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SLEEP-DISORDERED BREATHING
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Study Objectives: Intermittent hypoxia (IH) mimicking obstructive sleep apnea (OSA) significantly modifies gut microbiota in mice. However, whether these 
IH-induced gut microbiome changes are reversible after restoring normal oxygenation (the equivalent of effective OSA therapy) is unknown. The aim of this 
study was to investigate gut microbiota composition and circulating endotoxemia after a post-IH normoxic period in a mouse model of OSA.
Methods: Ten mice were subjected to IH (40 sec 21% O2-20 sec 5% O2) for 6 h/day for 6 w and 10 mice breathing normoxic air (NM) were used as controls. 
After exposures, both groups were subjected to 6 w in normoxia. Microbiome composition of fecal samples was determined by 16S ribosomal RNA (rRNA) 
pyrosequencing. Bioinformatic analysis was performed by Quantitative Insights into Microbial Ecology. Plasma lipopolysaccharide (LPS) levels were 
measured by endotoxin assay.
Results: After normoxic recovery, the Chao and Shannon indices of each group suggested similar bacterial richness and diversity. 16S rRNA 
pyrosequencing analysis showed that IH-exposed mice had a significant decrease in the abundance of Bacteroidetes and a significant increase of Firmicutes 
and Deferribacteres compared to the NM group. After normoxic recovery, circulating LPS concentrations were higher in the IH group (P < 0.009). Moreover, 
the IH group showed a negative and significant correlation between the abundance of Lactobacillus and Ruminococcus and significant positive correlations 
between the abundance of Mucispirillum and Desulfovibrio and plasma LPS levels, respectively.
Conclusions: Even after prolonged normoxic recovery after IH exposures, gut microbiota and circulating endotoxemia remain negatively altered, suggesting 
that potential benefits of OSA treatment for reversing OSA-induced changes in gut microbiota may either require a longer period or alternative interventions.
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INTRODUCTION
Obstructive sleep apnea (OSA) is a highly prevalent disease1 
characterized by repeated episodes of collapse of the upper 
airway during sleep that result in intermittent hypoxia (IH), 
increased sympathetic activation and intrathoracic pressure 
swings, and sleep fragmentation. OSA has been independently 
associated with significant mortality and morbidity, including 
neurocognitive dysfunction, systemic hypertension and mul-
tiple other cardiovascular consequences, and metabolic disor-
ders such as obesity, diabetes, and metabolic syndrome.2–4 It 
is now firmly established that IH, a key feature of OSA, plays 
an important role in its harmful consequences, most likely via 
enhanced oxidative stress and inflammation.5 Indeed, OSA 
may cause systemic elevations in the levels of multiple inflam-
matory mediators,6 leading to an increased and sustained pro-
inflammatory state.6,7

Gut microbiota, which in addition to its physiological func-
tions serve as reservoir for bacterial lipopolysaccharides (LPS), 
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Significance
It was recently shown that intermittent hypoxia, a feature of obstructive sleep apnea (OSA), negatively alters gut microbiota in mice. This study shows 
that a 6-w normoxic recovery period mimicking continuous positive airway pressure therapy (a considerably long period taking into account the mouse 
life span) is not enough to reverse the changes in intestinal microbioma and systemic endotoxemia induced by intermittent hypoxia. Translating these 
results to humans, it is suggested that the effects of OSA therapy (e.g., continuous positive airway pressure) in normalizing gut microbiota could be 
considerably delayed in these patients. This animal model study provides a proof of concept with potential clinical effect given the important role that gut 
microbiota could play in modulating the well-known metabolic consequences of OSA.

could be altered by different perturbations and boost inflam-
mation and metabolic diseases.8,9 In a recent study, we uncov-
ered the effect of recurrent oxygen desaturations mimicking 
OSA on the gut microbiota using a mouse model exposed to 
IH.10 Indeed, we found that IH mimicking OSA resulted in 
hypoxia/reoxygenation cycles within the bowel and that IH-
exposed mice showed an increase in diversity in the bacterial 
communities of their fecal microbiota, along with changes in 
the abundance of obligate anaerobic gram-negative bacteria. 
Specifically, IH-exposed mice showed a higher abundance of 
Firmicutes and a smaller abundance of Bacteroidetes and Pro-
teobacteria phyla than normoxic controls.10 Intermittent reduc-
tion in oxygen under IH inside the gut would confer a selective 
advantage to obligatory anaerobic bacteria, allowing them to 
be more competitive and overgrow. It is well established that 
endogenous LPS, the death product of gram-negative bacteria, 
is physiologically translocated from the gut to intestinal capil-
laries by enterocytes through a Toll-like receptor 4-dependent 
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mechanism.11 Interestingly, it has been shown that nonobese 
children with OSA have increased LPS binding protein plasma 
concentration (a response marker against LPS) as compared 
with controls.12 However, it is still unclear whether perturba-
tions in gut epithelium oxygenation lead to increases in cir-
culating endotoxin levels consequent to alterations in the 
microbiome. Improved understanding on alterations and re-
covery of gut microbiota and subsequent levels of systemic en-
dotoxemia in OSA would potentially unravel their contribution 
to the metabolic morbidity commonly found in patients with 
this sleep breathing disorder.

Whereas a considerable amount of research in animal 
models has been devoted to understand the noxious effects of 
IH mimicking OSA in different tissues and organs, there are 
almost no data available on whether these deleterious effects 
reverse after efficient treatment, i.e., restoration of normoxia, 
is accomplished. The lack of information in this regard is of in-
terest for clinical translation because normoxic recovery after 
IH recapitulates the effects of OSA treatment, e.g., continuous 
positive airway pressure (CPAP), which aims to normalize 
nocturnal breathing. To our knowledge, the only studies avail-
able that assessed the potential recovery process focused on the 
aortic wall remodeling induced by 6-w IH exposures in mice, 
which was virtually reversed after 6 w of normoxic recovery.13

Based on aforementioned considerations, we hypothesized 
that alterations in gut microbiota induced by IH in mice tend 
to normalize after a recovery period of normoxia and that IH 
exposure increases translocation of LPS into the plasma. Be-
cause the ideal duration of recovery was difficult to anticipate 
as data in the literature show that dysbiosis recovery can occur 
at different time scales or even remain virtually permanent 
depending on the type of challenge inducing it,14–16 we specifi-
cally subjected mice to a 6-w normoxic recovery period fol-
lowing a previous 6-w period of IH challenge, and investigated 
the changes in gut dysbiosis and circulating endotoxemia.

METHODS

Animal Model
The study was approved by the Ethical Committee for Animal 
Research of the University of Barcelona (Barcelona, Spain), 
and was carried out on 20 pathogen-free C57BL/6 8-w-old 
male mice (Charles River Laboratories, Saint Germain sur 
L’arbresle, France) fed with sterilized standard food and tap 
water ad libitum and kept in a temperature- and light-con-
trolled room in the animal facilities. Mice were randomly as-
signed to IH or normoxia (NM) treatments. IH was achieved 
by placing the animals in a box flushed with gas with cyclic 
changes in oxygen content (40 sec 21% O2 and 20 sec 5% O2), 
therefore mimicking a rate of 60 hypoxic events/h, typical of 
severe OSA, 6 h/day for 6 w.10 In the NM group, the animals 
were subjected to the same experimental protocol with the only 
difference that they breathed room air instead of intermittently 
hypoxic air. After the 6-w period of IH or NM exposure, both 
groups started the normoxic recovery phase for 6 w, in which 
the animals remained housed while breathing room air. Ac-
cordingly, this recovery phase simulates a period of effective 
and optimal OSA treatment (for instance by application of 

nasal CPAP). After the 6-w period of normoxic recovery, fecal 
samples were obtained directly from stool expulsion stimu-
lated by manual handling, and immediately frozen at −80°C. 
Blood samples were collected through the abdominal aorta 
before euthanasia, and plasma obtained and frozen until LPS 
assays.

DNA Extraction, Pyrosequencing, and Data Analysis
DNA was extracted from fecal samples using the QIAamp 
DNA Stool Mini Kit (Qiagen, Hilden, Germany) following 
the manufacturer’s protocol. The DNA concentration was de-
termined by absorbance at 260 nm, and the purity was esti-
mated by determining the A260:A280 ratio with a Nanodrop 
spectrophotometer (Nanodrop Technologies). Amplification 
of genomic DNA was performed using barcoded primers that 
targeted the V2 to V3 regions of the bacterial 16S rRNA gene. 
Amplification, sequencing, and basic analysis were performed 
by using a GS Junior 454 platform according to the manufac-
turer’s protocols using a Titanium chemistry apparatus (Roche 
Applied Science, Indianapolis, IN, USA).10 The 454 pyrose-
quencing datasets were analyzed by Quantitative Insights into 
Microbial Ecology (QIIME) 1.8.0 software (http://qiime.org). 
Sequences for each sample were sorted by a unique barcode 
and low quality reads (average quality score < 25 or ambig-
uous base calls) were removed. Operational taxonomic units 
(OTUs) were picked by clustering sequences at a similarity 
of > 97% and the most abundant sequences in each cluster were 
submitted to the UCLUST-consensus taxonomy assignment 
(http://drive5.com/usearch/manual/uclust_algo.html) to obtain 
the taxonomy assignment and the relative abundance of each 
OTU using the Greengenes 16S rRNA gene database (http://
greengenes.lbl.gov/cgi-bin/nph-index.cgi). α- and β-diversity 
were evaluated through QIIME as previously described.17 
Unweighted UniFrac distance matrix was used to perform 
analysis of similarity (ANOSIM) statistical tests through the 
compare_categories.py script of QIIME.

Plasma LPS Assessment by Limulus Amebocyte Lysate Assay
Plasma concentrations of LPS were measured by an endotoxin 
assay, which is based on a limulus amebocyte extract with a 
chromogenic limulus amebocyte lysate (LAL) assay (QCL- 
1000; Lonza Group Ltd). Samples were diluted in pyrogen-free 
water and heated to 70ºC for 10 min to inactivate endotoxin-
neutralizing agents that could inhibit the activity of endotoxin 
during the assay. Pyrosperse reagent (Lonza Group Ltd), which 
is a metallomodified polyanionic dispersant, was added at a 
ratio of 1:200 (vol:vol) to test samples before LAL testing to 
minimize interference in the reaction. All samples were tested 
in duplicate, and results were accepted when the intra-assay 
coefficient of variation was 10%. The endotoxin content was 
expressed as endotoxin units per milliliter (EU/mL). Exhaus-
tive care was taken to avoid environmental endotoxin contami-
nation, and all materials used for both sample preparation and 
testing were pyrogen free.

Statistical Analysis
The relative abundance of each OTU (taxa) was compared by 
a Wilcoxon test with a continuity correction using Explicet 
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software package specifically addressed to analyze micro-
biome data.17 The analysis of the populations within the 
sample and between samples was performed by the α- and 
β-diversities achieved by QIIME, respectively. Two types of 
α-diversities were determined: richness, which refers to how 
many different types of organisms are present in the sample; 
and evenness, which refers to how uniform a sample is. Both 
types of α-diversities were estimated using a nonparametric 
t-test with a default number of Monte Carlo permutations of 
999. β-diversity, which refers to between sample diversity, was 
estimated by the ANOSIM statistical method with 99 permuta-
tions and summarized in a principal coordinate analysis plot. 
ANOSIM test compares the mean of the ranked dissimilarities 
within groups. The Spearman correlation coefficient was cal-
culated to estimate the linear correlations between variables. A 
lineal regression analysis was performed to identify individual 
bacteria as independent predictors for plasma LPS levels in 
both study groups after recovery stage. A value of P < 0.05 was 
designated as achieving statistical significance.

RESULTS

Characterization of Fecal Microbiota
A total of 181,508 valid reads were obtained from the 20 
fecal samples through 454 pyrosequencing analysis. The mi-
crobiota of all fecal samples after QIIME were composed of 
1,772 OTUs with a relative abundance higher than 1% in at 
least four samples (97% similarity cutoff). Of note, prior to 
assessing α and β-diversity measures, samples were rarefied 
to 3,653 seq, which corresponded to the lowest number of 
quality reads obtained from any individual sample in the data 
set. After recovery phase, the Shannon (diversity) and Chao 1 
(community richness) indices of 454 sequencing results were 
calculated to estimate the α-diversity. No significant differ-
ences between the two study groups were found, although 
IH-exposed mice showed slight increases in gut microbiota 
diversity compared with the NM group (Table 1). Moreover, 
rarefaction curves of observed OTUs calculated at 3% dis-
tance entered in the plateau phase at approximately 100 reads, 
indicating that novel bacteria would not be recovered with ad-
ditional sequencing efforts.

A dimensional principal coordinates analysis plot of un-
weighted UniFrac distance was used to assess the similarity of 
microbial communities between groups and to visualize com-
plex relationships. According to Figure 1, mice from the IH 
group showed different patterns of clustering when compared 
to the NM group after the recovery phase (P = 0.01), indicating 

that after recovery there were still clear differences in the mi-
crobial composition between IH and NM groups (Figure 1).

To compare gut bacteria communities between IH and NM 
mice after recovery, the relative abundance of each phylum-
level bacteria taxon was investigated in the fecal samples 
collected. IH and NM groups were related with 10 bacte-
rial phyla (Figure 2). However, the relative abundance of the 
dominant phyla differed between the two study groups. Bac-
teroidetes was significantly higher in NM (69.5%) than in IH 
(55.76%), P = 0.025), whereas Firmicutes (41.0% IH vs. 28.3% 
NM, P < 0.001) and Deferribacteres (1.9% IH vs. 0.7% NM, 
P < 0.001) were significantly lower in the NM group. The re-
mainder of the other phyla had a relative abundance lower than 
1% (Figure 2).

The gut bacterial communities were largely populated by 26 
bacterial phylogenetic families, but only 14 represented more 
than 1% for any reference OTU in any given sample. Among 
these 14 family groups, Ruminococcaceae (73% IH vs. 37% 
NM, P < 0.001), Desulfovibrionaceae (38.4% IH vs. 0.7% NM, 
P = 0.05), Helicobacteraceae (20% IH vs. 1% NM, P < 0.001), 
Rikenellaceae (13% IH vs. 9% NM, P = 0.021), Odoribacte-
raceae (5% IH vs. 2% NM, P < 0.001), Enterobacteriaceae 
(4.7% IH vs. 1% NM, P < 0.001), Erysipelotrichaceae (2% IH 
vs. 0.6% NM, P = 0.017) and Clostridiaceae (1% IH vs. 0.5% 
NM, P < 0.001) were significantly higher in IH compared to 
NM. Only the relative abundance of the families S24-7 (66% 

Table 1—Estimated richness (Chao 1) and diversity (Shannon) indices 
between microbial communities from stool of intermittent hypoxia and 
normoxia groups after 6-w normoxic after recovery period.

IH (n = 10) NM (n = 10) P value
Chao 1 438.25 ± 57.91 412.04 ± 60.61 0.32
Shannon 5.47 ± 0.19 5.44 ± 0.27 0.76

The richness estimator Chao and diversity estimator Shannon were 
calculated at 3% distance. IH, intermittent hypoxia; NM, normoxia.

Figure 1—Clustering of fecal bacterial communities after normoxic 
recovery by principal coordinate analysis (PCoA) using unweighted 
UniFrac distances. The position of the bacterial communities for each 
genus along the two first principal coordinate axes (PC1 versus PC2) are 
illustrated, along with the percentage of variation explained by each axis. 
Axis 1 (PCoA1): 38.48% of variation explained; Axis 2 (PCoA2): 8.99% 
of variation explained. Intermittent hypoxia (IH) samples (n = 10) are 
represented by blue dots and normoxic control (NM) samples (n = 10) 
are represented by red squares.
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IH vs. 78% NM, P = 0.002) and Lactobacillaceae (1% IH vs. 
4% NM, P = 0.017) were significantly lower in IH (Figure 3).

Moreover, 10 genera were differentially abundant. The IH 
group was enriched with sequences attributed to the genera 
Clostridium (61.1% IH vs. 52.3% NM, P = 0.05), Desulfovibrio 
(35.5% IH vs. 11.6% NM, P = 0.038), Sutterella (25.4% IH vs. 
20.8% NM, P = 0.038), Allobaculum (15.1% IH vs. 10.1% NM, 
P < 0.001), Rikenella (13% IH vs. 9% NM, P = 0.021), Odorib-
acter (5% IH vs. 2% NM, P < 0.001) and Mucispirillum (3% IH 
vs. 0.5% NM, P = 0.023). NM data sets were enriched with se-
quences of RF32 (5.4% IH vs. 46.9% NM, P < 0.001), Lactoba-
cillus (0.7% IH vs. 37.8% NM, P = 0.01), Ruminococcus (22.4% 
IH vs. 28.3% NM, P = 0.04), Oscillospira (11.7% IH vs. 24.4% 
NM, P = 0.001), Bacteroides (1% IH vs. 3% NM, P < 0.001) and 
Prevotella (1.1% IH vs. 2.7% NM, P = 0.001) (Figure 4).

Correlation between Gut Microbiota Composition and Plasma 
LPS
Figure 5 shows the LPS concentrations after the normoxic re-
covey period together with the LPS plasma values measured 
immediately after 6 w of IH (unpublished data from our pre-
vious study10; obtained by the same Limilus amebocyte lysate 
assay described in this report). Plasma LPS at the end of the 

IH period tended (P = 0.243) to be greater than in NM. More-
over, after the normoxic recovery period, LPS plasma concen-
trations were twofold higher in the mice that were previously 
subjected to IH exposures and recovery when compared with 
controls (P = 0.009) (Figure 5).

In addition, a significant univariate correlation between 
changes in the amount of specific bacteria at different taxa 
levels and plasma LPS concentrations was found (Table 2). 
Subsequent linear regression analysis including all the bacte-
rial groups analyzed showed that in the IH group the decreases 
in Lactobacillus and Ruminococcus (P = 0.002, β = −0.682, 
r2 = 0.90, and P = 0.014, β = −0.930, r2 = 0.94 respectively), and 
the increases in Desulfovibrio (P = 0.029, β = 0.777, r2 = 0.98) 
and Mucispirillum (P = 0.05, β = 0.872, r2 = 0.96) were as-
sociated with the increases in plasma LPS levels. In the NM 
group only the increases in Lactobacillus and Ruminococcus 
(P = 0.002, β = −1.403, r2 = 0.99 and P = 0.014, β = −0.703, 
r2 = 0.97, respectively) were associated with the lower plasma 
LPS levels.

DISCUSSION
In this study we show that a relatively long period of normoxic 
recovery after IH was insufficient to reverse the increase in 
the abundance of obligate anaerobic gram-negative bacteria 
induced by this OSA-mimicking hypoxic challenge. Indeed, 
whereas a previous study showed that 6 w of IH elicited major 
changes at family and genus levels in the intestinal micro-
biota,10 normoxic recovery for the same 6-w period resulted 
in shuffling of abundances at phylum, family, and genus levels 
rather than replacement of community members. In addition, 
circulating endotoxemia, as measured by LPS concentrations 
in plasma, was considerably higher in the mice preexposed to 
IH than in controls.

The increase found after normoxic recovery in the abun-
dance of obligate anaerobic gram-negative bacteria in the IH 
group compared to control may promote changes in intestinal 
permeability or alternatively induce microbial transloca-
tion that would be responsible for the significant high levels 
of plasma LPS found in IH mice. Indeed, changes in the gut 

Figure 2—Phylum-level distribution of bacteria in fecal samples of 
intermittent hypoxia (IH) and normoxic controls (NM) after normoxic 
recovery obtained by pyrosequencing analysis of the V2-V3 region of 
the 16S ribosomal RNA gene. Changes in the relative abundance (%) 
of major phylum-level taxa after normoxic recovery in both study groups 
are represented. Data are shown as percentage of the total identified 
sequences per group.

Table 2—Correlations between gut microbiota composition and plasma 
lipopolysaccharide levels in the intermittent hypoxia and normoxia 
groups after 6-w normoxic after recovery period.

Lipopolysaccharide
IH NM

Mucispirillum 0.714 (P = 0.011)
Helicobacteraceae 0.655 (P = 0.032)
Lactobacillus −0.561 (P = 0.029) −0.661 (P = 0.024)
Prevotella 0.798 (P = 0.019)
Odoribacter 0.703 (P = 0.003)
Ruminococcus −0.893 (P = 0.007) −0.750 (P = 0.001)
Desulfovibrio 0.739 (P = 0.036) 0.632 (P = 0.011)

Correlations are reported by Spearman rho (r) and P values are given 
in parentheses. Statistical significance was set at a value of P < 0.05. 
IH, intermittent hypoxia; NM, normoxia.
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Figure 3—Microbial community structure at the family level using pyrosequencing data in the feces of intermittent hypoxia (IH) and normoxic controls (NM) 
after normoxic recovery. Changes in the relative abundance (%) of major families after normoxic recovery in both study groups are shown. Data are shown 
as percentage of the total identified sequences per group.

Figure 4—Changes in the relative abundance of predominant genera in the microbiota obtained by pyrosequencing analysis from feces of intermittent 
hypoxia (IH) and normoxic control (NM) mice after normoxic recovery. Data are shown as percentage of the total identified sequences per group.
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microbiota could increase the production of endotoxin leading 
to high plasma LPS levels.18,19 In children, OSA has been asso-
ciated with increased circulating endotoxin levels that appear 
to promote innate immunity responses leading to low-grade 
systemic inflammation, ultimately resulting in metabolic dys-
function.12 Accordingly, the intestinal epithelium acts as a 
continuous barrier to avoid LPS translocation, but some en-
dogenous or exogenous factors such as hypoxia/reoxygenation 
exposure may decrease epithelial tight junctions integrity and 
alter this function.20

Current findings indicate that after normoxic recovery, the 
IH group had no significant increases in the diversity of the 
dominating bacterial community, but that they clustered sepa-
rately when compared to the NM mice, as clearly illustrated 
by OTU-based principal coordinate analysis plots. Moreover, 
the pyrosequencing analysis of the 16S rRNA gene sequences 
of the relative abundance of predominant phyla, families, and 
genera taxa revealed large significant differences between 
both groups. Compared with NM mice, we found a significant 
decrease in the abundance of Bacteroidetes and a significant 
increase in the abundances of Firmicutes and Deferribacteres 
in the IH group after normoxic recovery. These results suggest 
that the dominant microbiota remain different in the IH mice 
even after a long period of simulated OSA treatment.

We also observed that the genera Lactobacillus and Rumi-
nococcus, which were similarly abundant in both study groups 
after the IH treatment,10 were significantly more abundant in 
NM animals than in IH animals after normoxic recovery. More-
over, the significant decreases reported here in the abundance 
of Lactobacillus and Ruminococcus (anaerobic gram-positive 
bacteria) in the IH group after the normoxic recovery period 
were negatively correlated with higher levels of plasma LPS. 
Furthermore, the regression analysis showed that the decreases 
in the number of Lactobacillus and Ruminococcus could be 

associated with higher plasma LPS levels in the IH group after 
the recovery stage. A previous study in patients with inflam-
matory bowel disease showed that lactobacilli and their cell 
wall components have anti-inflammatory properties.21 Simi-
larly, Lactobacillus has members with probiotic characteristics 
that exhibit the capacity to generate the beneficial organic acid 
lactate, which is converted into butyrate by butyrate-producing 
bacteria in the gut.22 Likewise, the significant decrease in bu-
tyrate-producing intestinal bacteria such as Ruminococcus, as 
found in the IH group, also seems to play an important role 
in plasma LPS levels. Previous studies have shown that this 
genus: (1) is able to degrade complex polysaccharides to SCFA 
such as butyrate that can be used for energy by the host,23 (2) 
can induce mucin synthesis,24 (3) decrease bacterial transport 
across the epithelium,25 (4) improve gut integrity by increasing 
tight junction assembly,26 and (5) decrease the release of LPS 
into the bloodstream alleviating the intestinal inflammatory 
response in the host.27 Therefore, the lower abundance of these 
genus in the IH group after normoxic recovery could suggest 
a decrease in the production of SCFAs (lactate and butyrate), 
reducing tight junction assembly, and generating increased 
gut permeability and thus increased plasma LPS, leading to 
endotoxemia, which may play an important role in systemic 
inflammation.

However, the significant enrichment in Mucispirillum and 
Desulfovibrio found in IH mice was positively associated with 
the increase in the plasma LPS level. Mucispirillum inhabits 
the mucus layer in the colon, and is known to have a potential 
capacity to degrade mucin by actively destroying the microen-
vironment of that part of the gut, which could potentially lead 
to a significant alteration in intestinal permeability.28,29 Simi-
larly, Desulfovibrio is able to produce high levels of hydrogen 
sulfide during active inflammation,30 which may further fuel 
inflammation. A high amount of the genus Desulfovibrio has 
been associated with a penetrable mucus phenotype in ani-
mals with a high inflammatory tone, suggesting that sulfate-
reducing bacteria are linked to an inflammatory state of the 
gut.31 In this study we have identified an association between 
IH and a possible decrease in mucus thickness, which supports 
an additional mechanism of increased gut permeability such as 
metabolic endotoxemia, a characteristic finding in metabolic 
disorders such as obesity and associated morbidities.

This study explores a relatively new field—alterations of gut 
microbiota in sleep apnea—by means of an animal model of 
intermittent hypoxia. Our work provides a proof of concept 
but has some limitations. In addition to the limitations that are 
intrinsic in animal models, a specific question that would re-
quire further research concerns exposure duration. Indeed, we 
chose 6-w periods for both mimicking the initial chronic IH 
challenge and the subsequent normoxic period simulating ef-
fective treatment. Although 6 w is a rather long period at the 
mouse life span scale, using other duration periods, particu-
larly for normoxia recovery, could allow us to observe poten-
tial recovery in gut microbiota.

In summary, the post-IH normoxic recovery period of 6 
w used in this study did not restore to normoxic levels the 
IH-induced gut microbiota dysbiosis that we previously de-
scribed.10 After normoxic recovery, the IH group exhibited a 

Figure 5—Changes in circulating endotoxin (lipopolysaccharide) 
levels in intermittent hypoxia and normoxic controls after a 6-w period 
of intermittent hipoxia exposure and after a subsequent 6-w period of 
normoxic recovery.
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shift in microbiota composition including a decrease in lactate- 
and butyrate-producing bacteria and an increase in mucin-
degrader bacteria that may impair intestinal barrier function, 
might enhance the observed translocation of bacterial LPS, 
and therefore may contribute to inflammatory processes. Thus, 
IH may influence the composition of the microbial community 
in the intestine in either an irreversible manner or a very long 
exposure to normoxia is necessary for reversal. If the latter is 
correct, then prolonged and effective OSA treatment would be 
necessary in patients to restore gut flora imbalance and plasma 
LPS.
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