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- / methodological limitations, some studies report a high prevalence of SAHS in patients with type 2 dia-
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betes mellitus (DM2). A recent meta-analysis shows that moderate-severe SAHS is associated with an
increased risk of DM2 (relative risk=1.63 [09-2.45]), compared to the absence of apneas and hypopneas.

Keywords: Common alterations in various pathogenic pathways add biological plausibility to this relation-
Sleep apnea . . . . . .

Diabetes ship. Intermittent hypoxia and sleep fragmentation, caused by successive apnea-hypopnea episodes,
Hypoxia induce several intermediate disorders, such as activation of the sympathetic nervous system, oxida-
Insulin tive stress, systemic inflammation, alterations in appetite-regulating hormones and activation of the

Glucose hypothalamic-pituitary-adrenal axis which, in turn, favor the development of insulin resistance, its
progression to glucose intolerance and, ultimately, to DM2.

Concomitant SAHS seems to increase DM2 severity, since it worsens glycemic control and enhances
the effects of atherosclerosis on the development of macrovascular complications. Furthermore, SAHS
may be associated with the development of microvascular complications: retinopathy, nephropathy or
diabetic neuropathy in particular. Data are still scant, but it seems that DM2 may also worsen SAHS
progression, by increasing the collapsibility of the upper airway and the development of central apneas
and hypopneas.

© 2014 SEPAR. Published by Elsevier Espafia, S.L.U. All rights reserved.

Sindrome de apneas-hipopneas del sueiio y diabetes tipo 2. ;Una relaciéon
de ida y vuelta?

RESUMEN

Palabras clave: Diversos datos epidemiolégicos muestran que el sindrome de apneas-hipopneas del suefio (SAHS) se
APT:JE& del suefio relaciona independientemente con el desarrollo de resistencia a la insulina e intolerancia a la glucosa.
Diabetes

Ademas, y pese a la existencia de notables limitaciones metodoldgicas, algunos estudios refieren una

:-:]iflfl)i(rilaa elevada prevalencia de SAHS en pacientes con diabetes tipo 2 (DM2). Un reciente metaanalisis muestra
Glucosa que el SAHS moderado-grave se asocia a un mayor riesgo de DM2 (riesgo relativo=1,63 [09-2,45]), en

relacién con la ausencia de apneas-hipopneas.

La existencia de alteraciones comunes de diversas vias patogénicas le proporciona plausibilidad
biolégica a esta relacion. La hipoxia intermitente y la fragmentacién del suefio, originadas por la suce-
sién de episodios de apneas-hipopneas, inducen diversos trastornos intermedios, como la activacién del
sistema nervioso simpadtico, el estrés oxidativo, la inflamacién sistémica, alteraciones en las hormonas
reguladoras del apetito y activacién del eje hipotalamo-hip6fiso-suprarrenal, que favorecen el desarrollo
de resistencia a la insulina, asi como su progresioén a intolerancia a la glucosa y, en dltima instancia, a
DM2.
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La coexistencia del SAHS parece agravar la evolucién de la DM2, al empeorar el control glucémico y
potenciar el efecto de la aterosclerosis en el desarrollo de complicaciones macrovasculares. Ademas, el
SAHS podria asociarse al desarrollo de complicaciones microvasculares, particularmente la retinopatia,
nefropatia o neuropatia diabéticas. Aunque todavia escasos, algunos datos sugieren que la DM2 también
podria empeorar la evolucién del SAHS, al favorecer la colapsabilidad de la via aérea superior y potenciar
la aparicién de apneas-hipopneas centrales.

© 2014 SEPAR. Publicado por Elsevier Espafia, S.L.U. Todos los derechos reservados.

Introduction

Sleep apnea-hypopnea syndrome (SAHS) is a public health
problem of the first order,! due to its high prevalence?? and
marked morbidity and mortality,*® having been linked to traffic
accidents,”® cardiovascular complications®~2° and, more recently,
neoplastic diseases.?’ One increasingly interesting aspect is its
relationship with metabolic disorders, specifically type 2 diabetes
(DM2).

Diabetes mellitus is a global epidemic.2’ There are currently
382 million diabetics worldwide, a figure which is estimated to
reach 592 million in 2035.28 DM2, which accounts for 90%-95% of
all diabetes cases,?? is a complex metabolic disorder in which the
interaction of genetic and environmental factors causes a deficiency
in both insulin secretion and insulin sensitivity.

In healthy subjects, glucose homeostasis is reached by con-
trolling glucose production by the liver (gluconeogenesis) and its
use by insulin-dependent tissues, such as muscle and fat, and by
non-insulin-dependent tissues, such as the brain.3? Glucose uptake
by peripheral tissues is regulated by insulin, which is produced by
pancreatic islet 3-cells, both constitutionally and in response to an
increase in blood glucose. Insulin also suppresses hepatic gluco-
neogenesis and adipose tissue lipolysis. The biological response of
insulin target tissues (insulin sensitivity) has several physiological
determinants, particularly the amount of fatty tissue. A decrease
in the peripheral response to insulin (insulin resistance) reduces
tissue glucose uptake and leads to glucose intolerance.?! Failure by
[3-cells to secrete sufficient insulin to overcome insulin resistance
results in DM2.32

The presence of common risk factors, as well as the involve-
ment of some shared pathogenic pathways, explains the potential
relationship between both entities. Therefore, the aims of this
review were to analyze clinical-epidemiological data that sup-
port the existence of a possible relationship between SAHS and
DM2, to evaluate the pathogenic mechanisms potentially involved,
and to assess the prognostic impact of this relationship.

Clinical and Epidemiological Evidence

Available evidence suggests that SAHS may alter glucose
metabolism, progressing from an increase in glucose resistance to
glucose intolerance, poorer metabolic control of blood glucose and,
ultimately, DM2.

Despite the controversial findings in 1 preliminary study,’?
it appears that SAHS increases insulin resistance independently
of obesity. Ip et al.>* analyzed the relationship between SAHS
and insulin resistance in 270 non-diabetic subjects, evaluated by
the homeostatic model assessment (HOMA) index. They found
that patients with SAHS had a higher HOMA index, i.e. they had
more insulin resistance than patients without SAHS. Furthermore,
both obesity and the apnea-hypopnea index (AHI) and minimum
blood oxygen saturation (SaO,) were independent determinants of
insulin resistance.

The effect of SAHS on insulin resistance appears to be not
only independent of obesity, but also of body fat distribution
and sex. In 194 non-diabetic patients with SAHS, the HOMA

index was higher in patients with severe SAHS, and was indepen-
dently associated with body mass index (BMI), AHI and plasma
adiponectin concentration.?> Similarly, in a population sample
of 400 women aged between 20 and 70 years, Theorell-Hagléw
et al.>% showed that insulin sensitivity was lower in patients with
severe SAHS, associating it with minimum SaO,, when adjusting
for age, waist-hip ratio, physical activity, smoking and alcohol
consumption.>6

The influence of SAHS on the development of insulin resis-
tance has also been confirmed in longitudinal studies, such as that
conducted by Lindberg et al.,>” which analyzed its effect on car-
bohydrate metabolism in a population sample of men without
diabetes. They found that the desaturation index, AHI, and mini-
mum Sa0, were independently related with changes in the HOMA
index during patient follow-up. Studies have also tried to adjust
for the possible influence of obesity on the SAHS-insulin resis-
tance association, evaluating it in lean individuals. Pamidi et al.>3
reported that lean men with SAHS have 27% lower insulin sensitiv-
ity and 37% higher insulin secretion than controls matched by age,
BMI, family history and exercise levels. Similar results were found
in another study in lean men conducted in China.?° Ultimately,
the available evidence appears to show that SAHS is independently
related with the development of insulin resistance, and therefore
increases the risk of diabetes.

An intermediate step in the natural history of the SAHS-diabetes
relationship is the decrease in glucose tolerance. In fact, in 150
healthy men with neither diabetes nor cardiopulmonary disease,
an AHI>5 was found to double the risk of glucose intolerance,
depending mainly on the severity of the nocturnal desaturation.*?
Similarly, the Cleveland Family Study found that the principal deter-
minant of glucose intolerance was time with Sa0, <90% (CT90),
which was present in 32% of subjects with SAHS. Individuals with
a CT90 > 2% had 2.33 (95% CI: 1.38-3.94) times the risk of glucose
intolerance.*! In the Sleep Heart Health Study, the largest epidemio-
logical study conducted to date, investigators assessed the presence
of SAHS by polysomnography, and measured baseline glucose and
insulin levels and then again following an oral glucose tolerance test
(OGTT). They found that once adjusted for age, BMI, waist circum-
ference, race, sex and smoking habits, subjects with an AHI > 15 had
odds ratios of 1.46 and 1.44 for high baseline or post-OGTT blood
glucose levels.*> More recently, Cizza et al.*> reported that 44% of
sleep-deprived obese adults had glucose intolerance, and that more
severe SAHS was related with higher baseline blood glucose and
insulin levels, and with a poorer response to the OGTT (Fig. 1).

Finally, there is also evidence directly linking SAHS with poorer
metabolic glucose control.3%44->0 In patients with no known dia-
betes, a dose-response relationship was observed between AHI and
the percentage of poor blood glucose control, defined as a glycated
hemoglobin level (HbA1c)>6%, which rose to 34.2% when the AHI
was greater than 50.°! With respect to subjects with an AHI <5, the
presence of an AHI of 15-30 or >50 had an adjusted odds ratio for
poor blood glucose control of 1.80(1.19-2.72) and 2.96 (1.58-5.54),
respectively. Moreover, hypoxemia during sleep was also related
with HbA1c>6%.”!

In short, the data from various clinical and epidemiological stud-
ies support an association between SAHS and impaired glucose



130 E. Martinez Cerén et al. / Arch Bronconeumol. 2015;51(3):128-139

200 -

180 |-

160 |-

140 |-

120 -

100 |-

Blood glucose (mg/dl)

O RDI<5

80 |- ® RDI>5

60 1 1 1 1 Il

0 30 60 90 120

Time (min)

B el
140 |-
= L
3 120}
£ I
S 100}
s L
S 80
[$) L
c
8 60}
£ L
=
2 4of
- O RDI<5
20 - ® RDI>5
0 1 1 1 1 1
0 30 60 90 120

Time (min)

Fig. 1. Blood glucose and insulin response to an oral glucose tolerance test in patients with (RDI or respiratory disturbance index > 5) or without SAHS. Adapted from Cizza

etal®?

homeostasis, which exposes these patients to a higher risk of devel-
oping diabetes.

Prevalence of Sleep Apnea-Hypopnea Syndrome in Patients
With Type 2 Diabetes

Despite notable methodological limitations, several studies
report a higher prevalence of SAHS in patients with DM2 than in
the general population.®2->7 Unfortunately, as yet, few studies have
used universally accepted diagnostic methods such as polygraphy
and polysomnography. The main evidence comes from various sub-
analyses in a multiethnic cohort of subjects aged over 40 years with
no known cardiovascular disease, enrolled in the Sleep Heart Health
Study. In a sample of 4991 participants, it was found that the Respi-
ratory Disturbance Index (RDI) was associated with the presence
of diabetes, as well as age, BMI, waist-hip ratio, hypertension and
lipid levels.”® In another series of 5874 subjects, differences were
noted in the RDI and the CT90 between diabetic and non-diabetic
patients.”® When the presence of SAHS was measured in the same
cohort using polysomnography, it was found in 58% of the group
of patients with DM2.50 Two subsequent studies also identified
high prevalence of SAHS in patients with DM2: in one, up to 62%
of patients hospitalized for poorly controlled DM2 had SAHS (34%
mild, 19% moderate and 10% severe),”” and in the other, SAHS was
found in 86% of obese diabetics.>®

Prevalence of Type 2 Diabetes in Patients With Sleep
Apnea-Hypopnea Syndrome

The prevalence of DM2 in patients with SAHS ranges from 15%
to 30%, depending on the study population, definition of sever-
ity of SAHS, and the diagnostic methods used.6!:52 The Wisconsin
Sleep Cohort study detected a higher prevalence of DM2 in patients
with SAHS (14.7% vs 2.8%), with an adjusted odds ratio of 2.3
(1.28-4.11) for an AHI > 15 with respect to an AHI <5.%8 In contrast,
amultiethnic study of 1008 patients with DM2, predominantly His-
panic and African-American, gave negative results. Although the
prevalence of DM2 was also higher in subjects with SAHS than
in nonapneic subjects (30.1% vs 18.6%), giving an odds ratio of 1.8
(1.3-2.6), this association was not significant when controlling for
various confounding factors.®® However, another cross-sectional
study conducted in a much larger sample (14,440 subjects in the
Hispanic Community Health Study/Study of Latinos) confirmed that

moderate SAHS is associated with both glucose intolerance (odds
ratio=1.7; 95% CI: 1.3-2.1) and diabetes (2.3; 1.8-2.9).5%

In addition to the relationship between SAHS and DM2 shown
in these cross-sectional studies, some longitudinal studies indicate
that the existence of apneas-hypopneas may lead to the develop-
ment of diabetes. Marshall et al.5! provided the first evidence that
moderate-severe SAHS is a risk factor for diabetes. After a 4-year
follow-up of an Australian population cohort, they found that 20%
of patients with moderate-severe SAHS had been diagnosed with
DM2, showing that SAHS is an independent risk factor for inci-
dent diabetes (adjusted hazard ratio=13.45; 95% CI: 1.59-114.11).
Lindberg et al.3’ reported that this effect is not confined to the
moderate-severe forms. In an 11-year follow-up of a population
sample of non-diabetic men, they found that, after adjusting for
confounders, a desaturation index > 5 was a predictor for the onset
of diabetes (4.4; 1.1-18.1). Another observational study of a cohort
of 1233 patients in the Veteran Affairs Connecticut Health Care Sys-
tem confirmed the role of SAHS as a risk factor for DM2.5> After
adjusting for age, sex, race, baseline fasting blood glucose, BMI and
weight change, an independent association was detected between
SAHS and incident diabetes (1.43; 1.10-1.86). A 16-year follow-
up of a small cohort of middle-aged women referred to a sleep
clinic also found that SAHS predicted the appearance of new-onset
diabetes in females.5?

The overall value of the available evidence has recently been
evaluated in a meta-analysis of six prospective cohort studies with
a total of 5953 participants and a follow-up period of 2.7-16
years.56 This analysis confirmed that moderate-severe SAHS is
associated with a higher risk of diabetes (relative risk=1.63; 95%
CI: 1.09-2.45), when compared with the absence of SAHS (Fig. 2).
However, patients with mild SAHS did not show a higher risk than
nonapneic patients (1.22; 0.91-1.63).56

Pathogenic Mechanisms

A better understanding of the effects of physiopathological
disorders caused by apneas-hypopneas on glucose metabolism
lends greater plausibility to the SAHS-DM2 relationship and can
be summarized as follows: SAHS activates 2 triggering mecha-
nisms, intermittent hypoxia and sleep fragmentation, which induce
various intermediate disorders, such as activation of the sympa-
thetic nervous system, oxidative stress, systemic inflammation,
alterations in appetite-regulating hormones and activation of the
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Fig. 2. Risk of the association between moderate-severe (A) and mild SAHS (B) and type 2 diabetes. CI: confidence interval; RR: relative risk. Adapted with the permission of
the Asian Pacific Society of Respirology. Copyright® 2012 Asian Pacific Society of Respirology. Wang et al.5®

hypothalamic-pituitary-adrenal axis, which in turn contribute to
the development of insulin resistance, progression to glucose intol-
erance, and ultimately, to DM2 (Fig. 3).

Intermittent Hypoxia

In addition to continuous hypoxia,®’-7% studies with animal
models have shown that intermittent hypoxia can cause insulin
resistance. In lean mice, exposure to successive intermittent
hypoxia cycles reduced insulin sensitivity, compared to exposure
to synthetic air, essentially due to reduced glucose utilization in
oxidative muscle fibers.”! It appears that intermittent hypoxia only
worsens glucose homeostasis during periods of hypoxic exposure,
and induces pancreatic [3-cell replication, probably to com-
pensate for diminished insulin sensitivity.”> This compensatory

response, however, is overridden by the presence of hyper-
glycemia, which increases apoptosis in 3-cells and inhibits their
replication.”?

The effects of intermittent hypoxia on glucose metabolism
in humans are less well known. However, Louis and Punjabi’3
showed, in healthy volunteers subjected to intermittent hypoxia
or normoxia, that the former was associated with a reduction in
insulin sensitivity and glucose effectiveness.”> Moreover, inter-
mittent hypoxia is accepted as one of the main determinants of
HbA1lc in patients with SAHS. A recent study evaluated factors
related with HbA1lc levels in 164 patients with SAHS and nor-
mal glucose tolerance, 111 with impaired tolerance, and 55 with
diabetes.”* They found that HbA1c was correlated with minimum
saturation in all patients, while no correlation was found with the
AHI in patients with DM2 or normal blood glucose. This, therefore,
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Fig. 3. Pathogenic pathways involved in the development of insulin resistance, glucose intolerance and type 2 diabetes in sleep apnea-hypopnea syndrome.

suggests that the correlation between SAHS and HbA1c in patients
with DM2 is more dependent on minimum Sa0, levels than on the
AHL74 Similarly, other authors report that the AHI is only associ-
ated with HbA1c during the REM sleep phase,’> which could in
part explain individual variability. Another possible explanation
for inter-subject variation lies in alterations in hypoxia-inducible
factor-1, which triggers the expression of specific genes in the
presence of a low oxygen levels.”S In diabetic rats, an increase in
hypoxia-inducible factor-1 expression by pancreatic [3-cells, which
inhibits glucose transport and perpetuates a state of insulin resis-
tance, has been reported.”’

Sleep Fragmentation

In laboratory conditions, complete sleep deprivation has been
found to reduce glucose tolerance.*678-80 Various observational
studies in the general population have also shown a relation-
ship between sleep deprivation and altered glucose metabolism.
The Sleep Heart Health Study confirmed that less than 6 h sleep is

associated with a higher prevalence of diabetes or glucose intol-
erance than 7-8h of sleep.5° In addition, a considerable number
of longitudinal studies indicate that sleep restriction increases
the risk of developing diabetes. An analysis of the First National
Health and Nutrition Examination Survey showed that fewer than
5 hours sleep resulted in a 1.47-fold increase in the risk of devel-
oping diabetes during an 8-10 year follow-up.*® In more than
1000 men enrolled in the Massachusetts Male Aging Study, the
risk of developing diabetes in subjects reporting a shorter average
sleep time was double that of those sleeping for 7-8 h.8! Although
there is as yet little information on this aspect, the effect of sleep
restriction on the risk of developing diabetes appears to be sex-
dependent.8243 In more than 70,000 non-diabetic adult women
included in the Nurses Health study, sleeping less than 5h was
found to increase the risk of developing diabetes in 10 years by
1.57-fold, although significance was reduced when adjusted for
BMI and other confounding factors.*” Therefore, sleep restriction
appears to be an independent risk factor for diabetes, primarily in
men.
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In addition to studies in the general population, several authors
have evaluated the duration and quality of sleep in patients with
diabetes.843> Most found that poor sleep quality was more preva-
lent in patients with diabetes,3> and that this negatively affected
blood glucose control.?4#> The influence of quality of sleep on glu-
cose tolerance has also been investigated in various longitudinal
series.*9-82:83.86.87 Apart from one study,®> all report an increased
risk of diabetes associated with sleep disorders. The potential con-
tribution of sleep fragmentation to the SAHS-diabetes relationship
is evidenced by the importance of sleepiness, as demonstrated by
Barcel6 et al.,® who found that patients with SAHS and excessive
daytime sleepiness have a higher HOMA index than non-sleepy
patients with SAHS or healthy controls.?® The loss of REM sleep,
due to sleep fragmentation, may also contribute to the develop-
ment of diabetes.®? REM sleep has high energy requirements due
to sustained neuronal activity, and is accompanied by an increase
in cerebral glucose uptake as well as reduced insulin and glucagon
levels.” Therefore, the higher prevalence of diabetes in SAHS
patients with a greater clustering of respiratory events during REM
sleep”! could be related with fragmentation of this sleep phase.??

Activation of the Sympathetic Nervous System

The sympathetic nervous system plays an important role in
the metabolic regulation of glucose and fat.?>94 Catecholamines
are known to reduce insulin sensitivity, insulin-mediated glucose
uptake,?> promote pancreatic B-cell apoptosis, and reduce insulin
secretion.”®?” They can also inhibit insulin-mediated glycogene-
sis and increase glycolysis.?>9698 Increased sympathetic activity
has lipolytic effects, releasing circulating fatty acids, which reduce
insulin sensitivity.”> Furthermore, sympathetic vasoconstriction
may reduce glucose and insulin supply to skeletal muscles, direc-
ting the blood flow toward less metabolically active areas, which
reduces the net glucose uptake.?®

The succession of hypoxemia-reoxygenation periods that
accompany apneas-hypopneas are known to affect the sensi-
tivity of peripheral chemoreceptors in patients with SAHS,!0.100
and stimulation of these receptors is known to increase
sympathetic nervous system activity.!%191 Since activation of
the sympathetic nervous system appears to have an impact on
insulin sensitivity, it has been suggested that this plays a major
role in the development of insulin resistance in patients with
SAHS.102

Experimental evidence supports the suggestion that increased
basal sympathetic tone plays an essential role in the SAHS-DM2
relationship. Glucose intolerance caused in healthy volunteers
by exposure to periods of acute hypoxia is associated with an
increase in plasma catecholamines.’® In healthy volunteers sub-
jected to intermittent hypoxia, reduced insulin sensitivity and
glucose effectiveness have been associated with a shift in the
sympathovagal balance, predominantly toward sympathetic ner-
vous system activity.”> However, blocking sympathetic activity
in an animal model does not mitigate the short-term negative
effects of intermittent hypoxia on insulin sensitivity, suggesting
the involvement of other alternative pathways.”! In any event, this
finding does not rule out that hypoxic activation of the sympathetic
nervous system contributes to long-term progression of insulin
resistance, which may occur for decades in patients with SAHS.

Oxidative Stress

An excess of reactive oxygen species (ROS) may inhibit
insulin-induced energy substrate uptake in muscle and adipose
tissue, and may damage pancreatic (3-cells due to their relatively
low concentration of antioxidant enzymes.”>!9% Moreover, the
formation of ROS may suppress insulin secretion and worsen
insulin sensitivity.'%4195 In fact, studies at cellular level show that

intermittent hypoxia has a negative effect on (3-cell proliferation
and death, which seems to be attributable to greater cellular
oxidative stress.!%6

In animal models, intermittent hypoxia has been shown to stim-
ulate the release of ROS, contributing to a proinflammatory state.!%”
As a result, plasma cholesterol levels increase, as hepatic uptake is
inhibited,!% leading to insulin resistance, increasing insulin levels
and reducing glucose tolerance.'%? In healthy volunteers, intermit-
tent hypoxia has also been shown to increase ROS,''? associated
with decreased insulin sensitivity.”> Therefore, the increase in
oxidative stress seen in patients with SAHS'11.112 could contribute
to the development of insulin resistance.

Systemic Inflammation

Several lines of evidence converge to implicate sub-clinical
inflammation in the pathogenesis of insulin resistance and
diabetes.”> Diabetic patients have a baseline proinflammatory
state, characterized by high circulating levels of inflammatory
cytokines such as interleukin-6, tumor necrosis factor-«, C-reactive
protein and interleukin-18.113.114 Interleukin-6 and tumor necro-
sis factor-a in particular have been implicated in the pathogenesis
of insulin resistance and DM2.!1>-117 Similarly, other studies have
documented the existence of a proinflammatory state in patients
with SAHS.84118

Although the mechanism by which systemic inflammation con-
tributes to the development of insulin resistance in SAHS is still
not fully understood, macrophage recruitment and the lipotoxic
pathway seem especially relevant. Chronic inflammation causes
macrophage activation and accumulation in the pancreatic islets
of patients with DM2, which could contribute to tissue destruc-
tion and abnormal repair.' 2120 The lipotoxic effects of obesity may
also play an important role in the pathogenesis of insulin resis-
tance by activating the proinflammatory pathway. This is because
adipocytes are a principal source of cytokines, which are secreted
into the circulation depending on the size of the adipocyte, cre-
ating a directly proportional relationship between fat mass and
circulating cytokines.!21.122

Alteration in Appetite-regulating Hormones

The main hormones involved in this function are leptin,
adiponectin and resistin.'?> Leptin regulates hunger and weight
gain at central level, increasing the hypothalamic expression of
anorexigenic peptides and decreasing the expression of orex-
igenic peptides,’>* while at peripheral level it appears to be
implicated in glucose homeostasis.'>> Adiponectin is synthesized
by the adipocytes and regulates their sensitivity to insulin.'26
Low circulating adiponectin levels are a major risk factor for
diabetes, atherosclerosis and dyslipidemia.’?’ In contrast, high
adiponectin concentrations have protective properties against
diabetes.”> Although the role of resistin is more uncertain, it is
thought to increase hepatic insulin resistance and reduce glucose
tolerance.'%8

Some authors have reported that SAHS patients have lower
plasma leptin levels than healthy subjects,®? although the role
of obesity as a confounding factor has not always been properly
controlled.’?® This hormone appears to contribute significantly to
the development of insulin resistance in SAHS. In leptin-deficient
obese mice, intermittent hypoxia induces a decrease in blood glu-
cose and an increase in serum insulin, both in the short and long
term, consistent with greater insulin resistance.'%° These responses
are blocked when the animals are given a previous infusion of
leptin,'%9 suggesting that the increased insulin resistance caused by
the intermittent hypoxia is dependent on disruption of the leptin
pathway.
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Resistin is another adipokine that may contribute to obesity,!30

insulin resistance'>! and metabolic syndrome.!3? Although some
authors'?? found no association between plasma resistin levels
in patients with SAHS and insulin resistance, determined by the
HOMA index, other studies show that the plasma resistin concen-
tration is higher in SAHS patients with DM2 compared to those with
glucose intolerance or normal glucose metabolism.!34

Activation of the Hypothalamic-Pituitary-Adrenal Axis

Cortisol and other glucocorticosteroids interfere with carbo-
hydrate metabolism by increasing glucose production, decreasing
glucose uptake in peripheral tissues and inhibiting the release of
insulin from the pancreatic 3-cells.9399

Activation of the sympathetic nervous system could increase
the activity of the hypothalamic-pituitary-adrenal axis, increas-
ing cortisol synthesis, which leads to insulin resistance and
hyperglycemia.'3" In fact, studies at altitude or under hypobaric
conditions confirm that hypoxia modifies the function of the
hypothalamic-pituitary-adrenal axis and increases circulating cor-
tisol levels.!3> Furthermore, alterations in the secretion of the
appetite-regulating hormones may also affect glucose homeostasis,
increasing nocturnal growth hormone levels and evening corti-
sol levels.*6 There are few studies as yet in humans that have
examined the changes in cortisol secretion induced by SAHS.
Although one study indicated that SAHS does not affect cortisol
levels,'3% in other cases a cortisol concentration higher than that
of weight-matched controls, which fell after CPAP treatment, has
been described.!3”

In conclusion, based on the current information, we can
establish a correlation between intermittent hypoxia and sleep
fragmentation caused by SAHS and the development of insulin
resistance, via various pathogenic pathways. Nevertheless, the
molecular mechanisms of cell signaling that lead to increased
insulin resistance in these patients are still not sufficiently under-
stood.

Clinical and Prognostic Relevance of the Sleep
Apnea-Hypopnea Syndrome-Diabetes Association

In recent years, a growing body of evidence has suggested that
SAHS could increase the severity of DM2,'33-140 but it also raises
the interesting possibility of a reciprocal relationship.

Aronsohn et al.'#! showed that SAHS worsens blood glucose
control in DM2. Compared to control subjects, mean adjusted
HbA1c increased by 1.49% in patients with mild SAHS, 1.93% in
moderate SAHS and 3.69% in severe SAHS (Fig. 4). Furthermore,
other measures of SAHS severity, such as the AHI and desaturation
during the REM phase, were also related to HbA1c levels.

The leading cause of morbidity and mortality in patients
with DM2 is the development of micro- or macrovascular
complications, which can also be affected by SAHS. Macrovas-
cular complications, which include ischemic heart disease,
peripheral artery disease and cerebrovascular disease, are due
to the harmful effects of hyperglycemia,'#2143 as well as
atherosclerosis. SAHS may also worsen certain typical microvas-
cular complications, such as retinopathy, nephropathy and
neuropathy.'8144 Various mechanisms are potentially involved
in the development of microvascular complications.'*> SAHS
increases the production of advanced glycation end or waste
products,’® and has been associated with an alteration in
protein kinase C signaling, which plays an important role
in the cell response to hypoxia.'*> SAHS is also associated
with a decrease in endothelial nitric oxide synthase and an
increase in endothelin-1 levels,'#” with hypercoagulability?! and

P<.0001
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Fig. 4. Glycated hemoglobin (HbA1c) levels in controls and patients with varying
SAHS severity. The values are adjusted for age, sex, race, body mass index, dia-
betes medication, level of exercise, years of diabetes and total sleep time. The bars
represent the standard error of the mean. Reproduced with the permission of the
American Thoracic Society. Copyright® 2014 American Thoracic Society. Aronsohn
etal.'*!

inflammation.!’® Repeated hypoxemia-reoxygenation episodes,
meanwhile, induce ROS production.!'? The final result of this
process, aggravated by the effect of hyperglycemia and hyper-
tension, is the development of endothelial dysfunction and
microvascular impairment (Fig. 5).

Sleep Apnea-Hypopnea Syndrome and Diabetic Retinopathy

Despite some findings to the contrary,'*® most studies show
an association between SAHS and severity of retinopathy, as
well as a higher risk of progression. In a cross-sectional case-
control study that included 68 patients with non-proliferative
diabetic retinopathy and 151 patients with proliferative diabetic
retinopathy, the severity of nocturnal desaturations (evaluated by
means of the desaturation index and the minimum Sa0;) was a
risk factor for proliferative diabetic retinopathy, suggesting that
the reoxygenation caused by the SAHS could affect retinopathy
progression.’® In another study conducted in men with DM2,
SAHS was independently associated with retinopathy and dia-
betic maculopathy.’® A longitudinal study has also shown that
patients with SAHS have a higher risk of developing advanced dia-
betic retinopathy.'>° In a recent cross-sectional study in obese men
with DM2, Rudrappa et al.!>! described worsening of retinopa-
thy but not of maculopathy, and a higher proportion of patients
with proliferative diabetic retinopathy in the SAHS group. More-
over, SAHS was the only independent predictor of retinopathy
after adjusting for new serum biomarkers of retinopathy and
inflammation.'>!

Sleep Apnea-Hypopnea Syndrome and Diabetic Nephropathy

Data on this other major complication of diabetes is contradic-
tory. Schober et al.’>? found a higher prevalence of nephropathy
in adult diabetics with an AHI> 15 than in nonapneic patients.
Although other authors have not identified a relationship between
the presence of SAHS in patients with DM2 and the existence
of microalbuminuria,’? in a group of patients with renal failure
secondary to diabetes, SAHS was associated with a higher risk of
hemodialysis and hypertension.'>>

In general, renal ischemia and hypoxia are considered to be
key factors for the development of renal failure. Several studies
suggest that an increase in the severity of SAHS is related with
a deterioration in renal function, irrespective of established risk
factors for nephropathy progression.'* Several mechanisms have
been proposed to explain this. Intermittent hypoxia and sleep
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fragmentation caused by SAHS are known to activate the sym-
pathetic nervous system and the renin-angiotensin-aldosterone
system, increase cytokine levels, and contribute to oxidative stress.
The increased generation of free radicals gives rise to a number
of harmful processes, such as endothelial dysfunction, inflamma-
tion, platelet aggregation, atherosclerosis and fibrosis, which may
increase the risk of renal damage in patients with SAHS. Further-
more, it is important to consider that SAHS is an independent risk
factor of hypertension and glomerular hyperfiltration, and could be
an independent predictor of proteinuria, a sign of renal disease and
a risk factor for progression of chronic nephropathy to end-stage
renal disease.!4*

Sleep Apnea-Hypopnea Syndrome and Diabetic Neuropathy

Diabetic neuropathies are a heterogeneous group of disor-
ders that affect different parts of the nervous system, including
generalized symmetrical polyneuropathies, multifocal and focal
neuropathies and autonomic neuropathy. Mayer et al.’>* showed
that patients with severe SAHS have peripheral nerve dysfunction
caused by axonal lesions, the severity of which is partially related
with nocturnal hypoxemia. Raman et al.’>> later evaluated the risk
of neuropathy in 1414 patients with DM2, and found that the group
of diabetic women with altered sleep patterns had a higher risk of
developing neuropathy. However, another study that only included
40 patients did not identify any association between AHI and dia-
betic neuropathy.!>6

More recently, Tahrani et al.'#> showed that SAHS is inde-
pendently associated with diabetic neuropathy (adjusted odds
ratio=2.82; 95% Cl: 1.44-5.52). They found that the severity of
diabetic neuropathy is related with the severity of both SAHS and
nocturnal hypoxemia, and identified potential pathogenic mech-
anisms, including an increase in nitrosative stress.!#> Finally, a
meta-analysis confirmed the relationship between SAHS and dia-
betic neuropathy. The presence of SAHS was more frequent in
DM2 patients with neuropathy (odds ratio=1.95; 95% Cl: 1.03-3.70)
(Fig. 6).157

Effect of Type 2 Diabetes Mellitus on Sleep Apnea-Hypopnea
Syndrome

Although scant, some data suggest that DM2 might worsen
the progression of SAHS (Fig. 3). In animal models, insulin resis-
tance has been shown to be associated with a lower ventilatory
response.'8 Furthermore, the presence of diabetic neuropathy
could increase upper airway collapsibility due to impairment of
the dilatory muscles of the larynx, and aggravate obstructive
apneas-hypopneas. Indeed, patients with autonomic neurop-
athy have more severe SAHS, with longer lasting respiratory
events and more desaturation than diabetics with no autonomic
neuropathy.!>?

Diabetes, moreover, may also contribute to the onset of central
apneas. Diabetic patients in the Sleep Heart Health Study had a
higher incidence of periodic breathing and central apneas than non-
diabetic subjects.”® It has been suggested that diabetes-associated
autonomic neuropathy alters upper airway reflex responses,
peripheral control of upper airway muscles, mechanoreceptor
activation thresholds, central ventilatory stability and control, and
peripheral response to hypercapnia and hypoxia.?>'% Chronic
hyperglycemia, moreover, induces oxidative stress, causing nerve
dysfunction and structural damage,!6! which could worsen
autonomic dysfunction and aggravate sleep disordered breath-
ing, creating a vicious circle. It is precisely this relationship that
explains the effect of some general interventions that are beneficial
in SAHS. Exercise and increased physical activity, therefore, which
can improve blood glucose control, could also have a beneficial
effect on the severity of SAHS that cannot be fully explained by the
associated weight loss.”>162 Moreover, some studies show that
the weight loss is associated with substantial improvement in the
severity of SAHS due to changes in the structure and function of
the upper airways, 63164

In conclusion, there is growing evidence to associate SAHS with
the development of DM2. Further evidence of this is the exist-
ence of common pathogenic pathways that could have important
prognostic implications, not only for the progression of diabetic
complications, but also for a synergic effect on SAHS itself.
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