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Summary 

Given that sex differences inherent to muscle might at least contribute to male risk for 

obstructive sleep apnoea syndrome (OSAS), our objective was to test the hypothesis that 

male sternohyoid muscle exhibits greater susceptibility to severe hypoxic stress compared 

with female muscle. Adult male and female C57Bl6/J mouse sternohyoid isometric and 

isotonic functional properties were examined ex vivo at 35⁰C in tissue baths under control 

and severe hypoxic conditions. Hypoxia was detrimental to peak force (Fmax), work (Wmax) 

and power (Pmax), but not shortening velocity (Vmax). Two-way analysis of variance 

revealed a significant sex x gas interaction for Fmax (p<0.05), revealing inferior hypoxic 

tolerance in male sternohyoid muscle. However, increases in male shortening velocity in 

severe hypoxia preserved power-generating capacity which was equivalent to values 

determined in female muscle. Fmax decline in hypoxic female sternohyoid was considerably 

less than in male muscle, illustrating an inherent tolerance of force-generating capacity 

mechanisms to hypoxic stress in female airway dilator muscle. We speculate that this could 

confer a distinct advantage in vivo in terms of the defence of upper airway calibre. 
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INTRODUCTION 

Sex is a risk factor for many diseases (Check Hayden, 2010) including respiratory diseases 

such as obstructive sleep apnoea syndrome (OSAS) with higher susceptibility in adult males 

(Partinen & Telakivi, 1992; Young et al., 1993). The reasons for the disproportionate 

prevalence between the sexes are not well understood. Several studies have considered sex 

differences in upper airway anatomy and neural drive as important to predisposition and 

progression of OSAS, but their relevance remains unclear due to inconsistencies in the 

literature (Brown et al., 1986; Popovic & White, 1995; Martin et al., 1997; Pillar et al., 2000; 

Jordan et al., 2002; Edge et al., 2012). 

 

The transition from wakefulness to sleep state is associated with decrements in upper airway 

muscle tone (Remmers et al., 1978; Worsnop et al., 1998) predisposing to collapse of the 

upper airway. Recurrent obstructive apnoea – the hallmark feature of OSAS – occurs as a 

result of a failure of the upper airway dilator muscles to adequately defend airway calibre.  

Recurrent airway collapse is associated with exposure to hypoxia (Young et al., 1993) which 

can cause respiratory muscle dysfunction and is considered progressive to OSAS (Bradford et 

al., 2005). Respiratory muscle remodelling and dysfunction is observed both in patients with 

OSAS and in animal models of the disorder (Stauffer et al., 1989; Sériès et al., 1996; Carrera 

et al., 1999; McGuire et al., 2002; Bradford et al., 2005; Skelly et al., 2012a). Whilst 

assessment of rat upper airway muscle performance ex vivo shows no sex difference 

(Cantillon & Bradford, 1998), episodic hypoxia causes weakness in male, but not female, 

upper airway dilator muscle (Skelly et al, 2012a) and, although not statistically compared, the 

data suggests that female rat sternohyoid muscle better tolerates acute hypoxic stress (Skelly 

et al., 2012a). Sex differences at the level of the pharyngeal dilator muscles could potentially 

contribute to the greater male predisposition for OSAS. 
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We sought to comprehensively compare male and female sternohyoid muscle performance ex 

vivo in control and severe hypoxic conditions. The sternohyoid is a fast fibre type, multi-

functional muscle with a role in the control of pharyngeal airway calibre (van Lunteren et al., 

1987; Skelly et al., 2012b). We tested the hypothesis that male sternohyoid muscle shows 

greater susceptibility to severe hypoxic stress compared with female muscle. 

 

METHODS 

Animals and muscle preparation 

All protocols described in this study were approved by local ethics committee and performed 

under licence from the Irish Government Department of Health and Children in accordance 

with EU legislation. Thirty-four age- and weight- matched adult male and female C57Bl6/J 

mice (four groups: male control n=8; male hypoxia n=9; female control n=8; female hypoxia 

n=9) were anaesthetised by 5% isoflurane inhalation in air and euthanized by cervical 

dislocation. Sternohyoid whole muscles were excised for study and arranged longitudinally 

between plate electrodes, anchored at one end to a fixed base and connected at the other end 

to a dual-mode lever force transducer (Aurora Scientific, Canada) for assessment of 

contractile and endurance properties. Bundles were incubated at 35
o
C in Krebs solution 

(NaCl 120mM, KCl 5mM, Ca
2+

 gluconate 2.5mM, MgSO4 1.2mM, NaH2PO4 1.2mM, 

NaHCO3 25mM, glucose 11.5mM, and 25mM d-tubocurarine) gassed with either control 

(95% O2/5% CO2) or anoxic (95% N2/5% CO2) mixtures. Sternohyoid muscle performance 

has previously been shown to be optimal under hyperoxic conditions (95% O2) compared 

with normoxic conditions (21% O2), thus making hyperoxia the optimal control condition for 

this study (Skelly et al, 2010). We have previously demonstrated that ambient PO2 is 
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~40mmHg in preparations gassed with anoxic gas (McDonald et al., 2014). This generates 

severe hypoxic conditions in muscle preparations but it should be noted that preparations are 

viable and are responsive, for example, to pharmacological intervention (McDonald et al., 

2014). The experimental groups are designated ‘hypoxia’ due to the hypoxic nature of the 

tissue bath medium.  

Protocol 

Twitch contractile kinetics:  Bundles were set to optimum length (Lo – length at which peak 

twitch force occurs) by adjusting the position of the force transducer with a micro-positioner 

and stimulating with a single pulse at a supramaximal voltage until peak twitch force was 

achieved. Twitch kinetics (time to peak (TTP) and half-relaxation time (T50)) were measured 

from the peak twitch force recording. Peak isometric tetanic force: After five minutes 

equilibration time, the force transducer was set to maximum rigidity (~500mN; >maximum 

force the muscle can produce; >100% load) and a tetanic contraction was elicited by 

stimulating the bundle with supra-maximal voltage at 100Hz for 300ms. Shortening length 

and velocity: Following a five minute rest period, the transducer-lever system was set such 

that contractions were elicited ranging from 0-40% load in incremental steps (0, 1, 5, 10, 15, 

20, 25, 30, 35, 40%) with one minute rest between each step. Shortening was determined as 

the maximum distance shortened over the whole contraction and shortening velocity was 

determined as distance shortened during the initial 30ms of shortening, as this is when 

velocity is greatest (Watchko & Daood, 1997; van Lunteren et al., 2007; van Lunteren & 

Pollarine, 2010; Lewis et al., 2015). Peak shortening velocity was measured at 0% load. 

Work and Power: Mechanical work and power were determined at each step of the 

incremental load test as the product of force x shortening and force x shortening velocity, 

respectively. Peak mechanical work and power are determined from the work-load and 

power-load relationships. Fatigue Tolerance: Five minutes after completion of the 
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incremental load step test, muscle endurance was assessed under isotonic conditions by 

repeated stimulation of the muscle at 100 Hz with 300ms trains every 2 seconds for a period 

of 2 minutes at 33% load, a load which has previously been shown elicits maximum power 

(Sieck & Prakash, 1997). Dynamic Muscle Control software (Aurora Scientific) was used to 

control isometric and isotonic contractions. 

 

Data Analysis 

Peak specific force (Fmax) was calculated in N/cm
2
 of muscle cross-sectional area. Cross-

sectional area was calculated as the blotted dry muscle bundle weight divided by the product 

of Lo and the specific density, assumed to be 1.056g/cm
3
. Specific shortening was calculated 

as length shortened per optimal length (L/Lo). Peak specific shortening velocity (Vmax) was 

expressed as Lo/s. Peak specific mechanical work (Wmax) was expressed as Joules/cm
3
 and 

peak specific power (Pmax) as Watts/cm
2
. For the assessment of isotonic fatigue, Pmax was 

determined at the beginning of the trial and data determined after 2 min of repeated fatiguing 

contractions were expressed as a percentage of initial power at time zero. All values are 

expressed as mean ± SEM. After testing for normality and equal variance in the data sets, 

statistical comparisons were performed between groups using Student’s t-test, one-way and 

two-way analysis of variance with Bonferroni multiple comparison post-hoc tests as 

appropriate using Graph-Pad Prism (USA). P<0.05 was the criterion for statistical 

significance. 

 

RESULTS 

Twitch force and contractile kinetics  
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Hypoxia significantly (p<0.05) decreased sternohyoid twitch force (Table 1). T50 (p<0.05), 

but not TTP, was significantly decreased under hypoxic conditions. Two-way analysis of 

variance revealed that there were no independent sex effects on isometric twitch force or 

contractile kinetics, and there was no sex x gas interaction (Table 1). 

 

Peak isometric tetanic force, isotonic shortening velocity, work, and power 

Under control conditions, there was no difference between male and female sternohyoid 

contractile properties e.g. peak tetanic force (Fmax, 9.9 ± 0.6 vs 11.0 ± 0.9 N/cm
2
), peak 

mechanical work (Wmax, 6.4 ± 1.6 vs 8.1 ± 1.9 J/cm
2
), peak mechanical power (Pmax, 6.6 ± 

0.6 vs 7.8 ± 0.7 W/cm
2
) and maximum shortening velocity (Vmax, 5.3 ± 0.8 vs 4.9 ± 0.5 

Lo/s) (Fig. 1A-D). Hypoxia resulted in significant reductions in Fmax (p<0.001, two-way 

ANOVA), Wmax (p<0.001), Pmax (p<0.001), but not Vmax (Fig. 1 A-D). There was no 

independent sex effect on contractile parameters. However, there was a sex x gas interaction 

for Fmax (p<0.05), indicative of superior hypoxic tolerance in female compared with male 

muscle. There was no independent sex effect or sex x gas interaction for any other peak 

parameter (Fig. 1 A-D). 

 

Isotonic incremental load step test 

No independent sex differences were observed for sternohyoid shortening velocity-load 

relationship in control conditions (Fig. 2). Hypoxia (Fig. 2) significantly increased male 

sternohyoid shortening velocity at lower loads but not at higher loads (p<0.05, two-way 

ANOVA followed by Bonferroni post-hoc test). Conversely, female sternohyoid shortening 

velocity was significantly (p<0.05) depressed across the 20-35% load range. Sex differences 

(p<0.05) were observed in shortening velocity across 1-10% load in hypoxic conditions (Fig. 
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2), with lower values noted in female muscles. No significant differences were observed in 

shortening-load relationships across groups (Fig. 3). No independent sex differences were 

observed for sternohyoid work-load relationship or power-load relationship in either control 

or hypoxic conditions (Fig. 4-5). The effect of hypoxia on work-load and power-load 

relationships in male and female muscle preparations were equivalent  hypoxia 

significantly depressed these relationships across the 15-40% load range (p<0.05, p<0.01). 

The sternohyoid work-load relationship was left-shifted in female compared with male 

sternohyoid in hypoxic conditions (Fig. 4). A similar effect was observed for the sternohyoid 

power-load relationship in hypoxia (Fig. 5).  

 

Fatigue Tolerance 

Hypoxia significantly (p<0.001) decreased male and female sternohyoid isotonic fatigue 

tolerance (Fig. 6). No sex differences were observed in fatigue tolerance in control or hypoxic 

conditions. 

  

DISCUSSION 

This is the first study to explore the effects of acute severe hypoxia on pharyngeal dilator 

muscle isotonic contractile and endurance properties. We have established that there are sex 

differences in performance inherent to sternohyoid muscle. The main findings of this study 

are: 1) male and female sternohyoid muscle contractile and endurance properties are 

equivalent under control conditions; 2) acute severe hypoxic stress significantly decreases 

Fmax, Wmax and Pmax, but not Vmax; 3) hypoxia increases the curvature of the shortening 

velocity-load relationship in male and female sternohyoid muscle which contributes to 

depression of power generation; and 4) the magnitude of peak force decline is considerably 
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less in female compared to male sternohyoid muscle, illustrating an inherent tolerance to 

hypoxic stress in female muscle compared with male muscle. We speculate that the latter 

might confer a distinct advantage in vivo in terms of the defence of upper airway calibre.  

 

Isometric contractile differences in male and female sternohyoid muscle 

Force generation by the sternohyoid muscle is necessary in vivo as an airway defence 

mechanism against the sub-atmospheric pressures generated by the thoracic muscles that 

would otherwise cause airway collapse upon inspiration. Moreover, the sternohyoid and other 

upper airway dilator muscles are critically important in re-opening a collapsed pharyngeal 

airway, which is common in OSAS. Hypoxia significantly depresses sternohyoid muscle 

function, highlighting the potential for this stimulus  which can present as a consequence 

of obstructed breathing  to further exacerbate respiratory control through a depressant 

action on airway dilator muscles. It is plausible to suggest that the duration of an obstructive 

apnoeic event in vivo could be prolonged by the depressant action of hypoxia on airway 

dilator muscles such as the sternohyoid. It is also interesting to consider that upper airway 

patency might be challenged in vivo in circumstances of hypoxaemia such as that occurring in 

chronic respiratory diseases such as COPD, or perhaps at altitude in otherwise healthy 

individuals. Of note, sleep-disordered breathing can present in both of these populations 

(Anholm et al., 1992; McNicholas, 2009). In particular, the overlap syndrome, namely sleep 

apnoea in COPD, might well relate, at least in part, to hypoxic depression of upper airway 

dilator muscles and redox remodelling of the upper airway dilator muscles in response to 

chronic exposures (Deegan & McNicholas, 1995; Bradford et al., 2005; Owens & Malhotra, 

2010; Lewis et al., 2015). 
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Hypoxia adversely affected a number of contractile parameters with a prominent depressant 

effect on force-generating capacity (especially in males). Hypoxia also greatly enhanced 

isotonic fatigue. Our comprehensive assessment of function provides data on all aspects of 

muscle contractile behaviour. Arguably, peak isometric force is most relevant for the 

sternohyoid muscle, given that isometric contractions of the muscle most likely subserve its 

physiological function to stabilize the hyoid bone, working in concert with suprahyoid 

muscles to displace the hyoid bone anteriorly. Our study revealed a significant sex difference 

in the effect of severe hypoxia on sternohyoid muscle force-generating capacity. The 

apparent hypoxic tolerance of the female sternohyoid may be especially relevant to 

respiratory-related diseases characterised by hypoxia. If this inherent sex difference in the 

sternohyoid muscle (and potentially other skeletal muscles involved in regulating upper 

airway patency) response to hypoxia applies in humans, it may contribute to the male risk for 

the development of OSAS. The superior force-generating capacity of the female sternohyoid 

muscle in hypoxia compared with male counterparts could serve to protect against airway 

collapse, the risk of which is increased by augmented inspiratory effort in hypoxia. A greater 

susceptibility to hypoxic depression of force in males could increase the frequency and 

especially the duration of apnoeas.  

 

Isotonic contractile differences in male and female sternohyoid muscle 

It appears that the mechanism of hypoxic depression of work and power differs in male and 

female sternohyoid muscle. Whilst female sternohyoid muscle shows inherent hypoxic 

tolerance in terms of force-generating capacity, isotonic contractile properties were adversely 

affected by severe hypoxia to a greater extent than in male muscles. As such, on balance, no 

independent sex difference was noted for work-load and power-load relationships in hypoxia, 

owing to sex differences in the effects of hypoxia on shortening velocity, opposing the 
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differential effects observed on force. The increase in curvature between control and hypoxic 

shortening velocities, resulting in decreased velocity for both sexes at the load where peak 

power approximately occurs contributed to the observed shift in power between control and 

hypoxic conditions. The maximal velocity of shortening was more reduced by hypoxia in 

female than in male muscles, as observed in Fig. 2, but not significantly in Fig. 1. This 

statistical discrepancy is explained by differences in curvature of the response between male 

and female muscles. In short, hypoxia decreased mechanical work and power in male and 

female muscles but through different mechanisms. Though detrimental to mechanical 

function, the hypoxic impairment could be considered protective given that it prevents ATP 

consumption perhaps beyond critical levels, similar to the role of acidosis in fatigue. Owing 

to the paucity of information in respect of male and female respiratory muscle, the potential 

mechanisms underpinning sex differences in response to hypoxia are not clear. 

 

Molecular mechanisms that drive contractile differences 

Wüst et al., (2008) posit that sex-related differences in fatigue performance of human 

quadriceps femoris muscle are likely intrinsic to muscle on the basis of supporting evidence 

against differences in blood flow and ATP production (Wüst et al., 2008). Fulco et al. (2001) 

hypothesize that sex differences in muscle performance in hypoxia may depend on 

differences in metabolic activity within fibre types (Fulco et al., 2001) that are revealed with 

hypoxic exposure. Welle et al. (2008) found hundreds of genes that are differentially 

expressed in male and female vastus lateralis muscle (Welle et al., 2008) including several 

genes encoding metabolic proteins. Interestingly, sex differences in myosin heavy chain gene 

expression are reported for human vastus lateralis (Welle et al., 2008). Therefore, it is 

plausible that sex differences exist in the inherent contractile machinery of upper airway (and 

other respiratory) muscles that could give rise to differential outcomes in muscle performance 
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and muscle susceptibility to various stressors including hypoxia. To the best of our 

knowledge however, there are no reported structural differences in the contractile machinery 

of male vs. female sternohyoid muscle that are hypoxia sensitive. Sex differences in Ca
2+

 

release from the sarcoplasmic reticulum may also play role, as observed in cardiac muscle 

and vascular smooth muscle (Giachini et al., 2012; Parks & Howlett, 2013). If this were the 

case in the model presented in the current manuscript, we would expect to see sex differences 

in other Ca
2+

 dependent contractile parameters. However, Vmax is equivalent in male and 

female sternohyoid under control conditions, so neither myosin heavy chain differences nor 

Ca
2+

 release/sensitivity differences are likely to underpin the observed sex differences. Of 

note, contractile and endurance properties are equivalent in male and female sternohyoid 

muscle under control conditions. Given the association of hypoxia with oxidative/nitrosative 

stress and muscle functional adaptation in patients and animal models (Lavie, 2003; Zhu et 

al., 2003, 2005; Koechlin et al., 2005; Ottenheijm et al., 2006; Marin-Corral et al., 2009; 

Sadasivam et al., 2011; Skelly et al., 2012a, 2013; Shortt et al., 2014), the sex differences 

reported herein may relate to differences in the cellular response to redox stress. One study 

highlights stronger defences against oxidative stress in female rat liver, heart, brain, and 

kidney tissues compared with males (Katalinic et al., 2005). Another  study notes higher 

glutathione peroxidase enzyme (antioxidant) concentration in female rat gastrocnemius 

muscle compared with males (Colom et al., 2007). However, more research is required to 

determine the extent of sexual dimorphism in skeletal muscle antioxidant defences and how 

this may affect muscle performance particularly in response to severe oxidative stress. Whilst 

the differences we observed are inherent to muscle, since they were revealed in an ex vivo 

preparation, we are not discounting a putative role for sex hormones which might also 

conceivably contribute to sex differences in muscle performance in vivo and which may have 

influenced the muscle response to hypoxic stress. For example, sex hormones can increase 
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respiratory muscle strength in vivo (da Silva et al., 2006) and affect translational signalling in 

muscle (Welle et al., 2008). Skeletal muscle has an important endocrine role (Pedersen, 

2011) and potential sex differences in myokine production or autocrine signalling per se and 

in response to hypoxaemia could further contribute to sex differences in muscle performance.  

It could be suggested that the study design biased results obtained in the hypoxic muscle 

groups, exaggerating decline in function owing to reduced viability of the preparation. Whilst 

this is possible, we suggest that nevertheless the sex differences relate to intrinsic sex 

differences in the muscles that comes to the fore under severe hypoxic conditions. The sex 

difference in maximal force in hypoxia is observed very close to the beginning of the 

sequence of stimulations after 5 mins of equilibration, yet the muscle preparations are still 

viable 10 mins and several stimulations later. Thus we are confident that the results relate to 

intrinsic sex differences revealed in viable preparations. 

 

Despite the clinical relevance, few studies characterise phenotypic responses to stressors such 

as hypoxia in male and female animals. The results presented here highlight the need to 

consider the possibility of differential sex-related effects which may ultimately have 

relevance to the characterisation of disease progression and also the response to therapeutic 

intervention in human patients. 

 

Conclusion 

We conclude that there are sex differences in hypoxic tolerance of murine upper airway 

dilator muscle. These differences potentially contribute to the differential development, 

progression, and outcomes of several respiratory-related diseases observed in male and 

female patients. 
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TABLES 
 

Table 1: Male and female sternohyoid muscle contractile properties in control and 

hypoxia 

             

             Control    Hypoxia   Two-way 

  Male  Female  Male  Female  ANOVA 

            

 

TTP (ms) 10 ± 0  12 ± 2  11 ± 1  9 ± 0  *gas effect 

T50 (ms) 12 ± 1  15 ± 4  9 ± 1  9 ± 0.4  ns 

Pt (N/cm
2
) 1.9 ± 0.1  2.0 ± 0.1  1.0 ± 0.1  1.3 ± 0.1  *gas effect 

           
 

 

Values are mean ± SEM. Pt = peak twitch tension expressed as Force/CSA (N/cm
2
); TTP = 

time to peak twitch tension expressed in milliseconds; T50 = peak twitch half relaxation time 

expressed in milliseconds. * p<0.05 gas effect, ns = not statistically significant; two-way 

ANOVA; n=8-9 per group 
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FIGURE LEGENDS 

Figure 1: Male and female sternohyoid Fmax, Vmax, Wmax and Pmax. (a) Sternohyoid 

peak specific force (Fmax, mean ± SEM) expressed as force/CSA (N/cm
2
); (b) Sternohyoid 

peak specific shortening velocity (Vmax, mean ± SEM) expressed as optimal lengths/time 

(Lo/s); (c) Sternohyoid peak specific work (Wmax, mean ± SEM) expressed as Joules/cm
3
; 

(d) Sternohyoid peak specific power (Pmax, mean ± SEM) expressed as Watts/CSA (cm
2
); 

n=8-9 per group; *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA. 

 

Figure 2: Male and female sternohyoid muscle shortening velocity-load relationship in 

control and hypoxia. Sternohyoid specific shortening velocity (mean ± SEM) expressed as 

Lo/s as a function of load expressed as a percentage of peak force (force/peak force*100); 

n=8-9 per group. 

 

Figure 3: Male and female sternohyoid muscle shortening -load relationship in control 

and hypoxia. Sternohyoid specific shortening (mean ± SEM) expressed as L/Lo as a function 

of load expressed as a percentage of peak force (force/peak force*100); n=8-9 per group. 

 

Figure 4: Male and female sternohyoid muscle work-load relationship in control and 

hypoxia. Sternohyoid specific work (mean ± SEM) expressed as Joules/cm
3
 as a function of 

load expressed as a percentage of peak force (force/peak force*100); n=8-9 per group. 

 

Figure 5: Male and female sternohyoid muscle power-load relationship in control and 

hypoxia. Sternohyoid specific power (mean ± SEM) expressed as Watts/CSA (cm
2
) as a 

function of load expressed as a percentage of peak force (force/peak force*100); n=8-9 per 

group. 

 

Figure 6: Sternohyoid isotonic fatigue index: male and female sternohyoid muscle 

power in control and hypoxia after 2mins of repeated stimulation. Sternohyoid power 

after fatiguing stimulation (mean ± SEM) expressed as % of initial power; n=8-9 per group; 

***p<0.005; two-way ANOVA: gas effect. 
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FIGURES  

Figure 1: Male and female sternohyoid Fmax, Vmax, Wmax and Pmax 

 

 

 

 

 

 

 

 

 



21 

 

Figure 2: Male and female sternohyoid muscle shortening velocity-load relationship in 

control and hypoxia 
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Figure 3: Male and female sternohyoid muscle shortening -load relationship in control 

and hypoxia 
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Figure 4: Male and female sternohyoid muscle work-load relationship in control and 

hypoxia 

 

 

 

Figure 5: Male and female sternohyoid muscle power-load relationship in control and 

hypoxia 
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Figure 6: Sternohyoid isotonic fatigue index: male and female sternohyoid muscle 

power in control and hypoxia after 2mins of repeated stimulation 

 


