
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Basic Science Investigations 

 Respiration 2012;83:407–417 

 DOI: 10.1159/000336040 

 Abnormal Mitochondria Organization and 
Oxidative Activity in the Palate Muscles of
Long-Term Snorers with Obstructive Sleep Apnea 

 Per S. Stål    a     Bengt Johansson    b  

  a    Department of Integrative Medical Biology, Section for Anatomy, Umeå University, and  b    Cardiology,

Heart Centre, Umeå University Hospital,  Umeå , Sweden 

0.9  8  0.3, UV 0.4  8  0.1) was lower than in fibers of a normal 

appearance in both patients (PP 1.4  8  0.6, UV 1.2  8  0.3) and 

references (PP 2.7  8  0.7, UV 1.9  8  0.9) (p  !  0.05).  Conclu-

sions:  Abnormal mitochondrial distribution, a low capillary 

supply and signs of impaired oxidative activity suggest that 

muscle dysfunction of the palate muscles in long-term snor-

ers may contribute to the upper airway obstruction during 

sleep. The cause of these abnormalities remains unclear, but 

local muscle and nerve trauma due to vibration and stretch 

is a possible etiology.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Snoring and obstructive sleep apnea syndrome (OSAS) 
is a part of the spectrum of sleep-disordered breathing 
(SDB) which includes all breathing abnormalities that oc-
cur during sleep. OSAS, characterized by repetitive epi-
sodes of upper airway obstruction, is common in the gen-
eral population  [1]  and is associated with sleep fragmen-
tation, hypersomnolence, increased cardiovascular risk 
and mortality  [2] . Although obstruction may occur at 
several sites in the upper airways, the retropalatal region 
of the oropharynx is the most common site of collapse 
 [3–5] . The pathophysiological mechanism of this col-
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 Abstract 

  Background:  Histopathological alterations and a reduced 

number of capillaries have been observed in the palate mus-

cles of snorers with obstructive sleep apnea syndrome 

(OSAS). These changes may create a substrate for decreased 

microcirculation, impaired aerobic metabolism and muscle 

dysfunction and contribute to upper airway obstruction dur-

ing sleep.  Objectives:  The aim was to analyze mitochondria 

distribution and oxidative enzyme activity in relation to cap-

illary supply in the palate muscles of patients with a history 

of long-term snoring and OSAS.  Methods:  Palatopharynge-

us (PP) and uvula (UV) muscle samples were obtained from 

8 patients undergoing uvulopalatopharyngoplasty due to 

habitual snoring and OSAS. The muscles were analyzed with 

enzyme- and immunohistochemistry and morphometry. 

 Results:  Abnormalities in the internal organization of mito-

chondria and oxidative activity were observed in 39  8  15% 

of the fibers in the PP and 4  8  3% in the UV, but not in con-

trol samples. The majority of these fibers had a lobulated 

contour and trabecular internal organization of mitochon-

dria. The number of capillaries around abnormal fibers (PP 
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lapse, and the obstruction that follows, is not fully under-
stood but is considered to be multifactorial and includes 
both anatomical and physiological factors. Previous ob-
servations of an increase in connective tissue, abnormal 
muscle fiber size, changes in muscle fiber phenotypes  [6–
9] , signs of nerve injury  [7, 10]  and inflammation  [11]  in 
upper airway muscles in patients indicate that an im-
paired upper airway muscle function might contribute to 
OSAS. Moreover, we have recently shown that the soft 
palate muscles in long-term snorers with OSAS have a 
reduced capillary supply  [12] . This may cause disturbanc-
es in the microcirculation and local metabolism in the 
soft palate muscles and aggravate preexisting muscle dys-
function. In this study, we examined the intramyofibril-
lar organization and oxidative enzyme activity of mi-
tochondria in relation to capillary supply and myosin 
heavy-chain (MyHC) isoform composition in palate 
muscles from patients with long-term snoring and upper 
airway obstruction.

  Patients and Methods 

 Patients 
 Muscle biopsies from 8 patients, 7 males and 1 female (mean 

age 56  8  8 years) were obtained at uvulopalatopharyngoplasty 
with or without tonsillectomy. The mean patient weight was 76  8  
12 kg, mean height 174  8  4 cm and mean body mass index 25  8  
5. One patient was obese according to BMI criteria (BMI  1 30). 
Two were treated for arterial hypertension, but were otherwise 
healthy. All patients reported a long history of snoring with a 
mean duration of 17  8  13 years. Overnight sleep registration con-
firmed snoring and apneas in all subjects. This registration in-
cluded abdominal and thoracic movements, recordings of snoring 
sounds, registration of nasal/oral airflow with a thermistor, body 
movements and position by means of a static charge-sensitive bed 
and arterial oxygen saturation (BIOX 3740, ear probe; OMEDA 
Inc., Louisville, Colo., USA). In relation to estimated sleeping 
time, the mean percent of snoring was 33  8  18% and time in de-
saturation below 96% was 30  8  32%, and below 90% it was 10  8  
15%. Demographic, clinical and morphological data of the sub-
jects has already been published  [12] .

  Reference Muscles 
 For comparison, control muscle samples from corresponding 

sites were obtained at an autopsy of 8 previously physically healthy 
subjects – 6 males and 2 females with a mean age 51  8  10 years 
– who had suffered a sudden accidental death. The specimens 
were obtained 1–2 days post mortem, a delay that does not affect 
nicotineamide adenine dinucleotide tetrazolium reductase 
(NADH-TR) or ATPase enzyme activity in muscle fibers  [13] . 
BMI were available in 7 subjects, 6 were within normal limits (20–
25) and one was obese (31). The subject without BMI data had a 
normal body constitution according to the forensic rapport. All 
had normal craniofacial morphology and macroscopically nor-

mal soft palate tissues. None of the subjects had been under med-
ical treatment and there was no documented history of any sig-
nificant disease, including SDB, alcohol or drug abuse. The
autopsies did not reveal any previously unknown disease. The Na-
tional Board of Health and Welfare, Stockholm, Sweden approved 
the use of the specimens which were collected in agreement with 
contemporary Swedish laws and regulations. All of our patients 
were informed about the purpose of the study and muscle samples 
were obtained from tissues removed at uvulopalatopharyngoplas-
ty and after consent from the patients. All tissue samples were 
anonymous and without labeling or coding that would enable the 
identification of any living or dead person.

  Muscle Samples and Tissue Preparation 
 After surgery, samples were obtained from resected parts of 

the palatopharyngeus (PP) and uvula (UV) muscles. The speci-
mens were oriented for serial transverse sectioning in an OCT 
compound (Tissue Tek � , Miles Laboratories, Naperville, Ill., 
USA), rapidly frozen in liquid propane chilled with liquid nitro-
gen and stored at –80   °   C until further processing. No samples 
were stored in the freezer for more than 18 months before the 
staining process started.

  Enzyme Histochemistry 
 Serial 10- � m-thick muscle cross sections were cut in a cryo-

stat microtome at –20   °   C and mounted on glass slides. The sec-
tions were stained for the mitochondrial enzymes, NADH-TR 
(EC1.6.99.3) and succinate dehydrogenase (SDH) (EC1.3.99.1) in 
order to demonstrate the oxidative activity and the intramyo-
fibrillar distribution of mitochondria. The intramyofibrillar-
stained mitochondria in normal muscles are usually regularly or-
dered in a network with a uniform appearance throughout the 
individual fibers  [14] . By using double histochemical staining for 
cytochrome c oxidase (COX) and SDH, deficits in the mitochon-
dria respiratory chain were assessed. COX-positive fibers were 
stained brown and fibers without COX activity were blue. A mod-
ified Gomori trichrome (GT) staining was used to assess the gen-
eral tissue morphology, pathology and accumulation of mito-
chondria. For the demonstration of myofibrillar ATPase activity 
(EC 3.6.1.3), the sections were stained for ATPase at pH 10.3, 4.6 
and 4.3.

  Immunohistochemistry 
 The expression of MyHC isoforms was assessed on 5- � m-

thick muscle cross sections, serial to those used for enzyme histo-
chemistry, by using previously well-characterized monoclonal 
antibodies (mAbs). Visualization of cell borders of muscle fibers 
and capillaries was performed with mAbs directed against lam-
inin, a major noncollageneous component of the basement mem-
brane. Monoclonal Ab 4C7 against the laminin  � 5-chain labels 
capillaries strongly and the basal lamina of muscle fibers weakly, 
whereas mAb 5H2 against the  � 2-chain labels only the basement 
membrane of muscle fibers. Both laminin mAbs have previously 
been used in the morphometric analysis of muscle capillaries and 
fiber areas  [12, 15, 16] . For antibody specificity and origins, see 
 table 1   [15, 17–24] .

  Immunostaining with mAbs was performed using standard 
techniques. The sections were first incubated in 5% normal rabbit 
serum (Dako, Copenhagen, Denmark) for 15 min to inhibit sub-
sequent unspecific staining, and then incubated with the primary 
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mAbs diluted to appropriate concentrations with 0.01  M  phos-
phate-buffered saline (PBS) containing 0.1% bovine serum albu-
min for 1 h in a humid chamber at 37   °   C. After washing in 0.01  M  
PBS, the sections were incubated with normal rabbit serum for 15 
min, followed by incubation with rabbit anti-mouse IgG (Dako) 
for 30 min at room temperature. The sections were washed in PBS 
and incubated with mouse peroxidase antiperoxidase (Dako) for 
30 min and washed in PBS for 15 min. The peroxidase binding 
was revealed by applying a solution containing diaminobenzidine 
(D5905 Sigma, St. Louis, Mo., USA), 0.05  M  Tris buffer and hydro-
gen peroxidase (H 2 O 2 ) for 5–10 min. The sections were rinsed 
under running water, dehydrated in graded concentrations of eth-
anol followed by xylene treatment and finally mounted with DPX 
(BDH, Poole, UK). For the control of unspecific staining, sections 
were treated as described above, except that the incubation with 
the primary antibody was omitted. No staining was observed in 
these control sections.

  Fiber Phenotype Classification 
 Based on the staining pattern for the different MyHC mAbs, 

the fibers were classified and grouped into fibers containing only 
slow MyHCI, only fast MyHCII (MyHCIIa and MyHCIIx) or as 
hybrid fibers coexpressing MyHCI and MyHCII. For control and 
comparison, the muscle fibers were enzyme-histochemically 
typed according to their staining intensities for myofibrillar 
ATPase (mATPase) after alkaline and acid preincubations  [14] . 
 Figure 1  summarizes the staining pattern for the classification of 
muscle fibers in different fiber phenotypes.

  Morphometric Analysis 
 The muscle cross sections of each muscle and subject were po-

sitioned in a coordinate system and the muscle area was divided 
into four approximately equal-sized sections. By using the co-

ordinate system, one area from each of the four sections was
randomly scanned ( ! 680) with a closed-circuit digital camera 
(DAGE-MTI, Michigan City, Ind., USA) connected to a light mi-
croscope (Zeiss Axiophot, Carl Zeiss, Oberkochen, Germany). 
The morphometric measurement was performed with an image 
analysis system (IBAS, Kontron Elektronik GmbH, Eching, Ger-

Table 1.  Data on antibodies used for immunohistochemistry

Antibody Specificity Gene* Source Reference

MyHC mAbs

A4.840 MyHCI MYH7 Hybridoma Bank, USA Hughes et al. [17], Cho et al. [18]

A4.74 MyHCIIa MYH2 Hybridoma Bank, USA Liu et al. [19], Hughes et al. [17]

N2.261 MyHCI
MyHCIIa
MyHCeom
MyHC�-cardiac

MYH7
MYH2
MYH13
MYH6

Hybridoma Bank, USA Liu et al. [19], Hughes et al. [17]

F1.652 MyHCembryonic MYH3 Hybridoma Bank, USA Silberstein et al. [20]

NCL-MHCn MyHCfetal MyH8 Novocastra lab, Newcastle, UK Weiss et al. [21], Ecob-Prince et al. [22]

Laminin mAbs

4C7 laminin �5 chain LAMA5 Chemicon, Temecula, Calif., USA Tiger et al. [23], Stål and Lindman [15]

5H2 laminin �2 chain LAMA2 Novocastra lab, Newcastle, UK Sewry et al. [24], Stål and Lindman [15]

Mabs A4.840, A4.74, N2.261 and F1.652 were obtained from The Developmental Studies Hybridoma Bank, developed under the 
auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, Iowa, USA.

* Official gene nomenclature according to OMIM (http://www.ncbi.nlm.nih.gov/omim/).

  Fig. 1.  Scheme of muscle fiber classification. The MyHC fiber phe-
notype classification is based on the mAbs staining pattern 
against different major contractile MyHC proteins. Monoclonal 
ab N2.261 is directed against MyHCIIa (strong staining) and
MyHCI (weak staining), mAb A4.840 against MyHCI and mAb 
A4.74 against MyHCIIa. The various degrees of staining intensity 
are indicated. For the specificity of the different mAbs, see table 1. 
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many). The staining activity for NADH-TR, SDH, COX-SDH and 
different MyHC mAbs in each fiber was analyzed and the circum-
ference of each fiber and each capillary was traced along the pe-
riphery of the basement membrane in sections stained for mAbs 
against laminin (5H2 and 4C7). In the estimation of mitochon-
drial staining activity, fiber area, MyHC composition and fiber 
capillary supply, 1,939 individual muscle fibers were included. All 
measurements were performed by a single investigator blinded to 
the origin of the samples.

  Capillary Variables 
 For the analysis of the number of capillaries around each fiber 

(CAF), all capillaries within a distance of 5  � m from each muscle 
fiber were counted. Capillaries around fiber in relation to fiber 
cross-sectional area (CAFA) were calculated for each individual 
fiber according to the formula CAF/fiber cross-sectional area  !  
10 3 . The factor 10 3  was used to obtain a number without many 
decimals and has no other mathematical importance.

  Statistics 
 The Statview 4.5 (SAS Institute Inc., Cary, N.C., USA) statisti-

cal software was used. For comparing medians between groups, 
the Mann-Whitney U test was applied. The choice of a nonpara-
metric test was based on the nonnormality in data distribution. 
In multiple comparisons, the Bonferroni correction was applied. 
The null hypothesis was rejected on p values  ! 0.05.

  Results 

 Mitochondria NADH-TR and SDH Enzyme Activity 
 Abnormal intramyofibrillar mitochondria staining 

patterns were found in all palate muscles from patients, 
but not in controls ( table 2 ,  fig. 2 ). Alterations in the myo-
fibrillar staining activity and organization of mitochon-
dria were observed in 39  8  15% (range 21–63%) of fibers 
in the PP muscles and 4  8  3% (range 1–9%) in the UV 

a b

c d

e f

Table 2.  Proportion and fiber area of normal and different abnor-
mal fibers in the PP and UV muscles of SDB patients and refer-
ences

Subjects in
whom
present, n

Proportion
%

Fiber area
� 

 m2

PP muscle
NAF 8 61822 1,9408571
LT 8 33817 1,5358379
SSM 5 686 6458363
ME 2 0.380.6 N.m
COX-negative 7 3.281.7 N.m
RR 2                    <0.1 N.m

Reference NAF 8 100 1,6438569

UV muscle
NAF 8 9683 1,6478281
LT 8 383 1,2388123
SSM 1 1 413
ME 0
COX-negative 4 1.480.7 N.m
RR 0

Reference NAF 8 100 1,2008271

Values are expressed as mean values 8 standard deviations.
N.m = Not measured.

  Fig. 2.  Serial cross sections stained for NADH-TR from a PP ( a ,  c , 
 e ) and UV ( b ,  d ,  f ) muscle from 1 reference subject ( a ,  b ) and 1 
SDB patient ( c–f ). A normal intramyofibrillar mitochondria net-
work is present in the reference muscles. Both NAF ( c ,  d ) and fi-
bers with abnormal mitochondria distribution ( e ,  f ) are shown in 
the muscles obtained from the SDB patient. Note the presence of 
fibers with a lobulated or rounded appearance, the large variabil-
ity in fiber size and the extensive fibrosis in both the PP and UV 
muscles ( e ,  f ).  f  Scale bar = 50  � m. 
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muscles. The abnormal fibers were usually distributed in 
clusters and in some cases involved complete fascicles. 
The most prevalent abnormality was an aberrant intra-
myofibrillar NADH-TR and SDH staining reaction with 
trabecular septations. The normal lattice pattern was re-
placed by a coarse granular structure with heterogeneous 
staining intensity, often interspersed with a conspicuous 
ring-like subsarcolemmal excess of reaction products. 
The vast majority of such fibers had a lobulated outer 
contour, but small fibers with a more rounded form and 
with low mitochondrial activity in the center were also 
common ( fig. 2 ,  3 ). We will refer to fibers with a lobu-
lated form and an irregular trabecular and coarse granu-
lar appearance as lobulated/trabecular (LT) fibers. The 
smaller and more rounded fibers with a dense subsarco-
lemmal accumulation of NADH-TR activity and absence 
or low activity towards the center will be termed small 
subsarcolemmal mitochondria (SSM) fibers ( fig. 3 ). LT fi-
bers were observed in all muscle samples from patients, 
and the proportion was higher in PP than in UV muscle 
(33  8  17% vs. 3  8  3%, p  !  0.01). Fibers classified as SSM 
fibers were found in 5 PP (6  8  6%) and 1 UV muscle (1%). 
Two of the PP samples contained occasional fibers (0.3  8  
0.6%) with a staining pattern that corresponded to ‘moth-
eaten’ (ME) fibers, i.e. fibers with normal contour but 
with irregular and multiple areas with a scarcity or lack 
of NADH-TR and SDH activity.

  COX, GT and ATPase Enzyme Activity 
 Fibers stained for SDH but unstained for COX were 

observed in a low proportion in 7 PP and 4 UV muscles 
(3.2  8  1.7% vs. 1.4  8  0.7%). COX deficiency was ob-
served in both normal fibers and fibers with abnormal 
mitochondrial distribution ( table 2 ,  fig. 4 ). In PP muscle 
sections stained for GT, occasional ragged-red (RR) fi-
bers were observed ( ! 0.1%), i.e. fibers with a dense sub-
sarcolemmal and intramyofibrillar accumulation of red-
dish material corresponding to the aggregations of forma-
zan granula in NADH-TR  [14] . The reddish-stained areas 
lacked activity in the corresponding areas in the sections 
stained for myofibrillar ATPase ( table 2 ,  fig. 5 ).

  Muscle Fiber Cross-Sectional Area 
 In the PP muscle, the mean cross-sectional area of 

 fibers with abnormal mitochondria organization was 
smaller than that of fibers with a normal appearance 
(1,131  8  418  � m 2  vs. 1,920  8  524  � m 2 , p  !  0.05). The 
rank in fiber size was in the PP muscle: SSM  !  LT  !  nor-
mal-appearance fibers (NAF) and in the UV muscle: SSM 
 !  LT = NAF. The SSM fibers were significantly smaller
(p  !  0.05) than both LT fibers and normal cells in both 
PP (645  8  363  � m 2  vs. 1,535  8  379  � m 2  and 1,940  8  
571  � m 2 , respectively) and UV muscle (413  8  0  � m 2  vs. 
1,238  8  123  � m 2  and 1,647  8  281  � m 2 , respectively) 
( fig. 6 ).

a b

c d

  Fig. 3.  Serial cross sections of a PP muscle 
stained for NADH-TR from a reference 
subject ( a ) and an SDB patient ( b–d ).
 a  Normal mitochondria architecture in 
muscle fibers in a reference subject.
 b–d  Examples of LT and SSM fibers in a PP 
muscle. Note the lobulated form, irregular 
trabecular and coarse mitochondria dis-
tribution and the large variability in size of 
the LT fibers. In the SSM fibers, there is 
subsarcolemmal accumulation of mito-
chondria and low mitochondria activity in 
the center (arrows).  d  Scale bar = 25                        � m. 
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  Abnormal Mitochondria Organization in Relation to 
MyHC Composition and Capillary Supply 
 Fibers with an abnormal distribution of mitochondria 

were not related to a specific fiber phenotype or expres-
sion of developmental MyHC isoforms ( table  3 ). The 
number of capillaries surrounding fibers with an abnor-
mal distribution of mitochondria was lower than those 
surrounding the NAF, in both PP (CAF 0.9  8  0.3 vs. 1.4 
 8  0.6, p  !  0.01) and UV (CAF 0.4  8  0.1 vs. 1.2  8  0.3,
p  !  0.05). However, when compensating for the differ-
ences in fiber area (CAFA), no statistical difference in 
normal cells was observed ( fig. 7 ).

  Other Histopatholgical Findings 
 The most common morphological and histopatholog-

ical palate muscle findings were fibrosis, marked vari-
ability in fiber size and an increased proportion of small-
sized fibers expressing developmental MyHC isoforms. 

Table 3.  Proportion (%) of fiber phenotypes (content of different 
MyHCs) in fibers with abnormal mitochondria distribution in the 
palatopharyngeus and uvula muscles of 8 SDB patients

MyHCI MyHCI+II MyHCII

Muscle
Palatopharyngeus 30817 16814 54821
Uvula 12813  681 82814

V alues are expressed as mean 8 standard deviations.

a b c d

a b

c d

e f

  Fig. 4.  Cross sections of a PP muscle double-stained for COX-SDH from a reference subject ( a ) and an SDB pa-
tient ( b–d ). COX-positive fibers are stained brown and COX-negative fibers are blue. Note the presence of COX-
negative fibers (arrows) in both NAF ( b ), LT fibers ( c ) and SSM fibers ( d ) in the SDB subject.  d  Scale bar = 50                      � m. 

  Fig. 5.  Serial cross sections of the PP muscle from a reference sub-
ject ( a ,  c ,  e ) and an SDB patient ( b ,  d ,  f ) stained for GT ( a ,  b ), 
NADH-TR ( c ,  d ) and ATPase at pH 10.3 ( e ,  f ). In the SDB sample, 
note the strong SSM and LT fiber reaction in staining for GT (red 
areas) ( b ) and NADH-TR (dark blue areas) ( d ), and the lack of 
staining for ATPase in corresponding areas ( f ). The black point 
and the star denote the same fiber in the different sections.  f  Scale 
bar = 50  � m. 
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These features were frequently observed in PP, and to a 
lesser extent in UV. Whereas both fiber atrophy and hy-
pertrophy were common in PP, fiber hypertrophy domi-
nated in the UV. Clusters of small fibers, i.e. fiber group 
atrophy, were observed in the PP but generally not in UV 
( fig. 1 ,  2 ).

  Comparison to Control Muscles 
 In the controls except for occasional fibers, there was 

a normal mitochondrial staining pattern for NADH-TR 
and SDH within the muscle fibers in both the PP and
UV muscles ( fig.  2–5 ). Fiber size and fiber form were 
more homogeneous than in the patients and the mus-
cle:connective tissue ratio higher. Only occasional fibers 
were stained for developmental MyHCs and only a few 
COX-negative fibers were observed in one of the controls. 
No fibers corresponding to the criteria for moth-eaten or 
ragged-red fibers were detected. The area of fibers in the 
PP muscles did not differ significantly from normal fi-
bers in patients, but were larger than fibers with irregular 
mitochondria organization (1,643  8  569  � m 2  vs. 1,131 
 8  298  � m 2 , p  !  0.05). In contrast, fibers in the UV mus-

cles did not differ in size from fibers with disturbed mi-
tochondria organization and the area was smaller than 
that of NAF in the patients (1,200  8  271  � m 2  vs. 1,623  8  
298  � m 2 , p  !  0.05) ( table 2 ).

  The number of capillaries supplying an individual fi-
ber was higher in the control PP (CAF 2.7  8  0.7) and UV 
(CAF 1.9  8  0.9) compared to both normal and abnormal 
fibers in the patient samples (p  !  0.05). After correction 
for differences in fiber area, the capillary supply was still 
higher in controls for both PP (CAFA 2.1  8  0.6) and UV 
(CAFA 2.0  8  0.8) muscles ( fig. 6 ,  7 ).

  Discussion 

 In this study we show that soft palate muscles in pa-
tients with long-term snoring and upper airway obstruc-
tion contain a high proportion of fibers with an abnormal 
internal distribution and oxidative enzyme-staining ac-
tivity of mitochondria, a finding in support of our previ-
ous reports on neuromuscular injury as a possible mech-
anism for upper airway muscle dysfunction in this dis-
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  Fig. 6.  Graphs visualizing the mean fiber area in                                  � m 2  ( a ,  d ), CAF ( b ,  e ) and CAFA ( c ,  f ) in the PP ( a–c ) and UV 
( d–f ) muscles from reference subjects (REF) and SDB patients. Standard deviations (error bars) are indicated. 
 *  p  !  0.05 = significantly different from REF;  *  *  p  !  0.05 = significantly different from NAF.  
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ease  [9, 12] . Dysfunction of the upper airway muscles 
might cause an imbalance between forces acting to keep 
the airway open and negative inspiratory airway pressure 
that causes obstruction of the pharynx during sleep. To-
gether with a decreased capillary supply and other histo-
pathological muscle changes, our results suggest that 
muscle injury, including metabolic disturbances, may be 
a part of the pathophysiology in this disease.

  The most common morphological abnormality was 
clusters of fibers with a lobulated contour and an internal 
irregular distribution of stained mitochondria, often in a 
trabecular pattern. The higher proportion of these fibers, 
i.e. LT fibers, was more evident in the PP muscle (33%) 
than in the UV muscle (4%). Fibers displaying a lobulated 
and trabecular appearance have been reported in various 
neuromuscular diseases and this is considered a nonspe-
cific reaction  [25, 26]  or a typical finding in certain forms 
of muscular dystrophies  [26–28] . Despite the frequent 
presence of lobulated/trabecular fibers in various mus-
cle disorders, the significance of these fibers is still
unknown. The abnormal distribution of mitochondria 
might, however, cause an uneven intracellular distribu-
tion of energy production that per se can have negative 
effects on myocyte function.

  Small and rounded fibers with subsarcolemmal dense 
aggregates of mitochondria and an aberrant organization 
or focal loss of stained mitochondria in the more central 
parts, i.e. SSM fibers, were also relatively common in the 

PP muscle (6%). The pattern of mitochondrial distribu-
tion and the small area of SSM fibers, in addition to the 
more prevalent lobulated trabecular fibers, are in line 
with findings in limb-girdle dystrophy  [26]  and indicate 
fiber degeneration and/or fiber regeneration. However, 
the majority of these fibers did not contain embryonic or 
fetal MyHC, two markers for the early stages of muscle 
fiber development and regeneration  [29, 30] , suggesting 
that the SSM fibers observed were more likely involved in 
a degenerative rather than in a regenerative process. The 
distribution in clusters or presence in whole fascicles, 
suggests a process of continuous loss of motor innerva-
tion and insufficient reinnervations. Thus, the differenc-
es between SSM and LT fibers in mitochondrial organiza-
tion and size might be related to the different stages on a 
spectrum of myocyte reaction to injury.

  The finding that LT and SSM fibers were preferentially 
found in fibers expressing fast MyHCII in the SDB sub-
jects might to some extent be explained by the distinct 
predominance of fast phenotype fibers (MyHCII) in nor-
mal PP (69%) and UV (86%) muscles  [15] . An alternative 
is that the mitochondria compartment in fibers expressing 
MyHCII is more sensitive for other factors, such as distur-
bances in microcirculation or denervation. A support for 
the latter is that fibers expressing MyHCI, normally more 
highly oxidative and better supplied by capillaries than 
fibers expressing MyHCII, seem to be less prone to atro-
phy in the early stages of muscle denervation  [31] .

a b c

  Fig. 7.  Cross sections from PP muscle from a reference subject ( a ) and an SDB patient ( b ,  c ) stained for laminin 
                           � 5-chain (   a ,  b ) and NADH-TR ( c ).  b ,  c  Serial sections in which the star denotes the same muscle fiber. The sec-
tions show stained capillaries in a reference subject ( a ) and around LT fibers in an SDB patient ( b ). Note the 
lower capillary density in the SDB patient than in the reference subject.  c  Scale bar = 50  � m.           
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  Fibers with another type of disturbed myofibrillar 
network, so-called moth-eaten fibers, have been reported 
to be frequently present in palate muscles samples from 
SDB patients  [6, 7] . In limb muscles, these fibers are par-
ticularly seen in various myopathies as a nonspecific 
finding. However, in our study, moth-eaten fibers were 
rare. The contrasting results might be related to the dif-
ferent criteria for defining fibers with a disturbed mito-
chondria intramyofibrillar network or to different sam-
ple areas.

  Fibers lacking staining for COX, the complex IV of the 
mitochondria respiratory chain, were present in all pa-
tients except one (PP 3.2%, UV 1.7%). In contrast, only 
one control sample contained occasional COX-negative 
fibers. The increased presence of COX-deficient fibers in 
young and middle-aged adults is considered to be a hall-
mark of mitochondrial disease  [32] . Abnormalities in the 
complex IV respiratory chain decrease the oxidative ca-
pacity of muscle fibers and impair the contractile force 
and fatigue resistance. However, a small number of COX-
deficient fibers (1–2%) is not uncommon in patients over 
65 years of age, owing to age-related somatic DNA muta-
tions or gene deletions possibly due to the accumulation 
of oxygen free radicals  [33] . The significance of COX-de-
ficient fibers in the palate muscles of SDB patients is un-
clear, but neuromuscular damage and/or inflammation 
might increase oxygen-free radicals over time, leading to 
mitochondrial DNA mutations in the upper airway mus-
cles  [34, 35] .

  A few fibers with a ragged-red appearance were ob-
served among the LT fibers in 2 of the patients. This is a 
characteristic finding in various mitochondrial diseases 
and a hallmark of morphological changes due to dis-
turbed oxidative phosphorylation  [36] . Ragged-red fibers 
increase with age and are frequently observed in inflam-
matory myopathy  [35, 37] . Although the presence of 
COX-deficient fibers, moth-eaten and ragged-red fibers 
further suggests the presence of bioenergetically deficient 
fibers in the upper airway muscles of SDB patients, the 
proportion is probably too low to be of important func-
tional significance. However, their presence still supports 
alterations in the mitochondrial compartment as part of 
the pathological process in SDB.

  The muscle abnormalities observed in this study may 
hypothetically be a consequence of vibratory trauma and/
or traumatic stretching of soft palate tissues during snor-
ing. Numerous studies in occupational medicine have 
shown links between vibration and tissue injury in limb 
muscles. Long-standing exposure to vibrations causes a 
loss of vibrotactile sensation, local nerve lesions, muscle 

fiber damage  [38–40] , loss of capillaries  [41] , vasospasm 
 [42] , a decreased blood flow  [43, 44]  and decreased mus-
cle strength  [45] . Muscle ischemia and vascular disease 
that affect capillaries have been reported to cause a grad-
ual deterioration of the mitochondrial organization in 
muscle  [46, 47] . Thus, based on the consequence of vibra-
tory trauma, long-standing snoring vibrations might cre-
ate a substrate for hypoxia and an energy crisis that may 
lead to a vicious circle of injury and further functional 
impairment in the mitochondria compartment. More-
over, overuse and repeated muscle contractions during 
active muscle lengthening of the upper airway can induce 
myofibrillar disturbances, a loss of mitochondria and a 
decrease in force-generating capacity  [48, 49] . Several 
other biological processes may be responsible for the ab-
normal spatial mitochondrial distribution. However, ir-
respective of the cause, it is reasonable to consider that the 
abnormalities we and others observed may affect the 
function of upper airways.

  The discrepancy in abnormalities between the PP and 
UV muscles from SDB patients is of specific interest. 
Whereas PP muscles were characterized by severe abnor-
malities, the UV muscles had relatively few abnormalities 
and were characterized by a high proportion of fibers 
with a larger mean cross-sectional area than in controls, 
i.e. muscle fiber hypertrophy. This indicates an adapta-
tion to meet the additional load on the muscle to main-
tain the airway patency during inspiration. In contrast, 
the frequent abnormalities including both fiber hyper-
trophy and fiber atrophy in the PP muscle suggest a more 
pronounced process of both degeneration and regenera-
tion in this muscle. However, although snoring vibra-
tions/stretch of palate tissue or traumatic muscle contrac-
tions had different morphological effects on the muscles, 
both muscle groups had a generally lower NADH-TR ac-
tivity and a lower capillary supply compared to the refer-
ence muscles, which indicates a decreased endurance ca-
pacity. When gravity negatively influences the width of 
the upper airway and the tonic activity of the pharyngeal 
muscles decrease during sleep  [50] , a diminished endur-
ance capacity might increase the risk for the collapse of 
pharyngeal walls during inspiration.

  The cause of the differences in morphological altera-
tions between the PP and UV muscles of SDB patients is 
unclear. This could be related to their anatomical local-
ization in the pharynx, orientation and insertions of 
muscle fibers, or significance in dilating the upper air-
ways. The UV muscle is located parallel to the airstream 
in the center of the soft palate, whereas the PP muscle is 
oriented transversely to the airstream laterally and super-
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contributes to the instability and collapse of the upper 
airway muscles in SDB. Although there are signs of adap-
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