
VU Research Portal

Functional Disorders of the Human diaphragm

Welvaart, W.N.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Welvaart, W. N. (2013). Functional Disorders of the Human diaphragm. [PhD-Thesis - Research and graduation
internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/1ab8d26b-aa09-465b-b302-72416d75990c


CHAPTER 8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Gene Expression Profile in the Diaphragm 

following Contractile Inactivity during 

Thoracic Surgery 

 
Willem N. Welvaart1,6, Marinus A. Paul1, Diederik W.D. Kuster2, Wessel 

N. van Wieringen3, Francois Rustenburg4, Anton Vonk Noordegraaf5 and  

Coen A.C. Ottenheijm2. 

 

 

Depts of 1Surgery, 2Physiology, 3Epidemiology and Biostatistics, 
4Pathology, 5Pulmonology, VU University Medical Center/ Institute for 

Cardiovascular Research, Amsterdam, 6Dept of Surgery, Rivierenland 

Hospital, Tiel,  

the Netherlands. 

 

 

Int J Physiol Pathophysiol Pharmacol. 2011 Sep 30;3(3):167-75. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 

 

Introduction 

Recent work revealed the development of marked diaphragm muscle 

fiber weakness in the diaphragm, but not in the non-respiratory 

latissimus dorsi during thoracic surgery. To disentangle the molecular 

processes that might underlie the development of diaphragm muscle 

fiber weakness during thoracic surgery we studied changes in the gene 

expression profile.  

Methods 

Serial biopsies from the diaphragm and the latissimus dorsi muscle were 

obtained from four patients during thoracotomy for resection of a tumor 

in the right lung. Biopsies were taken as soon as the diaphragm had been 

exposed (t0) and again after two hours (t2). Gobal differences in gene 

expression in diaphragm biopsies were assessed by microarray analysis. 

Results 

346 differentially expressed gene transcripts were found in the 

diaphragm at t2 vs. t0. Pathway analysis revealed that genes associated 

with inflammation (83 genes; p<0.0001) and cell death (118 genes, 

p<0.0001) pathways were significantly overexpressed at t2. Of the 346 

differentially expressed genes in the diaphragm at t2, 258 were also 

differential in the latissimus dorsi muscle, with the direction of change 

being identical for all differentially expressed genes. In addition, 

latissimus dorsi showed exclusive upregulation of negative regulators of 

cell death. 

Conclusions 

Two hours of thoracic surgery result in rapid and profound changes in 

expression of inflammatory response and apoptotic genes in the 

diaphragm. The apoptotic response was stronger in the diaphragm than 

in the latissimus dorsi. These findings suggest that the development of 

selective diaphragm muscle fiber weakness in these patients might be 

related to an exaggerated apoptotic response.  

 

 

 

 



 

 

 

 

8.1 Introduction 

Postoperative pulmonary complications, such as pneumonia, atelectasis, 

and respiratory failure, are significant contributors to morbidity in 

patients who have undergone thoracic, cardiac, or upper abdominal 

surgery (2,20). Recent reports (9,13,15,18,23-25) indicate that these 

pulmonary complications after surgery are at least partly caused by 

postoperative inspiratory muscle weakness. For instance, preoperative 

inspiratory muscle training has been shown to improve postoperative 

lung function (23) and to reduce the duration of postoperative mechanical 

ventilation (24). Furthermore, recent studies (9) revealed that 

preoperative inspiratory muscle training in patients undergoing cardiac 

surgery reduces the incidence of postoperative pulmonary complications 

by ~50% and reduces the duration of postoperative hospitalization. 

The nature of postoperative inspiratory muscle weakness might include 

diaphragm muscle fiber weakness. Recent work from our lab revealed the 

development of marked diaphragm muscle fiber weakness during only 

two hours of thoracic surgery (25). This loss of muscle fiber function was 

not part of a generalized muscle weakness as function was preserved in 

the non-respiratory latissimus dorsi muscle. Thus, these findings 

suggested that two hours of thoracic surgery induces selective diaphragm 

muscle weakness through loss of function of the contractile machinery 

within diaphragm muscle fibers.  

The mechanism underlying the rapid development of diaphragm muscle 

weakness during thoracic surgery is unknown, and is likely complex. 

Normal respiratory functions are profoundly altered during general 

anesthesia, intrathoracic surgery, and mechanical ventilation. It is well 

known that anesthetics, as well as inflammatory mediators, such as 

cytokines, can directly affect muscle fiber function (1,16). In addition, 

mechanical ventilation-induced inspiratory muscle unloading can result 

in rapid diaphragm muscle fiber alterations, presumably through 

activation of proteolytic pathways and oxidative stress (10,14).  

In order to disentangle the complex molecular processes that might 

underlie the development of diaphragm muscle fiber weakness during 

thoracic surgery, we performed global gene expression profiling. We used 



a longitudinal approach and determined global gene expression in the 

diaphragm at the end of short-term thoracic surgery and compared this 

to that at the start of surgery. To test whether changes in gene 

expression are part of a generalized muscle response, we also evaluated 

gene expression in the non-respiratory latissimus dorsi muscle.  

8.2 Methods 

 

8.2.1 Patients 

Four patients between 53 and 72 years old undergoing thoracotomy for 

resection of a tumor in the right lung were recruited for this prospective, 

observational, and repeated-measures design study. Biopsies from the 

diaphragm and the latissimus dorsi muscle were obtained as soon as the 

diaphragm had been exposed (t0) and again after two hours (t2). Note 

that the biopsy locations at t0 and and t2 were ~ 2 cm apart. The 

exclusion criteria consisted of tumor induction therapie (radio - and /or 

chemotherapy), history of neuromuscular disease, chronic use of 

corticosteroids (defined as >7.5 mg/day for at least 3 months, >10% 

weight loss within last 6 months, COPD (GOLD stage II-IV) or CHF 

(NYHA class III-IV). Informed consent was obtained from each subject, 

and the study was approved by the local ethical committee. Note that the 

four patients studied here were also included in a previous study (25). 

 

8.2.2 Biopsy handling 

The fresh biopsies were blotted and rinsed to remove visible blood. 

Biopsies were stabilized using RNAlater solution (Ambion, Austin, TX, 

USA), and then transferred to liquid nitrogen and stored at -80°C until 

analysis.  

 

8.2.3 RNA extraction and microarray hybridization 

Total RNA was isolated from approximately 0.5 cm3 of tissue sample by 

homogenization with a polytron bench top homogenizer (T 18 basic 

ULTRA-TURRAX®, VWR, Amsterdam, the Netherlands) in 3 mL of 

TRIzol®, and extracted according to the manufacturers protocol 

(Invitrogen, Breda, the Netherlands). RNA integrity and concentrations 

were measured on a Bioanalyzer 2100 (Agilent Technologies, Santa 

Clara, CA, USA) and Nanodrop spectrophotometer ND-1000 (Fisher 

Scientific, Waltham, MA, USA). All samples were of high quality with an 

RNA Integrity Number (RIN-value) between 7.6 and 8.7 and 260/280 



ratios greater than 2.00. 500-ng total RNA per sample was used as input 

for amplification and labeling with the Quick Amp Labeling kit (Agilent 

Technologies, Palo Alto, CA, USA), and according to the manufacturer’s 

guidelines including control spikes. Labeled RNA was purified using the 

RNeasy Mini Kit (QIAGEN Ltd., Venlo, the Netherlands) yielding 7,5 µg 

or more of labeled cRNA and specific activities greater than 15.3 pg Cye3 

dye/µg cRNA and 18.9 pg Cy5 dye/µg cRNA. Labeled samples were 

hybridized onto whole human genome GE 4x44K microarrays according 

to the manufacturers protocol (Agilent Technologies, Palo Alto, CA, 

USA). Scanning was performed using the using a microarray scanner 

G2505B (Agilent Technologies) and Feature Extraction v9.5 using the 

manufacturers protocols (Agilent Technologies). All samples were 

analysis in duplicate. The microarray data have been submitted to the 

national centre for biotechnology Information (NCBI) Gene Expression 

Omnibus database (GEO, database number: GSE30658). 

 

8.2.4 Statistical analysis 

All analyses of the gene expression microarray data were done within the 

R statistical software (http://www.r-project.org) developed by 

Bioconductor (7), using the Limma-package. Preprocessing of the gene 

expression data comprised of RNA background correction, loess within-

array normalization and quantile between-array normalization. The 

moderated t-test implemented in Limma, employing empirical Bayes 

estimation of the variance, is used to evaluate the difference in gene 

expression between the two groups. The multiplicity problem (many 

genes are tested) is address through application of the Benjamini-

Hochberg procedure to the raw p-values to control the FDR (False 

Discovery Rate). Differences between groups were considered 

significantly different at p<0.01 and a FDR<0.1.  

 

8.2.5 Functional classification of genes 

Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood 

City, CA, USA) was used to detect the biological functions and 

molecular networks of the differentially expressed (DE) genes. 

Additional functional annotation was performed using DAVID 

Bioinformatics Resources 6.7 (NIAID/NIH). Some of the functional 

categories were combined and some categorization was done manually in 

order to facilitate the interpretation of the data.  

http://www.r-project.org/


 

8.3 Results 

 

8.3.1 Patient characteristics 

Patient charateristics are shown in Table 1. All patients underwent a 

thoracotomy for resection of a lung tumor (T1-3N0Mx). After induction of 

general anesthesia (propofol 3 mg/kg, sufentanil 0,20 mg/kg) a double-

lumen tube was placed and anesthesia was maintained with propofol and 

sufentanil. In addition, patients received a thoracic epidural for 

postoperative pain therapy. During single lung ventilation one lung was 

allowed to deflate while the other was ventilated.  

 

Table 1 

Patients characteritics 

 

 

From the patients, biopsies were taken as soon as the diaphragm had 

been exposed (t0) and again after two hours (t2). Note that the 

diaphragm biopsies were obtained from the ‘non-ventilated’ side of the 

diaphragm. The duration of mechanical ventilation before the first biopsy 

varied between 60 and 80 minutes. Time between the first and second 

biopsies was exactly 2 hours for all four patients. Two of the four patients 

(# 1 and 4) had mild airway obstruction (table 1) and none of the four 

patients had a history of chronic heart failure or neuromuscular disease. 

Patient Sex 

 

Age (y) 

 

BMI 

 

FEV1 

(% predicted) 

 

FEV1/VC 

(%) 

Surgery 

 

Time  from start 

anesthesia to 

biopsies at t0 

(min) 

Time between 

biopsies at t0 

and t2 (hours) 

#1 M 56 23 88 58 Tumor resection RUL 60 2 

#2 F 53 30 67 72 Tumor resection RUL 60 2 

#3 M 70 25 100 76 Tumor resection RUL 80 2 

#4 M 72 27 83 51 Tumor resection RUL/RML 75 2 

Abbreviations: M = male, F = female; BMI =  body mass index; RUL = right upper lobe, RML 

= right middle lobe; LUL = left upper lobe; LLL = left lower lobe; FEV1 = forced expiratory 

volume  in 1 s; VC = vital capacity  



All subjects tolerated surgery and biopsies well and no study-related 

postoperative complications were noted. 

 

8.3.2 Overview of gene expression analysis 

Gobal differences in gene expression in diaphragm biopsies were 

assessed by microarray analysis. Microarray analysis identified 346 

differentially expressed gene transcripts in the diaphragm at t2 vs. t0. 

The majority of the DE genes at t2 were upregulated (326/346; 95%). 

There were noticeable differences between patients in the gene 

expression response, although the limited number of patients did not 

allow for strict sub-grouping. Table 2 shows an overview of the fifteen 

genes that were most highly upregulated as well as those five with the 

highest downregulation. IPA was used to visualize the interconnectivity 

of the DE genes. In Figure 1 the network with the most DE genes is 

shown. At the centre of this network are the pro-inflammatory mediators 

IL6, IL1β, CXCL2, and CCL2, implying a central role for these molecules 

in the muscle’s response to thoracic surgery. Pathway analysis using IPA 

software revealed that inflammation (83 genes; p<0.0001) and cell death 

(118 genes, p<0.0001) pathways were significantly overexpressed.  

 

Table 2 

Genes with the highest fold up / downregulation in the diaphragm, t2 vs t0 

 



Next, DAVID software was used to retrieve Gene Ontology classifications 

of the differentially expressed genes. The most prominent functional 

categories were inflammatory response (45 genes) apoptosis (108 genes). 

Tables 3 and 4 show a selection, per category, of the fifteen genes with 

the highest fold upregulation at t2.  

 

 

Table 3 

Expression of inflammatory resonse genes in the diaphram, t2 vs t0 

Gene Symbol Description Fold Change Adjusted P-value 

SOCS3 suppressor of cytokine signaling 3 80 <0.0001 

CCL2 chemokine (C-C motif) ligand 2 75 <0.0001 

Gene 

Symbol 
Description 

Fold 

Change 

Adjusted 

P-value 
Functional Category 

 List of 15 genes with highest fold upregulation    

SOC3 suppressor of cytokine signaling 3 80 <0.0001 Inflammatory response 

CCL2 chemokine (C-C motif) ligand 2 75 <0.0001 Inflammatory response 

EGR1 early growth response 1 71 <0.0001 
Inflammatory 

response/apoptosis 

IL6 Interleukin-6 57 0.0001 Inflammatory response 

GADD45B 
growth arrest and DNA-damage-inducible, 

beta 
43 0.002 apoptosis 

CXCL2 chemokine (C-X-C motif) ligand 2 41 0.0001 Inflammatory response 

ADAMST4 
ADAM metallopeptidase with thrombospondin 

type 1 motif, 4 
34 <0.0001 Proteoglycan degradation 

ZFP36 Zinc finger protein 36 homolog 27 <0.0001 Inflammatory response 

JUNB jun B proto-oncogene 21 0.02 Inflammatory response 

MYC 
v-myc myelocytomatosis viral oncogene 

homolog (avian) 
20 0.01 Apoptosis 

RGS16 regulator of G-protein signaling 16 20 0.002 regulator of G protein signaling 

CXCL1 chemokine (C-X-C motif) ligand 1 18 0.02 Inflammatory response 

SELE selectin E 18 0.01 Inflammatory response 

IL1B Interleukin-1 beta 16 0.06 Inflammatory response 

NOR1 Neuron-derived orphan receptor 1 15 0.02 Apoptosis 

 List of 5 genes with highest fold downregulation    

SLC1A7 
solute carrier family 1 (glutamate transporter), 

member 7 
-5 0.005 Glutamate transport 

GGT7 Gamma-glutamyltransferase 7 -2 0.07 Glutathione metabolism 

NFIX Nuclear factor 1 X-type -2 0.09 Regulation of redox state 

GPR78 G-protein-coupled receptor 78 -2 0.09 regulator of G protein signaling 

TRIM13 Tripartite motif containing 13 -2 0.05 Protein turnover 



EGR1 early growth response 1 71 <0.0001 

IL6 Interleukin-6 57 0.0001 

CXCL2 chemokine (C-X-C motif) ligand 2 41 0.0001 

ZFP36 Zinc finger protein 36 homolog 27 <0.0001 

JUNB jun B proto-oncogene 21 0.02 

CXCL1 chemokine (C-X-C motif) ligand 1 18 0.02 

SELE selectin E 18 0.01 

IL1B Interleukin-1 beta 16 0.06 

CCL8 chemokine (C-C motif) ligand 8 6 0.0004 

CXCL3 chemokine (C-X-C motif) ligand 3 5 0.01 

TNFAIP6 Tumor necrosis factor, alpha-induced protein 6 5 0.06 

NFKBIZ 
Nuclear factor of kappa light polypeptide gene 

enhancer in B-cells inhibitor, zeta 
5 0.001 

RIPK1 
Receptor (TNFRSF)-interacting serine-threonine 

kinase 1 
3 0.02 

 

Table 4 

Expression of apoptosis-related genes in the diaphragm, t2 vs t0 

Gene Symbol Description Fold Change P-value 

MYC V-myc myelocytomatosis viral oncogene homolog 20 0.01 

NR4A1 Nuclear receptor subfamily 4, group A, member 1 10 0.03 

PIM1 Pim-1 oncogene 8 0.002 

DUSP1 Dual specificity phosphatase 1 8 0.05 

BCL3 B-cell CLL/lymphoma 3 7 0.003 

PTGS2 Prostaglandin-endoperoxide synthase 2 6 0.04 

IER3 Immediate early response 3 5 0.003 

MMP9 Matrix metalloproteinase 9 5 0.09 

SPHK1 Sphingosine kinase 1 4 0.05 

DLC1 Deleted in liver cancer 1 4 0.01 

SOD2 Superoxide dismutase 2, mitochondrial 3 0.02 

PHLDA1 Pleckstrin homology-like domain, family A, member 1 3 0.02 

MCL1 Myeloid cell leukemia sequence 1 (BCL2-related) 3 0.06 

IFI16 Interferon, gamma-inducible protein 16 3 0.02 

PLEKHG2 Pleckstrin homology domain containing, family G, member 2 2 0.04 

 

 

Genes within the inflammatory response functional category included 

interleukin-6 (IL6, 57 fold upregulated at t2), interleukin-1 beta (IL1-ß, 



16 fold upregulated at t2), and chemokine (C-C motif) ligand 2 (CCL2, 75 

fold upregulated at t2).  

Genes upregulated within the apoptosis functional category included V-

myc myelocytomatosis viral oncogene homolog (MYC, 20 fold upregulated 

at t2) and superoxide dismutase 2 mitochondrial (SOD2, 3 fold 

upregulated at t2). Note that several of the upregulated genes within the 

inflammatory response category were also grouped in the apoptosis 

category (eg., SOCS3, CCL2, IL6, CXCL2, ZFP36, CXCL1, IL1B, SELE; 

for details see table 3). These genes are not listed in Table 4. 

Gene expression analysis of m. latissimus dorsi from the same patients 

showed that of the 346 genes that were differentially expressed in the 

diaphragm, 258 were also differentially expressed in the latissimus dorsi 

(Figs 2A and B). In addition to these 258 genes, latissimus dorsi showed 

differential expression at t2 of 2896 other genes (Fig. 2B). These 2896 

genes were mainly grouped into inflammatory response and apoptosis 

categories, and in addition, into a skeletal muscle contraction category. 

(33 DE genes; top 5(gene symbol/fold change at t2): MYOM1/-2, MYH2/-2, 

MYH3/-2, RYR1/-2, MYLK2/-2). When these 2896 genes were separated 

into upregulated and downregulated genes, upregulated genes were 

overrepresented in the category negative regulation of programmed cell 

death (42 genes; p=value 5.4 x 10-7, FDR 3.6 x 10-5 ), while downregulated 

genes were clustered in muscle organ development category (29 genes; 

p=9,5 x 10-5, FDR 6.9 x 10-2). Top five from negative regulation of 

programmed cell death are shown in figure 2C.  

 

8.4 Discussion 

In the present study genome-wide gene expression profiling was used to 

disentangle the complex molecular processes that might underlie the 

development of diaphragm muscle fiber weakness during thoracic 

surgery. It was found that two hours of thoracic surgery elicit a profound 

inflammatory and apoptotic response in the diaphragm muscle. A similar 

gene expression response was observed in the non-respiratory latissimus 

dorsi muscle. Interestingly, in addition to the upregulation of 

proapoptotic genes, latissimus dorsi also showed strong upregulation of 

anti-apoptotis genes. This was not observed in diaphragm muscle. 

Although future studies should validate our microarray result, these 

findings suggest that the development of selective diaphragm muscle 



fiber weakness in patients during thoracic surgery (25) might be related 

to an exaggerated apoptotic response.  

8.4.1 Inflammatory response in the diaphragm during thoracic 

surgery 

The majority of the genes that were most upregulated after two hours of 

surgery included many inflammatory response genes (Tables 2 and 3). 

For instance, CXCL2, IL6, SOCS3, EGR1, CCL2, IL1-ß, and ADAMTS4 

showed a 16-80 fold upregulation at t2. Network analysis revealed that 

the upregulated inflammatory genes, IL6, IL1-ß, CXCL2, and CCL2 are 

key mediators that influence expression of many of the other DE genes 

(Figure 1). Although inflammation has been associated with impaired 

muscle fiber function (16,17), little data is available on the effects of 

specific inflammatory mediators on muscle fiber function. One of the 

mediators that gained the most attention over the past years is IL6, a 

proinflammatory cytokine that has been shown to impair cardiac 

function and to a lesser extent diaphragm function (11). IL1-ß, another 

proinflammatory cytokine, has been shown to depress muscle 

contractility, presumably through effects on sarcoplasmic reticulum 

calcium handling (5). CCL2, also known as MCP-1 (monocyte 

chemoattractant protein), is member of the CC subfamily of chemokines 

and has been shown to play an important role in the pathogenesis of 

diaphragm weakness during sepsis (12).  Upregulation of inflammatory 

response genes has also been reported recently in human diaphragm 

muscle after five hours of cardiothoracic surgery (8). In line with our 

findings, Huang et al. (8) reported upregulation of CCL2, IL6 , SOCS1, 

SOCS3, and of other inflammatory mediators that were also upregulated 

in the present study. Thus, upregulation of inflammatory mediators 

appears to be a general response of the diaphragm to thoracic surgery. 

Interestingly, the magnitude of upregulation of inflammatory response 

genes was more pronounced in the present study than was reported by 

Huang et al (8). For instance, whereas IL6 was upregulated 16 fold 

during cardiothoracic surgery, it was upregulated nearly 60 fold in the 

present study. Similarly, CCL2 was upregulated 8 fold in the study by 

Huang et al, but 75 fold in the present study. The mechanisms 

underlying the more pronounced inflammatory response in the present 

study might involve the time-point of observations.  



 
Figure 1 

The top network of DE genes, as constructed by IPA. Rectangles in red 

represent genes significantly upregulated after two hours of thoracic surgery 

(color intensity indicates the magnitude of upregulation). White rectangles 

are hub molecules, of which expression is not altered, but that generally have 

many connections with DE genes. Uninterrupted and interrupted lines 

indicate physical and indirect intreactions between molecules. 

 

In the present study, time between biopsies was only two hours, whereas 

in the study by Huang et al. (8), time between biopsies was five hours. It 

could be speculated that the diaphragm undergoes a strong inflammatory 

response during the first hours of surgery followed by a blunted response 

as time proceeds. However, previous work on mechanically ventilated 

rats suggested that the gene expression response within the diaphragm 

is more pronounced when the duration of mechanical ventilation 

increases (4). Thus, these findings suggest that the more pronounced 

response in the present study is likely not due to different time-points of 

biopsy collection, but is rather the result of the different conditions 

associated with the two types of surgeries. The cardiothoracic surgery, 

described in Huang et al., was performed under hypothermic conditions. 

 



Previous studies reported a reduced inflammatory response within 

skeletal muscle following cold therapy (3,19). We hypothesize that 

hypothermia, which is not present during the lung surgery in the present 

study, blunted the inflammatory response within the diaphragm during 

cardiothoracic surgery.  

 

8.4.2 Apoptotic response in the diaphragm during thoracic 

surgery 

In the present study we found activation of early apoptotic pathways 

after only two hours of contractile inactivity of the diaphragm. For 

instance, the proapoptotic gene MYC was upregulated 20 fold in the 

diaphragm after two hours of thoracic surgery. Induction of apoptosis, 

including upregulation of MYC, has been described before in inactive 

muscle (21). Furthermore, our findings are in line with previous work 

showing significant upregulation of apoptosis regulating BCL2 in the 

diaphragm after five hours of cardiothoracic surgery (8). A recent study 

revealed activation of downstream proapoptotic genes in mechanically 

ventilated brain dead patients (22). They identified induction of a 

Fos/FoxO1/Stat3-Bim intrinsic apoptotic pathway that lead to activation 

of caspases following 18-75 hours of diaphragm inactivity. Together, 

these results suggest that acute mediators of apoptotic pathways are 

rapidly activated during thoracic surgery, and that longer durations of 

mechanical ventilation are likely needed to significantly activate 

downstream apoptotic pathways. 

 

8.4.3 Diaphragm versus Latissimus Dorsi gene expression during 

thoracic surgery 

An important finding of the present study was that the gene 

expression response in the latissimus dorsi (a non-respiratory 

muscle) to two hours of thoracic surgery was very similar to that 

observed in the diaphragm (figure 2A). Of the 346 differential genes in 

the diaphragm at t2, 258 were also differential in the latissimus dorsi 

muscle (Fig. 2B), with the direction of change being similar for all 

differential genes. Analyzing the genes that were differential exclusively 

within the latissimus dorsi revealed that these genes are mainly involved 

in inflammatory response and apoptotic pathways. This suggests that the 

gene expression response to thoracic surgery was similar in the 

latissimus dorsi compared to the diaphragm. Interestingly latissimus 



dorsi showed, in addition to upregulation of positive regulators of 

apoptosis, also significant for upregulation for negative regulators of 

apoptosis. These negative regulators of apoptosis were not upregulated in 

diaphragm muscle at t2.  

Previous work from our lab showed that two hours of thoracic surgery 

induces marked diaphragm muscle fiber weakness (25). This diaphragm 

muscle fiber weakness was associated with reduced contractile protein 

content and activation of proteolytic pathways. Strikingly, weakness was 

not observed in latissimus dorsi muscle fibers from the same patients. 

The present findings might suggest that the development of selective 

diaphragm weakness in these patients might be related to a stronger 

apoptotic response to two hours of surgery in the diaphragm muscle then 

in the latissimus dorsi muscle.  

 

 

Figure 2 

A) Correlation between the gene expression changes in the diaphragm and 

those in latissimus dorsi at t2. Note the strong and significant correlation.  

B) Venn-diagram showing the number of genes that were differential in both 

diaphragm and latissimus dorsi and the number of genes that were 

differential exclusively in diaphragm or in latissimus dorsi.  

C) Table listing the genes involved in muscle contraction that were differential 

exclusively in the latissiums dorsi at t2. 

 

8.5 Conclusions 

This study has demonstrated that thoracic surgery results in rapid 

changes in the expression of genes involved in inflammation and 

apoptosis in the diaphragm. The present study design can’t rule out that 
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other surgery related conditions, in addition to diaphragm inactivity, 

contributed to the changes in gene expression. General anesthesia and 

neuromuscular blockade have been shown to affect diaphragm physiology 

(6) and might have impacted gene expression in the present study. 

Compared to the non-respiratory latissimus dorsi muscle, the diaphragm 

showed a stronger apoptotic response to two hours of thoracic surgery. 

Therefore, we speculate that the development of the selective diaphragm 

muscle fibers weakness in these patients might be related to a more 

profound apoptotic response.  
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