]. Chronic
asthma involves airway remodeling, characterized by thickening of airway walls, an increase in
smooth muscle mass, changes in the extracellular matrix, and abnormalities in pulmonary
interstitial angiogenesis. These changes are thought to contribute to the long-term decline in
lung function and the development of irreversible airflow obstruction [54]. In our study, we
primarily used immunohistochemical methods to evaluate the effects of rosuvastatin on OVA-
induced pulmonary remodeling in mice by examining a-SMA, TGF-f, and MMP9. Our
results are consistent with these studies, showing that rosuvastatin effectively inhibits pulmo-
nary fibrosis in mice with OVA-induced allergic asthma. Moreover, recent studies indicate
that statins have a dose-dependent, biphasic effect on angiogenesis [55]. They promote angio-
genesis at low doses, but inhibit it at higher doses. Although there is no definitive evidence on
the effects of high doses of statins in mice, the typical dose used in current research is approxi-
mately 10-15 mg/kg [55]. In our study, we administered a dose of 30 mg/kg of rosuvastatin to
mice, which is considered a high dose. Through the use of immunohistochemistry and immu-
nofluorescence, we observed that this high dose of rosuvastatin significantly suppressed angio-
genesis in the lungs of mice with OV A-induced allergic asthma. Additionally, studies have
suggested that statin treatment can decrease the expression of adhesion molecules in endome-
trial cells, potentially reducing the infiltration of immune cells into the lungs [56, 57]. This
could be one of the mechanisms by which rosuvastatin regulates chronic allergic asthma. In
summary, our current data, together with previous study results, indicate that the molecular
mechanisms by which statins regulate chronic asthma inflammation and airway reconstruc-
tion are intricate. While our study provides mainly observational findings, further research is
necessary to fully comprehend the underlying mechanisms. It is crucial to conduct more com-
prehensive experiments to explore how rosuvastatin inhibits chronic asthma inflammation
and airway remodeling.

Conclusions

Our research has shown the potential of rosuvastatin to treat a chronic airway inflammation
and pulmonary fibrosis-associated remodeling in a mouse model of OV A-induced chronic
allergic asthma. This is likely due to the activation of AMPKa signaling pathway, which leads
to the inhibition of angiogenesis and a shift in the accumulation of ECM cytokines and media-
tors that are beneficial in reducing airway inflammation. Thus, our findings suggest an alter-
nate therapeutic approach for treating chronic allergic asthma.
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