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Abstract
Copyright ©The authors 2021 Introduction Obstructive sleep apnoea (OSA) is a common sleep disorder with a high social and
economic burden. Thus, early prediction and diagnosis of OSA are important. Changes in metabolism and
the microbiome may serve as biomarkers for OSA. Herein, we review the literature on the metabolomic
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For commercial reproduction “obstructive sleep apnea”, “OSA”, “sleep disordered breathing”, “SDB”, “intermittent hypoxia”, “sleep
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> < fragmentation”, and either “metabolomics” or “microbiome”. In total, 273 papers were identified, of which
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28 were included in our study.
Received: 8 July 2020 Results Changes in the levels of certain metabolites related to fatty acid, carbohydrate and amino acid
Accepted: 3 Dec 2020 metabolism were associated with the incidence of OSA. The diversity and abundance of microflora,
particularly Firmicutes and Bacteroidetes, were altered in humans and rodents with OSA.
Conclusions Certain changes in metabolism and the microbiota play an integral role in the
pathophysiology of OSA and OSA-induced cardiovascular complications. Metabolomic and microbiome
biomarkers shed light on the pathogenesis of OSA, and facilitate early diagnosis and treatment.

Introduction

Obstructive sleep apnoea (OSA) is the most common form of sleep disordered breathing and is caused by
collapse and obstruction of the upper airway during sleep. It has been estimated that 425 million adults
(aged 30-69 years) worldwide have moderate to severe OSA [1]. Patients with OSA are more likely to
snore, and show sleep structure disorder and daytime sleepiness, which decrease sleep quality and reduce
performance at work. OSA has been associated with an increased risk of cardiovascular, metabolic and
cognitive disorders [2—4]. Some evidence indicates that OSA is associated with patients with impaired lipid
metabolism; in particular, hyper-low-density lipoprotein cholesterol levels are independently correlated
with OSA [5, 6]. In summary, OSA has a significant impact on individual health and imposes a large
burden on society.

The gold standard for diagnosing OSA is overnight polysomnography (PSG) [7]. However, PSG is

expensive and time consuming, which hinders its utility for the prevention, early diagnosis and treatment

of OSA. Thus, identifying biomarkers for OSA has been the focus of research for more than a decade. The

development of metabolomics and metagenomics technologies has drawn more attention to OSA.

Metabolomics involves qualitative and quantitative analysis of small metabolites (<1500 Da) [8], and

a provides metabolic information. Metabolomics directly reflects the activity of metabolic pathways
5r_nC occurring at a particular moment, and can amplify small changes controlled at the level of the genome and/
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or proteome [9]. Metabolomics studies can be divided into targeted and nontargeted types. In targeted
metabolomics, predetermined components of one or several biofluids are analysed, whereas nontargeted
metabolomics analyses all metabolic components in a specific biological sample, which is usually used to
find new biomarkers [10]. There are three platforms for nontargeted metabolomics: nuclear magnetic
resonance (NMR) imaging; gas chromatography-mass spectrometry; and liquid chromatography-mass
spectrometry. The role of the microbiome in the development of disease should also not be underestimated.
The activities of the microbiota are readily affected by environmental stimuli and have been linked to host
immunity and metabolism [11]. Progress in the microbiome and metabolomics studies could reveal the
pathological processes underlying OSA and thus inform diagnostic methods. In this study, we review
studies on the metabolism and microflora of OSA in humans and rodents.

Methods

The PUBMED and EMBASE electronic databases were searched for relevant studies using the keywords
“obstructive sleep apnea”, “OSA”, “sleep disordered breath”, “SDB”, “intermittent hypoxia” and “sleep
fragmentation” together with “metabolomics”. This search identified 115 articles. After a selection process,
10 articles were finally included.

Similarly, the same keywords “obstructive sleep apnea”, “OSA”, “sleep disordered breath”, “SDB”,
“intermittent hypoxia” and “sleep fragmentation” together with “microbiome” were used for searching and
a total of 162 papers were identified. After selection, 18 articles were finally adopted from this search.

Results

The search identified 273 articles which was reduced to 228 after removing duplicates. After reviewing the
titles and abstracts, a further 150 studies that did not address the topic of our review were excluded. The
full texts of the remaining 78 studies were screened, and the studies that did not meet the search criteria
were excluded. The exclusion criteria were: 1) any nonoriginal research articles (e.g. evaluation articles and
conference reports); 2) any review; 3) ongoing research; and 4) research articles that used a repeated study
population. The final number of original articles included in this review was 28. A flowchart of the study
selection process is presented in figure 1.

OSA and metabolomic biomarkers

Animal models

Intermittent hypoxia (IH) plays a pivotal role in the pathophysiology of OSA. In fact, most rodent studies
have used ITH as a model of OSA. ConortE et al. [12] used NMR imaging for urinary metabolomic
profiling in a mouse model of IH. They found increased levels of lactate and trans-aconitate, and decreased
levels of pyruvate, citrate, succinate and acetoacetate, indicating that the energy metabolic pathways of TH
mice were predominately anaerobic metabolism. Oxidative stress is another pathological feature of OSA
[13] and has been confirmed in IH mice (reflected in increased levels of oxidation products, such as
allantoin and trimethylamine oxide (TMAO)) [12]. ConotTE et al. [12] suggested that hypoxia-induced
oxidative stress might promote changes in metabolism in OSA.
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FIGURE 1 Flowchart of selecting literature in a) metabolomics and b) microbiome.
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Sleep fragmentation (i.e. frequent brief awakenings), is another key feature of OSA. Yoon et al. [14]
explored hippocampal metabolite profiles in rats with sleep fragmentation to understand the mechanism of
the associated neurocognitive dysfunction. Metabolites in the hippocampus related to excitatory
neurotransmitters, such as glutamate and aspartate, were present in significantly smaller quantities in the
chronic sleep fragmentation group, possibly as a protective mechanism against the excitatory toxicity
associated with frequent awakening. Precursors of acetylcholine (methionine and choline), an important
neurotransmitter in brain function, were also below normal levels in the chronic sleep fragmentation rats.
These findings may explain why sleep fragmentation affects memory and learning ability.

Human studies

Serum/plasma, urine, saliva and faecal extract can be analysed in human metabolomics studies. Analysis of
different biofluids is useful for understanding different metabolic changes, as summarised in the following
sections.

Urine

An NMR imaging study by Zasek et al. [15] revealed that 10 urinary metabolites were better able to
distinguish between OSA and COPD than analysis of two or three different biofluids, although these
results have been questioned in terms of specificity [16]. Also, data on smoking status, disease severity and
COPD as a comorbidity are needed to allow comparison among OSA studies.

Xu et al. [17] compared metabolite levels among simple snorers, OSA patients and healthy subjects. A
total of 21 and 31 metabolites in simple snorers and OSA subjects showed differences, respectively, from
normal controls. Most fatty acids and fatty acid-related compounds (e.g. 2,4-dihydroxybutyric acid,
3,4-dihydrxoybutyric acid, pentanoic acid and glyceraldehyde), which are associated with abnormal
lipolysis in cases of TH, were elevated in OSA subjects compared with controls. Glycolytic intermediates
associated with ATP production, and branch chain amino acids (BCAAs) associated with mitochondrial
dysfunction, were also elevated in OSA subjects compared with controls. BCAAs, such as leucine,
isoleucine and valine are important biomarkers of insulin resistance, and accumulation is associated with
the risk of type 2 diabetes mellitus (T2DM) [18]. Hence, metabolic profiles overlap between chronic
inflammatory and metabolic diseases. Intestinal flora-related metabolites, such as TMAO and
glycochenodeoxycholate-3-sulfate, show significantly increased expression in subjects with OSA [17].
Individuals with OSA can be distinguished from healthy individuals based on the expression levels of six
metabolites (4-hydroxypentenoic acid, arabinose, glycochenodeoxycholate-3-sulfate, isoleucine, serine and
xanthine) with 75% sensitivity and 78% specificity [17].

Meta-analyses have shown that the risk of adverse cardiovascular effects increases in those with moderate
to severe OSA [19, 20]. Stroke and coronary artery disease have a dose—response relationship with OSA
severity [21, 22]. Although the mechanism of the association between OSA and cardiovascular disease is
not fully understood, neurohormonal dysregulation, metabolic abnormalities, and inflammation may be
responsible for cardiovascular events in patients with OSA [23]. There is a complex but strong association
between OSA and cardiovascular disease and certain biomarkers of cardiovascular disease could assist in
the clinical diagnosis and prediction of OSA-induced cardiovascular diseases, especially through cell and
rodent experiments. Targeted metabolomics identified three urinary metabolites, namely long-chain
acylcarnitine (C14:1) and the biogenic amines of symmetric dimethylarginine (SDMA) and sphingomyelin
(C18:1), which could be used as predictive biomarkers of OSA [24]. Changes in acylcarnitine levels
indicate disordered lipid metabolism and an imbalance of B-oxidation of fatty acids in OSA. Fluctuations
in SDMA, associated with nitric oxide metabolism, and in sphingomyelin, associated with lipoprotein
formation, drove high risk of OSA-related heart disease.

Xu et al. [25] reported that 57 metabolites in paediatric OSA patients were significantly different from
those in control patients. Of the metabolites, 52 were associated with amino acid, carbohydrate, microbial,
vitamin, nucleic acid, fatty acid, butanoate, bilirubin metabolism or the ornithine cycle. Paediatric OSA
subjects presented with more metabolites associated with abnormal carbohydrate and amino acid
metabolism than adult subjects with OSA, possibly due to different pathogenic mechanisms; adult OSA
seems to be more related to obesity, whereas paediatric OSA correlates with adenoid and tonsil
hypertrophy [26, 27]. This could explain why abnormal lipid metabolism is more prevalent in adult than
paediatric OSA patients.

Serum or plasma
Two studies [28, 29] used blood-derived biofluids to characterise the metabolomic profiles of patients with
OSA. The first of these studies [28] reported that 14 significant metabolites were altered in subjects with

https://doi.org/10.1183/16000617.0220-2020 3



EUROPEAN RESPIRATORY REVIEW

OBSTRUCTIVE SLEEP APNOEA | X. ZHANG ET AL.

more versus less severe OSA, including porphyrins, glycerophospholipids (GPLs), fatty acids, eicosanoids,
amino acids, and peptides. Porphyrins are endogenous pigments that protect against oxidative stress.
Among the GPLs, lysophospholipids and O-alkyl GPLs are thought to influence phospholipase A2 family
members, which could affect the production of inflammatory mediators and platelet aggregation [28].
Thus, the decrease in GPL expression seen in patients with severe OSA may increase the risk of
cardiovascular events by promoting inflammation and platelet aggregation, in accordance with the
relationship between the severity of OSA and cardiovascular events. The decrease in porphyrin and GPL
expression in severe OSA patients indicates that oxidative processes induce inflammation, which could be
a causal or contributing factor in severe OSA [28]. An increase in piperic acid, which reflects the
catabolism of lysine by intestinal flora, was seen in severe patients [28]. Although the study was not
adjusted for sex or smoking, and OSA was not confirmed by PSG, it clearly distinguished between mild
and severe patients through nontargeted metabolomics.

LeBkUCHEN et al. [29] found that the expression of four metabolites (deoxy sugar; 2,6-diphenyl-1,7-
dihydrodipyrrolo[2,3-b:3’,2'-e] pyridine; 9-hexadecenoic acid; and arachidonic acid) related to glucose and
inflammation increased markedly in patients with OSA, whereas two metabolites (5,5-biphthalide and
L-glutamine) showed decreased levels. That study recommended that these biomarkers be used to predict
the risk of cardiovascular complications and metabolic disorders in patients with OSA. The results of OSA
metabolomic studies in human and rodents are summarised in table 1, and the metabolic changes
associated with OSA are summarised in figure 2a.

Summary of metabolomics studies

Disrupted amino acid, carbohydrate, fatty acid, xanthine and bilirubin metabolism has been described in
OSA patients and rodent models [12, 17, 24, 25, 28, 29]. Changes in glycolytic intermediates correspond
with altered energy production in cases of IH [12]. Porphyrin and xanthine-related metabolites indicate a
role of oxidative stress in the pathology of OSA [12, 28]. Metabolites associated with lipid metabolism
may be especially important, and an increase in carnitine has been confirmed in human OSA studies [17,
24, 28]. These results indicate that changes in the intermediate products of aerobic and anaerobic
metabolism are related to the hypoxia seen in OSA. Allantoin, an end product of xanthine metabolism and
reactive oxygen species (ROS) marker, is produced through a uricase-catalysed reaction or a simple redox
process [30]. Allantoin is only present in the urine when ROS are expressed and reflects the oxidative
stress status of patients with OSA, making it a suitable biomarker for the disorder. Dietary choline is
decomposed by intestinal flora into trimethylamine, which is catalysed by flavin-containing
monooxygenase 3 in the liver to produce TMAO [31]. TMAO is a modulator of cholesterol and sterol
metabolism that contributes to foam-cell formation from macrophages, which directly play a direct role in
atherosclerosis and cardiovascular disease [32]. Animal models of dietary choline and TMAO have
confirmed the role of the latter in platelet aggregation and thrombosis [33]. In addition, TMAO may reduce
adverse effects of oxidative stress, serving as an electron acceptor [34]. TMAO has the potential to predict
the risk of OSA-induced cardiovascular disease, but the effects of TMAQO in OSA patients are nonspecific.
TMADO increases in diseases associated with a high risk of cardiovascular events, such as T2DM. Thus, it
is not suitable as a biomarker of OSA, but could be used to predict the risk of cardiovascular events in
OSA patients. Although metabolomics has proven ability to reflect the pathophysiological state at a given
time, some limitations must be addressed. The reliability of the results described above is limited due to
small sample sizes, cross-sectional designs, and a lack of adjustment for confounding variables.

OSA and the microbiome

Animal models

A complex microbial community exists in mammals, which is mainly controlled by obligate anaerobic
bacteria (Firmicutes and Bacteroidetes). The dynamic balance between Firmicutes and Bacteroidetes is a
defining feature of the human gut [35]. When animals are in a state of TH (characteristic of OSA), the
arterial oxygen tension (P,,) in the intestinal lumen fluctuates and its average level drops. Significant
changes in intestinal microorganism expression are seen in a hypoxic environment, mainly manifested as
an increase in Prevotella and Desulfovibrio and a decrease in Bacteroides species [36]. The change in
P, provides an ecological advantage for obligate anaerobic Gram-negative bacteria, which disrupt the
structure of the intestinal microbial community. After 6 weeks of normoxic recovery, the abundance of
Firmicutes increases, and that of Bacteroidetes decreases, compared with healthy controls, and circulating
lipopolysaccharides (LPS) are highly correlated with the abundance of Desulfovibrio [37]. Thus, 6 weeks is
insufficient to reverse flora disorders in OSA. Prevotella and Desulfovibrio play an important role in
maintaining mucosa. Prevotella is involved in the degradation of mucin and Desulfovibrio prevents
interference by sulfate during the degradation process [38]. Therefore, the increased abundance of
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First author Analytical Sample Participants Complications Main results
[ref.] techniques
ConortTe [12] NMR Urine Male C57BL6J The energy metabolism pathway of mice
mice under IH predominately switched to
anaerobic metabolism
The level of oxidation products increased in
mice under IH
Yoon [14] LC/MS Hippocampi  Male Wistar rats Metabolites related to neurotransmitters,
such as glutamate and aspartate in the
hippocampus decreased significantly in
chronic SF groups
Precursors (methionine and choline) of
acetylcholine were shown to be below
normal levels in the SF model
Zagek [15] NMR Urine and 18 COPD and Over half of the Urine metabolites presented the highest
serum 28 OSA participants have probability for identifying patients with
cardiovascular disease COPD
A combination of different biofluids detection
did not improve the diagnosis power
Xu [17] UPLC-Q-TOF-MS/ Urine 60 OSA, 30 SS Without medical history ~ Metabolites from fatty acid and phospholipid
GC-TOF-MS and 30 controls of systemic disease metabolism expressed differentially in SS
(AHI >10) and OSA
Dyslipidaemia caused by IH may be involved
in the development of OSA
CHo [24] MS Urine 34 male OSA and  Without medical history = Three metabolites, long-chain acylcarnitine
14 controls of DM, hyperlipidaemia, (C14:1), biogenic amines of SDMA and
(AHI >8) and chronic sphingomyelin (C18:1) were significantly
hypoxia-related diseases elevated in OSA male patients
Xu [25] UPLC-Q-TOF-MS/ Urine 30 paediatric Without medical history 52 metabolites from nine pathway classes
GC-TOF-MS OSA and 30 of systemic disease (amino acid, carbohydrate, microbial,
controls (average vitamin, nucleic acid, fatty acid, butanoate,
AHI 4.1) bilirubin metabolism and ornithine cycle)
were identified in paediatric OSA
FERRARINI [28] LC-QTOF-MS Plasma 15 nonsevere Without screening of 14 significant metabolites related to
OSA (AHI <30) complications inflammation and hypoxia in plasma
and 18 severe samples were identified to differentiate
OSA (AHI >30) mild OSA patients from severe patients
LeEBKUCHEN [29] GC-MS/MS Plasma 37 OSA and 16 Without medical history  Glutamic acid, deoxy sugar, arachidonic acid,

controls
(AHI >15)

of diabetes

glycerophosphoethanolamines,
sphingomyelin and lyso-phosphocholines
were related to OSA

NMR: nuclear magnetic resonance; LC: liquid chromatography; MS: mass spectrometry; UPLC-Q-TOF-MS: ultra-performance liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry; GC-TOF-MS: gas chromatography coupled with time-of-flight mass spectrometry; SS:
simple snorers; IH: intermittent hypoxia; SF: sleep fragmentation; AHI: apnoea—hypopnoea index; DM: diabetes mellitus; SDMA: symmetric
dimethylarginine; LC-QTOF-MS: liquid chromatography coupled with quadrupole time-of-flight mass spectrometry; GC-MS: gas chromatography—
mass spectrometry.

Prevotella and Desulfovibrio promotes changes in mucosal permeability, which may result in high blood

levels of LPS.

Similar microbial changes are observed in sleep fragmentation models at the phylum level; these include
increased abundance of species in the Ruminococcaceae family and decreased abundance of species in the
Lactobacillaceae family [39, 40]. Porovko et al. [39] reported that 4 weeks of sleep fragmentation led to
inflammation of the mesenteric adipose tissue in mice, suggesting that microbial translocation and invasion
elicited a bacteria-derived inflammatory load. However, TripLETT et al. [40] reported that the abundance of
intestinal bacteria was significantly changed by prolonged sleep fragmentation, but intestinal permeability
and inflammation did not occur. There were differences in sleep fragmentation between these two studies,
in terms of the frequency of awakening, which may affect the extent of pathology. In addition, these two
studies used different animal interference periods (e.g. in the rat experiment, there was a safety time of 3 h
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FIGURE 2 a) Summary of metabolic alterations in obstructive sleep apnoea (OSA). The red arrows represent an increased level, while the green

arrows represent a decreased leve

l. IH: intermittent hypoxia; BCAAs: branch chain amino acids; TCA: tricarboxylic acid; NADH: nicotinamide adenine

dinucleotide. b) Alterations of gut microbiota in OSA rodent models. Red represents an increase in relative abundance, while green represents a
decrease. c) Alterations of gut microbiota in OSA-induced hypertension models. Red represents an increase in relative abundance.
d) Cardiovascular, hepatic, pulmonary and cerebral complications caused by OSA and influenced by microbiota dysbiosis. The dotted arrows refer
to the unclear mechanisms and pathophysiological pathways. SCFA: short-chain fatty acids; IL: interleukin; TGF: transforming growth factor; oxLDL:
oxidised low-density lipoprotein; TMAO: trimethylamine oxide; PLA2: phospholipase A2; NO: nitric oxide.

during sleep). There is evidence that the endogenous circadian rhythm is a key modulator of the gut
microflora [41]. Thus, pathological manifestations may be related to a disturbance of the circadian rhythm,
which affects the microbiota profile in animal models and increases the release of inflammatory factors.

OSA is also an independent risk factor for hypertension. Several epidemiological studies have reported a
relationship between OSA severity, defined based on apnoea—hypopnoea index (AHI) and hypertension [42—44].
However, support for a causal relationship between OSA and hypertension comes from animal experiments; the
relationship between OSA severity and the intestinal flora in patients with OSA-induced hypertension has not
yet been explored. However, some biomarkers of hypertension could assist the diagnosis and prediction of
OSA-induced hypertension, which would help clarify the underlying mechanisms in cell and rodent
experiments. Many studies [45, 46] have confirmed that, over a short period, OSA alone is insufficient to cause
hypertension, except in the presence of a high fat or high salt diet. Moreover, repeated awakenings did not lead
to blood pressure elevations in the absence of hypoxia [47]. The combination of OSA and a high salt
diet promotes hypertension by raising the level of TMAO in the blood and disrupting the regulation of
inflammation [46]. Transplanting caecal contents from OSA-induced hypertensive rats into OSA rats on a
normal diet increases blood pressure in the recipient animals [45]. Thus, dysbiosis is involved in OSA-induced
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EUROPEAN RESPIRATORY REVIEW

OBSTRUCTIVE SLEEP APNOEA | X. ZHANG ET AL.

hypertension, and dysbiosis and hypertension seems to be linked by bacterially produced short-chain fatty acids
(SCFAs) (primarily acetic, propionic and butyric acids). SCFAs originate from microbial metabolism of dietary
fibre in the intestine, where they exert effects on intestinal health and homeostasis by stabilising the
intestinal epithelial barrier and regulating cytokine and antibody secretion [48]. Several gut microfloral
analyses [45, 49, 50] have shown that bacteria associated with SCFA production decrease in OSA-induced
hypertension models. SCFAs are involved in fatty acid synthesis and gluconeogenesis and can increase liver
triglyceride levels, thus promoting intestinal energy metabolism and obesity [51]. However, elsewhere it was
reported that SCFAs may also increase energy consumption, and the production of satiety hormones, thus
preventing obesity [52]. SCFAs increase the number and suppressive function of colonic anti-inflammatory
regulatory T (Treg) cells by acting on G protein-coupled receptor (GPR)-43 [53]. There is some evidence that
SCFA-producing bacteria, such as Faecalibacterium, Oscillibacter and Howardella, are decreased in patients
with OSA compared with controls, indicating that a decrease in the anti-inflammatory effect of SCFAs might
promote the occurrence and progression of OSA [54]. In addition, SCFAs regulate blood pressure by activating
Gpr-41 expressed in the smooth muscle cells of small resistance vessels [55]. Therefore, the decrease of SCFAs
in patients with OSA may promote obesity, inhibiting the anti-inflammatory effect and worsening hypertension.
Prebiotic and probiotic treatments have been applied to further verify the role of SCFAs in OSA-induced
hypertension [49]. After Clostridium butyricum and Hylon probiotic treatments, the bacteria associated with
SCFAs increase significantly in rats, and these treatments lessen the influence of decreasing acetate
concentrations in the caecum by inhibiting interleukin-1o. and interleukin-6 mRNA expression. Similarly, in an
OSA model, gut dysbiosis was confirmed to be associated with the risk of cardiac consequences. The expression
of Clostridiaceae and Coriobacteriaceae family members decreased significantly, while the expression of
Lachnospiraceae family members increased, in OSA-induced models of hypertension compared with controls
[56, 57]. However, a high fat or high salt diet, was used to simulate the cardiovascular complications in these
experiments, which also used transgenic rodents with high susceptibility to obesity. Accordingly, the results may
have been confounded by dietary and genetic factors. Nevertheless, changes in the relative abundance of
SCFA-producing bacteria are specific to OSA-induced hypertension, which sheds new light on the pathogenesis
of the complications. The differences in microbes between OSA and OSA-induced hypertension models are
summarised in figure 2b and c.

Some similarities exist in the changes of intestinal flora among rodent models of OSA, where these
changes are related to hallmarks of OSA, intermittent anoxia and reoxygenation. These similarities hint at
potential biomarkers for early diagnosis and treatment of OSA-induced complications. In the studies
analysed herein, a decrease in the relative abundance of SCFA-producing bacteria manifested as changes in
the gut microbiome in OSA-induced hypertension models. Thus, modulating dietary SCFA intake could
influence SCFA-producing bacteria and their metabolic pathways, potentially affecting host metabolism.

Human studies

Gut microbiome

Fluctuations in serum microbial metabolites in the gut reflect intestinal floral disorders [25, 28]. The gut
contains a dense population of bacteria. The structure of the gut microbiome is relatively stable under normal
physiological conditions and appears to be nonpathogenic to the host. OSA changes markers of gut epithelial
barrier function and increases intestinal permeability, further disrupting the bacterial environment [58]. In
humans, three enterotypes can be distinguished based on the abundance of specific bacteria genera:
Bacteroides, Ruminococcus and Prevotella [38]. The enterotype is determined by the species composition,
but the principal function is not necessarily determined by the dominant species. Enterotype is not
significantly associated with body mass index, age, country of residence or other host characteristics [38].
Sleep is significantly disrupted in OSA patients with an AHI >15 and a Prevotella enterotype. In addition,
obstructive, central and mixed apnoea indices, and mean heart rate are also significantly elevated in AHI >15
patients with a Prevotella enterotype [59]. Studies have shown that patients with the Prevotella enterotype are
susceptible to OSA [59]. The Prevotella enterotype is associated with diets high in carbohydrate (fibre) and
simple sugars [60]. Simple carbohydrate consumption promotes inflammation of epithelial cells and obesity,
which are strongly associated with OSA [61]. Furthermore, increased abundance of Prevotella is associated
with mucosal inflammation, mediated by type 17 T-helper (Th17) cells. Prevotella stimulates
antigen-presenting cells to produce Th17-polarising cytokines, mainly by activating Toll-like receptor 2, and
can also stimulate epithelial cells to produce inflammatory mediators [62], which may participate in OSA by
promoting chronic inflammation. However, another study indicated that a diet rich in fibre can protect the
host from OSA by promoting microbial fermentation and SCFA production and that the Prevotella enterotype
is related to a much higher risk for OSA [54]. These pathophysiological processes provide new insight into
how the enterotype might affect OSA susceptibility.

https://doi.org/10.1183/16000617.0220-2020 7
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Oral microbiome

The human oral cavity contains a diverse community of trillions of microbiota. Streptococcus, Gemella,
Abiotrophia, Granulicatella, Rothia, Neisseria and Prevotella are predominant among healthy oral
bacteria [63]. Changes in the oral microbiome have been discovered in various systemic diseases, such as
T2DM, pancreatic cancer and cardiovascular disease [64-66]. In OSA patients, airway pressure changes
dramatically reduce air flow, which affects the moisture and oxygen content in the upper respiratory tract and
could explain disorders of the oropharyngeal flora in middle-aged men with moderate-to-severe OSA [67].

Oral bacteria have been confirmed to be involved in the pathogenesis of coronary heart disease and
hypertension [68-70]. Haematogenous dissemination of periodontal bacteria is thought to be a cause of
cardiovascular disease [71]. ZnonG et al. [69] observed Porphyromonas gingivalis in coronary
atherosclerotic plaques. However, Ko et al. [72] reported that Porphyromonas genes were not found in
blood samples of patients with OSA. In addition, the relative abundance of Porphyromonas is higher in
buccal mucosa, and the levels of proinflammatory cytokines are also higher in patients with OSA. These
results suggest that oral microorganisms might affect the likelihood of cardiovascular events through
inflammatory mediators rather than direct invasion of gum tissue.

Nasal microbiome

Bacterial communities colonise all areas of the respiratory tract and resist opportunistic pathogens. The nasal
microbiome is characterised by Corynebacterium, Propionibacterium and Staphylococcus species [35]. The
nasal microbiome profile changes according to illness severity; in patients with severe OSA, enrichment
with some commensal organisms (e.g. Streptococcus, Prevotella, Pseudomonas and Haemophilus) is seen
compared with nonsevere OSA patients [73].This could be due to recurrent obstruction during sleep causing
reflux of oropharyngeal secretions. Surprisingly, the nasal microbiome did not show significant differences
in o or B diversity after continuous positive airway pressure treatment, which could be explained by the
relatively short (3-month) treatment course [37].

Others

In addition to the upper respiratory tract, the microbiome profile of the lower airway has been studied
through bronchoscopy and bronchoalveolar lavage analyses. The levels of Proteobacteria and Fusobacteria
were significantly higher, whereas the level of Firmicutes was significantly lower in patients with OSA
compared with control patients [74]. A healthy airway microbiota is essential to maintain airway immunity
and reduce the risk of infection. Changes in the airway microbiota may contribute to the growth of
potential pathogens and airway inflammation in patients with OSA [75]. Studies of the microbiome in
patients with OSA and animal models are summarised in table 2.

Summary of microbiome studies

The microbiota plays a pathophysiological role in OSA and OSA-induced hypertension. Dysbiosis was
characterised by a changed Firmicutes to Bacteroidetes ratio in an IH mimicking model [45, 50]. Decreased
abundance of SCFA-producing bacteria increased abundance of mucin-degrading bacteria, and increased
levels of proinflammatory cytokines appeared to be the major mechanisms underlying cardiac complications
of OSA in an OSA-related hypertension model [36, 37, 45, 49, 50]. Overall, however, few studies have
investigated the microbiome in OSA patients and animal models and few studies have investigated microbial
communities in OSA patients in different parts of the body. Therefore, the consistency in microbiome
profiles among OSA patients cannot be easily determined. Importantly, SCFA-producing bacteria and LPSs
are involved in obesity and metabolic changes, including in T2DM [76, 77]. Some bacteria, such as
Lactobacillus, Bacteroides, Bifidobacterium and Prevotella, which are found in animal models and patients
with OSA, have also been implicated in obesity and T2DM [78]. There is large overlap in the disease
manifestations and contributing factors for OSA and metabolic disorders, and some microbiome signatures of
OSA might be shared with those already observed in obesity and T2DM. Therefore, OSA patients with
different complications and different diet or other external factors will have a great impact on intestinal flora,
that is to say different OSA phenotypes or combination of comorbidities might be associated with different
metabolic and gut microbiota profiles. The unique signatures of OSA awaits further elucidation. There are
some other limitations to studies of the microbiome in the context of OSA. First, the sample sizes are
generally small, so the results are not reliable. Secondly, few studies have investigated whether intestinal flora
changes occur with disease progression; longitudinal metabolomics and multi-omics studies using advanced
approaches are therefore needed to increase the number of microbiome biomarkers.

Metabolomics combined with the microbiome
Only three studies [25, 56, 57] performed a joint analysis of metabolomics and the microbiome in association
with OSA. Xu et al. [25] explored the relationship between the oral microbiome and urine metabolism in
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EUROPEAN RESPIRATORY REVIEW

OBSTRUCTIVE SLEEP APNOEA | X. ZHANG ET AL.

TABLE 2 Obstructive sleep apnoea (OSA) and the microbiome (rodent and human studies)

First author Model OSA model Methods Biofluid Relative microbial abundance  Results summary
[ref.]
Moreno-Inpias [36] Germ-free C57BL/ 6 weeks IH 16 S rRNA Faecal IH (Family): Under IH, the intestinal
6 male mice pyrosequencing  samples Lachnospiraceaet, Pao, fluctuated
Prevotellaceaet, intermittently and the
Peptococcaceael, average level decreased
Erysipelotrichaceael, The evenness of the
Bacteroidaceae] microbial community
IH (Genus): under IH was increased in
Paraprevotellat, Prevotellat, the intestine
Allobaculum)|, Turicibacter),
Bacteroides|, Odoribacter|
Moreno-Inpias [37] Germ-free C57BL/ 6 weeks IH 16 S rRNA Faecal  IH (Phylum): Decrease of SCFA-producing
6 male mice followed by  pyrosequencing  samples Firmicutes?, Deferribacterest, bacteria and increase of
6 weeks Bacteroidetes| mucin-degrading bacteria
normoxic IH (Family): could induce a high level
recovery Ruminococcaceaet, of LPS in blood in IH
Desulfovibrionaceaet, group
Helicobacteraceaet,
Rikenellaceaet,
Odoribacteraceaet,
Enterobacteriaceaet,
Erysipelotrichaceaet,
Clostridiaceaet, S24-7],
Lactobacillaceae|
IH (Genus):
Clostridium?, Desulfovibrio?,
Sutterella?, Allobaculum?t,
Rikenella?t, Odoribacter?,
Mucispirillum?, Lactobacillus),
Ruminococcus), Oscillospiral,
Prevotella]
Durcan [45] Rats Endotracheal 16 S rRNA Faecal IH+HFD: In the OSA model, the
HFD obstruction sequencing samples Clostridiaceaet, Holdemaniat coexistence of OSA and a
device HFD could lead to
implantation hypertension
The ratio of F/B was lower in
normal diet OSA group
than in the HFD alone
group
GANEsH [49] Rats Endotracheal 16 S rRNA Faecal OSA+HFD (Genus): C. butyricum and Hylon can
HFD obstruction sequencing samples Lactobacillust, Allobaculum?, reduce the effects of OSA
HFD+Hylon device Bifidobacterium?t on intestinal flora, such as
HFD+Clostridium  implantation OSA+HFD+C. butyricum (Genus): thinning mucosa and a
butyricum Dehalobacterium|, decrease of cecum acetate
Anaerostipes| C. butyricum and Hylon
could alleviate
OSA-induced goblet cell
loss and microglia
activation
Supplementary acetate in
the cecum could prevent
OSA-induced hypertension
TriPATHI [56] C57BL/6J male 6 weeks IHH 16S rRNA Faecal IHH (Family): Under the condition of IHH
Ldlr™~ mice sequencing samples Clostridiaceael, and HFD, mice suffered
HFD Coriobacteriaceae|, from intestinal dysbiosis,

Lachnospiraceaet which led to changes in
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TABLE 2 Continued

First author Model OSA model Methods Biofluid  Relative microbial abundance  Results summary
[ref.]
Luckine [50] 1. Guinea pig IH 16 S rRNA Faecal  IH (Phylum): In guinea pigs, the
2. HFD sequencing samples Firmicutes|, Bacteroidetest characteristics of
cardiopulmonary disease
(mainly apnoea and
hypertension) in rats
induced by CIH exposure
were not obvious, but it
changed brain stem
neurochemistry, reduced
the richness of intestinal
flora species and changed
the composition of flora
TripaTHI [57] C57BL/6J male 6 weeks 16S rRNA Faecal IHH (Family): Under the intervention of
Ldlr " "mice (Ldlr ) or sequencing samples Clostridiaceae], OSA, atherosclerosis
+HFD 10 weeks Lachnospiraceae? model involved common
C57BL/6J male (ApoE_/‘) IHH microbial and metabolic
ApoE™/~ mice changes
+HFD
Liv [46] Sprague-Dawley 6 weeks IH 16S rRNA Faecal  IH: Because of the synergistic
rats sequencing samples Lactobacillus rhamnosus), effect of OSA and HSD, the
ND abundance of lactobacilli
HSD in intestine decreased
CIH +ND significantly, and the
CIH +HSD blood pressure increased
significantly
LGG could prevent the
aggravation of
hypertension by reducing
the level of TMAO,
regulating the imbalance
of Th1/Th2 cytokines, and
inhibiting the
phosphorylation of ERK1/
2, Akt and mTOR
Porovko [39] C57BL/6J mice 4 weeks SF 16S rRNA Faecal SF (Phylum): SF could lead to increased
sequencing samples Firmicutes?t, Bacteroidetest visceral fat mass and fat
SF (Families): tissue inflammation, as
Lachnospiraceaet, wells as systemic insulin
Ruminococcaceaet, resistance and increased
Lactobacillaceae] leptin plasma levels
SF had no effect on aerobic
community metabolism,
but suppressed anaerobic
substrate utilisation
TripLETT [40] Sprague-Dawley 6 weeks SF 16S rRNA Intestinal ~ SF ileum (Family): Chronic SF significantly
rats sequence content Enterobacteriaceael, increased crypt depth
Lactobacillaceae], Chronic SF did not trigger
Turicibacteraceaet, systemic inflammation in
Clostridiaceaet rats, and microbial
SF caecum (Family): extraintestinal
Ruminococcaceaet, translocation and invasion
Turicibacteraceaet did not occur
SF colon (Family):
Turicibacteraceae,
Clostridiaceae,
Erysipelotrichaceaet
Lu [74] 11 0SAand 8 Fibreoptic 16S rRNA BALF OSA (Phylum): The disruption of pulmonary
controls (without bronchoscopy  sequencing Proteobacteria and microbiota in OSA might

medical history
of systemic
disease)

Fusobacteriat, Firmicutes|

be the cause of pulmonary
inflammation and
sensitivity to injury

https://doi.org/10.1183/16000617.0220-2020
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TABLE 2 Continued

First author Model OSA model Methods Biofluid Relative microbial abundance  Results summary
[ref.]
Xu [25] 30 OSA children AHI >1 16S rRNA Buccal OSA (Family): The oral microbial diversity
and 30 controls sequencing mucosa Veillonellaceae, of paediatric OSA patients
(aged 3-11 years Metabolomics Campylobacteraceae, C111 decreased, and the
old; without Paraprevotellaceaet microbial structure was
medical history (Genus): different from that of the
of systemic Veillonella, Prevotella, control group
disease) Mogibacterium,
Campylobacter and
Butyrivibriot
Ko [72] 126 OSA and 13 AHI >5 16 S rRNA Buccal OSA (Genus): Compared with non-OSA
controls (without pyrosequencing  mucosa Porphyromonas and patients, the relative
screening of Aggregatibactert abundance of
complications) Porphyromonas, and the

proinflammatory cytokines
were higher in patients

with OSA
YanG [67] 26 male OSA and AHI >15 16S rRNA Oropharynx Glaciecola was not detected in  The diversity and abundance
25 male controls sequencing moderate and severe OSA of bacteria in the OSA
(aged 30— groups group decreased
65 years; without Severe OSA: significantly, and the most
medical history Tannerella, Anaerovorax and significant diversity decline
of systemic Halomonas | occurred in the moderate
disease) OSA group
Wu [73] 472 subjects from AHI >5 16S rRNA Nasal Severe OSA (Genus): The inflammatory mediators
the WTCSNORE sequencing lavages Streptococcus, Prevotella, in nasal lavage fluid of
and 93 subjects Veillonella and Granulicatellat  patients with OSA
from the increased
Zaragoza sleep
cohort
Ko [54] 93 OSA and 20 AHI >5 16S rRNA Faecal OSA (Genus): Ruminococcus enterotype
controls (without sequencing samples Faecalibacterium|, was associated with
screening of Megamonas|, increased risk of OSA
complications) Ruminococcaceae), The level of Lactobacillus was
Clostridiales), Alistipes|, related to the level of
Bifidobacterium?t homocysteine
Ko [59] 52 OSA and 61 AHI >15 16 S rRNA Faecal The parameters related to
controls (without pyrosequencing  samples sleep were significantly
medical damaged in patients with
history of intestinal type of
gastrointestinal Prevotella, whose
diseases, obstructive, central and
infection, mixed apnoea index and
unexplained mean heart rate were also
diarrhoea, and significantly increased

antibiotics or
probiotics used)

IH: intermittent hypoxia; P.o,: arterial oxygen tension; SCFA: short-chain fatty acids; LPS: lipopolysaccharide; HFD: high fat diet; F/B: Firmicutes/
Bacteroidetes ratio; IHH: IH and hypercapnia; CIH: chronic intermittent hypoxia; ND: normal diet; HSD: high salt diet; LGG: Lactobacillus rhamnosus
GG strain; TMAO: trimethylamine oxide; Th: helper T-cell; SF: sleep fragmentation; BALF: bronchoalveolar lavage fluid; AHI: apnoea-hypopnoea index.

paediatric OSA patients; the overall diversity of oral microorganisms was lower in these patients, but the
levels of members of the Veillonellaceae, Campylobacteraceae and C111 Paraprevotellaceae families were
higher. Correlations between metabolic changes (in urine samples) and disturbances in the oral microbiome
were found, but causal relationships were not explored. Metabolism was also shown to be related to gut
dysbiosis in rodent models [56, 57]. These studies described a role for microbial-related metabolic disorders
in the initiation of cardiac complications in OSA. However, how microbial disturbances affect metabolic
pathways remains to be explored.

https://doi.org/10.1183/16000617.0220-2020 11
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TABLE 3 Summary of current knowledge, limitations and prospects for metabolomics and microbiome studies of obstructive sleep apnoea (OSA)

Summary of findings

Limitations

Prospects

Increased levels of anaerobic metabolites
and oxidation products
Disrupted lipid metabolism

Metabolomics

Microbiome Emergence of dysbiosis in cases of IH

Decrease in the relative abundance of
SCFA-producing bacteria in OSA-induced
hypertension

High susceptibility to OSA in Prevotella

Few relevant studies

Small sample sizes

Lack of strict control of
confounding variables

Sensitive to complications

Lack of comparability due to
different biofluids and platforms

Few relevant human studies

Difficulty of extrapolating animal
model results to patients

Sensitive to external factors and
complications

Standardised technologies and software
as gold standards for future studies
Prospective studies strictly adjusting for
confounding variables

To explore functional annotation of
unknown metabolites and microbiota
in various body fluids or cavities

To focus on microbial and metabolic
signatures specific to OSA versus
those common to other metabolic
diseases

To elucidate casual relationships

between metabolomics and the
microbiome

More multi-omics studies using
advanced approaches

enterotype patients
Changes in oral, nasal and lung
microbiome profiles

Different analysis sites leading to
differences in microbial profiles

IH: intermittent hypoxia; SCFA: short-chain fatty acid.

Based on the above studies, we assumed that microbiota dysbiosis may participate in the cardiovascular,
hepatic, pulmonary and cerebral complications of OSA (figure 2d), but the mechanisms and
pathophysiological pathways remain unclear.

Limitations and prospects

Although there is good awareness and knowledge of OSA, the pathophysiological process is still
incompletely understood, which hampers individualised treatment. Our review shows that the limited
number of studies on metabolism and the microbiome in the context of OSA are still in the exploratory
stage. First, function annotation of unknown metabolites and microbiota in various body fluids and cavities
remains to be performed. Secondly, the majority of patient and animal studies are observational, and lack
mechanistic experimental data. The short- and long-term dynamics of metabolism and the microbiota
remain to be fully explored in the context of OSA. Thirdly, most of the research studies included in this
review are focused on animal models of TH or sleep fragmentation, which do not fully reflect the condition
of actual OSA patients. Moreover, the dominant genera and relative abundance of gut microflora differ
between mice and humans; 85% of the bacterial genera in mice are not present in humans [79]. Therefore,
although mice models seem to be a good method for exploring metabolic and microbial changes, there are
many limitations in translating the results to humans, particularly as they pertain to the microbiome.
Fourthly, the majority of the changes summarised above are not specific to OSA; they occur in many
chronic metabolic diseases characterised by low-grade inflammation. Metabolic and gut microbiota profiles
of OSA are affected by complications such as T2DM, nonalcoholic fatty liver disease and cardiovascular
comorbidities, including hypertension. Thus, it is difficult to identify a specific gut microbiota dysbiosis
signature for OSA. Different OSA phenotypes or combination of comorbidities in OSA might be
associated with different metabolic and gut microbiota profiles. Therefore, exploring biomarkers specific to
OSA is a worthy target for future studies. In addition, because different gut microbiome sequencing tools
and metabolomic methods have been used across studies, interpreting the discrepant microbiome and
metabolomic signatures is difficult. Although recent technological improvements have enabled rapid and
efficient profiling of the metabolome and microbiome, the use of different platforms and software has
resulted in the lack of any gold standard approach to the study of the metabolome and microbiome.
Current knowledge, limitations and prospects for metabolomics and microbiome studies of OSA are
summarised in table 3.

Conclusions

Metabolomics can provide a snapshot of the changes in biochemical metabolic pathways associated with
OSA, whereas microbiome profiling sheds light on the interactions between an individual and their
environment based on the immune response. IH and sleep fragmentation may cause metabolic disorders
and microbial dysbiosis. Changes in metabolism are associated with increased anaerobic metabolism and
oxidative stress, as well as disrupted lipid metabolism, whereas changes in the gut microbiome are
associated with reduced SCFA production and increased expression of LPSs, which leads to local and
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systemic inflammatory responses and metabolic comorbidities. Importantly, it has recently become evident
that the metabolomic and microbiota signatures of OSA might be those already observed in metabolic
disorders, such as obesity and T2DM [28]. A lack of consideration of the impact of metabolic disorders on
“omics” analyses may have complicated the changes in the microbiome and metabolism seen in OSA
patients, as well as animal models. Although current research methods are somewhat limited, more
multi-omics studies should facilitate the early diagnosis and treatment of OSA.
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