METABOLISM GENE EXPRESSION IN UPPER AIRWAY AND DIAPHRAGM

Differential Expression of Lipid and Carbohydrate Metabolism Genes in Upper
Airway versus Diaphragm Muscle

Erik van Lunteren, MD"?, Sarah Spiegler, BA'; Michelle Moyer, MS'

!Pulmonary, Critical Care and Sleep Division, Department of Medicine, Louis Stokes Cleveland Department of Veterans Affairs Medical Center
and *Case Western Reserve University, Cleveland, OH

Study Objectives: Contractile properties of upper airway muscles influence upper airway patency, an issue of particular importance for subjects
with obstructive sleep apnea. Expression of genes related to cellular energetics is, in turn, critical for the maintenance of contractile integrity over
time during repetitive activation. We tested the hypothesis that sternohyoid has lower expression of genes related to lipid and carbohydrate ener-
getic pathways than the diaphragm.

Methods: Sternohyoid and diaphragm from normal adult rats were examined with gene expression arrays. Analysis focused on genes belonging
to Gene Ontology (GO) groups carbohydrate metabolism and lipid metabolism.

Results: There were 433 genes with at least +2-fold significant differential expression between sternohyoid and diaphragm, of which 192 had
sternohyoid > diaphragm and 241 had diaphragm > sternohyoid expression. Among genes with higher sternohyoid expression, there was over-
representation of the GO group carbohydrate metabolism (P = 0.0053, n = 13 genes, range of differential expression 2.1- to 6.2-fold) but not
lipid metabolism (P = 0.44). Conversely, among genes with higher diaphragm expression, there was over-representation of the GO group lipid
metabolism (P = 0.0000065, n = 32 genes, range of differential expression 2.0- to 37.9-fold) but not carbohydrate metabolism (P = 0.23). Nineteen
genes with diaphragm > sternohyoid expression were related to fatty acid metabolism (P = 0.000000058), in particular fatty acid § oxidation and
biosynthesis in the mitochondria.

Conclusions: Sternohyoid has much lower gene expression than diaphragm for mitochondrial enzymes that participate in fatty acid oxidation and

biosynthesis. This likely contributes to the lower fatigue resistance of pharyngeal upper airway muscles compared with the diaphragm.
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OBSTRUCTIVE SLEEP APNEA IS A DISORDER WITH A
HIGH PREVALENCE IN THE GENERAL POPULATION'
AND CONSIDERABLE ADVERSE CONSEQUENCES.**
The anatomic narrowing of the upper airway present in subjects
with obstructive sleep apnea™® increases the mechanical load
on the upper airway and thoracic muscles. As a result, muscle
activation must increase above normal levels to maintain upper
airway patency and ventilation, not only during wakefulness
but also during the termination phase of the repetitive obstruc-
tive apneas.”™ In turn, the structural and contractile properties
of the upper airway and thoracic muscles'®" influence the ex-
tent to which these muscle groups can maintain and/or restore
upper airway patency and ventilation.

Maintenance of thoracic and upper airway respiratory mus-
cle contractile integrity over time during repetitive contractions
is dependent on a sufficient supply of ATP and other energetic
intermediates, which in turn are derived from the metabolism
of lipids and carbohydrates. The diaphragm is well suited to
repetitive activation over long periods of time, being comprised
of sizeable proportions of slow-twitch fibers.'*'® On the other
hand, most muscles which dilate the pharyngeal upper airway
have low proportions of slow-twitch fibers and low resistance
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to fatigue in relation to the diaphragm.'*?° Based on these dif-
ferential fiber type distributions, the diaphragm is better suited
to oxidative metabolism than are the pharyngeal upper airway
muscles. Not well delineated is whether the upper airway mus-
cles and diaphragm also differ with respect to patterns of lipid
versus carbohydrate utilization. Patterns of substrate utilization
are of interest because they have an important impact on mus-
cle contractile performance,?’-** which further may be perturbed
by diseases relevant to sleep apnea, such as diabetes.”*” The
present study tested the hypothesis that an upper airway dilator
muscle, the sternohyoid, has lower expression of genes related
to cellular lipid and carbohydrate energetic pathways than the
diaphragm.

METHODS

Studies were performed on sternohyoid and diaphragm
muscle from 6 normal young-adult male Sprague-Dawley rats
(weight 391 + 10 grams). All protocols were approved by the
Institutional Animal Care and Use Committee and conformed
to animal care guidelines established by the National Institutes
of Health. The animals were well anesthetized with a rodent an-
esthetic cocktail consisting of ketamine, xylazine, and acepro-
mazine. The sternohyoid and diaphragm muscles were removed
surgically, placed in RNA-later, and stored at —80° C.

Gene expression array studies were performed as described
previously.** Trizol (GibcoBRL, Rockville, MD) was used
to extract total RNA, and the RNA pellets were resuspended
at | ug RNA/uL DEPC-treated water. This was followed by a
cleanup protocol with a Qiagen (Valencia, CA) RNeasy Total
RNA mini kit. Total RNA was prepared for use on Affymetrix
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(Santa Clara, CA) microarrays, according to the directions from
the manufacturer. Briefly, 8 ug of RNA was used in a reverse
transcription reaction (SuperScript II; Life Technologies, Rock-
ville, MD) to generate first strand cDNA. After second strand
synthesis, double strand cDNA was used in an in vitro tran-
scription reaction to generate biotinylated cRNA. This was pu-
rified and fragmented, following which 15 pg of biotin-labeled
cRNA was used in a 300 uL hybridization cocktail, which
included spiked transcript controls. Subsequently, 200 pL of
the cocktail was loaded onto Affymetrix RAE 230A microar-
rays (Santa Clara, CA) and hybridized for 16 h at 45°C with
agitation. Standard post-hybridization washes and double-stain
protocols used an Affymetrix GeneChip Fluidics Station 400.
Arrays were scanned using a Hewlett Packard Gene Array scan-
ner and analyzed with Affymetrix MAS 5.0 software.

Bayesian analysis of variance for microarrays (BAM) was
chosen for statistical analysis of the microarray data, using
BAMarray software (http://www.bamarray.com).?3! Genes
with significantly changed expression identified by BAM were
then further selected based on consistent and appropriate pres-
ent and absent calls per Affymetrix software. Signals were then
averaged for diaphragm and sternohyoid muscle, and fold dif-
ferential expression was calculated based on average values
from each group. Analysis focused on genes whose expression
was at least &+ 2-fold different in the 2 muscles, unless indicated
otherwise. To assign biological meaning to the group of genes
with differential expression, the subset of genes which met the
above criteria was analyzed with the Gene Ontology (GO) clas-
sification system, using DAVID software (http://appsl.niaid.
nih.gov/david/).*>** This software determines over-representa-
tion of genes with altered expression within specific GO cat-
egories by using the one-tailed Fisher exact probability test; this
is modified by the addition of a jackknifing procedure, which
penalizes the significance of categories with very few genes and
favors more robust categories with larger numbers of genes.

Real-time PCR (RT-PCR) was used to confirm changes in
gene expression, as described previously.?®*° Testing was done
with the same tissue that had been used for gene expression
arrays, using an Applied Biosystems ABI 7900HT unit with au-
tomation attachment (Foster City, CA). To execute the first step
and make archival cDNA, 3 pg of total RNA was reverse tran-
scribed in a 100 pL reaction using Applied Biosystems enzymes
and reagents in accordance with the manufacturer’s protocols.
RNA samples were accurately quantitated using a Nanodrop
Technologies ND-1000 spectrophotometer (Wilmington, DE).
Equal amounts of total RNA were reverse transcribed and then
used in PCR amplifications. GAPDH had very little variation
in expression across the sample set and therefore was chosen
as the endogenous control. The cDNA reaction from above was
diluted by a factor of 10. For the PCR step, 9 uL of this diluted
cDNA was used for each of 3 replicate 15 pL reactions carried
out in a 384-well plate. Standard PCR conditions were used
for the Applied Biosystems assays: 50°C for 2 min, followed
by 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec
alternating with 60°C for 1 min each. Values for RNA abun-
dance were normalized for each gene with respect to the endog-
enous control in that sample, mean values for fold changes were
calculated for each gene, and statistical testing was performed
with the unpaired #-test.
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Table 1—Sternohyoid versus Diaphragm GO groups
Number P Value for Degree of
GO Term of Genes Over-Representation
Diaphragm > Sternohyoid
Expression
Lipid Metabolism 32 0.0000065
Cellular Lipid Metabolism 27 0.000030
Fatty Acid Metabolism 19 0.000000058
Lipid Binding " 0.016
Fatty Acid Binding 6 0.000065
Carbohydrate Metabolism 1" NS (P =0.23)
Sternohyoid > Diaphragm
Expression
Carbohydrate Metabolism 13 0.0053
CeIIuIar.Carbohydrate 10 0.016
Metabolism
CeIIuIar.Ponsacchande 5 0.000190
Metabolism
Polysaccharide Metabolism 5 0.00022
Polysaccharide Binding 4 0.067
Regulation of Glucose Import 2 0.0086
Lipid Metabolism 12 NS (P =0.44)
Assignment of genes with differential expression between sternohyoid
(SH) and diaphragm (DIA) muscle to the gene ontology (GO) groups lipid
metabolism, carbohydrate metabolism and related terms.

RESULTS

A total of 433 genes had + 2-fold differential expression
between the sternohyoid and diaphragm muscles. There were
more genes that had higher expression in diaphragm than ster-
nohyoid (241) compared with the other way around (192). This
finding was even more prominent among the 131 genes with
> 3-fold differential expression (88 vs 43 genes), and particu-
larly for the 42 genes with > 5-fold differential expression (36
vs 6 genes). Analysis focused on those genes with at least 2-fold
differential expression between muscles which belong to the
GO terms lipid metabolism, carbohydrate metabolism, and re-
lated terms.

For the 241 genes with higher expression in diaphragm
than sternohyoid, there were 32 genes assigned to the GO
term lipid metabolism, and this was highly significant by
over-representation analysis (Table 1). There were also 5 oth-
er lipid-related GO terms for genes with higher diaphragm
than sternohyoid expression which achieved statistical sig-
nificance. In contrast, the 11 genes assigned to the GO group
carbohydrate metabolism did not meet statistical criteria for
over-representation.

Among the 192 genes with higher expression in sternohyoid
than diaphragm, there were 13 genes assigned to the GO term
carbohydrate metabolism, which was significant by over-
representation analysis (Table 1). There were also 5 other
carbohydrate-related GO terms which achieved statistical
significance among genes with higher sternohyoid than dia-
phragm expression. In contrast, the 12 genes assigned to the
GO group lipid metabolism did not meet statistical criteria for
over-representation.
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Diaphragm >
Sternohyoid

Figure 1—Extent of differential expression between sternohyoid and diaphragm muscle of lipid metabolism genes. Left panel depicts data for 12 genes
with higher expression in sternohyoid than diaphragm muscle; right panel depicts data for 32 genes with higher expression in diaphragm than sternohyoid
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Figure 1 depicts fold-differential expression for each of the
genes which were assigned to the GO group lipid metabolism.
There were 32 genes with diaphragm > sternohyoid lipid gene
expression, the magnitude of which ranged from 2.0- to 37.9-
fold, with a mean of 4.6 and a median of 2.8-fold. Conversely
the magnitude of the differential expression for the 12 lipid
genes with a sternohyoid > diaphragm pattern ranged from 2.1-
to 6.9-fold, with a mean of 3.8- and a median of 2.9-fold. Of the
32 lipid metabolism genes, 11 are involved directly in fatty acid
energetics pathways, and 10 of the 11 genes had greater dia-
phragm than sternohyoid expression. Among these 11 genes, 9
participate in specific steps of fatty acid B-oxidation (Figure 2),
and 4 participate in specific steps of fatty acid synthesis (Figure
3), with 2 of the 11 genes involved in both (AcsI3 and Echsl).
Nine of these 11 genes are involved in mitochondrial rather than
cytosolic steps of fatty acid metabolism (Figure 2 and 3).

Figure 4 depicts fold-differential expression for each of
the genes which were assigned to the GO group carbohydrate
metabolism. The magnitude of differential sternohyoid > dia-
phragm carbohydrate metabolism gene expression ranged from
2.1- to 6.2-fold, with a mean of 2.9- and a median of 2.5-fold.
Conversely the magnitude of differential diaphragm > ster-
nohyoid carbohydrate metabolism gene expression ranged from
2.0- to 3.1-fold, with a mean of 2.5- and a median of 2.5-fold.
Only 2 of these genes participate directly in cellular energet-
ics pathways, and both had greater sternohyoid than diaphragm
expression. Both of these genes are involved in glycogen me-
tabolism (Figure 5).
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RT-PCR studies were performed for 31 genes (Table 2). In all
instances the direction of differential expression delineated by
PCR was the same as that delineated by gene expression microar-
rays. Furthermore, all PCR results were statistically significant.

DISCUSSION

The present study found a large number of genes with dif-
ferential expression between the diaphragm and sternohyoid
muscle, 68 of which were involved in lipid and carbohydrate
metabolism. Many GO terms related to lipid and carbohydrate
metabolism were over-represented among the genes with differ-
ential expression, with lipid-related GO terms being prominent
among genes with diaphragm > sternohyoid expression and
carbohydrate-related GO terms being prominent among genes
with sternohyoid > diaphragm expression. Thirteen of these dif-
ferentially-expressed metabolism genes are involved directly in
cellular energy pathways, most notably a higher expression of
genes related to lipid energetics in diaphragm compared with
sternohyoid muscle, most of which are involved with intra-mi-
tochondrial portions of metabolic pathways.

The pharyngeal upper airway muscles differ importantly
from the diaphragm with respect to both fiber type composi-
tion and contractile properties.'*?° The former are comprised
predominantly of fast-twitch fibers whereas the latter are
comprised of large proportions of both slow- and fast-twitch
fibers. Furthermore, pharyngeal upper airway muscles have
faster isometric twitch kinetics and lower fatigue resistance
than the diaphragm.
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Previous comparisons of pharyn-
geal and thoracic respiratory muscle
biochemical properties have focused
on the oxidative vs glycolytic enzyme
spectrum or the fast vs slow myosin
spectrum rather than the lipid vs carbo-
hydrate enzyme spectrum. LaFramboise
et al." found that genioglossus muscle
had predominantly type 2 (2B > 2A >
2X) but little B /slow myosin heavy
chain isoforms, whereas diaphragm had
a mixture of B /slow, 2A and 2X, but
relative little 2B, myosin heavy chain
isoforms. Brozanski et al.** found that
adult genioglossus muscle had a pre-
dominance of 2X and 2B with a smaller
proportion of 2A myosin heavy chain
isoforms whereas diaphragm had ap-
proximately equal proportions of slow,
2A, and 2X with a small proportion of
2B myosin heavy chain isoforms. Pae
et al.”® found that geniohyoid muscle fi-
bers had only the type 2A myosin heavy
chain isoform, sternohyoid muscle fibers
had type 2A and 2B myosin heavy chain
isoforms, and diaphragm muscle fibers
had a mixture of type 1, 2A, 2B, and 2X
myosin heavy chain isoforms. With re-
spect to the specific muscles examined
in the present study, in rat sternohyoid
the proportion of fibers is FG > FOG >
SO, irrespective of whether the propor-
tions are quantified by fiber number or
fiber cross-sectional area.' Compared
with diaphragm, the SH has a higher
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Figure 2—Genes with differential expression between sternohyoid and diaphragm muscle that are
involved in specific steps of fatty acid -oxidation. Genes with higher expression in sternohyoid than
diaphragm are indicated in red; genes with higher expression in diaphragm than sternohyoid are
indicated in green. Numbers indicate fold-differential expression.
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proportion of FG fibers and a substan-

tially lower proportion of SO fibers. With respect to FOG fibers,
when quantified with respect to fiber number the two muscles
have similar proportions, whereas when quantified with respect
to fiber cross-sectional area the diaphragm has a higher FOG
proportion than the SH.

Data comparing upper airway muscles and diaphragm with
regards to specific enzymes involved in cellular energetics are
limited. Enzyme activity for citrate synthase is lower for rat ster-
nohyoid and geniohyoid muscles than the diaphragm, whereas
enzyme activity of lactate dehydrogenase is higher for the two
upper airway muscles than the diaphragm.* Citrate synthase is
a key enzyme of the Krebs (or citric acid) cycle and is involved
in aerobic metabolism, whereas lactate dehydrogenase catalyz-
es the interconversion of lactate and pyruvate and is especially
important in anaerobic metabolism. However neither enzyme
provides insight into lipid versus carbohydrate metabolism.

We are not aware of previous studies that have compared
genome-wide expression patterns among different muscles
involved in breathing. However, several previous gene ex-
pression array studies have compared diaphragm with limb
muscle, albeit without a specific focus on genes involved in
metabolism. Porter et al.*” compared normal diaphragm and
mixed limb muscle (gastrocnemius/soleus) as part of a study
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examining dystrophin-deficient muscular dystrophy in mdx
mice, and found 726 differentially expressed transcripts. Only
a small number of these genes could be attributed to differenc-
es in relative proportions of fiber types between diaphragm and
pooled limb muscle. Eight slow fiber-related genes were more
prominent in diaphragm, whereas 3 fast fiber-related genes
were more prominent in pooled limb muscle. In addition four
myogenesis-related genes were identified among the differen-
tially expressed genes. Subsequently Haslett et al.* compared
mouse diaphragm with 5 limb muscles, also as part of a study
of dystrophin-deficient mdx mice. They found 44 to 50 genes
with differential expression each for the normal diaphragm
compared with the normal extensor digitorum longus, gastroc-
nemius, quadriceps, and tibialis anterior muscles, but less than
15 genes for the diaphragm compared with the normal soleus.
Genes differentially expressed for the diaphragm were iden-
tified as involved in transcriptional regulation, mitochondrial
metabolism and fiber type-specific isoforms, but further de-
tails about the metabolism group of genes were not provided.
Sanoudou et al.*” examined mice with nemaline myopathy, and
as part of the study compared normal diaphragm, tibialis ante-
rior, gastrocnemius, plantaris, and extensor digitorum longus.
The greatest numbers of genes with differential expression
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Figure 3—Genes with differential expression between sternohyoid and diaphragm muscle that are involved in specific steps of fatty acid synthesis. Genes
with higher expression in sternohyoid than diaphragm are indicated in red; genes with higher expression in diaphragm than sternohyoid are indicated in
green. Numbers indicate fold-differential expression.

among the normal muscles were seen between the diaphragm
and each of the limb muscles rather than among various limb
muscles, with values ranging from 1435 to 2350 probe sets.
However, no further details were provided about the cellular
processes in which these genes participate. Thus there clearly
are considerable differences between normal diaphragm and
limb muscles in gene expression, but previous studies did not
address what extent these differences involve lipid and carbo-
hydrate metabolism. The present study concurs with previous
findings indicating considerable heterogeneity among skeletal
muscles in patterns of gene expression, and furthermore in-
dicates that heterogeneity in gene expression among muscles
involves those related to lipid and carbohydrate metabolism.
One limitation of the present study is that rats are not natu-
ral models of obstructive sleep apnea. However, much of what
is known about the pharyngeal upper airway respiratory mus-
cles is derived from normal rodents,!#17:1920343640 Tn addition,
rodents are frequently used as a model to study the effects of
chronic intermittent hypoxia, an important consequence of the
episodic upper airway closure that occurs in obstructive sleep
apnea.*'* Finally, there are many rodent models of obesity, dia-
betes, and hypertension, disorders which in humans frequently
coexist with obstructive sleep apnea—and rodent models of
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these diseases have been used to study thoracic and upper air-
way respiratory muscles. 823264547 Thus the present study using
rat muscle is in line with extensive other data from the litera-
ture using rodent models to study various aspects of obstructive
sleep apnea.

Kimoff* recently reviewed the literature examining the evi-
dence that abnormalities of the upper airway muscle structure
and function play important roles in the pathophysiology of
obstructive sleep apnea. This includes alterations in contrac-
tile properties, histological perturbations, myopathic changes,
evidence for muscle denervation, and a high prevalence of ob-
structive sleep apnea in primary muscle diseases which involve
the pharyngeal muscles. Regarding specifically whether muscle
fatigue plays a role in obstructive sleep apnea, data from previ-
ous studies that address this include the following. First, there
are changes in fiber type distributions in upper airway muscles
from slow-twitch type I fibers to fast-twitch type II fibers in
sleep apnea, which are in a direction which should increase
muscle fatigability. Series et al.**>° found increased proportions
of fast-twitch type Ila fibers in musculus uvulae and genioglos-
sus muscle of humans with OSA compared with snorers. In ad-
dition, the musculus uvulae has increased levels of enzymes
associated with anaerobic metabolism in subjects with OSA
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Figure 4—Extent of differential expression between sternohyoid and diaphragm muscle of carbohydrate metabolism genes. Left panel depicts data for
13 genes with higher expression in sternohyoid than diaphragm muscle; right panel depicts data for 11 genes with higher expression in diaphragm than
sternohyoid muscle.
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Table 2—Confirmation by RT-PCR
Gene Symbol Fold Fold P Value
Sternohyoid > Diaphragm Change = Change  byPCR
Expression by Array by PCR
Pfkfb3 6.2 26 0.028
Phka1 2.8 25 <0.001
Abcc8 27 6.1 <0.001
Ppp1cb 2.7 15 0.035
Phkg1 25 1.1 0.048
Gpd2 24 41 <0.001
Ppp1r2 22 1.3 0.037
Diaphragm > Sternohyoid
Expression
Pla2g2a 37.9 13.5 0.002
Harpb64 1.5 52 <0.001
Fasn 9.0 20.6 0.003
Fabp3 5.3 8.0 <0.001
Lipe 5.0 9.0 <0.001
Lpl 48 8.6 <0.001
Lsr 46 37.7 <0.001
Ncf1 44 16.2 <0.001
Etfb 41 45 <0.001
Thrsp 3.8 8.7 0.009
Acaa2 37 6.5 <0.001
Dci 3.6 5.6 <0.001
Peci 32 35 <0.001
Acadm 28 1.9 0.003
Apoe 28 5.0 <0.001
Cpt2 2.3 25 <0.001
Nrob2 2.3 10.8 <0.001
Acadl 22 35 <0.001
St3gal5 22 25 <0.001
Hadha 22 39 <0.001
Hadh2 2.1 47 <0.001
Acaca 2.1 2.8 <0.001
Acly 20 35 0.005
Aldh3a2 2.0 2.1 <0.001
RT-PCR confirmation of differential lipid metabolism gene expression
between sternohyoid and diaphragm muscles.

compared with snorers. Subsequently Carrera et al.">' found
that the type II fiber increase in the genioglossus with OSA is
also present when comparisons are made with normal control
subjects, and this is not affected by the presence or absence of
obesity. An increase in the type II fiber proportion is also pres-
ent in the sternohyoid muscle of bulldogs that have sleep apnea
compared with control animals."* Second, there are some direct
data which indicate that there indeed is worsened muscle fati-
gability in upper airway muscles of humans with sleep apnea.
Carrera et al."" found that the genioglossus muscle of subjects
with obstructive sleep apnea had greater force loss during repet-
itive stimulation compared with control subjects. Interestingly,
in a subsequent study the worsened genioglossus fatigability
with obstructive sleep apnea was found in non-obese but not
obese subjects.’! Third, hypoxia is an important consequence
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of the periodic airway closure that occurs in obstructive sleep
apnea, and this worsens upper airway muscle fatigability. Acute
hypoxia has been demonstrated to impair the fatigue resistance
of the geniohyoid muscle’ as well as tongue protruder and
retractor muscles.”’ In addition, chronic episodic hypoxia in-
creases sternohyoid and geniohyoid muscle fatigue and reduces
recovery from fatigue.’3*

Patterns of lipid versus carbohydrate metabolism in both
skeletal and cardiac muscle change with disease. One example
that is particularly relevant to subjects with sleep apnea is diabe-
tes mellitus. For the diaphragm there is a diabetes-induced shift
in cellular energetics away from carbohydrate metabolism?*%%
and towards lipid metabolism.?*?*?7 Similar changes occur in the
heart.?>?*26 This appears to be mediated at least in part at a gene
expression level, based on findings of increased expression of
lipid metabolism genes with reciprocally decreased expression
of carbohydrate metabolism genes with diabetes in both limb
skeletal muscle®*=¢ and the heart.****>” Future studies are needed
to delineate the impact of obstructive sleep apnea, as well as dis-
eases associated with obstructive sleep apnea, on the expression
of metabolism genes in the diaphragm and sternohyoid muscle
to determine how this might affect the balance of gene expres-
sion in upper airway versus thoracic respiratory muscles.
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