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Until now oxygen was thought to be the leading factor of hypoxic conditions. Whereas now it appears
that insulin is the key regulator of hypoxic conditions. Insulin seems to regulate the redox state of the
organism and to determine the breakpoint of human breath-holding. This new hypoxia–insulin hypothe-
ses might have major clinical relevance. Besides the clinical relevance, this hypothesis could explain, for
the first time, why the training of the diaphragm, among other factors, results in an increase in
breath-holding performance.

Elite freedivers/apnea divers are able to reach static breath-holding times to over 6 min. Untrained
persons exhibit an unpleasant feeling after more or less a minute. Breath-holding is stopped at the break-
point. The partial oxygen pressure as well as the carbon dioxide pressure failed to directly influence the
breakpoint in earlier studies. The factors that contribute to the breakpoint are still under debate.

Under hypoxic conditions the organism needs more glucose, because it changes from the oxygen con-
suming pentose phosphate (36ATP/glucose molecule) to the anaerobic glycolytic pathway (2ATP/glucose
molecule). Hence insulin, as it promotes the absorption of glucose, is set in the center of interest regard-
ing hypoxic conditions. This paper provides an insulin based model that could explain the changes and
interactions in human breath-holding. The correlation between hypoxia and reactive oxygen species
(ROS) and their influence on the sympathetic nerve system and hypoxia-inducible factor 1 alpha
(HIF-1a) is dealt with. It reviews as well the direct interrelation of HIF-1a and insulin. The depression
of insulin secretion through the vagus nerve activation via inspiration is discussed. Furthermore the
paper describes the action of insulin on the carotid bodies and the diaphragm and therefore a possible
role in respiration pattern.

Freedivers that go over the breakpoint of breath-holding could exhibit seizures and thus the effect of
insulin, blood glucose levels and corticosteroids in hippocampal seizures is highlighted.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

Human breath-holding can be divided into a normoxia part fol-
lowed by a hypoxia one. In the hypoxia part the desire to breathe
becomes stronger. Diaphragmatic movements contribute to this
increased desire to take a breath. Over time the diaphragmatic
movements normally increase to strong contractions [1].

The factors that determine the breakpoint, where the person
stops the voluntary breath-holding, are still under debate. It should
be noted that some individuals assert to being able to ignore the
breakpoint, which then leads to unconsciousness [2].

Freedivers use water free breath-holding or so called dry static
as a training method. Elite freedivers are able to reach times to
over 6 min in dry static and that more or less without the
mammalian diving reflex. The mammalian diving reflex is
strengthened by cold water contacting the face and helps to extend
breath-holding as bradycardia, peripheral vasoconstriction and
blood shift are evoked.

What can contribute to such times in dry static? Of course an
increase in lung inflation results in an increased breath-holding
time. Also a reduction in the metabolic rate helps [2].

It was shown that the lung gradually contracts by 200–500 ml/
min during breath-holding as a result of the failure to substitute
completely the pull out O2 by CO2 [3]. As the CO2 cannot be
removed from the alveoli, the partial pressure gradient grows and
does not allow the removal of CO2 from the blood [2]. The conse-
quence is hypercapnia with an acidosis. The shrinkage of the lung
volume was ruled out as having an important effect on the break-
point [4]. The next question is: does partial pressure of O2 and/or
CO2 have an influence on the breakpoint? Loss of consciousness
was estimated in normal adults at arterial partial pressure levels
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of O2�27 mmHg and CO2�90–120 mmHg [5]. Breakpoints in these
pressure ranges are described [6]. In order to find out if a special
ratio or threshold of the arterial pressure determines the break-
point, the carotid chemoreceptors were denervated. The denerva-
tion of the carotid chemoreceptors fails to prolong breath-holding
until unconsciousness [2,7]. But, interestingly, the duration of
breath-holding was prolonged [8]. It has been suggested that the
chemoreceptors of the diaphragm muscle may contribute to the
breakpoint [9]. Breathing an asphyxiating gas mixture directly after
breath-holding does not affect the subjects’ ability to perform a sec-
ond breath-hold [10]. This is another fact that underlies the thesis
that the breakpoint of breath-holding is not just dependent on
blood gas parameters. Parkes concludes that the relaxing of the
tonic diaphragm activity makes a second breath-holding after
breathing asphyxiating gas mixture possible [2].

The indirect measurement of diaphragmatic electromyogram
(EMG) by swallowed catheters showed rhythmic activity near the
end of breath-hold [11]. It should be mentioned that it is possible
that some tonic and/or almost isometric contraction (almost,
because of the shrinkage of lung volume while breath-holding) of
the diaphragm are not recorded with this method [2]. The recorded
frequency range was within the respiration frequency [2,12].
Together with the persistent respiratory sinus arrhythmia this could
demonstrate the presence of some central respiratory rhythm/oscil-
lations during breath-holding [2]. An implication of these findings is
that human breath-holding is a voluntary act by holding the chest
and suppressing the central respiratory pattern [2]. When talking
about the breakpoint, the diaphragm as the main breathing muscle
becomes an interesting subject. In an experiment where two atropi-
nized persons were paralyzed using d-tubocurarine and mechani-
cally ventilated, they reported feeling no discomfort or any urge
to breath [13]. It should be mentioned that the experiment was
interrupted after 4 min and the persons were able to communicate
as one arm was protected from d-tubocurarine paralysis via an
arterial occlusion [13]. These results could not be reproduced. In a
later similar experiment (except the trachea was intubated transna-
sally), the participants experienced severe dyspnea at the break-
point and no increase in breath-holding time [14]. However
another experiment showed the influence of the diaphragm on
the duration of breath-holding.

The bilateral injection of local anesthetic into the phrenic nerve
resulted in nearly a doubling of the breath-holding time [15]. The
phrenic nerve in cats, dogs and rats carries approximately 30%
afferent fibers [16]. A part of these afferents are chemoreceptors
[16]. Also the vagal nerve contains afferents from the diaphragm.
A blockage of the vagus, the glossopharyngeal nerve, the afferents
from the carotid, aortic chemoreceptors and from the lung eases
the distress of breath-holding and trebled the extent of breath-
holding time [2,17]. Parkes postulates that the contraction of the
diaphragm leads to muscle fatigue, which then could stimulate
the chemoreceptors and thus contribute to the breakpoint [2].
The relaxation of the diaphragm minimizes the stimulation of the
proprioceptors and the chemoreceptors through the increased
blood flow [2]. Parkes concludes that there could still be a missing
element as neither phrenic nor vagal blockage allows breath-hold-
ing to unconsciousness [2].

It should be mentioned that in freediving competitions breath-
holding till loss of consciousness is seen. This also applies to dry
static training. Breath-holding is a voluntary act and the urge to
breathe is accomplished by a strong emotional feeling. It seems
to be possible to consciously go over the breakpoint. Higher brain
centers such as the amygdala and the connected brain structures
are therefore highly interesting. This is because it is well accepted
that mental training, as well as yoga, can influence the amygdala
and therefore the mental state. Most of the competitive freedivers
invest a lot of time in training their mental states to achieve longer
times thus inferring a connection between higher brain centers and
autonomic nervous system in breath-holding.

The brain areas that are involved in the loss of consciousness
and the neurological disorders could give hints to which factors
contribute to the breakpoint. These can include loss of motor con-
trol (LMC) and/or black out (BO) that can occur during freediving.

The hippocampus is well known for its susceptibility to hypoxia
and for its major role in hypoxia-induced seizures. Thus it becomes
a special region of interest.

Besides the pancreas, the adult granule neurons of the hip-
pocampus are able to produce insulin [18]. The hippocampus is a
highly active metabolic tissue. Particularly in a hypoxic state when
glycolysis shifts the energy balance from 36 ATP to 2 ATP per glu-
cose molecule and a higher amount of glucose is needed to sustain
metabolic balance. Here insulin could play a role, since it induces
extra glucose uptake via the insulin-dependent glucose transporter
GLUT4, in addition to the insulin-independent glucose transporters
GLUT1 and GLUT3 [19,20]. It is accepted that under hypoxic condi-
tions the brain switches from the oxygen consuming pentose phos-
phate to the glycolytic pathway [21]. Furthermore it has been
shown that depending on the paradigm used and brain regions
during activation under normoxia, the nonoxidative metabolism
increases more than the oxidative one [22]. This strengthens the
role of glucose as a major fuel for the brain. Insulin has been shown
to reduce hippocampal injury after ischemia [23]. Therefore insulin
is a potential key regulator in hypoxic conditions when considering
these facts.
Hypotheses

The first subsection of this part is dealing with hypoxic condi-
tions and their influence on insulin levels. The correlation between
hypoxia, ROS and HIF-1a and then the correlation between HIF-1a
and insulin is discussed. Giving evidence that the insulin level
should increase with the rise of HIF-1a in hypoxic conditions.
Subsequently followed by discussing the influence of insulin on
the carotid bodies and the diaphragm in the second subsection.
This subsection provides an explanation for the diaphragmatic
movements near the end of breath-holding performance. That
means synonymously the setting of the breakpoint in order to start
breathing and escape the hypoxic condition. In the second subsec-
tion also the interrelation between diaphragm contraction, trig-
gered pulmonary stretch receptors, activated afferent vagus
nerve and diminished insulin secretion is considered. An explana-
tion for increased breath-holding performance through diaphragm
training is given. The third subsection explains the neurological
disorders, which could be observed, when freedivers ignore the
breakpoint. Especially the effect of insulin on the intracellular cal-
cium levels via modification of the alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR) is described.
Correlation between hypoxia and insulin through ROS and HIF-
1a

Breath-holding induces hypoxic stress. In this phase ROS level
increases [24,25] (Fig. 1; Arrow 1a). Cells protect themselves
against ROS via enzymes such as glutathione peroxidase, superox-
ide dismutase, catalase, lactoperoxidase, etc. High amounts of ROS
can damage cell structures and can lead to apoptosis (Fig. 1; Arrow
12). Factors that can conduce ROS production are muscle contrac-
tions (Fig. 1; Arrow 1b), decreased O2 tension, increased CO2 ten-
sion, decreased cellular pH and also increased muscle
temperature [26,27]. The source of ROS is still not totally clear.
Possible sources for the production of ROS in the skeletal muscle
are processes of the mitochondrial electron transport chain,
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Fig. 1. Correlation between hypoxia and insulin through ROS and HIF-1a.
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nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
phospholipase A2 (PLA2) and xanthine oxidase [25]. The effect of
ROS on the musculature is a dose dependent influence on the mus-
cle force. In low concentration it increases the muscle force, at high
levels it decreases it [28,29] (Fig. 1; Arrow 6, 7). Therefore the
redox state of the muscle could be a regulation tool of the isometric
muscle force [30]. A possible explanation is that increased ROS pro-
duction can alter the calcium release from the sarcoplasmic reticu-
lum and also the calcium sensitivity of myofilaments [28,30]. It has
been shown that antioxidants can prevent muscular fatigue [31].
The ROS-scavenger N-acetylcysteine [32], as a supporter for glu-
tathione resynthesis, postpones the muscle fatigue of an in situ
prepared diaphragm [31]. These findings are in line with the
reports of elite freedivers that antioxidants like vitamin E, C,
resveratrol, methylsulfonylmethane, NAC, coenzyme Q10 etc. have
a positive effect on their (static) performance. It should be men-
tioned that ROS also activates the sympathetic nervous system
[33,34] (Fig. 1; Arrow 13). Moreover, increased ROS production in
the brainstem supports the neural mechanism of hypertension
[33].

Heart rate variability (HRV) and skin conductance response
(SCR) measurements in elite freedivers during dry static displayed
that autonomic control on heart rate and skin conductance are
divergently controlled during breath-holding as heart rate did
not exhibit changes in sympathetic tone [1]. This could be due to
a pronounced effect of emotional control created by mental train-
ing [1].

If the increase of ROS is claimed to be part of the body’s reaction
to hypoxia, there should be a correlation to HIF1-a, the key reg-
ulator in the response of cellular and systemic hypoxia. Under nor-
moxia, HIF1-a is hydroxylated [35,36]. Under hypoxic conditions,
it is stabilized, forms together with aryl hydrocarbon receptor
nuclear translocator (ARNT), the DNA-binding transcription factor
HIF [24,36]. Brunelle et al. showed in a cell model that hydrogen
peroxide (H2O2) of the ROS population is required for the stabiliza-
tion of HIF-1a since an increase in glutathione peroxidase
decreases the stabilization of HIF-1a [24]. They also discovered
that the stabilization of HIF-1a is dependent on the mitochondrial
electron transport chain, but independent of intracellular oxygen
levels and oxidative phosphorylation [24]. Leading to the conclu-
sion that the redox state of the cell is the crucial factor for the
stabilization of HIF1-a [24] (Fig. 1; Arrow 2). The stabilized HIF1-
a forms together with ARNT and co-factors a transcriptional com-
plex that activates genes like SLC2A1 (glycolysis), VEGFA (angio-
genesis) and EPO (erythropoiesis) and so adapting the cell to
hypoxic conditions [36]. This would partly contradict the observa-
tion that antioxidant elements like NAC improve static perfor-
mances on a long term basis. They reduce the stabilization of
HIF1-a and the adaption of the body to hypoxic condition depends
on HIF1-a. Recently it has been demonstrated that NAC not only
reduces ROS, but may also stabilize HIF1-a by raising its interac-
tion with the chaperon protein Hsp90 [37].

Increased level of hemoglobin should improve breath-holding
performances in top athletes as more oxygen can be stored. But
there are no consistent data about the hemoglobin level in
breath-hold divers [38]. One study showed an increase of 24% in
erythropoietin levels [39], while another did not show any differ-
ence between breath-holding divers and normal values [32].
Further investigations with top athletes are needed.

If the previously mentioned hypothesis that insulin could play a
regulation role in hypoxic stress conditions should be verified, then
there has to be a correlation of insulin and HIF1-a. Cheng et al.
proved the interrelation of HIF1-a and the pancreatic b-cells func-
tion [40]. Glucose-stimulated ATP generation and islet function
was impaired by decreased HIF1-a level in Type 2 diabetes (T2D)
[40]. Increased HIF1-a level increased ARNT expression and also
improved insulin secretion [40] (Fig. 1; Arrow 3). Another recently
done study pointed out the connection of the severity of obstruc-
tive sleep apnea syndrome (OSAS), glucose and blood pressure
variability in non-diabetic subjects [41]. Furthermore the mini-
mum saturation of hemoglobin with oxygen (SpO2) was correlated
with glucose levels [41]. Although the mechanism of this phe-
nomenon is still not clear, it could be a hint for the hypothesis of
the relationship between hypoxia and insulin. It should be men-
tioned that in the case of OSAS more variables like the dysreg-
ulation of the hypothalamic-pituitary (HPA) axis could contribute
to the impaired glucose metabolism.
Insulin effects on respiration through influence on diaphragm
and carotid bodies – decreased insulin secretion via inspiration
activated afferent vagus nerve

During breath-holding the diaphragm is held more or less iso-
metrically contracted at the end of the inspiration phase. During
inspiration the afferent parts of the vagal nerve is activated via
the pulmonary stretch receptors (Fig. 2; Arrow 4a). These afferent
fibers rise to the medullary inspiratory center and pontine respira-
tory group (PRG) of the rostral dorsal lateral pons. As a reaction, the
inspiratory area is inhibited and allows expiration to take place,
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known as Hering–Breuer reflex. It should be mentioned that vagal
and pontine stimulation seems to be mediated by the same medul-
lary circuits, which control the onset and termination of inspiration
[42,43].

In OSAS patients, treated with hyperbaric therapy, which lead to
elevated pressure in the lung, the Hering–Breuer reflex occurs and
results in apneas. As demonstrated previously, strong continuous
vagal stimulation arrests the breathing rhythm in the post-in-
spiration phase [44], thus protecting the lung from over stretching.

The vagal afferents of the lung also have an inhibitory influence
on the cardiac vagal motor neurons (CVM) in the nucleus ambiguus
(NA) and the dorsal vagal nucleus (DMVN). This results in tachy-
cardia, known as respiratory sinus arrhythmia (RSA). During
breath-holding the RSA does persist [2,45], indicating the activity
of the afferent vagus nerve.

Curry could show that afferent vagal stimulation in in situ
brain–pancreas preparations of cervical vagotomized rats results
in inhibition of insulin secretion accompanied by apnea [46]. This
concludes that afferent vagal stimulation through inspiration can
result in a decreased insulin secretion (Fig. 2; Arrow 5). That makes
sense relating to the hypoxia–insulin hypothesis.

During inspiration there should normally be no lack of oxygen
and therefore no need for extra insulin. But if there were a lack of
oxygen, the organism needs an escape mechanism. This could be
accomplished by the previously described rise of ROS, and therefore,
via HIF1-a, an increase in the insulin level. To fulfill the thesis, an
insulin sensitive receptor related to the respiratory system must
then be postulated. Recently it has been shown that insulin triggers
the carotid bodies in vagotomized and euglycemic clamped rats [47]
(Fig. 2; Arrow 8). Intracarotid bolus of insulin increases dose depen-
dent the ventilation via the carotid bodies [47] (Fig. 2; Arrow 10).
This is in line with the aforementioned prolonged breath-holding
time by denervation of carotid bodies (see Introduction). So insulin
could contribute to the breakpoint of breath-holding and increase
the urge to breath. The carotid bodies are known to respond to
hypoxia, causing hyperventilation and activation of the sympathetic
system [47,48]. Bilateral cutting of the carotid sinus nerves abol-
ished the increase of ventilation evoked by hypoxia (assessed as
common carotid artery occlusion) [47]. It should be noted that the
model of ischemia to produce a hypoxic state could imply more
variables than just hypoxic conditions.
The afferents of the carotid body and also the pulmonary stretch
receptors enter the ponto-medullary network. This network is
essential for respiratory rhythm and motor pattern generation,
via the nucleus of the solitary tract (NTS) and the ventrolateral
medulla [49,50] (Fig. 2; Arrow 4b⁄, 9⁄⁄). The NTS is the entry station
of afferents that affect the motor pattern of breathing and the reg-
ulation of lung volume by coordination of diaphragmatic, inter-
costal, abdominal, laryngeal and other muscular outputs [43,49]
(Fig. 2; Arrow10). Hence making insulin as a respiratory pattern
regulator and thus as a hypoxic stress regulator highly interesting.
The previously mentioned findings could explain the diaphrag-
matic movements at the end of the hypoxic phase of breath-hold-
ing and also the muscular contractions of other respiratory
muscles.

There seems to be another possible escape mechanism from
breath-holding. Recently a neuro-vascular proximity in the dia-
phragm muscle of adult mice was shown to be apparent for the
whole muscle [51]. Correa and Segal hypothesize that the correla-
tion between motor nerves and arteriolar supply may promote
local perfusion of the diaphragm muscle according to the recruit-
ment of its muscle fibers [51]. Espinosa et al. showed that insulin
produces a fast (<1 s) and transient Ca2+ influx in rodent muscles,
which could be nearly completely blocked by a Ca2+ free medium
[52]. This should be given special consideration due to the fact that
calcium levels regulate contractile muscle function. Therefore their
results should be taken into consideration, even though they used
higher insulin plasma levels than normally found in rodents. Brotto
et al. demonstrated that decreased diaphragm function in diabetic
rats (streptozotocin induced) was completely reversible by insulin
[53]. Putting these findings together, insulin could have an addi-
tional effect on action potentials of motor neurons to the dia-
phragm (Fig. 2; Arrow 11). Insulin could also influence the
respiratory center in this way. It should be noted that the results
from Brotto et al. were from day 4, week 4, week 8 and week 14
after the diabetic onset. They also showed pathological changes
in the muscle fibers (additional gamma-tropomyosin) [53].
Although these findings are interesting, this research does not
explicitly show a direct stimulatory effect of insulin. Further
research is implicitly needed. Particularly it could confirm the pos-
tulation from Parkes that the diaphragm and its chemoreceptors
could contribute to the breakpoint of breath-holding [2].

Considering that some freedivers are able to fight or ignore the
diaphragmatic movements and can go voluntarily over the break-
point, this could be a hint for an explicit muscle action induced
or accomplished by activation of local chemoreceptors. It should
not be forgotten that the insulin action on the carotid bodies is
dose dependent and also could explain this observation. Ribeiro
et al. did not find a dose dependent relationship between insulin
receptor phosphorylation and high levels of insulin [47]. They
mentioned that at high insulin levels the receptors may be satu-
rated and induce a desensitization by either decreasing tyrosine
kinase activity or by promoting insulin receptor endocytosis and
degradation [47].
Insulin influences on hippocampal AMPAR modification and
the effects on intracellular Ca2+ levels and neurological
disorders – additional roles of corticosteroids and blood glucose
levels

As previously described, the vagal afferents are triggered
through activation of the stretch receptors of the lung, which leads
to a decreased insulin secretion. Mechanical ventilation, especially
high pressure ventilation, was shown to trigger hippocampal apop-
tosis in mice by vagal and dopaminergic pathways [54]. The study
was published in 2013 and the authors stated that the pathologic
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mechanism has not yet been discovered. Taking the hypoxia–in-
sulin hypothesis under consideration, there could be a disturbance
in the insulin level. Anarkooli et al. demonstrated that insulin has
an antiapoptotic effect on the hippocampus of streptozotocin
induced diabetic rats [55] (Fig. 3; Arrow 15a). Streptozotocin has
a toxic effect on pancreatic beta-cells and therefore could induce
lower levels of insulin (Type 1 diabetes) that could lead to damage
of the hippocampal cells. It is generally suggested that diabetic
patients have a higher incidence of cognitive deficits and memory
impairment [56,57]. Neurocognitive disturbance in critically ill and
mechanically ventilated patients is also well known [54]. It was
shown that insulin induces long-term depression (LTD) on the hip-
pocampus [58]. This could be another explanation for the observed
cognitive deficits besides the apoptotic effects in the hippocampus.
Long-term depression is thought to be a part of spatial memory
formation processes. Huang et al. exhibit that ‘‘rapid endocytotic
removal of postsynaptic glutamate receptor 2 subunits (GluR2) is
involved in the process of insulin-LTD formation’’ [58].

The AMPA receptor with the subunit GluR2 is, in general,
impermeable for Ca2+. It is known that Ca2+ fluxes are involved in
the genesis of epileptic seizures (Fig. 3; Arrow 17). Known as par-
oxysmal depolarization (PDS) shift, it starts with a calcium
mediated depolarization of the neuron that causes an opening of
the voltage gated sodium channels, which then leads to action
potentials. As a consequence the calcium dependent potassium
channels open and/or GABA activated chloride influx occurs,
resulting in a hyperpolarization. But increased intracellular cal-
cium could sustain the paroxysmal depolarization shift [59]. It is
assumed that PDS is mainly produced by AMPARs.

Sanchez et al. found out that the susceptibleness for hypoxia
induced seizures in the neonatal rat hippocampus is highest when
the overall amount of AMPA receptors is high and the expression of
GluR2 is relatively low [60]. As already discussed, insulin induces
an endocytotic removal of GluR2 (Fig. 3; Arrow 15b). Via insulin
induced hypoglycemia there is also an increase of glutamate recep-
tors in the cerebral cortex in rats [61]. This study did not look up
changes in the hippocampus and thus further investigations for
that specific region are needed. Not only hypoglycemia, also hyper-
glycemia can harm the hippocampal cells via changes in calcium
levels. Rytter et al. showed that hyperglycemia could elevate ROS
in murine hippocampal slice cultures resulting in an intracellular
calcium level increase [62] (Fig. 3; Arrow 21, 16). Hyperglycemia
causes a lowered threshold for seizures [63]. Taking these findings
together, insulin, perhaps only in combination with an altered
blood glucose level, could provoke seizures in certain conditions
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intracellular Ca2+ levels and neurological disorders – additional roles of corticos-
teroids and blood glucose levels.
according to the findings of Sanchez et al. Another study that
underlies the importance of glutamate receptors, especially of
the AMPA receptors, was done by Ceolin et al. They found out that
the anti-epileptic drug, perampanel, a non-competitive AMPA
receptor antagonist, reduces AMPA induced calcium signals in
the hippocampus [64].

When speaking about seizure susceptibility in combination
with breath-holding, the possible impact of the sympathetic ner-
vous system could be important. It was antecedently demonstrated
that preventing an increase in the level of corticosteroids during
ischemia decreases the possibility of seizure occurrence [65]
(Fig. 3; Arrow 22).

Kruger et al. did show that the pretreatment with the corticos-
terone synthesis inhibitor metyrapone decreases the incidence of
seizures after ischemia in rats [65]. Furthermore they demon-
strated that pretreatment with metyrapone protects against loss
in synaptic function in the hippocampus [65]. Both effects occur
in the absence of a change in the blood glucose levels [65].
Sebastian et al. demonstrated that acute physical stress, and there-
fore increased corticosterone, decreases GluR2 in the CA3 region of
the rat’s hippocampus [66] (Fig. 3; Arrow 22, 16). This region is
thought to be the pacemaker of the hippocampus and is associated
with epileptiform activity. The region CA3 is also thought to be
important for the retrieval of short-term spatial and/or novel infor-
mation [67]. Hence the relationship between insulin, corticos-
teroids and blood glucose level is highly interesting regarding the
neurological disorders observed with breath-holding.

The previous subsection indicates the clinical relevance of the
hypoxia–insulin hypothesis and the need for further research.

Vagal nerve stimulation (VNS) is a unique epilepsy treatment
and therefore a further hint for the hypoxia–insulin hypothesis.
Also current studies state that the mechanism of this therapy is
not fully elucidated [68] and the hypoxia–insulin hypothesis could
be an explanation. As previously described the afferents of the
vagus nerve travel to the NTS. The NTS has connections to locus
coeruleus (LC) in the pons, raphe nuclei in the brainstem and other
regions of the central nervous system like medulla, forebrain, lim-
bic system (central amygdaloid nucleus), etc. [68]. Acute (<3 days)
VNS increases LC activity [69] and increases downstream release of
norepinephrine into the amygdala, hippocampus and prefrontal
cortex [70,71]. With chronic (>14 days) VNS, the baseline activity
of the LC and also of the dorsal raphe nucleus (DRN) is nearly dou-
bled [69]. For the increased activity in the DRN the LC has to be
intact [68,72]. The highest amounts of serotonergic neurons of
the brain are found in the DRN [68]. Areas that are influenced by
these neurons are the striatum, the neocortex, the substantia nigra
and the cerebellum [68]. It has been shown that an increase in
norepinephrine or serotonin levels has anticonvulsant effects
[68,73]. This has been suggested to be the explanation for the
anti-epileptic effects of VNS. Here the LC seems to be the critical
region in the seizure suppressing effect of VNS [68]. The correlation
between the afferent vagus activation and insulin suppression was
not mentioned. In the late 1970s, it was shown in an isolated per-
fused rat islets model that norepinephrine depresses insulin secre-
tion [74]. This could also be expected for the insulin production in
the hippocampus, as insulin producing cells are considered to have
a high rate of ‘‘functional analogues and evolved from a common
ancestral insulin-producing neuron’’ [18,75]. Here the circle for
the hypoxia–insulin hypothesis closes.
Conclusion

The insulin based model (Fig. 4) could explain the changes and
interactions in human breath-holding. In hypoxic conditions, it
appears as insulin secretion rises with increased HIF-a levels.
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Fig. 4. ‘‘Hypoxia–Insulin-Hypotheses’’. While breath-holding, the body is under a hypoxic condition and builds up ROS [Arrow 1a, 1b]. As a consequence the sympathetic
nerve system is activated and also the accumulation of HIF-1a is triggered [Arrow 13]. HIF-1a enhances the secretion of insulin [Arrow 3]. The increase of insulin triggers the
carotid bodies and could lead to a higher contractibility of the diaphragm [Arrow 8, 9⁄⁄, 10, 11]. During breath-holding, the diaphragm is contracted and therefore the
pulmonary stretch receptors are activated. Hence the afferent properties of the vagal nerve are stimulated and a decrease in insulin secretion is evoked [Arrow 4a, 5]. Just as
through the vagal nerve activation, an induced apnea appears. The subsequent fatigue of the diaphragm leads to a loss of contraction force of the muscle [Arrow 6]. As a result
the afferent vagal activation ceases and the insulin amount furthermore increases, so that a contraction can easily follow the relaxation. This could lead to the so called
‘‘contractions of the diaphragm’’ in freediving. In the brain, insulin rapidly induces an endocytotic postsynaptic removal of the glutamate receptor 2 subunit (GluR2) of the
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) in the hippocampus [Arrow 15b]. This event, in combination with the activation of the
sympathetic system and therefore changes in the levels of corticosteroids like corticosterone, cortisol, and also possible changes in blood glucose level, could lead to an
increased calcium ion influx [Arrow 14, 16, 19a, 19b, 19b, 19c, 19d, 20, 21, 22]. Thus providing an explanation for the observed neurological problems like dizziness, tremors,
coordination problems, seizure and loss of consciousness, also known as loss of motor control (LMC) and/or black out (BO)‘‘ that can occur during freediving [Arrow 17]. It is
well accepted that the susceptibility for these neurological problems is also affected by insulin induced hypoglycemia, just as with hyperglycemia.
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Insulin triggers the carotid bodies, which should result in
diaphragmatic movements. Also a direct influence of insulin, and
also ROS, on the muscle action of the diaphragm via a neuro-vascu-
lar proximity seems possible. Both mechanisms could cause the
breakpoint of breath-holding, helping the body to escape the
hypoxic condition via breathing. During breath-holding, insulin
secretion is decreased through the activated afferent vagus nerve
via the pulmonary stretch receptors. As long as the diaphragm
can be hold contracted the stretch receptors are triggered and
therefore the insulin secretion is diminished. Hence explaining
why training of breath-holding, or better the training of the dia-
phragm, results in increased breath-holding performances. As soon
as the muscle force vanishes insulin level rises and the breakpoint
is set. The observed LMC and/or BO of freedivers that go over the
breakpoint (ignoring the diaphragmatic movements) could be
explained by calcium influx in the hippocampus. This influx could
be caused by AMPA receptor modification through insulin.

So it seems that insulin is more or less a key regulator in
hypoxic conditions. It has to be taken into consideration that under
hypoxic situations the organism has to switch to anaerobic meta-
bolism and therefore is in need of more glucose. Hence insulin is
put into the spotlight of interest when it comes to metabolism
under hypoxic conditions and a relative maintenance of a survival
fitting redox state. As generally accepted the redox state of the cell
is crucial for the survival, cell processes are electro-chemically
mediated. Thus, setting the redox state of the cell, meaning the
oxidative stress level, into the sensor role in hypoxic situations.
Further investigations are needed as the presumed correlations
in sum are not yet shown and different experimental settings make
their comparison difficult and somewhat questionable.
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