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Summary

Obstructive sleep apnea (OSA) is common, and many cross-sectional and longitudinal studies have 

established OSA as an independent risk factor for the development of a variety of adverse 

metabolic disease states, including hypertension, insulin resistance, type 2 diabetes, nonalcoholic 

fatty liver disease, dyslipidemia, and atherosclerosis. Nasal continuous positive airway pressure 

(CPAP) has long been the mainstay of therapy for OSA, but definitive studies demonstrating the 

efficacy of CPAP in improving metabolic outcomes, or in reducing incident disease burden, are 

lacking; moreover, CPAP has variable rates of adherence. Therefore, the future of OSA 

management, particularly with respect to limiting OSA-related metabolic dysfunction, likely lies 

in a coming wave of alternative approaches to endophenotyping OSA patients, personalized care, 

and defining and targeting mechanisms of OSA-induced adverse health outcomes.

Introduction

Obstructive sleep apnea (OSA) is a common disorder, with major neurocognitive and 

cardiometabolic sequelae [1, 2]. Conservative estimates suggest that at least 10% of the U.S. 

population is afflicted with OSA, and yet the majority of disease remains undiagnosed and 

untreated [3]. Lack of awareness on the part of patients and clinicians is largely to blame, 

but in addition, existing diagnostic and therapeutic strategies are imperfect. Nasal continuous 

positive airway pressure (CPAP) has good efficacy for treatment of OSA, but adherence is 

quite variable [4]. Alternative therapies exist, but outcome data are mixed and it is difficult 

to predict response to therapy [5, 6].
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Obesity, Type 2 Diabetes, and Sleep Apnea

OSA has been associated with a number of metabolic and cardiovascular consequences, 

although the causal pathways are still debated [7–9]. Obesity is a strong risk factor for OSA, 

and thus epidemiological studies can be complicated by confounding variables and 

interactive effects [10]. With respect to OSA and diabetes, a number of observations are 

worth emphasizing:

a. Obesity is a risk factor for both OSA and type 2 diabetes mellitus (DM). Thus, 

with the obesity epidemic, it is likely that the prevalence of both OSA and DM 

will continue to rise [11, 12]. To complicate matters, some diabetes therapies 

(e.g. insulin, sulfonylureas) may promote weight gain, and in theory worsen 

OSA.

b. OSA may be an independent risk factor for hyperglycemia in type 2 DM. 

Repetitive apnea leads to the release of counter-regulatory hormones, which can 

contribute to elevated plasma glucose concentrations. Indeed some data suggest 

that improvements in glycemic control can occur with OSA therapy, although 

these results are inconsistent across studies [9, 13–15]. As one example, Pamidi 

et al. observed improved glucose response and insulin sensitivity with OSA 

treatment compared to placebo, when CPAP adherence was strictly monitored 

and optimized [9].

c. OSA may be an independent risk factor for microvascular complications in type 

2 DM as well, including diabetic retinopathy [16], neuropathy and foot ulcers 

[17], and nephropathy [18], though much remains to be confirmed in large-scale 

studies.

d. Type 2 DM may be a risk factor for OSA. Neuromyopathy can affect the upper 

airway and has potential to impair pharyngeal protective reflexes. The data 

regarding this assertion are somewhat controversial, but some studies do suggest 

worsening of apnea over time in those with diabetes [19, 20].

e. Both type 2 DM and OSA may be independent vascular risk factors, perhaps 

working through different mechanisms. Studies have shown that type 2 DM 

affects the microcirculation and vascular smooth muscle, whereas OSA primarily 

affects the endothelium [21–23]. Thus, one might predict that treatment of one 

disease process without attention to the other may leave residual vascular risk, 

and that in theory maximum vascular risk reduction occurs when both type 2 DM 

and OSA are treated in concert.

At present, although roughly 86% of obese type 2 DM patients have evidence of clinically 

important OSA [12], the vast majority of disease remains undiagnosed and untreated. 

Indeed, one year after the diagnosis of OSA is given to both the patient and the practitioner, 

fewer than 5% of such patients are receiving therapy [20]. This finding is particularly 

worrying when one considers how urgently new modalities of treatment are needed, since 

existing treatment strategies in diabetes (glycemic control, as well as control of blood 

pressure and lipids) are inadequate to return mortality to baseline. As tight glycemic control 
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might even increase the risk of death [24], new approaches to care are clearly warranted. 

Thus, we would advocate for OSA as a major potential therapeutic target in type 2 DM.

The relationship between OSA and obesity may be just as complex. OSA is commonly 

thought to be a disorder strictly related to obesity. Approximately 70% of OSA patients are 

obese [25], and the majority of morbidly obese patients have OSA [26]. A single standard 

deviation increase in any measure of body habitus is associated with a threefold increased 

risk of having an abnormal AHI [27]. There is clear evidence that weight reduction in obese 

patients with OSA can both improve AHI and upper airway collapsibility [28, 29]. Marked 

weight loss, such as with bariatric surgery, is associated with a dramatic improvement in 

OSA, but it is important to note that such patients usually do not demonstrate resolution of 

OSA to an AHI ≤5/h standard [30]. Interestingly, although weight loss results in an 

improvement in OSA, there is considerable variability in individual responses. Some 

patients who lose weight and are initially cured of OSA redevelop the disorder despite 

maintenance of weight loss [31]. CPAP therapy has been infrequently compared to weight 

loss in randomized, controlled trials, but one such study which looked at a variety of 

metabolic and inflammatory markers as outcomes found that CPAP plus weight loss, or 

weight loss alone, were each more effective than CPAP alone at improving the metabolic 

profile [32]. Other studies evaluating these interventions are currently ongoing. Clearly, 

predicting individual responses to weight reduction therapy in obese patients with OSA, and 

defining the additional benefit afforded by CPAP, is of tantamount importance in the field. 

Indeed, considerable effort has been applied toward identifying patients who may be at 

highest risk of obesity related complications including OSA. The “fingerprint” of the gut 

microbiome [33] or microRNAs [34, 35] may hold promise toward identifying patients who 

might particularly benefit from aggressive OSA treatment.

Given the tight association between obesity and OSA, one might consider whether treating 

OSA may itself lead to weight loss, with the rationale that CPAP therapy makes patients less 

sleepy. In our experience, this is a common perception held by patients who present to our 

Sleep Center. Indeed, an early study seemed to suggest this might be the case: Loube et al. 
described a small series in which patients who were adherent to CPAP for their OSA were 

more likely to experience significant weight loss on follow-up [36]. However, this finding 

has not been replicated in subsequent studies [37], and a meta-analysis has shown that CPAP 

likely leads to a small but statistically significant weight gain [38]. In our practice, we advise 

patients who may be eager to start CPAP so that they can be more active and therefore shed 

pounds, that there are no convincing data to suggest that commencing OSA treatment of any 

kind, aside from surgical or lifestyle modification specifically targeting weight, will lead to 

weight reduction.

Atherosclerosis, NAFLD, and Sleep Apnea

In the case of non-alcoholic fatty liver disease (NAFLD), several epidemiological studies 

have suggested that OSA may be an important risk factor, independent of obesity [39–43]. 

The causal pathways are being investigated but involve insulin resistance and the hypoxic 

burden of sleep apnea [44, 45]. In addition, liver fibrosis, a major clinical consequence of 

NAFLD, is thought to be enhanced in OSA patients compared to matched controls. Corey et 
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al. showed that absence of OSA is protective of fibrosis in patients with NAFLD in 

multivariate analyses [46]. Limited data suggest that treatment of OSA may improve liver 

enzymes [47, 48], although further clinical trials are clearly needed. Some data have 

implicated Hypoxia Inducible Factors-1 and -2 (HIF-1 and HIF-2) as key mechanistic 

determinants of OSA-induced liver damage [45, 49, 50]. Studies remain pre-clinical and 

require further corroboration. Pharmacological studies to manipulate the pathways from 

OSA to liver fibrosis are clearly lacking, but may be another potential therapeutic approach 

in the future [51].

Because there has long been evidence of the association between OSA and cardiovascular 

complications such as myocardial infarction and stroke, researchers have recently examined 

whether OSA may increase the risk for atherosclerosis. The majority of such studies over the 

last several years suggest that OSA is independently associated with atherosclerosis [52, 53]. 

When one considers that atherosclerosis is not just a disorder of lipid metabolism but also 

involves chronic inflammation [54], and that OSA induces vascular inflammation 

independent of obesity [55], this paradigm of OSA as a risk factor for atherosclerosis is 

biologically plausible. Although separating OSA from obesity effects can be challenging, 

Drager et al. examined a group of otherwise healthy young men with OSA, compared to 

matched controls, and found that OSA severity correlated with vascular abnormalities, 

including increased arterial stiffness and early signs of atherosclerosis [56]. Additionally, 

Savransky et al. demonstrated that chronic intermittent hypoxia (IH) in a mouse model of 

OSA induced aortic atherosclerosis [57], a finding which has been subsequently reproduced. 

Thus, in theory, OSA may cause atherosclerosis, via intermittent hypoxia. This knowledge 

may help guide future diagnostic and therapeutic strategies in OSA.

Novel Diagnostic and Therapeutic Approaches

One might argue that, in the past, access to polysomnography has limited testing for sleep 

apnea in patients with, or at risk of, metabolic disease. New testing methods are emerging 

that allow cheap and accessible diagnosis of OSA in the home (in addition to other sleep 

disorders), obviating the need for polysomnography in many cases. Technologies such as 

mobile device platforms, and wearable actigraphy and encephalographic monitors, are on 

the cusp of widespread use, and may not only be used to expand diagnostic options, but also 

to monitor sleep quality and quantity so as to ensure treatment efficacy. Wearable 

technologies may even be viable in patients with low pretest probability for OSA (which has 

not been supported by previous guidelines), or could be used to capture night to night 

variability in OSA occurrence, e.g. in those with intermittent alcohol intake. We and others 

have been using novel portable diagnostic approaches to optimize accuracy of home-based 

OSA testing, and to determine mechanisms underlying apnea: for instance, to derive 

surrogate measures of arousal threshold and loop gain (both properties of ventilatory 

control).

The future of OSA therapy is likely predicated on identifying mechanisms underlying apnea 

in an individualized manner [5, 58]. Considerable evidence suggests that OSA is a highly 

heterogeneous disease state, and that likewise the mechanisms underlying OSA are variable. 

Therefore, OSA may also be a disease amenable to personalized therapy [59, 60]. Some 
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patients with OSA have primarily anatomical abnormalities and may respond to upper 

airway surgical procedures [61]. For patients who have primarily upper airway muscle 

dysfunction, hypoglossal nerve stimulation or muscle training exercises may be useful [62]. 

In cases with unstable ventilatory control (high loop gain), strategies to stabilize breathing, 

such as oxygen or acetazolamide, may be effective [63, 64]. Finally, in patients with a low 

arousal threshold (a propensity to wake up easily), some data support the use of sedative/

hypnotics to raise the arousal threshold and thus stabilize breathing [65, 66]. Many patients 

have multiple underlying pathophysiological abnormalities; such individuals could require 

combinations of therapies to eliminate OSA [67]. Thus, an improved understanding of the 

pathophysiology of OSA may allow for an individualized approach to therapy.

Although CPAP is sometimes regarded as difficult to tolerate, we believe that many patients 

can achieve excellent results using this approach. Adherence to CPAP therapy is comparable 

to that of other chronic medical therapies, such as inhaler use in asthma, anticonvulsant use 

in epilepsy, and optimal glycemic control in type 2 DM. Room for improvement exists with 

adherence to medical therapy in general, and CPAP is no exception. Along these lines, a 

number of approaches can be used to facilitate CPAP compliance. First, intensive support 

and education have clear benefits to CPAP adherence [68]. Education of the patient as well 

as the bed partner can increase long term use. Second, subtle adjustments in type of mask, 

mask fitting, and humidification, can improve patient tolerance. Similarly, medications such 

as nasal sprays for rhinitis and occasionally short term use of hypnotics can facilitate 

adherence to PAP therapy [69]. Third, modern technology currently allows physicians to 

monitor patient CPAP use in their homes, and even permits remote adjustment to pressure 

settings. Moreover, some devices now give real time patient feedback to adjust the mask, in 

order to minimize residual apnea and air leaks. Early data suggest that excellent adherence 

can be achieved using such new at-home technologies [70]. Thus, although CPAP treatment 

first emerged in the early 1980s, it is nonetheless likely to remain an important component 

of OSA therapy even as new pathophysiological insights emerge.

Another therapeutic approach is to minimize apnea consequences by blocking end organ 

effects of the disease (Figure 1). For example, OSA can lead to varying degrees of 

hypoxemia, hypercapnia, catecholamine surges with associated sleep fragmentation, 

oxidative stress, and sympathoexcitation. Some have suggested that anti-oxidant therapy 

may be a means to minimize downstream effects of sleep apnea [71], though at present, 

clinical trials on the use of antioxidants have yielded inconsistent results [72]. Similarly, 

catecholamines are counter-regulatory hormones which can cause hyperglycemia and 

associated consequences, and may be a target. Exposure to IH in experimental animal 

models of OSA recapitulates many of the metabolic effects of OSA seen in humans [73–76]. 

In such models, adrenal medullectomy improves IH-induced glucose intolerance [77]. 

Similarly, Jun et al. showed that IH resulted in fasting hyperglycemia, glucose intolerance, 

and insulin resistance, and that either adrenal medullectomy or administration of 

phentolamine, an α-adrenergic antagonist, reversed most of these changes [78]. Thus, 

blocking sympathetic output may be a feasible approach to attenuating various metabolic 

consequences of OSA.
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Conclusions

In summary, the prevalence and consequences of sleep disordered breathing, specifically 

OSA, have been largely under-appreciated in patients with metabolic disease. We believe 

further mechanistic research, and a more complete understanding of OSA pathogenesis, may 

define therapy in the future, and lead to a more personalized approach to treatment. In 

addition, studying mechanisms underlying OSA consequences will likely result in new 

therapeutic strategies to minimize the impact of apnea, should it occur. Until such targeted 

therapies are available, the diagnosis and treatment of OSA should be pursued using existing 

modalities. Excellent clinical outcomes can be achieved in most patients with good 

adherence using modern technology in a supportive environment.
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Figure 1. Potential mechanisms by which obstructive sleep apnea may lead to adverse metabolic 
outcomes
OSA causes sleep fragmentation and intermittent hypoxia, each of which has been linked to 

insulin resistance via sympathetic nervous system over-activation, mitochondrial 

dysfunction, and reduced muscle expression of GLUT-4. Oxidative stress may result in 

pancreatic β-cell apoptosis and inhibition of insulin signaling pathways. In experimental 

models of OSA, intermittent hypoxia causes hyperlipidemia and chronic inflammation, each 

of which may promote atherosclerosis. The mechanisms by which OSA worsens 

nonalcoholic fatty liver disease are less well developed, but may stem from tissue hypoxia 

and HIF-1 or HIF-2 activation.
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