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Background: The usage of life-saving mechanical ventilation (MV) could cause ventilator-induced diaphragmatic dysfunction
(VIDD), increasing both mortality and morbidity. Aminophylline (AP) has the potential to enhance the contractility of animal
skeletal muscle fibers and improve the activity of human respiratory muscles, and the insulin-like growth factor-1 (IGF-1)-
forkhead box protein O1 (FOXO1)-muscle RING finger-1 (MURF1) pathway plays a crucial role in skeletal muscle dysfunction.
This study aimed to investigate the impact of AP on VIDD and to elucidate the role of the IGF-1-FOXO1-MURF1 pathway as an
underlying mechanism.

Methods: Rat models of VIDD were established through MV treatment. /GF-1 lentiviral (LV) interference (LV-IGF-1-shRNA;
controlled by lentiviral negative control LV-NC) was employed to inhibit /GF-1 expression and thereby block the IGF-1-FOXO1-
MURF1 pathway. Protein and mRNA levels of IGF-1, FOXO0I1, and MURF1 were assessed using western blot and real-time
reverse transcriptase-polymerase chain reaction (RT-qPCR), respectively. Diaphragm contractility and morphometry were ex-
amined through measurement of compound muscle action potentials (CMAPs) and hematoxylin and eosin (H&E) staining. Ox-
idative stress was evaluated by levels of hydrogen peroxide (H20-), superoxide dismutase (SOD), antioxidant glutathione (GSH),
and carbonylated protein. Mitochondrial stability was assessed by measuring the mitochondrial membrane potential (MMP),
and mitochondrial fission and mitophagy were examined through protein levels of dynamin-related protein 1 (DRP1), mitofusin
2 protein (MFN2), phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1), and Parkin (western blot). Apoptosis was
evaluated using the terminal deoxynucleotidyl transferase-mediated uridine 5'-triphosphate (UTP) nick-end labeling (TUNEL)
assay and levels of Bax, B-cell lymphoma 2 (BCL-2), and Caspase-3. Levels of Atrogin-1, neuronally expressed developmentally
downregulated 4 (NEDD4), and muscle ubiquitin ligase of SCF complex in atrophy-1 (MUSA1) mRNA, as well as ubiquitinated
protein, were utilized to determine protein degradation. Furthermore, the SUnSET (surface sensing of translation) method was
employed to determine rates of protein synthesis.

Results: MV treatment upregulated /GF-1 while downregulated FOX0O1 and MURFI (p < 0.05). AP administration reversed
IGF-1, FOXOI and MURF1 (p < 0.05), which was suppressed again by /GF-1 inhibition (p < 0.05), demonstrating the blockage
of the IGF-1-FOXO1-MURF1 pathway. MV treatment caused decreased CMAP and cross-sectional areas of diaphragm muscle
fibers, and increased time course of CMAP (p < 0.05). Additionally, oxidative stress, cell apoptosis, and protein degradation were
increased and mitochondrial stability was decreased by MV treatment (p < 0.05). Conversely, AP administration reversed all
these changes induced by MYV, but this reversal was disrupted by the blockage of the IGF-1-FOXO1-MURF1 pathway.
Conclusions: In this study, MV treatment induced symptoms of VIDD in rats, which were all effectively reversed by AP regulating
the IGF-1-FOXO1-MURF1 pathway, demonstrating the potential of AP in ameliorating VIDD.
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Introduction

Patients experiencing severe hypoxemic respiratory
failure, unable to achieve sufficient alveolar ventilation,
can fulfill the pulmonary gas exchange through mechani-
cal ventilation (MV), a life-saving intervention [1,2]. Con-
versely, unsuccessful weaning from prolonged MV leads
to extended hospitalization and is associated with elevated
mortality and morbidity rates [3]. Prolonged or even short-
term MV use can induce diaphragmatic weakness, char-
acterized by diaphragmatic muscle atrophy and contractile
dysfunction [1], thereby exerting deleterious effects on di-
aphragm structure and function [4].

The loss of contractility and muscle atrophy in the di-
aphragm resulting from MV is termed ventilator-induced
diaphragmatic dysfunction (VIDD) and has been estab-
lished to significantly correlate with difficulties in weaning
from MV [5]. Incidence rates of VIDD and weaning chal-
lenges among MV-receiving patients have been reported at
63% and up to 35%, respectively [6]. Beyond increased
mortality and morbidity, extended hospital stays, and wean-
ing challenges, VIDD can give rise to complications such
as pneumonia and a poor prognosis for critically ill patients
[7]-

Aminophylline (AP), a compound consisting of
ethylenediamine and theophylline, has been demonstrated
to possess bronchodilatory properties, enhance corticos-
teroid actions, control inflammation, and stimulate the res-
piratory neuronal network [8]. The theophylline component
in AP has been proven to ameliorate chronic obstructive
pulmonary disease (COPD), a condition associated with
skeletal muscle atrophy and dysfunction [9]. Previous stud-
ies have showcased the supportive effects of AP in increas-
ing the contractility of animal skeletal muscle fibers and
enhancing the activity of human respiratory muscles [10].
Notably, acting as a significant agonist, AP has been re-
ported to augment the shortening and contractility of the
diaphragm, leading to increased ventilation [11].

Given that AP serves not only as a bronchodilator but
also improves the function of the diaphragm and periph-
eral skeletal muscles, we hypothesized that AP could miti-
gate VIDD, a condition also associated with skeletal muscle
weakness, atrophy, and dysfunction.

The insulin-like growth factor-1 (IGF-1) pathways,
serving as regulators of both protein degradation and pro-
tein synthesis, play pivotal roles in influencing myofiber
size and the function of skeletal muscles [12]. Simultane-
ously, muscle RING finger-1 (MURF1), a key E3 ubiquitin
ligase in skeletal muscles responsible for mediating protein
ubiquitination, is notably decreased during muscle atrophy
[13]. Itis essential to note that in models of muscle atrophy,
IGF-1 suppresses the transcription of MURFI through the
class O-type forkhead transcription factors (FOXOs) [14].
Furthermore, forkhead box protein O1 (FOXO!) can acti-
vate and induce the expression of MURFI, while inhibit-

ing FOXOI prevents the upregulation of MURF1 expres-
sion and offers protection against muscle atrophy [15]. The
interplay of these mechanisms related to protein catabolism
and muscle atrophy underscores the critical roles of the
IGF-1-FOXO1-MURF1 pathway in skeletal muscle dys-
function.

In this study, rat models of VIDD were established us-
ing MV treatment. The activation of the IGF-1-FOXO1-
MURF1 pathway was modulated by introducing IGF-1
lentiviral (LV) interference (LV-IGF-1-shRNA) to inhibit
IGF-1 expression in the rats. Building upon these rat mod-
els and employing AP, we assessed our hypothesis that AP
exhibits ameliorative effects on VIDD, and this improve-
ment occurs through the IGF-1-FOXO1-MURF1 pathway.

Materials and Methods

Animals

This study received approval from the Ethics Commit-
tee of Wuhan University (approval No. ZN2022057). Adult
male Sprague-Dawley (SD) rats (n = 40), aged 8 weeks
and weighing between 240-260 g, were procured from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). Prior to the commencement of the study,
rats were individually housed and acclimated for 1 week
at a temperature of 26 + 2 °C, under a standard 12-hour
light/dark cycle, and provided with ample food and water.

The rats were divided into four groups (n = 10): rats
in NC group were treated solely with lentiviral negative
control (LV-NC), rats treated with LV-NC and subjected to
MV (MV group), rats treated with LV-NC, MV, and AP
(MV+AP group), and rats treated with LV inhibition of
IGF-1, MV, and AP (MV+AP+LV-IGF-1-shRNA group).

Inhibition of IGF-1 by Lentiviral Interference

The IGF-1 lentiviral interference (LV-IGF-1-shRNA;
sense 5'-CCGGGCTCTTCAGTTCGTGTGTGGACTCG
AGTCCACACACGAACTGAAGAGCTTTTTTG-3', an-
tisense 5'-AATTCAAAAAAGCTCTTCAGTTCGTGTG
TGGACTCGAGTCCACACACGAACTGAAGAGC-3'
) and negative control (LV-NC; sense 5'-CCGGTTCTCC
GAACGTGTCACGTCTCGAGACGTGACACGTTCGG
AGAATTTTTTG-3’, antisense 5'-AATTCAAAAAATT
CTCCGAACGTGTCACGTCTCGAGACGTGACACGT
TCGGAGAA-3") were obtained from GeneChem (Order
No. GOSE0336379, Shanghai, China). All rats underwent
anesthesia with 1% sodium pentobarbital (P3761, Sigma-
Aldrich, St. Louis, MO, USA) via intraperitoneal injection
at doses of 40 mg/kg. Subsequently, LV interference (5 pL,
2 ng/uL) was delivered to the right ventricle using a micro-
syringe at a rate of 0.5 uL/min. Following a 14-day period
post-injection, the remaining experiments were conducted.
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Drug Administration and Mechanical Ventilation
Treatment

In the MV+AP group and MV+AP+LV-IGF-I-
shRNA group, each rat received a dose of 5 mg/kg of AP
(HY-B0140, MedChemExpress, Monmouth Junction, NJ,
USA) [16] administered through intraperitoneal injection.
In contrast, for each rat in the Control group and MV group,
an equivalent volume of normal saline (0.9% sodium chlo-
ride solution; ST341, Beyotime, Shanghai, China) was ad-
ministered via intraperitoneal injection. The dose adminis-
trations were conducted for four consecutive days, consis-
tently at the same time each day. On the fourth day, aseptic
MV treatment surgery was performed, occurring two hours
after the administration of normal saline/AP.

Two hours before anesthesia, rats received both the
usual normal saline/AP and glycopyrrolate at a dosage of
0.04 mg/kg, administered intramuscularly. Subsequently,
all rats were anesthetized via intraperitoneal injection of
sodium pentobarbital (40 mg/kg). At two-hour intervals
post-anesthesia, rats received intramuscular injections of
glycopyrrolate (0.04 mg/kg). Following tracheostomy, rats
were subjected to MV (SAR-830/AP, Quatronix, Beijing,
China) for 18 hours, utilizing humidified air at 37 °C and
Oq-enriched conditions. The tidal volume was set at 10
mL/kg based on individual body weight, with a respiratory
rate of 80 breaths/minute and an expiration ratio of 1:2 [17].
Throughout the surgery, a nasogastric tube was employed
for nutritional delivery, and rats were closely monitored at
a temperature of 37 £ 0.5 °C.

Puromycin Administration

The administration of puromycin was carried out for
the subsequent assessment of protein synthesis. At 24 hours
after the MV treatment surgery, all rats received intraperi-
toneal injections of a carefully prepared stock solution of
puromycin. The dosage criterion was set at 40 nmol/g of
individual weight, and each rat was injected with a volume
of 80-120 pL of the stock solution [18]. Subsequently, the
rats were returned to their cages and maintained appropri-
ately for a duration of 30 minutes.

The Detection of Non-Invasive Compound Muscle
Action Potentials (CMAPs)

At the conclusion of the 30-minute period follow-
ing puromycin administration, CMAPs were measured. To
achieve this, rats were anesthetized with 1% sodium pento-
barbital (P3761, Sigma-Aldrich, St. Louis, MO, USA) via
intraperitoneal injection at doses of 40 mg/kg. The depth
of anesthesia was assessed and verified through pedal and
blink reflexes. Throughout the surgery, heart rate and respi-
ratory rate were monitored to prevent fluctuations, and the
rats’ eyes were treated with veterinary ointment to prevent
dryness.

A subcutaneous acupuncture needle was inserted into
the proximal tail as a ground electrode. Another acupunc-
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ture needle, serving as the reference electrode, was inserted
into the contralateral abdomen. The recording electrode, in
the form of an electrode sheet, was attached to the lower
edge of the ipsilateral rib. Two additional acupuncture nee-
dles, acting as stimulating electrodes, were inserted verti-
cally above the same side of the clavicle, positioned 0.5 cm
away from the trachea. All acupuncture needles were in-
serted to a depth of 1 cm, maintaining a distance of 0.5 cm
between two acupuncture needles. The red and black stim-
ulation connectors were respectively connected to the near-
heart end and the telecentric end. Stimulation involved a
single positive voltage pulse (4—6 V) with 30-second inter-
vals. Parameters such as wave width (1 ms) and delay (1
ms) were set. The CMAP was recorded using a physiolog-
ical signal system (RM6240, ChengYi, Chengdu, China).
The average response of each rat was obtained by applying
stimulation three times consecutively.

Sample Collection

Following the measurement of CMAPs, rats were ad-
ministered with 1% sodium pentobarbital (P3761, Sigma-
Aldrich, St. Louis, MO, USA) via intraperitoneal injection
at doses of 180 mg/kg. Euthanasia was ensured through a
thoracotomy to observe cardiac and respiratory arrest. Sub-
sequently, the diaphragm of each rat was harvested. The
costal diaphragm from each diaphragm was used to iso-
late mitochondria. A diaphragm segment from each rat
was specifically prepared for the terminal deoxynucleotidyl
transferase-mediated uridine 5’-triphosphate (UTP) nick-
end labeling (TUNEL) assay.

Briefly, the diaphragm segment was initially placed
in cold PBS, then transferred to 4% paraformaldehyde (in
PBS) at 4 °C for 1 day, followed by transfer into 30% su-
crose (in PBS) at 4 °C for 1 day. The tissues were subse-
quently embedded in an optimal cutting temperature (OCT)
embedding medium and stored at —80 °C. The remaining
diaphragm was snap-frozen in liquid nitrogen and directly
stored at —80 °C.

Cross-Sectional Areas (CSAs) of Muscle Fiber

Segments of each diaphragm from each rat were
immersed in an alcohol-formol bath, fixed in 10%
paraformaldehyde, and subsequently embedded in paraf-
fin. The paraffin-embedded diaphragm tissues were then
sliced into sections with a thickness of 6 um and stained
with hematoxylin (C0107, Beyotime, Shanghai, China) and
eosin (C0109, Beyotime, Shanghai, China). The morpho-
metric examination of muscle fibers was conducted using
an optical microscope (Olympus CK31, Olympus, Tokyo,
Japan), and the cross-sectional areas were measured and
corrected using a factor of 1.53 (the specific correction fac-
tor for the diaphragm [19]).
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Determination of Oxidative Stress Levels

Diaphragm tissues were lysed using pre-cooled
radioimmunoprecipitation assay (RIPA) lysis buffer
(P0O013D, Beyotime, Shanghai, China), homogenized,
and centrifuged at 3000 rpm/min for 15 minutes. The
collected supernatants were analyzed using commercially
obtained assay Kkits, following the manufacturers’ in-
structions, to determine the levels of hydrogen peroxide
(H205) (ab102500, Abcam, Cambridge, MA, USA), su-
peroxide dismutase (SOD; S0101S, Beyotime, Shanghai,
China), and antioxidant glutathione (GSH; E-EL-0026c,
Elabscience Biotechnology Co., Ltd., Wuhan, China).
Additionally, the levels of carbonylated protein were
assessed using western blot, as described in the “western
blot” section.

Detection of Mitochondrial Membrane Potential
(MMP)

Following the manufacturer’s instructions, a mito-
chondria isolation kit for tissues was utilized to extract mi-
tochondrial proteins, cytoplasmic proteins, and mitochon-
dria from the segments of the costal diaphragms from each
rat. The JC-1 fluorescent probe (C2006, Beyotime, Shang-
hai, China) was employed to measure the MMPs. Under
the fluorescence microscope (CKX53, Olympus, Tokyo,
Japan), JC-1 would aggregate in the mitochondrial matrix
and produce red fluorescence when MMP was high, while
JC-1 would act as a monomer and produce green fluores-
cence when MMP was low. The quantification of red and
green fluorescence was performed using Image J software
(1.48, National Institutes of Health, Rockville, MD, USA),
and the level of MMP was expressed by the ratio of JC-1
aggregates (red)/JC-1 monomers (green).

Measurement of Mitochondrial Fission and
Mitophagy

The assessment of mitochondrial fission was con-
ducted by measuring protein levels of dynamin-related pro-
tein 1 (DRP1), an essential protein during mitochondrial fis-
sion, and mitofusin 2 protein (MFN2), an essential protein
for the stability of mitochondria. The level of mitophagy
was evaluated by measuring protein levels of induced ki-
nase 1 (PINK1) and Parkin, which are considered signifi-
cant for the regulation of mitophagy. All these protein mea-
surements were carried out using the western blot assay, as
described in the “western blot” section.

Measurement of Apoptosis in Diaphragmatic
Muscles

The apoptosis in muscles was initially determined by
the TUNEL assay. Tissue molds prepared for the TUNEL
assay were retrieved from —80 °C and sliced into sections
of 8-10 um. At least two sections from each sample
were placed on a microscope slide and allowed to reach
room temperature. The slides with sections were thor-

oughly washed with PBS (pH 7.4) and permeabilized with
0.2% Triton X-100 (T8200, Solarbio, Beijing, China) for
5 minutes. According to the manufacturer’s instructions,
the sections were subsequently treated using the TUNEL
assay kit (C1088, Beyotime, Shanghai, China). Slides
were then stained with DAPI (C1002, Beyotime, Shang-
hai, China) and visualized under a microscope (CKX53,
Olympus, Tokyo, Japan). The average number of TUNEL-
positive cells from three random regions was used for quan-
tifying apoptosis.

Measurement of Protein Degradation in
Diaphragmatic Muscle

The levels of protein degradation in diaphragm mus-
cles from different groups were assessed using real-time re-
verse transcriptase-polymerase chain reaction (RT-qPCR)
to measure mRNA levels of Atrogin-1/muscle atrophy
F-box (MAFbx), neuronally expressed developmentally
downregulated 4 (NEDD4), and muscle ubiquitin ligase of
SCF complex in atrophy-1 (MUSAI), as described in the
“RT-qPCR” section. Additionally, levels of protein ubiqui-
tination were employed to evaluate protein degradation and
obtained through western blot, as detailed in the “western
blot” section.

Measurement of Protein Synthesis in Diaphragmatic
Muscle

The measurement of protein synthesis was conducted
using the non-radioactive, puromycin-based method known
as the SUnSET (surface sensing of translation) assay.
Given that rats were administered puromycin 30 minutes
before euthanasia, protein synthesis was assessed through a
western blot to detect the intensity of puromycin incorpora-
tion into newly synthesized protein peptides, as detailed in
the “western blot” section.

Real-Time Reverse Transcriptase-Polymerase Chain
Reaction

Total RNA was extracted from diaphragm tissues us-
ing the TRIzol® kit (DP424, Tiangen, Beijing, China). The
supernatant containing RNAs was collected, and the RNAs
were reverse-transcribed into cDNA using the FastQuant
cDNA kit (KR116, Tiangen, Beijing, China). Primers for
the target genes are listed in Table 1, and these target genes
were amplified using the PCR instrument (LightCycler96,
Roche, Shanghai, China). The method of 27244 was em-
ployed for data analysis, with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)) used as the internal reference.

Western Blot

The diaphragm tissues were treated with RIPA lysis
buffer (P0013D, Beyotime, Shanghai, China). Protein con-
centrations were determined using the bicinchoninic acid
(BCA) assay kit (P0010S, Beyotime, Shanghai, China).
Proteins were separated on a standard sodium dodecyl-
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Table 1. Primer sequences.

Name Sequence (5’-3%)

IGF-1-F GCACTCTGCTTGCTCACCTTTA
IGF-1-R TCCGAATGCTGGAGCCATA
FOXOI-F GGGTTAGTGAGCAGGTTACAC
FOXOI-R TCCAATGGCACAGTCCTTAT
MURFI-F TGGCCCCATTGCAGAGTGTCTT
MURFI-R TCCTTGGTCACTCGACGGGAAT
Bax-F CCAAGAAGCTGAGCGAGTGT
Bax-R CCGGAGGAAGTCCAATGTC
BCL-2-F TCGCCCTGTGGATGACTGA
BCL-2-R CAGAGACAGCCAGGAGAAATCA
Caspase-3-F ATGGAGAACAACAAAACCTCAGT
Caspase-3-R TTGCTCCCATGTATGGTCTTTAC
Atrogin-1-F AGCTTGTGCGATGTTACCCA
Atrogin-1-R GGTGAAAGTGAGACGGAGCA
NEDD4-F TTGTCACTGGCACATCTCGGGT
NEDD4-R TTGGCAGCTTTTCAGGAGTACCCC
MUSAI-F GTGATCATGCCAATCCACAG
MUSAI-R CATGAATGTCACCATGCACA
GAPDH-F GGTGGTCTCCTCTGACTTCAACA
GAPDH-R GTTGCTGTAGCAAATTCGTTGT

IGF-1, insulin-like growth factor-1; FOXOI, forkhead box
protein Ol; MURFI, muscle RING finger-1; BCL-2, B-cell
lymphoma 2; NEDD4, neuronally expressed developmentally
downregulated 4; MUSAI, muscle ubiquitin ligase of SCF
complex in atrophy-1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; F, forward; R, reverse.

sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gel (10%; P0937, Beyotime, Shanghai, China) and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane
(IPVH00010, Millipore Sigma, Billerica, MA, USA).
Membranes were incubated with primary antibodies: anti-
IGF-1 (1:2000 dilution, ab133542, Abcam, Cambridge,
MA, USA), anti-FOXO1 (1:1000 dilution, 82358, Invit-
rogen, Carlsbad, CA, USA), anti-MURF1 (1:1000 dilu-
tion, PA5-76695, Invitrogen, Carlsbad, CA, USA), anti-
2,4-Dinitrophenol (DNP; for detecting carbonylated pro-
tein; 1:1000 dilution, ab178020, Abcam, Cambridge, MA,
USA), anti-DRP1 (1:1000 dilution, ab184247, Abcam,
Cambridge, MA, USA), anti-MFN2 (1:2000, ab205236,
Abcam, Cambridge, MA, USA), anti-PINK1 (1:1000 di-
lution, ab216144, Abcam, Cambridge, MA, USA), anti-
Parkin (1:2000 dilution, ab77924, Abcam, Cambridge,
MA, USA), anti-ubiquitin (1:1000 dilution, ab140601, Ab-
cam, Cambridge, MA, USA), and anti--actin (1:2000 di-
lution, ab8224, Abcam, Cambridge, MA, USA).

After washing the membranes twice with
tris buffered saline with tween (TBST; P0233, Bey-
otime, Shanghai, China) for 10 minutes each time, the
membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:2000 dilution,
ab288151, Abcam, Cambridge, MA, USA) for 1 hour at
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room temperature. Protein bands were visualized using
enhanced chemiluminescence (ECL; P0018, Beyotime,
Shanghai, China). Images were processed with Adobe
PhotoShop CS3 (Adobe Systems Inc., San Jose, CA, USA),
and gray analysis was performed using AlphaEaseFC 4.0
(Alpha Innotech., San Leandro, CA, USA).

Statistical Analysis

The data were expressed as mean + standard devia-
tion (SD). Statistical analyses were conducted using Graph-
Pad Prism 8.0.2 (GraphPad Software Inc., San Diego, CA,
USA), and the significance of differences between groups
was determined using Student’s ¢-test or analysis of vari-
ance (ANOVA) followed by the post hoc Tukey’s test. A
significance level of p < 0.05 was considered statistically
significant.

Results

Aminophylline Regulates IGF-1-FOXOI1-MURF1
Pathway and Plays Roles in VIDD

Based on the mRNA expression shown in Fig. 1A
and protein expression shown in Fig. 1B, MV treatment
(the MV group) significantly decreased /GF-I and in-
creased FOXO! and MURFI (p < 0.05), indicating the in-
volvement of the IGF-1-FOXO1-MURF1 pathway in MV-
induced VIDD. Rats treated with both MV and AP exhib-
ited a significant increase in /GF-1 expression and a de-
crease in FOXOI and MURF1 expressions compared to
rats treated only with MV (p < 0.05), suggesting that AP
could modulate the IGF-1-FOXO1-MURF1 pathway and
might impact VIDD. However, in the MV+AP+LV-IGF-1-
shRNA group, where rats were treated with both MV and
AP but /GF-1 was inhibited, leading to the blockade of the
IGF-1-FOXO1-MURF1 pathway, the /GF-1 expression de-
creased, and FOXO! and MURF] expressions increased
(»p < 0.05). This demonstrates the disruption of IGF-1-
FOXO1-MURF]1 pathway activation.

AP Improves the Neuromuscular Electrophysiology
and Diaphragm Fiber Cross-Sectional Areas (CSAs)

As depicted in Fig. 2A,B, MV treatment significantly
decreased CMAP and increased the time course of CMAP
compared with the NC group (p < 0.05). In the MV+AP
group, AP administration significantly increased CMAP
and decreased the time course of CMAP compared with the
MV group (p < 0.05). However, when /GF-I was inhib-
ited in the MV+AP+LV-IGF-1-shRNA group, CMAP sig-
nificantly decreased, and the time course of CMAP signif-
icantly increased compared with the MV+AP group (p <
0.05).

Additionally, Fig. 2C shows that CSAs were signifi-
cantly decreased in the MV group (p < 0.05) and were then
increased by AP administration in the MV+AP group (p <
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Fig. 1. Aminophylline (AP) regulates the IGF-1-FOXO1-MURF1 pathway and plays roles in ventilator-induced diaphragmatic
dysfunction (VIDD). (A) Levels of IGF-1, FOXO1, MURF1 mRNA expressions in diaphragms. (B) Levels of IGF-1, FOXO1, MURF1
protein expressions in diaphragms. N =10. *p < 0.05 compared with the NC group. *p < 0.05 compared with the mechanical ventilation

(MV) group. *p < 0.05 compared with MV+AP group.

0.05). However, in the MV+AP+I/GF-1 group, CSAs were
significantly decreased compared with the MV+AP group
(» < 0.05).

AP Ameliorates Oxidative Stress in Diaphragmatic
Muscles

As illustrated in Fig. 3A,B, the contents of SOD and
GSH significantly decreased in the MV group compared

with the NC group (p < 0.05) and significantly increased in
the MV+AP group compared with the MV group (p < 0.05).
Furthermore, compared with the MV+AP group, the inhi-
bition of /GF-1 in the MV+AP+LV-IGF-1-shRNA group
significantly decreased the contents of SOD and GSH (p <
0.05).

Additionally, Fig. 3C,D demonstrate that the content
of H,O4 and the level of carbonylated protein significantly
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Fig. 2. AP improves the neuromuscular electrophysiology and diaphragm fiber cross-sectional areas (CSAs). (A) The amplitudes

of compound muscle action potentials (CMAPs) of diaphragms. (B) The time courses of CMAP of diaphragms. (C) The quantification

of cross-sectional areas. N = 10. *p < 0.05 compared with the NC group. Tp < 0.05 compared with the MV group. *p < 0.05 compared

with MV+AP group.

increased in the MV group compared with the NC group (p
< 0.05) and significantly decreased in the MV+AP group
compared with the MV group (p < 0.05). Furthermore,
compared with the MV+AP group, the content of HoO5 and
the level of carbonylated protein significantly increased in
the MV+AP+LV-/GF-1-shRNA group (p < 0.05).

AP Restores the Mitochondrial Membrane Potential
and Improves Mitophagy in Diaphragmatic Muscles

As depicted in Fig. 4A, the ratio of JC-1
aggregates/JC-1 monomers significantly decreased in
the MV group compared with the NC group (p < 0.05),
indicating a decreased level of MMP. This ratio signifi-
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group.

cantly increased in the MV+AP group compared with the
MV group (p < 0.05), indicating a higher level of MMP.
Furthermore, compared with the MV+AP group, the inhi-
bition of IGF-1 in the MV+AP+LV-IGF-1-shRNA group
significantly decreased the ratio of JC-1 aggregates/JC-1
monomers (p < 0.05).

Additionally, Fig. 4B,C show that the protein levels
of DRP1, PINK, and Parkin significantly increased, while

the protein level of MFN2 significantly decreased in the
MYV group compared with the NC group (p < 0.05). These
changes were significantly reversed in the MV+AP group
compared with the MV group (p < 0.05). Furthermore,
compared with the MV+AP group, the protein levels of
DRP1, PINKI1, and Parkin significantly increased, while
the protein level of MFN2 significantly decreased in the
MV+AP+LV-IGF-1-shRNA group (p < 0.05).
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AP Ameliorates Apoptosis in Diaphragmatic Muscles

The results of the TUNEL assay, as depicted in
Fig. 5A,B, demonstrated that the percentage of TUNEL-
positive nuclei increased due to MV treatment (p < 0.05)
in the MV group, while it was reversed by AP adminis-
tration in the MV+AP group (p < 0.05). However, when
IGF-1 was inhibited, the TUNEL-positive nuclei and con-
sequently apoptosis increased (p < 0.05).

Furthermore, Fig. 5C shows that the mRNA levels of
Bax and Caspase-3 increased (p < 0.05), while the level of
B-cell lymphoma 2 (BCL-2) decreased (p < 0.05) in the
MYV group. These changes were all reversed by AP ad-
ministration in the MV+AP group (p < 0.05). Conversely,
the decreased Bax and Caspase-3 and the increased BCL-2
in the MV+AP group were all oppositely regulated in the
MV+AP+LV-IGF-1-shRNA group (p < 0.05).

*p < 0.05 compared with the NC group. *p < 0.05 compared with the MV group. *p < 0.05 compared

AP Suppresses Protein Degradation and Promotes
Protein Synthesis in Diaphragmatic Muscles

Protein degradation and synthesis were assessed by
examining related markers illustrated in Fig. 6. Using RT-
gqPCR, levels of Atrogin-1 (Fig. 6A), NEDD4 (Fig. 6B), and
MUSA1 (Fig. 6C) were found to be upregulated after MV
treatment (p < 0.05) in the MV group, while these upreg-
ulations were reversed by AP (p < 0.05) in the MV+AP
group. Moreover, the decreased mRNA expressions in-
creased again after /GF-1 was inhibited (p < 0.05) in the
MV-+AP+LV-IGF-1-shRNA group.

Fig. 6D shows that protein ubiquitination increased
in the MV group (p < 0.05), which was reversed in the
MV+AP group (p < 0.05). Compared with the MV+AP
group, protein ubiquitination in the MV+AP+LV-IGF-1-
shRNA group increased again (p < 0.05).
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The rate of protein synthesis was measured by detect-
ing the amplitude of puromycin incorporated into newly
synthesized proteins within a certain time (30 minutes). As
shown in Fig. 6E, the level of puromycin detected in to-
tal diaphragm proteins in the MV group significantly de-
creased compared with that in the NC group (p < 0.05),
indicating a decreased rate of protein synthesis. After AP
administration, the level of puromycin increased signifi-
cantly compared with the MV group (p < 0.05). Moreover,
compared with the MV+AP group, the level of puromycin
decreased significantly in the MV+AP+LV-IGF-1-shRNA
group, where /GF-1 was inhibited (p < 0.05).

Discussion

As acommon and undesired consequence of MV treat-
ment, VIDD is characterized by the rapid development of
inspiratory muscle weakness, resulting from both diaphrag-
matic contractile dysfunction and atrophy [20,21]. VIDD,
primarily driven by increased proteolysis of respiratory
muscles, has been demonstrated to be associated with nu-
merous mechanisms and cellular processes, including mus-
cle atrophy, oxidative stress, structural injury, muscle fiber
remodeling, mitochondrial energy deficiency, autophagy,
and apoptosis [19].

In this study, we utilized established VIDD rat models
to explore the effects of AP on ameliorating VIDD. We in-
vestigated how AP improves the mechanisms and cellular
processes associated with VIDD.

In the present study, MV treatment was observed to
decrease IGF-1 expression while increasing the expressions
of FOXOI and MURFI (p < 0.05). These MV-induced
changes were subsequently reversed with the administra-
tion of AP (p < 0.05). These results affirm, as previ-
ously suggested, that the IGF-1-FOXO1-MURF1 pathway
plays a crucial role in VIDD. They also suggest that AP
has the potential to reverse the development of VIDD, and
this reversal is associated, at least partially, with the IGF-1-
FOXO1-MURF1 pathway.

Furthermore, the results obtained from the
MV+AP+LV-IGF-1-shRNA group, focusing on the
expressions of IGF-1, FOXO1, and MURF1, demonstrated
that the effect of AP in reversing VIDD was not achieved
when the IGF-1-FOXO1-MURF1 pathway failed to be
activated. This finding verifies that AP affects VIDD, at
least partially, by targeting the IGF-1-FOXOI1-MURF1
pathway.

The CMAP, serving as a novel and non-invasive neu-
rophysiological tool, records the electrical activities of mus-
cles in response to transcutaneous stimulation of motor
nerves [22]. The CMAP presents the summated action po-
tentials of all stimulated motor endplates and is consid-
ered an objective neurophysiological parameter for assess-
ing neuromuscular disorders, muscle hypertrophy and atro-
phy, and muscle contractions [23]. Previous reports indi-
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cate that CMAP examination can be utilized to assess mo-
tor unit loss in muscles. In comparison to traditional motor
unit number estimation (MUNE) techniques, CMAP scan-
ning offers numerous advantages, being automated, non-
invasive, and achievable within minutes [24].

In this study, CMAP significantly decreased (p <
0.05), and the time course of CMAP significantly increased
(p < 0.05) in the MV group, indicating damage to the motor
unit caused by MV. However, after treatment with AP, both
the decreased CMAP and increased time course of CMAP
were reversed (p < 0.05). This demonstrates that AP is ca-
pable of improving the motor unit in the diaphragm dam-
aged by MV usage and, consequently, enhancing the con-
tractile function of the diaphragm in VIDD.

Furthermore, the proof that AP functions by activat-
ing the IGF-1-FOXO1-MURF1 pathway is supported by
the results of the MV+AP+LV-IGF-1-shRNA group. In this
group, compared to the MV+AP group, CMAP decreased
(p < 0.05), and the time course of CMAP increased (p <
0.05) when the activation of the IGF-1-FOXO1-MURF1
pathway was blocked, even though AP was administered.
A similar scenario occurred in the muscle fiber structure,
where MV treatment induced a significant decrease in
CSAs of diaphragmatic muscle fibers (p < 0.05), while AP
treatment restored the CSAs (p < 0.05). However, blocking
the IGF-1-FOXO1-MURF1 pathway resulted in a decrease
in CSAs (p < 0.05) once again, emphasizing the critical role
of the IGF-1-FOXO1-MURF1 pathway as the target for AP
in restoring CSAs.

Given the dense packing of mitochondria in skeletal
muscles due to their high metabolic demand, a significant
amount of reactive oxygen species (ROS) is produced in
muscles after damage, a factor considered crucial for mus-
cle functions. It has been established that ROS, primar-
ily originating from mitochondria in the diaphragm, con-
tributes to mitochondrial oxidative stress (MOS), playing a
key role in promoting protein degradation and exacerbating
VIDD [25,26]. Additionally, oxidative stress is known to
activate a feedback loop with ROS, promoting autophagy,
thereby creating a cycle of increased ROS generation and
elevated autophagy levels [27]. The mitochondrial mem-
brane potential (MMP), would be decreased in response to
ROS, leading to the translocation of Parkin to damaged mi-
tochondria [28].

In this study, we confirmed the association between
increased oxidative stress in muscles and MV-induced
VIDD. MV treatment resulted in a decrease SOD and GSH
contents, along with an increase in HyO levels, collec-
tively indicating elevated oxidative stress (p < 0.05). This
finding aligns with a previous study demonstrating that pro-
longed MV triggers oxidative stress and causes diaphrag-
matic damage in rats [29]. Furthermore, in the MV group
with increased oxidative stress, MMP decreased in response
to oxidative stress induced by elevated ROS.
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The genes DRPI and MFN2 play essential roles in
mitochondrial fission and fusion, respectively, influenc-
ing muscle atrophy through disrupted mitochondrial sta-
bility and accelerated mitophagy [30]. Notably, after
MYV treatment in patients, abnormal mitochondrial mor-
phology, such as fission fragmentation, occurs immedi-
ately, demonstrating MV-induced mitophagy [31]. In
this study, MV treatment increased the expression of
fission-associated DRP1 expression and decreased fusion-
associated MFN2 expression, indicating altered mitochon-
drial dynamics caused by MV. The MV-induced increase
in fission and decrease in fusion accelerated mitochondrial
autophagy, contributing to VIDD.

The PINK1/Parkin pathway is crucial for regulating
mitophagy [32]. In healthy mitochondria, PINK1 levels re-
main low as it is degraded by the PARL protein, and Parkin
remains inactive due to self-suppression [33]. In damaged
mitochondria, activated PINK1 phosphorylates and acti-
vates Parkin, leading to the formation of mitochondrial au-
tophagosomes and inducing mitophagy. In this study, the
MV-induced increase in PINK1 and Parkin expression in-
dicated that MV induces mitophagy in the diaphragm.

It has been established that mitochondrial dysfunc-
tion promotes muscle atrophy through pathways associated
with catabolism, and preventing diaphragmatic mitochon-
dria from emitting ROS is protective against diaphragmatic
weakness [34]. The results of this study indicate that AP
treatment can reverse increased oxidative stress and mi-
tochondrial dysfunction caused by MV when the IGF-1-
FOXO1-MURF1 pathway is successfully activated. This
suggests that AP can improve VIDD by ameliorating oxida-
tive stress, mitochondrial dysfunction, and muscle weak-
ness.

Previous studies have demonstrated that attenuated
apoptosis in skeletal muscle fibers facilitates the improve-
ment of myofiber size, and apoptosis is also involved in the
muscle wasting of respiratory muscles [35]. It has been re-
ported that oxidative stress can activate the catabolic path-
way of apoptosis, which underlies VIDD. High levels of
ROS can lead to cytoskeletal protein degradation, resulting
in the disruption of sarcomeres and impairment of muscle
force generation [36,37]. Moreover, the imbalance between
protein degradation and synthesis causes muscle atrophy,
resulting in muscle mass loss, disability, and weakness [38].

In the present study, apoptosis and protein degrada-
tion increased, and the rate of protein synthesis decreased
in the MV group. However, all these developments that
could lead to atrophy were reversed by AP administration,
with no blockage of the IGF-1-FOXO1-MURF1 pathway.

Conclusions

In this study, MV treatment-induced symptoms of
VIDD in rats. However, administration of AP was found
to reverse these changes, including decreased contractility,
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reduced CSAs of muscle fibers, increased oxidative stress,
impaired mitochondrial stability, heightened apoptosis and
protein degradation, and decreased rates of protein synthe-
sis. Furthermore, the observed disruption of the activation
of the IGF-1-FOXO1-MURF1 pathway was found to nul-
lify the effects of AP administration. Therefore, we con-
clude that AP is capable of protecting diaphragm skeletal
muscle from atrophy and weakness by targeting the IGF-1-
FOXOI1-MURFI1 pathway, demonstrating its potential for
ameliorating VIDD.
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