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Abstract

Background Positive end-expiratory airway pressure (PEEP) is a potent component of management for patients
receiving mechanical ventilation (MV). However, PEEP may cause the development of diaphragm remodeling, making
it difficult for patients to be weaned from MV. The current study aimed to explore the role of PEEP in VIDD.

Methods Eighteen adult male New Zealand rabbits were divided into three groups at random: nonventilated
animals (the CON group), animals with volume-assist/control mode without/ with PEEP 8 cmH,0 (the MV group/ the
MV + PEEP group) for 48 h with mechanical ventilation. Ventilator parameters and diaphragm were collected during
the experiment for further analysis.

Results There was no difference among the three groups in arterial blood gas and the diaphragmatic excursion
during the experiment. The tidal volume, respiratory rate and minute ventilation were similar in MV + PEEP group
and MV group. Airway peak pressure in MV 4 PEEP group was significantly higher than that in MV group (p <0.001),
and mechanical power was significantly higher (p <0.001). RNA-seq showed that genes associated with fibrosis were
enriched in the MV 4 PEEP group. This results were further confirmed on mRNA expression. As shown by Masson’s
trichrome staining, there was more collagen fiber in the MV 4 PEEP group than that in the MV group (p=0.001).
Sirius red staining showed more positive staining of total collagen fibers and type I/1ll fibers in the MV + PEEP group
(p=0.001; p=0.001). The western blot results also showed upregulation of collagen types 1A1, lll, 6A1 and 6A2 in the
MV + PEEP group compared to the MV group (p <0.001, all). Moreover, the positive immunofluorescence of COL Il in
the MV 4 PEEP group was more intense (p=0.003). Furthermore, the expression of TGF-31, one of the most potent
fibrogenic factors, was upregulated at both the mRNA and protein levels in the MV + PEEP group (mRNA: p=0.03;
protein: p=0.04).

Conclusions We demonstrated that PEEP application for 48 h in mechanically ventilated rabbits will cause collagen
deposition and fibrosis in the diaphragm. Moreover, activation of the TGF-31 signaling pathway and myofibroblast
differentiation may be the potential mechanism of this diaphragmatic fibrosis. These findings might provide novel
therapeutic targets for PEEP application-induced diaphragm dysfunction.
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Background

Positive end-expiratory airway pressure (PEEP) is a
potent component of management for patients receiving
mechanical ventilation (MV). For critically ill patients,
PEEP improves gas exchange, increase end expiratory
lung volume (EELV) and improves pulmonary homoge-
neity, improves clinical outcomes including mortality
[1, 2]. However, recently, evidence has shown that the
prolonged application of PEEP during mechanical venti-
lation may cause diaphragm remodeling, especially lon-
gitudinal muscle fiber atrophy [3]. PEEP may lead to the
development of ventilation-induced diaphragm dysfunc-
tion (VIDD), making it difficult for patients to be weaned
from MV.

Early studies had a particular focus on the effect of
ventilator assistance (assisted or controlled ventilation)
on diaphragm dysfunction. However, little attention has
been given to the role of PEEP in this process. A variety
of studies have shown that lower tidal volume (V) and
higher PEEP can play a lung protective role in mechani-
cal ventilation [4—7]. However, the increased end-expir-
atory lung volume (EELV) caused by high PEEP affect
diaphragm geometry. Thus, the diaphragm is always sub-
jected to mechanical forces from the lungs, which may be
related to diaphragmatic dysfunction due to mechanical
ventilation [3]. Recently, Lindqvist found that ventilation
with PEEP resulted in diaphragm remodeling [8]. Thus,
further understanding of the potential mechanism in
PEEP application-induced diaphragm dysfunction is cru-
cial for establishing strategies to guide clinical practice.

Repair normally occurs very quickly after tissue under-
goes mechanical trauma, exposure to toxins or infec-
tions. However, successful repair involves a series of
complicated and well-orchestrated events; otherwise,
failed tissue repair, including degeneration, inflamma-
tion, and fibrosis, will occur. Fibrosis is the aberrant or
dysregulated accumulation of extracellular matrix (ECM)
components, especially collagens, in the process of tissue
repair, leading to organ/tissue dysfunction [9, 10]. Fibro-
sis causes muscle dysfunction. With the accumulation of
fibrotic tissue, muscle stiffness increases and obstructs
the diaphragm to reach the offset length required for res-
piration. In addition, a study found that changes in colla-
gen organization structure and mechanics have an impact
on diaphragm function [11]. In skeletal muscle, trans-
forming growth factor-fl1 (TGF-P1) is considered one
of the most effective regulators in the process of fibro-
sis, as it controls ECM synthesis, remodeling, and deg-
radation [12]. The hyperactivation of TGF-$1 eventually

contributes to the conversion of muscle fiber into non-
functional fibrotic tissue and the dysfunction of force
generating capacity in skeletal muscle [12, 13]. Hence,
targeting fibrosis may be one of the therapeutic strategies
in mechanical ventilation with PEEP application.

In this context, we explored whether high PEEP appli-
cation increases collagen deposition and promotes fibro-
sis in the diaphragms of rabbits with MV, which may
provide new insights in pathophysiology and treatment
of VIDD.

Methods

Study design

The purpose of this study was to evaluate the effect of the
application of PEEP on the diaphragm during mechani-
cal ventilation. This treatment was studied in a rabbit
mechanical ventilation model.

Eighteen adult male New Zealand rabbits weigh-
ing 2.5+0.2 kg were included in this study. The rabbits
were randomly divided into three groups (six per group)
based on a list generated by a random number genera-
tor in Excel. Group 1: nonventilated animals under seda-
tion (CON group); Group 2: animals with mechanical
ventilation with a PEEP of 0 cmH,O (MV group); Group
3: animals with mechanical ventilation with a PEEP of
8 cmH,0 (MV + PEEP group). All animals were eutha-
nized after 48 h of ventilation, arterial blood gas (pH
value, arterial partial pressure of carbon dioxide and arte-
rial partial pressure of oxygen, etc.) was measured, and
diaphragm muscle samples were collected for subsequent
analyses.

Animals

MV group and MV + PEEP group animals were mechani-
cally ventilated, and anesthesia was performed by intra-
peritoneal injection of 3% sodium pentobarbital solution
(1 ml/kg) and injecting lidocaine in the neck at the inci-
sion site to reduce pain. Moreover, a venous indwelling
needle was established under the vein of the rabbit ear.
Anesthesia was maintained with an intravenous pento-
barbital sodium infusion. A feeding tube was inserted
into the stomach via a small incision in the esophagus.
The ventilator used in the experiment was the SV800
neonatal circuit ventilator (neonatal type: Mindray,
Shenzhen, China). In the experiment, the volume assist/
control mode was used, the tidal volume was 8 ml/kg,
the respiratory rate was 40—-50 bpm, and the PEEP level
was 0 cm H,O or 8 cm H,O. As shown in Fig. 1, the end-
tidal CO, pressure (PETCO,) was monitored every 4 h
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Fig. 1 Diaphragm ultrasonic and respiratory parameter monitoring during model establishment. A Diaphragm ultrasonic analysis revealed the
frequency of motion and the location of the diaphragm. B Respiratory parameter monitoring of I:E. C Respiratory parameter monitoring of RR (cpm).
D Respiratory parameter monitoring of PEEP (cmH,0). E Respiratory parameter monitoring of Ppeak (cmH,0). F Respiratory parameter monitoring
of VT (ml). G Respiratory parameter monitoring of Ve tot (L). H Respiratory parameter monitoring of MP(J/min). I Respiratory parameter monitoring

of PETCO, (mmHg). Three rabbits from each group were randomly selected to draw the trend line of respiratory parameter
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during the experiment, and the ventilator parameters
were adjusted according to the values. The pressure and
airflow waveforms of the ventilator were continuously
monitored through the RS-232 output port of the venti-
lator, and the respiratory parameters were continuously
recorded similarly (RespcareRM, Hangzhou ZhiRuiSi
Company, China). The spontaneous breathing trial (SBT)
was performed after 48 h of mechanical ventilation. The
ventilator mode was changed to spontaneous breath-
ing mode (both the pressure support and PEEP used
were 0 cm H,0). During this period, parameters such
as respiratory rate (RR), tidal volume (V), total minute
ventilation (V, ), and rapid shallow breathing index
(RSBI) were collected. Diaphragmatic ultrasound assess-
ments were performed before the experiment, at 48 h
of mechanical ventilation, and during SBT. All animal
experimental protocols were approved by the Review
Committee of Zhejiang University School of Medicine.

Histological analysis

Harvested diaphragm muscles were processed to the
appropriate size, immediately fixed in 4% paraformalde-
hyde and processed for paraffin embedding. Then, 8 um
thick sections were prepared. The diaphragm tissue was
processed by Masson’s trichrome staining and picric acid-
Sirius red staining. The diaphragm specimen was stained
with 0.1% Sirius red in a saturated aqueous solution of
picric acid for 50 min at 37 °C. Then, the tissue sections
were washed in 0.01 N HCI to remove unbound dye,
dehydrated with 100% ethanol, and washed in xylene.
Masson’s trichrome staining was performed following
the Trichrome Staining Kit manual. The diaphragm slices
were observed under a microscope (Olympus VS$200,
Tokyo, Japan). Specifically, the sections with picric acid-
Sirius red staining were observed under polarized light.
The percentage of collagen in diaphragm sections was
measured with Image-Pro-Plus software, and five sepa-
rate views were selected.

Immunofluorescence

Six-micrometer-thick paraformaldehyde-fixed, paraffin-
embedded sections of diaphragm were deparaffinized
for immunofluorescent staining. All sections were incu-
bated with anti-collagen III primary antibody (HA720050
1:500 HuaAn Biotechnology, China) at 4 °C overnight.
Tissue was then incubated with secondary antibodies
against rabbit (A-11035, 1:500, Invitrogen, United States)
labeled with Alexa Fluor 546 at 37 °C for 30 min. Then,
all slides were stained with Hoechst (H1399, 1:500, Invit-
rogen, United States) and wheat germ agglutinin (WGA)
(W11261, 1:1000, Invitrogen, United States) for 10 min
37 °C. Finally, the slides were observed under a confo-
cal microscope (Olympus IX83-FV3000-OSR, Tokyo,
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Japan), and representative views were selected and
photographed.

Quantitative RT—-qPCR

Total RNA was extracted using an AxyPrep Multisource
Total RNA Maxiprep Kit (AP-MX-MS-RNA-10G, Axy-
gen, United States). cDNAs were synthesized using the
HiScript® II Reverse Transcriptase Kit (R223, Vazyme,
China). qPCR was performed following the manufactur-
er’s protocol (Q711, Vazyme, China). The primers used in
this study are listed in Additional file 1: Table S1. Target
genes included COL1A1, COL1A2, COL3A1, COL5A3,
COL6A1, COL6A2, COL15A1, COL16A1, TGF-B1, EN,
THBS1 and THBS3. GAPDH was adopted as the house-
keeping gene, and the relative expression values of target
genes were calculated using the 2724t method.

Western blot analysis

The diaphragm protein lysates were subjected to SDS—
PAGE gels for electrophoresis for 90 min and then
transferred onto a polyvinylidene fluoride membrane
(IPVHO00010, Millipore, United States). The membrane
was blocked and then incubated with primary antibod-
ies against TGF-f1 (HA500496 1:1000, HuaAn Bio-
technology, China), «a-SMA (ER1003 1:1000, HuaAn
Biotechnology, China), COL3 (HA720050 1:1000, HuaAn
Biotechnology, China), COL1A1 (ET1609-68, 1:1000,
HuaAn Biotechnology, China), COL6A1 (A9236, 1:1000,
ABclonal, Woburn, MA, USA), and COL6A2 (A3796,
1:1000, ABclonal, Woburn, MA, USA) overnight at 4
C and secondary antibodies at room temperature for
90 min and then incubated with ECL reagent. The final
reported data of COL1A1, COL3, COL6A1, COL6A2,
TGE-B1 and a-SMA were the band densities normalized
to that of GAPDH.

RNA-seq analysis

RNA-seq was performed with 2x 150 bp paired-end
sequencing (PE150) on an Illumina Novaseq " 6000 (LC-
Bio Technology Co., Ltd., Hangzhou, China) following
the protocol. Then, analysis of significant differences, GO
enrichment and KEGG enrichment analyses were per-
formed on the differentially expressed mRNAs.

Statistical analysis

Comparisons between of three groups were conducted by
one-way analysis of variance (ANOVA) and nonparamet-
ric tests, and the values are presented as the means+ SDs.
Statistical significance was considered when the p value
was less than 0.05 by SPSS 19.0 statistical software.
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Results

Physiological measurements and respiratory monitoring
during model establishment

The initial body weights of the CON group, the MV
group and the MV +PEEP group were 2.52+0.09 kg,
2.56+0.05 kg and 2.43 +0.02 kg, respectively. The respir-
atory parameters were monitored throughout (Fig. 1B—H
and Additional file 1: Table S2), which indicated that the
respiratory strategy we carried out provided sufficient
ventilation support and maintained a good breathing
pattern for rabbits. Moreover, the airway peak pressure
(Ppeak) and mechanical power (MP) in the MV group
were significantly lower than that in the MV 4 PEEP
group (Ppeak: 11.524+1.24 c¢cmH20O and 15.88+0.85
c¢cmH20, respectively, p <0.001 MP: 0.66+0.09 J/min and
0.99£0.05 J/min, respectively, p <0.001).

As shown in Table 1, none of the blood gas parameters
at the end of the experiment were significantly different
among groups. We found that the results of SBT between
the MV group and the MV + PEEP group were not sig-
nificantly different after mechanical ventilation (Table 2).
After spontaneous breathing trial, the parameters of
PETCO, between the MV group and the MV +PEEP
group were 29.50£7.74 mmHg and 31.33+4.59 mmHg,
respectively.

Diaphragm ultrasound can reveal the frequency of
motion and the location of the diaphragm (Fig. 1A).
When we applied 8 cm H,O PEEP to the diaphragm, the
location of the diaphragm was altered and maintained
in the new position under the persistent mechanical

Table 1 Body weight and blood gas analysis in three groups

CON MV MV + PEEP p
Body 2.524+0.09 2.56+0.05 243+0.02 0.076
weight
(kg)
Lac 3084063 3.15+289 363+357 0.810
(mmol/L)
PH 7354+0.03 7.39+£0.07 734+£0.13 0.440
HCO5™ 22.20£2.00 20.05+1.48 2037 +4.1 0.875
(mmol/L)
PaCO, 40.15£5.93 3424474 38434+10.17 0.444
(mmHg)
Pao, 579842545 59.704+2645 588341571 0.963
(mmHg)
FiO2(%) 21.00 21.00 21.00
PaO,/FIO, 27607412120 28426412593 280.164+7481 0.963
(mmHg)
SBE,c —335+£163 — 4634260 — 5474570 0.755
PETCO, NA 29.50+7.74 31.33+4.59 0.629
(mmHg)

Data are expressed as mean £ SD
$p MV vs. MV + PEEP
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Table 2 SBT parameters in MV group and MV + PEEP group

CON MV MV -+ PEEP p
RR (cpm) NA 629741962 555241203 0546
RSBI(com/L) NA  433091:1805.15 4465984238968 0447
Veror ) NA 080+0.12 0924032 0.401
VT () NA 16,67 +3.95 18914581 0453

Data are expressed as mean +SD

forces of PEEP. We detected the diaphragm excursion of
these three groups before mechanical ventilation, after
48 h of mechanical ventilation and after SBT, as shown
in Table 3. We found that mechanical ventilation with
or without PEEP application had little influence on dia-
phragm excursion.

PEEP application during mechanical ventilation leads

to extracellular matrix alteration and collagen deposition
According to the RNA-seq results, we identified a total
of 665 differentially regulated genes among 29,076 genes
between the MV group and the MV+PEEP group.
Among these, the levels of 566 genes were significantly
upregulated, and 99 were significantly downregulated
(Fig. 2B). Interestingly, Gene Ontology (GO) analysis of
differentially expressed genes showed that among the
top 10 significantly enriched GO terms, 4 GO terms
were associated with extracellular matrix and fibrosis
(Fig. 2A). This finding indicated that the application of
PEEP during mechanical ventilation may alter the extra-
cellular matrix of the diaphragm. By further probing
our data, we found some differentially regulated genes
associated with collagen, as shown in Fig. 2B. Moreover,
the mRNA expression levels of these significantly regu-
lated genes were further verified to be increased in the
MV + PEEP group compared to the MV group (COL 1A:
1.20+£0.26 and 3.68 +0.85, respectively, p=0.002; COL
1A1: 1.004+0.41 and 4.70£1.20, respectively, p =0.001;
COL 1A2: 0.79£0.36 and 2.78+0.86, respectively,
p=0.008; COL 3A1: 1.56 £0.57 and 7.414 + 1.60, respec-
tively, p=0.001; COL 5A3: 1.83+£0.97 and 4.40+0.88,
respectively, p=0.008; COL 6Al: 1.29+0.56 and

Table 3 Diaphragm excursion measured by ultrasound

CON mMv MV + PEEP
Before mechanical 397+£1.20 381£1.17 3.91+£0.60
ventilation(mm)
During mechanical NA 3.80+0.70 3774055
ventilation(mm)
SBT(mm) 3854051 3.88+1.21 3.63+1.19

Data are expressed as mean +SD
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2.68+0.12, respectively, p=0.023; COL 6A2: 1.64+0.86
and 4.53£1.61, respectively, p=0.014; COL 15Al:
1.28+0.38 and 2.14+0.53, respectively, p=0.032; COL
16A1: 0.814+0.12 and 2.44 £ 1.09, respectively, p=0.026)
(Fig. 2C-K). These results indicated that the application
of PEEP during mechanical ventilation may lead to extra-
cellular matrix alterations and collagen deposition.

PEEP application during mechanical ventilation
contributes to diaphragm fibrosis

To further investigate the influence of extracellular
matrix alteration and collagen deposition on the dia-
phragm, we carried out Masson’s trichrome staining to
identify collagen fiber accumulation. Masson’s trichrome
can stain collagen fibers of the diaphragm blue and mus-
cle fibers red. As shown in Fig. 3A and B, the collagen
fiber staining in the MV -+PEEP group was stronger
than that in the MV group (1.604+0.37 and 4.45+1.76,
respectively, p=0.001). Additionally, we found that other
extracellular matrix and collagen-related mRNAs were
upregulated in the MV + PEEP group compared to the
MV group (FN: 1.134+0.89 and 4.49 £ 3.28, respectively,
p=0.05; THBS1: 0.67 £ 0.32 and 2.76 £ 1.20, respectively,

4
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e

2-
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0- 0-

Masson’s trichrome staining FN1
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p=0.006; THBS3: 1.12+0.92 and 2.76+1.68, respec-
tively, p=0.05) (Fig. 3C-E).

We next investigated the alteration of different collagen
types. Sirius red staining is another standard method for
evaluating collagen fibers in tissues. The complex of col-
lagen and Sirius red is much more birefringent than that
of other proteins; thus, it appears brighter than the other
tissues with polarized microscopy [14]. Moreover, collagen
type I fibers can appear yellowish-orange to red, while col-
lagen type III fibers appear green to yellowish-green with
polarized microscopy [15]. We found that regardless of the
total collagen fibers detected by the bright field microscope
or the collagen type I and III fibers visualized by the polar-
ized microscope, the MV +PEEP group presented more
positive staining than the MV group (bright field micro-
scope: 3.33+0.72 and 7.3540.75, respectively, p=0.001;
polarized microscope: 1.804+0.32 and 3.42+0.28, respec-
tively, p=0.001) (Fig. 4A—C). Similar results were found by
western blotting: the protein expression levels of collagen
types 1A1, III, 6A1 and 6A2 were significantly increased in
the MV +PEEP group compared to the MV group (COL
1A1: 1.18+0.16 and 1.88+0.20, respectively, p=0.05;
COL III: 1.75£0.52 and 3.76 +0.07, respectively, p=0.001;

MV + PEEP
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Fig. 3 Application of PEEP during mechanical ventilation leads to diaphragm fibrosis. A, B Masson's trichrome staining revealed fibrosis in the
diaphragms of the MV + PEEP group. Scale bar =50 um. C-E Diaphragms of three groups were detected by gPCR to analyze fibrosis-related gene
expression. Values are represented as the mean £ SD, n=6 (*p <0.05, **p < 0.01, ***p <0.001)
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COL 6Al: 1.70+£0.21 and 4.93£0.80, respectively,
p=0.001; COL 6A2: 1.24+0.06 and 2.06£0.34, respec-
tively, p=0.04) (Fig. 4D—H). We also found that compared
to that of the MV group, the positive immunofluores-
cence of COL III in the MV +PEEP group was stronger
(1.134+0.37 and 2.73 £0.83, respectively, p=0.003) (Fig. 41,
]). Taken together, our present study found that the appli-
cation of PEEP during mechanical ventilation contributes
to collagen fiber accumulation, indicating fibrosis in the
diaphragm.

PEEP application during mechanical ventilation induced
fibrosis in the diaphragm is associating with TGF(3-1
upregulation

TGEp-1 is known as one of the most effective fibrogenic
factors, playing an important role in the expression of col-
lagen fibers. We found that the expression of TGFp-1 at
both the mRNA and protein levels was upregulated in the
MV +PEEP group (mRNA: 1.354+0.50 and 2.42+0.77,
respectively, p=0.03; protein: 1.20£0.23 and 2.30£0.65,
respectively, p=0.04) (Fig. 5A—C). Additionally, we found
that the expression of alpha smooth muscle actin (ax-SMA)
in the MV+PEEP group was significantly upregulated
(1.06£0.46 and 2.15+0.37, respectively, p=0.03) (Fig. 5A,
D). In summary, the upregulation of TGFp-1 in mechani-
cal ventilation with PEEP application may be the potential
mechanism of fibrosis in the MV + PEEP group.

Discussion

PEEP is a common and important method in acute hypoxic
respiratory failure. Most acute respiratory distress syn-
drome (ARDS) patients who receive mechanical ventila-
tion will receive PEEP of 5 to 12 cm H,O in combination
with lung-protective ventilation modes to ameliorate oxy-
genation and prevent atelectasis [16, 17]. However, it has
been demonstrated that after 18 h of MV with 2.5 cm H,0
of PEEP, diaphragm fibers adapt to the altered shape by
absorbing serially linked sarcomeres, which is termed lon-
gitudinal atrophy [8]. Recent research proved that MV with
10 cm H,O of PEEP for 12 h worsens diaphragm atrophy
induced by a ventilator in rats by inducing oxidative stress
[7]. However, the influence of PEEP application is still con-
troversial. Sassoon et al. found that 48 h of MV with 8 cm
H,O of PEEP did not exacerbate diaphragm dysfunction in
rabbits [18]. The potential explanation is that the profound
effects of CMV on the diaphragm made the additional

(See figure on next page.)
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influence of PEEP undetectable. It has even been reported
that high levels of PEEP application preserved diaphragm
contractility in a rat ARDS model.

In our study, we adopted PEEP of 8 cm H,O which has
been confirmed that 8 cm H,O PEEP will not cause pul-
monary overdistension or circulatory dysfunction [18]; In
addition, the ventilation mode of volume assist/control
preserves the spontaneous breathing effort of the experi-
mental rabbits, which is closer to clinical application and
protects the diaphragm function to a certain extent [19].
However, this may contribute to the patient-ventilator
asynchrony which may also have impact on diaphragm.
We made attempts to explore the role of patient-ventilator
asynchrony on diaphragm dysfunction as shown in Addi-
tional file 1: Table S3. Based on current data, patient-ven-
tilator asynchrony index between the MV group and the
MV +PEEP group is not significant different. Interestingly,
we found that mechanical ventilation with 8 cm H,O PEEP
application led to fibrosis in the diaphragm in healthy rab-
bits by upregulating the expression of TGF-p1, which may
be a potential cause of aggravating diaphragm dysfunction.

Fibrosis refers to the accumulation of ECM. Although
ECM accounts for 10% of skeletal muscle mass and
plays a major role in force transmission, maintenance,
and muscle fiber repair [20], the abnormal accumula-
tion of ECM, especially collagens, impairs muscle func-
tion and regeneration after injury [12, 21, 22]. Brass
et al. demonstrated that high-fat diet (HFD) feeding
promotes the role of thrombospondin 1 (THBS1) in
obesity-related respiratory dysfunction by increas-
ing FAP-mediated fibrogenesis and promoting fibrotic
remodeling of the diaphragm [23]. A study of Duchenne
muscular dystrophy (DMD) identified changes in the
ECM structure and mechanics of the diaphragm during
disease progression, and the role of collagen tissue in
diaphragm function should be further investigated [11].
A previous study showed that a diaphragmatic injury
model induced by high tidal volume ventilation in mice
results in diaphragm dysfunction, which is associated
with the activation of fibrosis-relevant proteins such
as type I and III procollagen and TGF-$1. Mechani-
cal stretch was considered to be the reason for this
high tidal volume ventilation-induced fibrosis in the
diaphragm [24]. Similarly, in our study, we found that
PEEP application led to collagen deposition and fibro-
sis in a mechanical ventilated diaphragm. This finding

Fig.4 Application of PEEP during mechanical ventilation leads to collagen deposition in the diaphragm. A-C Sirius red staining with bright field
and polarized microscopy revealed increased collagen fibers in the diaphragms of the MV + PEEP group. Scale bar=50 um. D-H Diaphragm
protein lysates of the three groups were detected by Western blotting, and the expression of different collagen types was quantified. |, J
Diaphragmatic tissue sections were subjected to immunofluorescence staining to analyze the expression of collagen Ill. Red represents collagen
ll; green represents WGA; blue represents Hoechst. Scale bar=50 um. Values are represented as the mean£SD. n=6 (*p<0.05, *p < 0.01,

***p<0.001)
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Fig. 5 PEEP application during mechanical ventilation induced fibrosis in the diaphragm is associating with TGF3-1 and a-SMA upregulation.
A-D Diaphragm protein lysates of the three groups were detected by Western blotting, and the expression of TGF(3-1 and a-SMA were quantified.
Diaphragms of the three groups were detected by qPCR to analyze fibrosis-related gene expression. Values are represented as the mean +SD.n=6

(*p<0.05)

may be due to the altered location of the diaphragm
that we detected with diaphragm ultrasound (Fig. 1A).
During the process of 48 h of mechanical ventilation,
the diaphragm suffered an 8 cm H,0O mechanical force.
Persistent mechanical stretching might account for the
fibrotic activation observed in our present research.

As an important regulator of ECM accumulation,
TGEF-P1 is considered to be a key driver in the develop-
ment of fibrosis [25]. Several studies have demonstrated
that TGF- B1 signaling is critical in the progression of
several diseases, such as pulmonary fibrosis, cardiac
fibrosis and liver fibrosis [26—28]. In the diaphragm of
an MDX mouse model, TGF-B1 levels were significantly
upregulated, accompanied by an increase in nonmuscle
tissue [29]. Baptiste et al. found that a TGF-p pathway
inhibitor alleviates diaphragmatic contraction dysfunc-
tion induced by sepsis [30]. In addition, TGF-p, espe-
cially TGF-B1, and its downstream signaling pathway
are potent regulators of a-SMA gene expression during
damage repair [31, 32]. Cumulative a-SMA expression
is considered to be a classic hallmarks of myofibroblast
differentiation, representing mature myofibroblasts
[33]. Persistent activation of myofibroblasts leads to
accumulation and contraction of collagenous ECM and
eventually contributes to the development of fibrosis.
In our present study, we found that 48 h of mechani-
cal ventilation with 8 cm H,O PEEP application can
significantly increase the expression of TGF-f1 accom-
panied by a-SMA in the diaphragms of healthy rabbits.

This study may provide a potential therapeutic target to
guide clinical practices preventing PEEP application-
induced diaphragm dysfunction.

There were several limitations in this study. First,
although fibrosis leads to skeletal muscle weakness,
compared to collagen deposition, measurements of
muscle contractile properties may better describe dia-
phragm weakness. Due to the limitation of the experi-
mental conditions, direct measurements of muscle
contractile properties were absent. Thus, we carried
out SBT test to indirectly reflect the function of dia-
phragms between the MV group and the MV + PEEP
group. However, the negative result of SBT test (as
shown in Table 2) didn’t imply that fibrosis has no effect
on diaphragmatic function, because the accuracy of
SBT test on representing diaphragm function may be
not enough to reflect the effect of diaphragm fibro-
sis on diaphragm function. In fact, the SBT test is not
a perfect predictor of respiratory function. In clinical
practice, there are also cases where SBT test passed but
extubation failed.

Conclusions

Upon comparing the diaphragm between mechani-
cally ventilated rabbits with/without PEEP application,
we demonstrated that PEEP application for 48 h in
mechanically ventilated rabbits will cause collagen dep-
osition and fibrosis in the diaphragm. Moreover, activa-
tion of the TGF-fB1 signaling pathway and myofibroblast
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differentiation may be the potential mechanism of this
diaphragmatic fibrosis. These findings might provide
novel therapeutic targets for PEEP application-induced
diaphragm dysfunction.

Abbreviations

PEEP Positive end-expiratory airway pressure
MV Mechanical ventilation

RR Respiratory rate

Ve Tidal volume

Vetot Total minute ventilation
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ECM Extracellular matrix

SBT The spontaneous breathing trial
TGF-B1 Transforming growth factor-31

a-SMA Alpha smooth muscle Actin

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512931-023-02356-y.

Additional file 1: Table S1. Primers used in Quantitative RT-qPCR study.
Data are expressed as mean =+ SD. Table S2. Respiratory monitoring
parameters in MV group and MV+PEEP group. Data are expressed as
mean =+ SD or median (P25, P75). Table S3. Patient-ventilator asynchrony
in MV group and MV+PEEP group. Data are expressed as mean = SD or
median (P25, P75).

Acknowledgements
Not applicable.

Author contributions

XQ, WS, and HG performed the experiments. JJ, YJ, YX and PX did animal work.
YD, YH and QP did data analysis and prepared Figures. HG contributed to the
study concept and design. XQ and WS wrote the paper. All authors reviewed
the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (82070087) and the Natural Science Foundation of Zhejiang Province
(GD22H019093).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Animal Experiments Commit-
tee of the Zhejiang University School of Medicine (ZJU20220319).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Respiratory Care, Regional Medical Center for National Insti-
tute of Respiratory Diseases, Sir Run Run Shaw Hospital, School of Medicine,
Zhejiang University, Qingchun East Rd. 3, Hangzhou 310016, China. >College

Page 11 of 12

of Information Engineering, Zhejiang University of Technology, Liuhe Rd. 288,
Hangzhou 310023, China.

Received: 6 October 2022 Accepted: 1 February 2023
Published online: 13 February 2023

References

1. Dellamonica J, Lerolle N, Sargentini C, Beduneau G, Di Marco F, Mercat A,
Richard JC, Diehl JL, Mancebo J, Rouby JJ, et al. PEEP-induced changes
in lung volume in acute respiratory distress syndrome. Two methods to
estimate alveolar recruitment. Intensive Care Med. 2011;37(10):1595-604.

2. LadhaK, Vidal Melo MF, McLean DJ, Wanderer JP, Grabitz SD, Kurth T,
Eikermann M. Intraoperative protective mechanical ventilation and risk
of postoperative respiratory complications: hospital based registry study.
BMJ. 2015;351: h3646.

3. Jansen D, Jonkman AH, Vries HJ, Wennen M, Elshof J, Hoofs MA, van den
Berg M, Man AME, Keijzer C, Scheffer GJ, et al. Positive end-expiratory
pressure affects geometry and function of the human diaphragm. J Appl
Physiol (1985).2021;131(4):1328-39.

4. SerpaNeto A, Hemmes SN, Barbas CS, Beiderlinden M, Biehl M, Binnekade
JM, Canet J, Fernandez-Bustamante A, Futier E, Gajic O, et al. Protective
versus conventional ventilation for surgery: a systematic review and
individual patient data meta-analysis. Anesthesiology. 2015;123(1):66-78.

5. Rotta AT, Gunnarsson B, Fuhrman BP, Hernan LJ, Steinhorn DM. Compari-
son of lung protective ventilation strategies in a rabbit model of acute
lung injury. Crit Care Med. 2001,29(11):2176-84.

6. TangC, LiJ, Lei S, Zhao B, Zhang Z, Huang W, Shi S, Chai X, Niu C, Xia Z.
Lung-protective ventilation strategies for relief from ventilator-associated
lung injury in patients undergoing craniotomy: a bicenter randomized,
parallel, and controlled trial. Oxid Med Cell Longev. 2017;2017:6501248.

7. Zhou XL, Wei XJ, Li SP, Ma HL, Zhao Y. Lung-protective ventilation wors-
ens ventilator-induced diaphragm atrophy and weakness. Respir Res.
2020;21(1):16.

8. Lindgvist J, van den Berg M, van der Pijl R, Hooijman PE, Beishuizen A,
Elshof J, de Waard M, Girbes A, Spoelstra-de Man A, Shi ZH, et al. Positive
end-expiratory pressure ventilation induces longitudinal atrophy in
diaphragm fibers. Am J Respir Crit Care Med. 2018;198(4):472-85.

9. WynnTA. Cellular and molecular mechanisms of fibrosis. J Pathol.
2008;214(2):199-210.

10. Serrano AL, Mann CJ, Vidal B, Ardite E, Perdiguero E, Munoz-Canoves P,
Cellular and molecular mechanisms regulating fibrosis in skeletal muscle
repair and disease. Curr Top Dev Biol. 2011;96:167-201.

11. Sahani R, Wallace CH, Jones BK, Blemker SS. Diaphragm muscle
fibrosis involves changes in collagen organization with mechanical
implications in Duchenne muscular dystrophy. J Appl Physiol (1985).
2022;132(3):653-72.

12. Delaney K, Kasprzycka P, Ciemerych MA, Zimowska M. The role
of TGF-betal during skeletal muscle regeneration. Cell Biol Int.
2017:41(7):706-15.

13. Mahdy MAA. Skeletal muscle fibrosis: an overview. Cell Tissue Res.
2019;375(3):575-88.

14. Rittie L. Method for picrosirius red-polarization detection of collagen fib-
ers in tissue sections. Methods Mol Biol. 2017;1627:395-407.

15. Lopez De Padilla CM, Coenen MJ, Tovar A, De la Vega RE, Evans CH, Muller
SA. Picrosirius red staining: revisiting its application to the qualitative
and quantitative assessment of collagen type | and type Il in tendon. J
Histochem Cytochem. 2021,69(10):633-43.

16. Brower RG, Lanken PN, Maclintyre N, Matthay MA, Morris A, Ancukie-
wicz M, Schoenfeld D, Thompson BT, National Heart L, Blood Insti-
tute ACTN. Higher versus lower positive end-expiratory pressures in
patients with the acute respiratory distress syndrome. N Engl J Med.
2004,351(4):327-36.

17. Slutsky AS. Neuromuscular blocking agents in ARDS. N Engl J Med.
2010;363(12):1176-80.

18. Sassoon CS, Zhu E, Fang L, Sieck GC, Powers SK. Positive end-expiratory
airway pressure does not aggravate ventilator-induced diaphragmatic
dysfunction in rabbits. Crit Care. 2014;18(5):494.


https://doi.org/10.1186/s12931-023-02356-y
https://doi.org/10.1186/s12931-023-02356-y

Qian et al. Respiratory Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

(2023) 24:46

Sassoon CS, Zhu E, Caiozzo VJ. Assist-control mechanical ventilation
attenuates ventilator-induced diaphragmatic dysfunction. Am J Respir
Crit Care Med. 2004;170(6):626-32.

Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal
muscle to mechanical loading. Physiol Rev. 2004;84(2):649-98.
JarvinenTA, Jozsa L, Kannus P, Jarvinen TL, Jarvinen M. Organization

and distribution of intramuscular connective tissue in normal and
immobilized skeletal muscles. An immunohistochemical, polariza-

tion and scanning electron microscopic study. J Muscle Res Cell Motil.
2002,23(3):245-54.

Murphy S, Ohlendieck K. The biochemical and mass spectrometric profil-
ing of the dystrophin complexome from skeletal muscle. Comput Struct
Biotechnol J. 2016;14:20-7.

Buras ED, Converso-Baran K, Davis CS, Akama T, Hikage F, Michele DE,
Brooks SV, Chun TH. Fibro-adipogenic remodeling of the diaphragm in
obesity-associated respiratory dysfunction. Diabetes. 2019,68(1):45-56.

Li LF, Chen BX, Tsai YH, Kao WW, Yang CT, Chu PH. Lumican expression

in diaphragm induced by mechanical ventilation. PLoS ONE. 2011;6(9):
€24692.

Bartram U, Speer CP. The role of transforming growth factor beta in lung
development and disease. Chest. 2004;125(2):754-65.

Magnet FS, Heilf E, Huttmann SE, Callegari J, Schwarz SB, Storre JH, Wind-
isch W.The spontaneous breathing trial is of low predictive value regard-
ing spontaneous breathing ability in subjects with prolonged, unsuccess-
ful weaning. Med Klin Intensivmed Notfmed. 2020;115:300-306.
Robertson TE, Mann HJ, Hyzy R, Rogers A, Douglas |, Waxman AB, Weinert
C, Alapat P Guntupalli KK, Buchman TG, Partnership for Excellence in
Critical C: Multicenter implementation of a consensus-developed,
evidencebased, spontaneous breathing trial protocol. Crit Care Med.
2008;36:2753-2762.

Schuppan D, Ashfag-Khan M, Yang AT, Kim YO. Liver fibrosis: direct antifi-
brotic agents and targeted therapies. Matrix Biol. 2018;68-69:435-51.
Mele A, Mantuano P, Fonzino A, Rana F, Capogrosso RF, Sanarica F, Rolland
JF, Cappellari O, De Luca A. Ultrasonography validation for early alteration
of diaphragm echodensity and function in the mdx mouse model of
Duchenne muscular dystrophy. PLoS ONE. 2021;16(1): €0245397.

Jude B, Tissier F, Dubourg A, Droguet M, Castel T, Leon K, Giroux-Metges
MA, Pennec JP. TGF-beta pathway inhibition protects the diaphragm from
sepsis-induced wasting and weakness in rat. Shock. 2020;53(6):772-8.
Penn JW, Grobbelaar AQ, Rolfe KJ. The role of the TGF-beta family

in wound healing, burns and scarring: a review. Int J Burns Trauma.
2012;2(1):18-28.

Hinz B. Myofibroblasts. Exp Eye Res. 2016;142:56-70.

Gabbiani G. The myofibroblast in wound healing and fibrocontractive
diseases. J Pathol. 2003;200(4):500-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	PEEP application during mechanical ventilation contributes to fibrosis in the diaphragm
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design
	Animals
	Histological analysis
	Immunofluorescence
	Quantitative RT‒qPCR
	Western blot analysis
	RNA-seq analysis
	Statistical analysis

	Results
	Physiological measurements and respiratory monitoring during model establishment
	PEEP application during mechanical ventilation leads to extracellular matrix alteration and collagen deposition
	PEEP application during mechanical ventilation contributes to diaphragm fibrosis
	PEEP application during mechanical ventilation induced fibrosis in the diaphragm is associating with TGFβ-1 upregulation

	Discussion
	Conclusions
	Acknowledgements
	References


