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Obstructive sleep apnea syndrome (OSA) is a prevalent disease caused by increased collapsibility of the upper airway.
OSA induces oxidative stress, inflammation and endothelial dysfunction, with important clinical consequences such
as neurocognitive alterations and cardiovascular diseases. Although it has been shown that bone marrow-derived stem
cells play a protective and reparative function in several diseases involving inflammatory processes and endothelial
dysfunction, the data currently available on the potential role of adult stem cells in OSA are scarce. The present review
presents recent data on the potential role of bone marrow-derived mesenchymal stem cells (MSC) in OSA. The results
obtained in animal models that realistically mimic the events characterizing this sleep breathing disorder strongly sup-
port the notion that MSC are mobilized in circulating blood and then activated to play an anti-inflammatory role

in OSA.
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The obstructive sleep apnea syndrome

Obstructive sleep apnea (OSA) is a sleep breathing dis-
order that has been recognized as an important public
health problem, as it affects approximately 4% of the
adult population (1) and is becoming increasingly preva-
lent in children (2-7). This sleep disorder is characterized
by increased upper airway collapsibility, which triggers re-
current partial or total collapses of the upper airway (8).
Fig. 1 shows signals recorded during polysomnography, il-
lustrating the physiological challenges experienced by pa-
tients with OSA during sleep. First, as illustrated by the
breathing flow signal, the patient with OSA experiences
recurrent apneas, each lasting a period of time corre-
sponding to several breathing cycles. This pattern of inter-
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rupted breathing contrasts with the regular flow observed
in a normal patient. Second, the figure shows that in-
spiratory efforts during apneas, as measured by esophageal
pressure, are considerably greater than those of a healthy
subject, because the patient tries to breath against a closed
upper airway. The magnitude of these breathing efforts in-
duces strong negative intrathoracic pressure swings, which
affect the heart function. Third, the patient with OSA ex-
periences recurrent arousals at the end of each apneic
event, as illustrated by the electroencephalographic signals
(in contrast with the regular sleep of a normal patient).
Finally, the signal of arterial oxygen saturation indicates
that, unlike healthy subjects, OSA patients experience se-
vere intermittent hypoxia (Fig. 1).

There is well established evidence that OSA has in-
stantaneous, mid- and long-term consequences in severely
diseased patients. Recurrent apneas induce sleep dis-
ruptions that prevent a patient from achieving normal
sleep architecture, with the result that the patient suffers
from excessive daytime sleepiness (9-11). This leads to in-
creased workplace and traffic accidents (12, 13). Moreover,
the oxidative stress and inflammation induced by inter-
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mittent hypoxia can result in neurocognitive dysfunction,
hypertension, heart failure, cardiac arrhythmias, sudden
death, cerebrovascular disease and ischemia (14, 15).

It is known that the release of bone marrow-derived
stem cells to the peripheral circulation system is a physio-
logical response that decreases inflammation and repairs
damaged tissues in several diseases (16-20). Few data are
available, however, on the role played by the different
types of adult stem cells in OSA. There is evidence that
endothelial progenitor cells contribute to endothelial dys-
function repair in OSA patients (21). Moreover, recent da-
ta in a mouse model has shown that very small embry-
onic-like stem cells are released from the bone marrow in-
to the circulation in response to intermittent hypoxia
mimicking OSA (22). In this review we present recent data
obtained in animals, which suggest that bone marrow-de-
rived mesenchymal stem cells (MSC) play a role in the
physiological response to the challenges characterizing
OSA.

Non-invasive animal model of obstructive sleep
apnea

The only data currently available on MSC in OSA have
been obtained by means of an animal model (23). This
rat model, shown in Fig. 2, was able to induce realistic
recurrent airway obstructions by means of a nasal mask
specially designed to fit the snout of an anesthetized rat.
The mask was connected to two tubes, each with a digi-
tally controlled electrovalve. To allow normal rat breath-
ing, both the electrovalves were kept open and rebreathing
was avoided by passing a constant flow of room air
through the mask. The two valves were closed to apply

Obstructive sleep apnea

Fig. 1. Signals of electoencephalog-
raphy (EEG), breathing flow, esoph-
ageal pressure (Pes) and arterial oxy-
gen saturation (SaO,) recorded dur-
ing sleep in a normal patient (left)

) [ and in a patient with obstructive
M(‘. \ﬂ sleep apneas (OSA). A, B and C in

J the recordings of the OSA (right) pa-

tient indicate arousal, increased

o text for explanation.

airway obstructions. A regular time pattern, consisting of
15 s of apneas followed by 45 s of normal breathing, was
used to mimic the recurrent upper airway obstructions
characterizing OSA. The application of this experimental
setting made it possible to induce arterial oxygen desatu-
rations of a duration and magnitude very close to those
observed in patients with severe OSA. Indeed, as shown
in Fig. 2, arterial oxygen saturation fluctuated between
~75% nadir and normal values ~98% at a rate of 60
events/h. The application of this pattern of recurrent air-
way obstructions for a continuous period of 5 h realisti-
cally simulated the events experienced by an OSA patient
over the course of a night.

Recurrent obstructive apneas release MSC into
peripheral circulation

In a first study using the OSA rat model described in
Fig. 2, it was found that the non-invasive application of
recurrent airway obstructions induced early release of
MSC into the circulating blood (23). This result was ob-
tained by comparing the results obtained from two groups
of rats, one subjected to the recurrent pattern of ob-
structive apneas (Fig. 2) and a control group of normally
breathing rats. Accordingly, the difference between the
two groups was the application of recurrent obstructive
apneas. After 5 h of apneas (or control), the animals were
sacrificed and MSC from the blood and femur bone mar-
row were isolated and cultured for 9 days to count the to-
tal number of colony-forming unit fibroblasts (CFU-F). As
shown in Fig. 3, the results indicated that the number of
CFU-F in circulating blood was significantly higher in the
rats subjected to recurrent obstructive apneas than in the



Alba Carreras, et al: Potential Role of Bone Marrow Mesenchymal Stem Cells in Obstructive Sleep Apnea 45

Fig. 2. (Left) Diagram of nasal mask
designed to noninvasively apply re-
current obstructive apneas in rats.
The mask was connected to one
tube open to the atmosphere and to
another tube connected to an air-
flow source to prevent rebreathing.
Two electronically  synchronized
electrovalves (EV) allowed the appli-
cation of airway obstruction (both
valves closed) or spontaneous brea-
thing (both valves open). (Right)
Pressure inside the nasal mask and
arterial blood oxygen saturation
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Fig. 3. Mesenchymal stem cells in peripheral blood (A) and in bone marrow (B) of the rats subjected to recurrent obstructive apneas and
in controls. Number of colony-forming units (CFU-F) of mesenchymal stem cells obtained from 1.25x10° plated cells. Reproduced from

reference 23 with permission. *p<0.05.

controls. Consequently, this study indicated that the appli-
cation of a pattern of airway obstructions mimicking the
breathing patterns of patients with OSA induce an early
release of MSC into circulating blood.

Recurrent obstructive apneas increase MSC
mobility

Another recent study using the same animal model of
OSA (Fig. 2) have shown that MSC are activated by the
application of recurrent airway obstructions similar to
those experienced by patients with this sleep breathing
disorder (24). The sera of control rats and others subjected
to apneas (15 s each, 60 apneas per hour, for 5 hours) were
collected and used in three i vitro experiments with rat

bone marrow-derived MSC. One of these experiments
sought to assess whether the serum of apneic rats (as com-
pared with control serum) increased the chemokinesis and
chemotaxis of MSC via a transwell setting. MSC were cul-
tured on the upper side of the transwell membrane. Three
transwell measurements were performed by placing the se-
rum of apneic or control rats in the upper and lower com-
partments of the transwell: 1) control serum in both the
upper and lower compartment of the transwell (CS/CS);
2) apneic serum in both the upper and lower compartment
of the transwell (AS/AS); and 3) control serum (CS) and
apneic serum (AS) in the upper and lower transwell com-
partment, respectively (CS/AS). After 8 h of incubation
the transwell membranes were processed to calculate the
number of MSC that migrated through the membrane. A
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normalized chemokinesis index was computed as the
number of cells counted in AS/AS transwells divided by
the number of cells counted in CS/CS transwells. Similar-
ly, a normalized chemotaxis index was computed by divid-
ing the number of cells counted in CS/AS transwells by
the number of cells counted in CS/CS transwells. This
study indicated that cells cultured in apneic serum ex-
hibited a tendency to increased chemokinesis and sig-
nificant chemotaxis (Fig. 4), indicating that application of
a pattern of airway obstructions similar to those experi-
enced by patients OSA increases the motility of MSC.

Recurrent obstructive apneas increase adhesion
of MSC onto the endothelium

Another interesting finding resulting from the pre-
viously described experimental setting was that MSC cul-
tured in apneic serum exhibits increased adhesion onto
endothelial cells (24). Bone marrow-derived MSC were flu-
orescent-labeled and incubated overnight in the serum of
rats subjected to obstructive apneas and controls. Subse-
quently, the MSC were incubated on a monolayer of rat
aortic endothelial cells for 6 h and the number of remain-
ing MSC adhered to the endothelial cells were counted.
A normalized adhesion index was computed by dividing
the number of cells counted in apneic serum and in con-
trol serum. As shown in Fig. 4, MSC adhesion to the endo-
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Fig. 4. (A) Examples of a field of view of transwell membrane showing stained mesenchymal stem cells (MSC) that migrated to the lower
membrane side of the transwell when the lower compartment contained control serum (CONTROL) and serum from rats subjected to re-
current obstructive apneas (APNEA). Serum of control rats was placed in the lower transwell compartment in both cases. Normalized indices
for the migration of MSC (chemotaxis and chemokinesis) induced by the serum of control and apneic rats are represented on the right
side of the figure. Data are mean+SEM. NS: non-significant (p<0.05). (B) Examples of fields of view of the fluorescence-labelled MSC
adhered to cultured endothelial cells when incubated in control serum (CONTROL) or in serum from rats subjected to recurrent obstructive
apneas (APNEA). The normalized indices for the adhesion of MSC to endothelial cells in control rat serum and in serum from rats subjected
to recurrent obstructive apneas are represented on the right panel. Data are mean+SEM. Reproduced from reference 24 with permission.
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thelium was greater when these cells were incubated in
the serum of rats subjected to recurrent obstructive apneas
mimicking OSA.

Recurrent obstructive apneas enhance
endothelium wound healing

Another interesting result obtained from the rat model
of OSA was that MSC enhanced endothelial repair, as in-
dicated by a wound healing assay (24). A confluent mono-
layer of aortic endothelial cells was scratch-wounded and
the endothelial culture medium was replaced by serum
from rats subjected to recurrent obstructions and control
animals, with or without preconditioning with bone mar-
row-derived MSC. A multiwell plate was placed on the
motorized stage of a microscope equipped with a CCD
camera and a microscope incubator, with the cells main-
tained at 37°C, 5% CO; and 100% humidity throughout
the experiment. The endothelial wound healing process
was assessed by automatically recording images of each
well every 10 min, from the scratch-wounded time point
up to 24 h of sera incubation. An endothelial wound clo-
sure index was computed by comparing the wound areas’
initial and final images, normalized to the mean increase
in control serum. As shown in Fig. 5, endothelial wound
healing was significantly higher when the injured mono-
layer was cultured in apneic serum compared with control
serum. This figure also shows that preconditioning both
control and apneic sera with MSC resulted in an increase
in the endothelial wound closure index. These data dem-

Time=0h

Time =24 h

onstrate that the application of recurrent upper airway ob-
structions with a pattern similar to those experienced by
OSA patients enhanced the repair of endothelial wound
healing, particularly in the presence of MSC.

Intravenous infusion of MSC reduces
inflammation triggered by recurrent obstructive
apneas

Whereas the above-mentioned works provided data in
support of the notion that recurrent obstructive apneas
mobilize and activate MSC, the last paper included in this
review provides further experimental evidence that MSC
contribute to the anti-inflammatory response induced by
recurrent apneas (25). Using the same experimental set-
ting shown in Fig. 2, the authors investigated three groups
of animals. In one group, the rats were subjected to re-
current obstructive apneas (60 per hour, lasting 15 seconds
each) for 5 hours. In another group, the rats were sub-
jected to the same challenge but received an intravenous
infusion of bone marrow-derived MSC before the applica-
tion of apneas. A third group of animals, not subjected
to apneas, was used as control. After the 5 h of recurrent
upper airway obstructions (or control), a blood sample was
collected to assess the concentration of pro- and anti-in-
flammatory cytokines (IL-1/4 and IL-10, respectively), by
ELISA. As seen in Fig. 6, the blood serum concentration
of IL-1 2 was significantly higher in rats subjected to re-
current apneas (compared with controls), indicating that
recurrent apneas triggered an early inflammatory process.
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Fig. 5. (A) Images from a representative example of an endothelial wound healing test, showing the wound at the beginning of the experiment
and after 24 h the culture medium was replaced by apneic rat serum. Red and yellow lines indicate the initial and final wound borders.
(B) Normalized index for wound closure when the endothelial cells were cultured in medium consisting of serum of control rats and
of rats subjected to recurrent obstructive apneas, with or without preconditioning with mesenchymal stem cells (MSC). Data are mean +SEM.

Reproduced from reference 24 with permission.
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Fig. 6. Concentration of pro-inflammatory (IL-1 8; A) and anti-inflammatory (IL-10; B) cytokines in serum from control rats (CONTROL),
from rats subjected to recurrent obstructive apneas (APNEAS), and from rats subjected to apneas and receiving an intravenous injection
of mesenchymal stem cells (APNEAS+MSC). Data are mean+SEM. Reproduced from reference 25 with permission. *p<0.05.

Interestingly, in the group of apneic rats subjected to
MSC injection, IL-1 8 was significantly reduced. No sig-
nificant difference was found between the control group
and the group of apneic animals injected with MSC.
Although not statistically significant, the apneic rats in-
jected with MSC exhibited an increase in the anti-in-
flammatory cytokine IL-10. Accordingly, this study strong-
ly suggests that MSC act as an anti-inflammatory agent
that counteracts the inflammatory process triggered by re-
current obstructive apneas.

Conclusion

Although there are few data on the role of bone mar-
row-derived MSC in OSA, the information currently avail-
able from a well-controlled animal model indicates that
these adult stem cells could play a protective anti-in-
flammatory role by counterbalancing the main OSA chal-
lenges (intermittent hypoxia and increased inspiratory ef-
forts). However, further studies, particularly in chronic
animal models (26) and in patients, are required to sub-
stantiate this notion. This research could deepen our un-
derstanding of OSA and open up potential new treatment
approaches based on the protective and reparative role
played by adult stem cells.
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