
ISSN 1535-3702	 Experimental Biology and Medicine 2022; 247: 1013–1029

Copyright © 2022 by the Society for Experimental Biology and Medicine

Introduction

Invasive mechanical ventilation (MV) is a potentially lifesaving 
therapy in acutely ill, hospitalized patients.1 On the basis of a 
number of scholars’ researches, 60–80% of critically ill patients 
undergoing MV develop ventilator-induced diaphragmatic 
dysfunction (VIDD),2,3 and this would be accompanied by 
the early-onset of progression of the illness in diaphragmatic 
force-generating capacity.4 Studies in human donors have indi-
cated that VIDD is related to diaphragmatic injury and atro-
phy of both slow- and fast-twitch muscle fibers.5 Furthermore, 

diaphragmatic atrophy was observed to occur rapidly in cases 
which had undergone MV, with the muscle thickness decreas-
ing by 9% after only 1 day of MV.6 As a noticeable challenge, 
dysfunction of the diaphragm degrades a patient’s ability to 
wean from MV and thus is associated with a poor prognosis.7,8 
Therefore, an effective method of preventing VIDD in patients 
undergoing MV is urgently needed.

Previous studies have investigated various strategies for 
the prevention or management of VIDD in cases with critical 
illness, including pharmacologic approaches, diaphragm-
protective ventilation strategies and inspiratory muscle 
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Abstract
New methods to prevent ventilator-induced diaphragmatic dysfunction (VIDD) are 
urgently needed, and the cellular basis of VIDD is poorly understood. This study 
evaluated whether transvenous phrenic nerve stimulation (PNS) could prevent VIDD 
in rabbits undergoing mechanical ventilation (MV) and explored whether oxidative 
stress-related genes might be candidate molecular markers for VIDD. Twenty-four 
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24 h. Intermittent bilateral transvenous PNS was performed in rabbits in the PNS 
group. Transdiaphragmatic pressure was recorded using balloon catheters. The 
diameters and cross-sectional areas (CSAs) of types I and II diaphragmatic fibers 
were measured using immunohistochemistry (IHC) techniques. Genes associated 
with VIDD were identified by RNA sequencing (RNA-seq), differentially expressed 
gene (DEG) analysis, and weighted gene co-expression network analysis (WGCNA). 
Reverse transcription polymerase chain reaction (RT-PCR), Western blotting, and 
IHC analyses were carried out to verify the transcriptome profile. Pdi60Hz, Pdi80Hz, 
and Pdi100Hz were significantly higher in the PNS group than in the MV group at 12 
and 24 h (P < 0.05 at both time points). The diameters and CSAs of types I (slow-
twitch) and II (fast-twitch) fibers were significantly larger in the PNS group than in 
the MV group (P < 0.05). RNA-seq, RT-PCR, Western blotting, and IHC experiments 
identified two candidate genes associated with VIDD: Aldh1a1 and Scl25a30. The 
MV group had significantly higher mRNA and protein expressions of Aldh1a1/
ALDH1A1 and significantly lower mRNA and protein expressions of Scl25a30/

SCL25A30 than the control or PNS groups (P < 0.05). We have identified two candidate genes involved in the prevention of VIDD by 
transvenous PNS. These two key genes may provide a theoretical basis for targeted therapy against VIDD.
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Mechanical ventilation can cause diaphragmatic 
weakness and atrophy, which is termed ventila-
tor-induced diaphragmatic dysfunction (VIDD). 
Transvenous phrenic nerve stimulation (PNS) has 
been shown to prevent VIDD. Our study gives new 
insights into the molecular mechanisms by which 
PNS prevents VIDD and shows for the first time 
the involvement of two key genes, Aldh1a1 and 
Scl25a30, which regulate oxidative stress. ALDH1A1 
and SCL25A30 protein levels might be useful bio-
markers to guide the dose and frequency of elec-
trical stimulation and evaluate the effectiveness of 
PNS in the prevention of VIDD. SCL25A30 transports 
sulfate and thiosulfate across the inner mitochon-
drial membrane and thereby modulates the level of 
hydrogen sulfide (H2S). We speculate that H2S is an 
important gaseous signaling molecule involved in the 
mechanism by which electrical stimulation protects 
diaphragmatic function during mechanical ventila-
tion. H2S-modifying therapies might be promising 
approaches for the prevention and treatment of VIDD.
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training (IMT).9–11 However, none of these strategies have 
become accepted as standard preventive or therapeutic treat-
ments for VIDD. By contrast, transvenous phrenic nerve stim-
ulation (PNS) is a safe and tolerable method for conditioning 
the diaphragm for cases in the intensive care unit. A previous 
study demonstrated that transvenous PNS could be used to 
treat central sleep apnea in patients with heart failure,12 con-
firming the feasibility of using this technique in the clinical 
setting. However, data are very limited regarding the possible 
utility of transvenous PNS in the management of VIDD.

Although there have been great improvements in the diag-
nosis and treatment of VIDD, it is extremely vital to find out 
the VIDD-associated transcriptome profile. A large body of 
evidence points to oxidative stress playing a noticeable func-
tion in the VIDD-associated pathogenesis.13–15 The induction 
of diaphragmatic atrophy via MV would be attributable to 
the reduction of protein synthesis and elevation of prote-
olysis, and oxidative stress is essential for the purposes of 
activating proteases and suppressing protein synthesis in 
diaphragmatic fibers.16 Phrenic nerve stimulation (PNS) was 
noted to improve diaphragmatic contraction, enhance mito-
chondrial function, reduce oxidative stress, and strengthen 
diaphragmatic tone.17 A previous study demonstrated the 
remarkably upregulation of diaphragmatic Myog, Trim63, and 
Fbxo32, whereas the noticeably downregulation of Ppargc1α 
was found in the diaphragm in a rat model of controlled MV 
(CMV).18 However, no previous studies have identified can-
didate genes associated with the prevention of VIDD by PNS.

RNA sequencing (RNA-seq) is frequently utilized for the 
purpose of measuring global gene expression as explained 
beforehand.19 Identifying differentially expressed genes 
(DEGs) is a powerful technique to increase our understand-
ing of the mechanisms of phenotypic variation and gene 
regulation.20 However, in the analysis of DEGs, each gene is 
individually taken into account, and no interaction between 
genes is assumed. Weighted gene co-expression network 
analysis (WGCNA) is a method used to characterize the gene 
expression patterns of multiple samples.21 It enables the clus-
tering of genes that have similar expression patterns into a 
module, and it is feasible to investigate the association of 
the module with the group features. In the present study, we 
applied RNA-seq, DEG analysis, and WGCNA to rabbits in 
control, MV, and PNS groups to identify potential key genes 
involved in the mechanism by which PNS prevents VIDD. 
We hypothesized that VIDD might be prevented by brief 
periods of transvenous PNS in the early course of MV and 
this might be mediated through antioxidant mechanisms. 
Therefore, the purposes of the current research were to deter-
mine whether intermittent transvenous PNS would be pro-
tective against VIDD and to find out target genes that might 
be involved in this process.

Materials and methods

Animals and grouping

We attempted to obtain 24 male adult New Zealand white rab-
bits (weight, 2.5–3.0 kg) from the Laboratory Animal Research 
Center of Shanxi Medical University (Taiyuan, China). The 
rabbits were selected for this study because of their moderate 
body type and based on studies conducted on the VIDD mod-
els of rabbits.22–24 The animals were housed under a standard 

alternating 12 h light–dark cycle with food and water pro-
vided ad libitum. We also followed the Guidelines for the 
Care and Use of Laboratory Animals to carry out animal 
experiments. The approval of study was attained from the 
Institutional Ethics Committee of Changzhi Medical College. 
All the rabbits were anesthetized with sodium pentobarbital 
intraperitoneal (i.p.) injection, and then divided into the fol-
lowing three groups on a random basis (Figure 1): control 
group (anesthetized with i.p. injection only, n = 8), MV group 
(anesthetized with i.p. injection and mechanically ventilated, 
n = 8), and PNS group (anesthetized with i.p. injection and 
stimulation of the bilateral phrenic nerves for 10 min repeated 
every 2 h during MV, n = 8).

MV

The animal was anesthetized with sodium pentobarbital, 
which was administered intraperitoneally (40 mg/kg) and 
then continuously via the right marginal ear vein (15–25 mg/
kg). The trachea was connected to the mechanical ventila-
tor (Inspira ASVV 55-7058; Harvard Apparatus, Cambridge, 
MA, USA) after tracheotomy. The ventilator settings23 were as 
follows: inspired fraction of oxygen, 0.40; tidal volume (Vt), 
6–8 mL/kg; respiratory rate, 40 cycles per minute; and positive 
end-expiratory pressure, 2 cm H2O.24 The volume-controlled 
ventilation mode was used to suppress diaphragmatic activ-
ity. Rabbits were kept warm with heating pads during the pro-
cedure (Figure 2). Arterial blood was obtained every 12 h for 
determination of PO2, PCO2, and pH at 37°C with a blood gas 
analyzer (Start Profile Critical Care Xpress; Nova Biomedical, 
Waltham, MA, USA). The animals were euthanized by exsan-
guination under anesthesia after 24 h of MV. The immediately 
storage of samples of the diaphragm in liquid nitrogen was 
undertaken for the subsequent stages of analysis.

Transvenous PNS

The bilateral external jugular veins were isolated in the neck. 
A 7.0F percutaneous sheath introducer (Arrow, Teleflex, 
Morrisville, NC, USA) was inserted into each external jug-
ular vein to allow the passage of an electrode catheter for 
PNS (Medtronic, Minneapolis, MN, USA). While palpating 
for diaphragmatic contraction, the position of the electrode 
catheter on each side was adjusted to stimulate the phrenic 
nerve with the highest efficacy. Once the optimal position 
had been determined, the electrode catheter was attached 
firmly to the vein to avoid further displacement. A pulse gen-
erator (Department of Biomedical Engineering, Changzhi 
Medical College, Changzhi, China) was used for bilateral 
transvenous PNS. The parameters used for electrical stim-
ulation were as follows: frequency, 40 Hz; pulse duration, 
300 μs; respiratory rate, 40 per min; contraction/relaxation 
time, 1:2; peak current, 2.5 mA.

Measurement of the diaphragmatic contractile 
properties in vivo

Transdiaphragmatic pressure (Pdi) was measured25 dur-
ing supramaximal stimulation at frequencies of 10, 20, 40, 
60, 80, and 100 Hz (train duration, 500 ms; pulse duration, 
150 μs; current intensity, 3 mA) applied in a serial manner 
with 3-min recovery periods between successive stimulus 
trains at the end of expiration. After recording of at least 
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three consistent Pdi values, their average value was com-
puted for the subsequent stages of analysis.

Histology

Once the animal had been euthanized, a portion of the right 
costal diaphragm at the mid-axillary line was immediately 
removed (the same segment was resected for all animals). 

The muscle tissue was fixed in 4% paraformaldehyde and 
cut perpendicular to the direction of the muscle fibers into 
sections no more than 0.3 cm in length. The tissue samples 
were dehydrated and embedded in paraffin using conven-
tional techniques. The embedded tissue samples were frozen 
(–20°C) and sectioned to a thickness of 3 µm. Staining with 
hematoxylin–eosin (HE) was performed in accordance with 
standard methods.26

Figure 1.  Experimental flowchart.
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RNA–seq

We attempted to compare transcriptional differences among 
the control, MV, and PNS groups via RNA-seq. The extrac-
tion of total RNA from diaphragmatic tissues was under-
taken through Trizol reagent (15596026; Ambion, Austin, TX, 
USA) in accordance with instructions provided by manufac-
turer. Utilization of NanoDrop and Agilent 2100 bioanalyz-
ers (Thermo Fisher Scientific, Waltham, MA, USA) enabled 
us to carry out the investigation of RNA integrity, and RNA 
integrity ⩾ 7 was taken as a threshold into account for the 
purpose of analyzing samples. The sequencing of librar-
ies was conducted on an MGISEQ-2000 platform, and data 

processing was undertaken on the Beijing Genomics Institute 
(BGI) online server (http://report.bgi.com; Huada Gene 
Science and Technology Service Co. Ltd, Shenzhen, China). 
DEG analyses were conducted to investigate the molecular 
differences among the three groups. The Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway annotation was 
utilized to classify the metabolic pathways with significant 
enrichment of the DEGs. Using WGCNA, identification of 
the modules that were noticeably correlated with the group 
features was carried out. We could successfully detect the 
key genes via overlapping the differential genes and the sig-
nificant core modules (Figure 1).

RT-PCR

Total RNA was isolated using Trizol reagent (15596026; 
Ambion), and cDNA was synthesized using PrimeScript II 
RTase (2690A, Takara Bio USA, San Jose, CA, USA), recom-
binant RNase inhibitor (2313A, Takara Bio USA), and oligo 
(dT) 18 primer (3806, Takara Bio USA). The polymerase chain 
reaction (PCR) mixtures were prepared to a final volume of 
20 µL using SYBR FAST qPCR Master Mix (KM4101, Kapa 
Biosystems, Woburn, MA, USA). Reverse transcription poly-
merase chain reaction (RT-PCR) was undertaken via a CFX-
Connect 96RT PCR detection system (Bio-Rad, Hercules, CA, 
USA). The comparative CT method (ΔΔCT) was utilized for 
the purpose of analyzing gene expression data, and β-actin 
was regarded as an internal control. The presentation of 
results was undertaken in form of fold-change relative to 
control. Primer sequences are listed in Table 1.

Western blotting

We attempted to carry out Western blotting as explained in 
advance.27 Briefly, blockage of membranes in 5% milk solu-
tion was undertaken, and incubation was implemented with 
primary antibodies against SLC25A30 (JL-T0287, Jianglai, 
Shanghai, China), TMPRSS13 (JL-T0294, Jianglai), MAPRE1 
(JL-T0287, Jianglai), BDKRB1 (bs-8675R, Bioss, Beijing, 
China), CST3 (C8950, United States Biological, Salem, MA, 
USA), MICAL2 (NBP2-83205, Novus Biologicals, Littleton, 
CO, USA), UCH-L1 (NBP2-29420, Novus), ALDH1A1 (NBP2-
15336, Novus), or β-actin (PAB36265, Bioswamp, Wuhan, 
China) overnight at 4°C. Subsequently, exposure of mem-
branes to goat antirabbit immunoglobulin G (IgG) (SAB43714, 
Bioswamp) was carried out for 1 h at room temperature. 
Membranes were scanned and analyzed with Tanon GIS 
version 4.2 (Tanon Technology, Shanghai, China). The 

Table 1.  Primer information for RT-PCR.

Gene name Forward (5′–3′) Reverse (3′–5′) Product size (bp)

ALDH1A1 TGGCAGACTTACCTACCCC GCCTTATCTCCTTCTTCAATCA 157
SLC25A30 CCCTCAACTGGAAGCCGT CGATCCCCGAGTACAGCG 210
MAPRE3 CATCCTCCGCAAGAACCC GCTGAAGTAGAAGTCACGCTCC 139
UCH-L1 GTCCCCTGAAGACAGAGCAA GGCATTCGCCCATCAAG 168
TMPRSS13 CATCATCAACGGCAACTACAC CGTCTGTCTCCTTGGTCTTG 182
MICAL2 GGCAGTCAGAACAAAGTCAAG AGAGCACAGGGTGGTCTTAC 129
BDKRB1 TCCAGCCCTCCAACCAGA GGAAGACGGACAGGACGAA 159
Cystatin C GGCAGATCGTAAGTGGCG GTCGTGGAAAGGACAGTTGG 101
β-actin CCAGGTCATCACCATCGG TGTCCAGGTCGCACTTCA 131

Figure 2.  Diagrammatic representation of the experimental setup.
The rabbit was placed in the supine position and anesthetized. The endotracheal 
tube was connected to a mechanical ventilator. The gastric and esophageal 
balloon catheter was connected to the recording system for the measurement 
of transdiaphragmatic pressures. The electrical stimulation electrodes were 
connected to the pulse generator. The computer monitor displayed real-time 
electrocardiography, airflow, esophageal pressure, and gastric pressure signals.

http://report.bgi.com
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quantification of density of the bands was undertaken, fol-
lowed by normalization to the β-actin content.

Immunohistochemistry

We attempted to carry out immunohistochemistry (IHC) for 
the purpose of analyzing the expression profiles of specific 
proteins in the diaphragmatic tissue. First, the paraffin-
embedded tissue was sectioned to a thickness of 3 μm for 
IHC, and tissue slide was baked for 30 min at 60°C. Then, 
xylene was utilized for thrice deparaffinization, 5 min each, 
and twice rehydration was implemented via 100% ethanol 
(each round, 3 min); the process was continued by alcohol 
(95, 70, and 50; each round, 5 min). After rinsing in distilled 
water, the blockage of endogenous peroxidase activity was 
undertaken via 10- min incubating tissue slide in 3% H2O2 
solution in methanol. After completing the several steps 
on the basis of the instruction provided by manufacturer, 
it was attempted to incubate the tissue sections with pri-
mary antibodies (mouse antifast myosin skeletal heavy chain 
[ab51263, Abcam, Cambridge, UK], mouse antiALDH1A1 
[NBP2-15336, Novus] or mouse antiSLC25A30 [JL-T0287, 
Jianglai]) overnight at 4°C. Rinsing of slides with phosphate-
buffered saline (PBS) was implemented, and this was contin-
ued by reacting with goat antirabbit IgG secondary antibody 
(ab205719, Abcam) for 1 h at 37°C. The hematoxylin was 
utilized for the purpose of counterstaining tissue slides for 
2 min, followed by mounting with a coverslip. Images were 
captured from randomly selected microscopic fields using 
a BX41 microscope (Olympus, Tokyo, Japan). Muscle fiber 
diameter, cross-sectional area (CSA), and integral optical 
density (IOD) were calculated quantitatively with Image-Pro 
Plus version 6.0 (Media Cybernetics, Bethesda, MD, USA). 
The number of diaphragm fibers that could be calculated is 
between 25 and 35.

Statistical analysis

Processing of data was undertaken via SPSS 22.0 software 
(IBM, Armonk, NY, USA). The Kolmogorov–Smirnov test 
was employed for the purpose of testing normal distribu-
tion of data, and the presentation of data was in form of 
mean ± standard deviation (SD). It was attempted to con-
duct the comparison of differences among multiple groups 
via one-way analysis of variance (ANOVA) followed by post 
hoc Tukey’s test. A two-tailed P < 0.05 denoted the statistical 
significance.

Results

Comparisons of physiological parameters between 
the three groups

There were no significant differences between the control, 
MV, and PNS groups in heart rate, blood pressure, Vt, arte-
rial pH, arterial PO2, and arterial PCO2 at baseline (Table 2). 
Furthermore, no significant differences were detected between 
groups in any of these parameters at 12 and 24 h (Table 2), 
indicating that these physiological parameters were not con-
founding factors for any differences between groups in dia-
phragmatic pressures or morphology. Ta

b
le

 2
. 

C
om

pa
ris

on
 o

f p
hy

si
ol

og
ic

al
 p

ar
am

et
er

s 
be

tw
ee

n 
th

e 
th

re
e 

gr
ou

ps
 a

t d
iff

er
en

t t
im

e 
po

in
ts

.

C
on

tr
ol

 g
ro

up
 (

n 
=

 8
)

C
M

V
 g

ro
up

 (
n 

=
 8

)
P

N
S

 g
ro

up
 (

n 
=

 8
)

 
0 

h
12

 h
24

 h
0 

h
12

 h
24

 h
0 

h
12

 h
24

 h

V
t (

m
L/

kg
)

6.
91

 ±
 2

.1
4

5.
95

 ±
 1

.9
6

6.
46

 ±
 1

.2
5

5.
98

 ±
 1

.7
3

7.
32

 ±
 1

.4
0

7.
03

 ±
 1

.9
0

6.
80

 ±
 1

.7
4

7.
57

 ±
 1

.8
3

7.
36

 ±
 2

.1
1

B
P

 (
cm

H
2O

)
11

5.
63

 ±
 1

0.
01

12
6.

42
 ±

 1
1.

06
11

2.
90

 ±
 9

8.
48

12
2.

95
 ±

 7
.0

0
10

9.
09

 ±
 7

.9
6

10
6.

78
 ±

 9
.3

7
12

3.
78

 ±
 6

.0
8

11
1.

45
 ±

 1
0.

11
10

8.
80

 ±
 8

.7
2

H
R

 (
/m

in
)

24
2.

07
 ±

 1
6.

03
23

9.
06

 ±
 1

5.
09

23
5.

61
 ±

 1
2.

79
25

1.
12

 ±
 2

3.
43

23
3.

42
 ±

 1
5.

98
23

0.
89

 ±
 2

2.
42

23
5.

15
 ±

 1
2.

99
23

8.
12

 ±
 2

6.
70

22
5.

27
 ±

 1
9.

92
pH

7.
43

 ±
 0

.1
0

7.
39

 ±
 0

.0
5

7.
30

 ±
 0

.0
4

7.
33

 ±
 0

.0
7

7.
34

 ±
 0

.0
6

7.
33

 ±
 0

.0
4

7.
35

 ±
 0

.0
5

7.
33

 ±
 0

.0
6

7.
28

 ±
 0

.0
8

P
O

2 
(k

P
a)

13
4.

78
 ±

 1
9.

48
13

9.
49

 ±
 1

5.
89

15
0.

45
 ±

 2
2.

09
14

2.
80

 ±
 2

7.
70

15
4.

20
 ±

 3
5.

20
15

8.
00

 ±
 1

9.
30

12
3.

30
 ±

 1
3.

60
14

7.
10

 ±
 2

6.
80

14
5.

00
 ±

 2
8.

90
P

C
O

2 
(k

P
a)

29
.5

0 
±

 2
.5

6
29

.7
9 
±

 2
.3

5
28

.0
0 
±

 4
.4

0
28

.4
0 
±

 6
.1

0
29

.0
0 
±

 6
.3

0
27

.8
0 
±

 1
.6

0
27

.4
0 
±

 4
.5

0
27

.0
0 
±

 7
.1

0
27

.1
0 
±

 5
.6

0

C
M

V
: c

on
tr

ol
le

d 
m

ec
ha

ni
ca

l v
en

til
at

io
n;

 P
N

S
: p

hr
en

ic
 n

er
ve

 e
le

ct
ric

al
 s

tim
ul

at
io

n;
 B

P
: b

lo
od

 p
re

ss
ur

e;
 H

R
: h

ea
rt

 r
at

e;
 P

aC
O

2:
 a

rt
er

ia
l p

ar
tia

l p
re

ss
ur

e 
of

 c
ar

bo
n 

di
ox

id
e;

 P
aO

2:
 a

rt
er

ia
l p

ar
tia

l p
re

ss
ur

e 
of

 o
xy

ge
n;

 a
nd

 V
t: 

tid
al

 
vo

lu
m

e
D

at
a 

ar
e 

ex
pr

es
se

d 
as

 th
e 

m
ea

n 
±

 s
ta

nd
ar

d 
de

vi
at

io
n.



1018   Experimental Biology and Medicine   Volume 247   June 2022

and Pdi100Hz in the MV group were significantly lower after 
12 h of MV (P < 0.05) and after 24 h of MV (P < 0.05) than at 
baseline (Figure 3), and Pdi100Hz at 24 h was only ~56% of 
its initial baseline value. Pdi during MV was better main-
tained in the PNS group than in the MV group, with Pdi60Hz, 
Pdi80Hz and Pdi100Hz significantly higher in the PNS group 
(P < 0.05) than in the MV group at both 12 and 24 h (Figure 3). 

Comparisons of diaphragmatic pressures and 
the diameters and CSAs of diaphragmatic fibers 
between the three groups

The Pdi generated during stimulation with frequencies rang-
ing from 10 to 100 Hz showed little or no variation over time 
in the Control group (Figure 3). However, Pdi60Hz, Pdi80Hz, 

Figure 3.  Comparison of diaphragmatic tension–frequency curves between three groups.
Curves showing the relationship between transdiaphragmatic pressure (Pdi) and stimulation frequency were obtained for the control (n = 8), MV (n = 8), and PNS 
(n = 8) groups at 0, 12, and 24 h. Presentation of data was in form of mean ± SD. *P < 0.05 versus corresponding value in MV group; #P < 0.05 versus baseline (0 h) in 
the same group.
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In addition, histological (staining with HE) and immuno-
histochemical evaluations of the diaphragmatic fibers dem-
onstrated morphological differences between the control, 
MV, and PNS groups (Figure 4(A) to (F)). The diameters and 
CSAs of types I (slow-twitch) and II (fast-twitch) fibers were 
significantly smaller in the MV group than in the control or 
PNS groups (P < 0.05; Figure 4(G) to (J)).

Biomedical analyses

We, in the present research, aimed to identify VIDD-
associated transcriptome profiles using RNA-seq. In total, 24 

samples were included in the differential expression analy-
sis. A total of 3688 genes were significantly differentially 
expressed in the MV group in comparison to the control 
group, involving 1945 upregulated and 1734 downregulated 
genes (Figure 5(A)). Sixty-three genes were significantly dif-
ferentially expressed in the PNS group in comparison to the 
MV group, with 24 upregulated and 39 downregulated genes 
(Figure 5(B)). Twenty-two genes were identified by over-
lapping the differential expression genes between the MV 
versus control groups and PNS versus MV groups: Aldh1a, 
Bdkrb1, Cst3, Fosl1, Dync1i1, Slc25a30, Camsap3, C12h6orf89, 
Smyd2, Dsc2, Slc38a10, Adm, Loc100348748, Loc100351810, 

Figure 4.  Representative images were obtained using immunohistochemistry and histology techniques. (A to C) Staining with hematoxylin–eosin. Scale bar = 50 μm.  
(D to F) Immunostaining of antifast myosin skeletal heavy chain. Histology and immunohistochemistry demonstrated the presence of types II (which react with the primary 
antibody and appear orange-red) and I (which do not react with the antibody and appear off-white) fibers in all three groups as well as morphological differences between 
the three groups. Scale bar = 50 μm. (G to J) Comparisons of the diameters and cross-sectional areas (CSAs) of types I (slow-twitch) and II (fast-twitch) fibers between 
the three groups. The diameters and CSAs of the types I and II fibers were significantly smaller in the MV group than in the control or PNS groups. (A color version of this 
figure is available in the online journal.)
*P < 0.05.
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Mical2, Fbln7, Tmprss13, Cmklr1, Uchl1, Cilp, Mapre3, and 
Loc108176404 (Figure 6). WGCNA indicated that the salmon 
and palevioletred3 modules had positive correlations with 
the control group, whereas the darkslateblue and pink mod-
ules were correlated with the PNS group (Figures 7 and 8). 
After overlapping the DEGs with the core significant mod-
ules and removing five illogical genes, only eight genes 
(Slc25a30, Tmprss13, Mapre1, Bdkrb1, Cst3, Mical2, Uchl1, and 
Aldh1a1) were selected. Pathway enrichment analysis for 
the DEGs in the control versus MV groups revealed that 
the ubiquitin proteasome signaling pathway was the most 
significantly changed pathway (Figure 9(A)), while the fatty 
acid degradation signaling pathway was identified as the 
most representative altered canonical pathway for PNS ver-
sus MV groups (Figure 9(B)). There were no common canoni-
cal pathways between the MV versus control groups and 
PNS versus MV groups.

Aldh1a1 and Slc25a30

On the basis of RT-PCR results, in comparison with PNS 
group, fold-changes in Bdkrb1 and Cst3 mRNA relative to 

control did not remarkably differ in the MV group. As con-
firmed by Western blotting, the expressions of BDKRB1, 
CST3, TMPRSS13, MAPRE1, MICAL2, or UCH-L1 proteins 
did not remarkably differ between the MV and PNS groups. 
However, the RNA-seq (fragments per kilobase of exon per 
million mapped fragments [FPKM]), RT-PCR (fold-change in 
mRNA level), Western blotting, and IHC analyses revealed 
that the MV group had significantly higher Aldh1a1 expres-
sion/ALDH1A1 protein levels (P < 0.05; Figure 10) and 
significantly lower Slc25a30 expression/SLC25A30 protein 
levels (P < 0.05; Figure 11) than the control or PNS groups.

Discussion

Notable findings of this study are summarized as follows: (1) 
Pdi60Hz, Pdi80Hz, and Pdi100Hz were significantly higher in the 
PNS group than in the MV group at 12 and 24 h; (2) the MV 
group exhibited significant reductions in the diameters and 
CSAs of types I and II diaphragmatic fibers in comparison 
with the control or PNS groups; and (3) the MV group had sig-
nificantly higher mRNA and protein expressions of Aldh1a1/
ALDH1A1 and significantly lower mRNA and protein expres-
sions of Slc25a30/SLC25A30 than the control or PNS groups. 
Taken together, our data show that transvenous PNS can pre-
vent VIDD in rabbits undergoing MV. In addition, ALDH1A1 
and SLC25A3 were identified as candidate molecular targets 
mediating the effects of PNS to prevent VIDD.

Figure 5.  Detection of DEGs. (A) Volcano plot depicting DEGs in the control 
and MV groups. log2FC > 1 and false discovery rate (FDR) < 0.05 in vertical and 
horizontal lines, respectively. (B) Volcano plot depicting DEGs in the PNS and MV 
groups.log2FC > 1 and FDR < 0.05 in vertical and horizontal lines, respectively.  
(A color version of this figure is available in the online journal.)

Figure 6.  Overlap of differentially expressed genes (DEGs) between groups. 
(A) Venn diagram depicting the overlap of DEGs in MV versus control groups 
and PNS versus MV groups. The number of DEGs included 22 up- and 
downregulated genes. (B) Heat map representing the 22 overlapping DEGs 
in MV versus control groups and PNS versus MV groups. log2FC < −1 and 
log2FC > 1 are depicted with shades of blue and red, respectively.  
(A color version of this figure is available in the online journal.)
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Figure 7.  WGCNA. (A) Utilization of diverse soft threshold powers to analyze the scale-free fit index and the mean connectivity. (B) In modules, dendrograms were 
utilized to present the co-expressed genes. A color-coded module, covering highly connected genes, is represented by a colored row. (A color version of this figure is 
available in the online journal.)
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Figure 8.  Eigengene heat maps. (A) Heat map of eigengene adjacency. In the heat map, a colored module eigengene is associated with a row/column. Low (negative 
correlation) and high (positive correlation) adjacencies are marked with blue and red, respectively. (B) Heat map of the correlation between the module eigengenes 
and the group features. A module eigengene and a group feature are associated with a row and a column, respectively. The corresponding P value and correlation are 
involved in each cell. The selection of four modules (salmon, palevioletred3, pink, and darkslateblue), as the key modules, for further analysis based on the module 
significance value and the correlation coefficient. (A color version of this figure is available in the online journal.)
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Association of VIDD with histobiochemical signs of dia-
phragmatic injury and atrophy, as well as a prompt loss 
of diaphragmatic force-generating capacity has been con-
firmed. Our study revealed that the Pdi100Hz had decreased to 

56% of the baseline value after 1 day of MV, which is similar 
to the value of 63% reported by Sassoon.23 Significant differ-
ences could be detected in the mean diameters and CSAs of 
types I and II diaphragmatic fibers among the three groups. 

Figure 9.  KEGG pathway annotation analysis. (A) Ubiquitin proteasome signaling pathway was the most significantly changed pathway for control versus MV groups. 
(B) Fatty acid degradation signaling pathway was the most significantly changed pathway for PNS versus MV groups. (A color version of this figure is available in the 
online journal.)
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Figure 10.  Downregulation of Aldh1a1 mRNA expression and ALDH1A1 protein expression via electrically stimulated phrenic nerve particularly for mechanical 
ventilation. (A) RNA sequencing data. Mean ± SD. *P < 0.05. (B) RT-PCR data showing the fold-change in the Aldh1a1 mRNA level relative to control. 
Mean ± SD. *P < 0.05. (C) Quantification of ALDH1A1 protein level by Western blotting. Mean ± SD. *P < 0.05. (D) Integral optical density (IOD) determined from 
immunohistochemistry experiments. Mean ± SD. *P < 0.05. (E) Representative image of Western blotting (n = 6 per group; for a given condition, running of all samples 
was undertaken on the same gel). (F to H) Representative images of diaphragmatic sections immunostained for ALDH1A1 protein. Scale bars = 50 μm. (A color version 
of this figure is available in the online journal.)
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Figure 11.  Upregulation of Scl25a30 mRNA expression and SCL25A30 protein expression via electrically stimulated phrenic nerve particularly for mechanical 
ventilation. (A) RNA sequencing data. Mean ± SD. *P < 0.05. (B) RT-PCR data showing the fold-change in the Scl25a30 mRNA level relative to control. 
Mean ± SD. *P < 0.05. (C) Quantification of SCL25A30 protein level by Western blotting. Mean ± SD. *P < 0.05. (D) Integral optical density (IOD) determined from 
immunohistochemistry experiments. Mean ± SD. *P < 0.05. (E) Representative image of Western blotting (n = 6 per group; for a given condition, running of all samples 
was undertaken on the same gel). (F to H) Representative images of diaphragmatic sections immunostained for SCL25A30. Scale bars = 50 μm. (A color version of 
this figure is available in the online journal.)
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The above observations indicate that diaphragmatic weak-
ness during MV likely occurs within 12 h, which would be 
consistent with previous observations that VIDD develops 
after only 12 and 24 h in rats and rabbits, respectively.23,28 
Notably, scholars reported the association of the mechanisms 
underlying diaphragmatic injury and atrophy with oxidative 
stress, mitochondrial dysfunction and proteolysis.29,30

Diaphragmatic pacing has long been used in patients with 
high cervical spinal cord lesions and quadriplegia.31 Previous 
studies confirmed the effects of diaphragmatic pacing on the 
improvement of diaphragmatic function, as well as its role 
in preventing and treating VIDD in critically ill patients.32–34 
The RESCUE2 study also demonstrated that temporary 
transvenous diaphragmatic pacing could correct diaphrag-
matic disuse atrophy and accelerate weaning in patients.35 
Although the RESCUE 2 study utilized a stimulation fre-
quency of 15 Hz to provoke fused diaphragmatic contractions 
and mitigate against the development of VIDD, we believe 
that a frequency of 15 Hz may not optimally recruit fast-
twitch type II myofibers and may not produce a sufficiently 
smooth contraction of diaphragmatic muscle. Currently, 
it is recommended that neurorehabilitation with electrical 
stimulation utilizes the minimum stimulus frequency that 
generates a fused muscle response.36 However, no previous 
animal or human studies have determined the optimal PNS 
parameters, and in particular the optimal stimulation fre-
quency, for potential mitigation against VIDD. Therefore, the 
present study used a stimulation frequency of 40 Hz, since 
this frequency recruits the type II fibers that are the first to 
atrophy following disuse. Of course, it is absolutely critical 
to avoid diaphragmatic fatigue and corresponding muscle 
damage when using high-frequency stimulation. Although 
fatigue was not evaluated in this study, we utilized specific 
approaches to minimize the risk of fatigue development. 

PNS-induced fatigue was minimized through the use of a 
triangular electric current wave (modulated in amplitude, 
with a progressive increase and a rapid decrease during the 
inspiratory period) that mimicked the physiological charac-
teristics of normal phrenic nerve discharge (Figure 12). The 
above settings likely reduced the risk of high-frequency dia-
phragmatic fatigue.37 However, it is essential to indicate the 
degree of diaphragmatic activation for the purpose of pre-
venting VIDD. Therefore, additional research will be needed 
to determine the optimal frequency, dose, and duration of 
PNS for the prevention of VIDD in animal models as well as 
human patients.

A previous research reported the occurrence of 
MV-induced diaphragmatic atrophy originating from 
reduction of protein synthesis and elevation of proteolysis. 
Increased production of reactive oxygen species (ROS) could 
enhance muscle protein degradation via the ubiquitin pro-
teasome system (UPS), and functioning in inactivity-induced 
atrophy in VIDD.38 Attribution of protein loss to the upreg-
ulation of the UPS was recently figured out in an experi-
mental study of endotoxin-induced diaphragmatic muscle 
dysfunction.39 In line with published findings, the current 
research demonstrated that the UPS signaling pathway was 
significantly functionally upregulated during MV. Previous 
investigations have revealed that VIDD induces changes in 
gene expression that lead to energy oversupply relative to 
demand and diaphragmatic lipid accumulation during MV.40 
Contribution of lipid accumulation in skeletal muscle to 
oxidative stress and mitochondrial dysfunction was noted, 
enhancing the development of muscle atrophy. Our RNA-
seq data indicated that the fatty acid degradation signaling 
pathway was activated in the PNS group compared with 
the MV group, raising the possibility that electrical stimula-
tion protects the diaphragm by increasing diaphragmatic 

Figure 12.  Comparison of (A) phrenic electromyography, (B) phrenic discharge, and (C) the simulated triangular electric current wave. (A color version of this figure is 
available in the online journal.)
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contractile activity levels and reducing energetic substrate 
overload. However, the metabolic molecular mechanisms 
linking the UPS and fatty acid degradation signaling path-
ways to VIDD remain to be elucidated.

This study is the first to identify two key genes (Aldh1a1 
and Slc25a30) that are involved in VIDD and the mitigat-
ing effects of PNS. ROS are formed as normal products of 
oxygen metabolism in the cell, but their production can be 
increased under pathological conditions and cause damage. 
The imbalance between the antioxidant defense mechanism 
and ROS production results in oxidative stress leading to 
cellular damage. ALDH1A1 is one member of the acetalde-
hyde dehydrogenase (ALDH) superfamily that metabolizes 
endogenous and exogenous acetaldehyde to the corre-
sponding carboxylic acids by producing NAD(P)H, thereby 
mitigating against oxidative stress, protecting the cell and 
supporting cellular homeostasis.41 The level of ALDH1A1 is 
elevated by stress to protect against oxidative damage, and 
activation of ALDH1A1 may produce beneficial effects under 
specific disease or therapeutic conditions.42 Our findings 
revealed the elevated expression of the Aldh1a1 gene in the 
MV group versus that in the control and PNS groups, sug-
gesting that this acted as a compensatory antioxidant mech-
anism to protect against the increased production of ROS 
in the diaphragm. Moreover, electrical stimulation (PNS) 
suppressed the enhancement of ALDH1A1 activity possibly 
through a reduction in oxidative stress. This raises the pos-
sibility that inhibition of ALDH1A1 may represent a new 
treatment for the prevention of VIDD. However, whether 
activation or inhibition of ALDH enzymes exerts beneficial 
effects depends on the specific conditions, necessitating a 
greater understanding of the role-played by ALDH1A1 in 
specific diseases.43–46

Solute carrier family-25 (SLC25) is a superfamily of trans-
porters in the mitochondrial inner membrane in mammals, 
and SLC25 member-30 (SLC25A30) has been implicated in 
the regulation of ROS.47 The Slc25a30 gene encodes kidney 
mitochondrial carrier protein-1 (KMCP1), which transports 
sulfate and thiosulfate across the inner mitochondrial mem-
brane and thereby modulates the level of the important gas-
eous signaling molecule, hydrogen sulfide (H2S).48 H2S, in 
which its degradation rate and synthesis could be utilized 
to determine its cellular concentration, could protect cells 
against oxidative damage via directly scavenging ROS and 
activating cell signaling pathways that promote the expres-
sion of antioxidant enzymes.49 Previous research has pro-
vided evidence that a H2S donor can protect against VIDD, 
and it is possible that an exogenous H2S donor supplements 
the endogenous levels of H2S in diaphragmatic fibers dur-
ing prolonged MV.50 In view of the results of the present 
study, we propose that diaphragmatic H2S synthesis was 
suppressed in the MV group due to the downregulation 
of Slc25a30 and that PNS attenuated both the downregula-
tion of Slc25a30 and the decrease in H2S synthesis to protect 
the diaphragmatic mitochondria against oxidative stress. 
Thus, PNS and its effects on two antioxidant genes (Aldh1a1 
and Slc25a30) may offer a new basis for the development of 
future therapies to prevent VIDD.

The limitations of the present research should be pointed 
out. First, this study had a small sample size and was limited 

to rabbits, so that, the generalizability of the findings to human 
patients or other animals remains unestablished. Second, 
CMV was performed for only 24 h, so that, the effects of PNS 
on VIDD during longer-duration CMV were not assessed. 
Third, systematic comparisons of different PNS regimens 
were not made. Fourth, it was not established whether the 
PNS-induced increase in SLC25A30 activity inhibited oxida-
tive stress through an enhancement of H2S synthesis. Further 
studies are required to establish the optimal PNS regimen 
for VIDD prevention and elucidate the detailed mechanisms 
through which the ALDH1A1 and SLC25A30 proteins con-
tribute to the prevention of VIDD by PNS.

In conclusion, our study revealed that the onset of 
VIDD occurred rapidly (within 12 h) in rabbits undergoing  
MV. Furthermore, early initiation of intermittent electri-
cal stimulation of the diaphragm during MV prevented 
the development of VIDD in rabbits. Notably, Aldh1a1 and 
Scl25a30 were identified as candidate genes involved in the 
prevention of VIDD by transvenous PNS. Our findings may 
help to identify new therapeutic strategies to prevent VIDD. 
The possible roles of ALDH1A1 and SCL25A30 protein levels 
as biomarkers for VIDD require further investigation.
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