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Abstract: The novel corona virus that is now known as (SARS-CoV-2) has killed more than six mil-

lion people worldwide. The disease presentation varies from mild respiratory symptoms to acute 

respiratory distress syndrome and ultimately death. Several risk factors have been shown to worsen 

the severity of COVID-19 outcomes (such as age, hypertension, diabetes mellitus, and obesity). 

Since many of these risk factors are known to be influenced by obstructive sleep apnea, this raises 

the possibility that OSA might be an independent risk factor for COVID-19 severity. A shift in the 

gut microbiota has been proposed to contribute to outcomes in both COVID-19 and OSA. To further 

evaluate the potential triangular interrelationships between these three elements, we conducted a 

thorough literature review attempting to elucidate these interactions. From this review, it is con-

cluded that OSA may be a risk factor for worse COVID-19 clinical outcomes, and the shifts in gut 

microbiota associated with both COVID-19 and OSA may mediate processes leading to bacterial 

translocation via a defective gut barrier which can then foster systemic inflammation. Thus, target-

ing biomarkers of intestinal tight junction dysfunction in conjunction with restoring gut dysbiosis 

may provide novel avenues for both risk detection and adjuvant therapy. 

Keywords: COVID-19; obstructive sleep apnea; gut microbiome; zonulin; inflammation; tight junc-

tion; intestinal permeability; bacterial translocation; intermittent hypoxia 

 

1. Introduction 

In December 2019, a novel coronavirus, now named (SARS-CoV-2), was described in 

Wuhan, Hubei Province, China as the cause of a pandemic disease that killed more than 

one million people in its first six months worldwide [1]. To date, nearly 500 million con-

firmed cases and more than six million patients have died as per the Johns Hopkins reg-

istry [2]. The virus affects predominantly the upper respiratory tract and lung tissues. The 

presentation of the disease is variable ranging from asymptomatic to the typical 
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symptoms of fever, shortness of breath, and cough, nausea, diarrhea, headache, dizziness, 

sore throat, and generalized weakness, and in some to a severe illness characterized by 

acute respiratory distress syndrome (ARDS) and multi-organ dysfunction and ultimately 

death [3,4]. SARS-CoV-2 can cause a severe inflammatory reaction, initially secondary to 

the replication of the virus in the lungs, and intriguingly even after virus clearance (~day 

14 post-infection), whereby the inflammatory response can even be more intense, suggest-

ing activation and amplification of viral independent pathways [5]. 

Many risk factors have been identified and linked to the severity of COVID-19, 

among which age (>60 years), co-morbid diseases (such as obesity, hypertension, and di-

abetes mellitus), leukocytosis, lymphopenia, and computerized tomographic scan find-

ings of the lungs are most prominent [6]. Obstructive sleep apnea (OSA) is a common 

sleep disorder, characterized by repetitive episodes of collapse in the pharyngeal airway, 

which is clearly associated with many co-morbid diseases, particularly cardiovascular, 

cerebrovascular, and metabolic conditions [7]. 

Recently, substantial interest has developed in the human microbiome (especially the 

gut microbiota) due to the emerging evidence linking the microbiome to chronic illnesses, 

such as cardiovascular, cerebrovascular, metabolic, malignant, and even psychiatric dis-

eases. This interest is further exemplified by the human microbiome project that was ini-

tiated in 2007. The program received more than $170 million in funding to identify the 

characteristics of the human microbiota in different sites of the body and to determine the 

role of the microbiota in different diseases [8]. The term “microbiota” refers to the collec-

tion of all microbes (bacteria, viruses, fungi, and parasites) that populates in a specific 

environment or niche. Most of these microbes are found in the gut (⁓ 1013–1014 bacteria 

represented by 2000–3000 species) [9]. The five most common bacterial phyla that reside 

in the colon are Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Cerrucomi-

crobia [10]. More than 90% of gut microbiota are Firmicutes (Gram-positive) and Bac-

teroidetes (Gram-negative). Normally, there is a healthy symbiotic relationship between 

the gut microbiota and the host. A perturbation in this balance secondary to external fac-

tors (such as diet, sedentary lifestyle, smoking, alcohol intake, and antibiotics) can shift 

the profile of microbial species towards more harmful species. This perturbation in the 

ecosystem between the microbiota and the host is called “dysbiosis”. The presence of 

dysbiosis can release proinflammatory and inflammatory mediators from these harmful 

microbial species fostering inflammation and predisposition for co-morbid illness. The 

classical example is lipo-polysaccharides (LPS) produced by Gram-negative bacteria that 

can escape a leaky gut barrier to the systemic circulation, mounting a state of systemic 

inflammation which can be the cornerstone for many chronic diseases [11,12]. 

In this critical review of the literature, we explore the hypothesis that the gut micro-

biota mediates worse clinical outcome in patients with COVID-19 infection who have un-

treated OSA. This will shed light on the gut microbiota as a potential novel adjuvant in-

terventional target in patients with OSA who are infected with COVID-19. We will ini-

tially examine evidence associating COVID-19 and OSA and whether OSA is a risk for 

worse COVID-19 outcome. Then we will review the role of the gut microbiota and dysbio-

sis in both diseases, first in clinical studies and then in experiments conducted at the cel-

lular level looking for markers of tight junction dysfunction and microbial translocation 

across the gut barrier. Finally, we will explore the associations among COVID-19, OSA 

and gut dysbiosis that may explain severity of COVID-19 illness. 

2. OSA and COVID-19 (Is There a Plausible Link Clinically?) 

Several co-morbid conditions are risk factors for increased severity of COVID-19 in-

fection as well as great morbidity and mortality. A meta-analysis published recently 

which included 18 studies concluded that hypertension, type-II diabetes, cardiovascular 

diseases, chronic obstructive pulmonary disease, chronic kidney disease and cancer have 

a higher risk of more severe COVID-19 infection compared to those without co-morbid 

diseases [13]. It is well known that OSA has been implicated as a causal factor for many 
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of these co-morbid diseases (especially hypertension, diabetes, and cardiovascular dis-

eases) and treatment with positive airway pressure can mitigate some of these chronic 

diseases [14–18]. 

Cade and Gottlieb et al. [19,20] were one of the earliest groups that investigated OSA 

as a risk factor for worsening COVID-19 outcome (intubation, intensive care unit admis-

sion and overall mortality) in hospitalized patients. After adjustment for demographic 

factors, BMI, and medical co-morbidities; the only significant outcome that remained was 

overall mortality. Maas et al. [21] had similar findings and concluded that OSA was asso-

ciated with increased risk of hospitalization and developing respiratory failure. Further-

more, they noticed an eight-fold risk of COVID-19 infection in patients with OSA com-

pared to a similar age population. On the other hand, Strausz et al. [22] could not confirm 

these findings in their large biobank database (FinnGen study). They concluded that OSA 

was associated with higher risk of hospitalization in patients with COVID-19 but did not 

notice an increased risk of contracting COVID-19 infection in these patients. However, 

their sample size was limited, and this was likely a contributing factor. Kravitz et al. [23] 

concluded that patients with moderate or severe OSA had a higher rate of COVID-19 hos-

pitalization compared to those with mild sleep apnea. However, the association was 

weakened when adjusting for confounders. Beltramo et al. [24] compared clinical out-

comes in patients with OSA who were hospitalized with COVID-19 with influenza infec-

tion. They noticed that patients with OSA and COVID-19 had higher rates of pulmonary 

embolism, ventilator-associated pneumonia, Intensive Care Unit (ICU) stay, and death 

compared to patients hospitalized for influenza alone. OSA is a common sleep disorder 

in patients with interstitial lung diseases [25]. It is interesting to study the impact of OSA 

on COVID-19 outcome in these patients. Among a South Korean population, Tak Kyu Oh 

et al. [26] investigated the effects of chronic respiratory disease on the risk of COVID-19 

and mortality. COPD, asthma, interstitial lung disease, lung cancer, OSA, and tuberculosis 

were considered as chronic respiratory diseases. They concluded that patients with OSA 

and interstitial lung diseases had a higher incidence of COVID-19 infection, while OSA 

alone did not show a higher mortality rate in hospitalized COVID-19 patients. Cariou et 

al. [27] conducted one of the largest retrospective studies that was intended primarily to 

investigate the impact of type II DM on COVID-19 clinical outcome (CORONADO study). 

The primary outcome was combined tracheal intubation for mechanical ventilation and/or 

death within seven days of admission. Surprisingly, treated OSA was an independent risk 

of death at day seven after admission in COVID-19 patients. Recently, in a study of all 

community-dwelling Icelandic citizens Rögnvaldsson et al. [28] found a two-fold in-

creased risk of severe COVID-19 in those with OSA with slight attenuation after adjust-

ment for demographic characteristics and various comorbidities. Some studies used pre-

diction models to assess the risk of OSA in patients infected with COVID-19 and found 

that patients with high OSA risk tend to have higher odds of in-hospital death and ICU 

transfer rate [29]. 

In contradistinction, some studies have not identified OSA as an independent risk 

factor for worse COVID-19 outcomes. Goldstein et al. [30] reported that the prevalence of 

sleep disordered breathing (SDB) in 572 patients hospitalized for COVID-19 was close to 

20%. However, after adjusting for age, sex, body mass index, and race, no significant re-

lationship was apparent between OSA and mechanical ventilation, treatment with vaso-

pressors, length of stay, and death. Mashaqi et al. [31] had similar results from a retro-

spective review of 1738 patients hospitalized with COVID-19 during an 8-month period 

in 2020. They reported that OSA did not appear to be an independent risk factor for worse 

COVID-19 outcomes in hospitalized patients after adjustment for demographic factors, 

BMI, and co-morbidities (ICU admission, intubation and mechanical ventilation, mortal-

ity, and length of hospital-stay). More recently, Pena Orbea et al. [32] conducted a retro-

spective study in a large Cleveland, OH area healthcare system to investigate the impact 

of SDB on COVID-19 positivity and COVID-19 clinical outcomes This study showed that 

only sleep-related hypoxia ((otal sleep time < 90) but not SDB ((AHI > 5 events per hour)) 
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was associated with worse COVID-19 related outcomes. Similarly, other studies did not 

show OSA to be an independent risk factor for COVID-19 severity [33–35]. The variation 

in results among these studies can be attributed to several factors such as the retrospective 

nature of these studies (selection bias, confounding variables, etc.), the lack of objective 

evidence (i.e., polysomnography [PSG] or home sleep apnea test [HSAT]) in diagnosing 

OSA and reliance on data from self-reports or electronic medical records, and finally small 

sample size in many studies. 

All the above were retrospective cohorts or case control studies. Very few prospective 

studies have been conducted, but nevertheless similarly concluded that OSA was associ-

ated with clinical worsening of COVID-19, increased O2 requirement, increased mortality, 

and poor outcome [36,37]. Table 1 summarizes these clinical studies. 

We conclude that many of the aforementioned studies have shown that OSA is a risk 

factor for worse COVID-19 clinical outcome, even after adjustment for several variables. 

However, more prospective trials are required to confirm this observation. Treating OSA 

with positive airway pressure therapy and its impact on COVID-19 has not been studied 

and needs to be thoroughly evaluated. 
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Table 1. The impact of obstructive sleep apnea on COVID-19 outcome in hospitalized patients with COVID-19 infection. 

Author, Year 

(Country) 

Total Sample Size, OSA 

Sample Size, (M), (Age) 
Design 

BMI 

(mean) 

Diagnostic 

Test (COVID-

19) 

Diagnostic 

Test (OSA) 
PAP Rx 

COVID-19 Outcome during Hos-

pitalization (Statistically Signifi-

cant)  

Results Summary 

Cariou et al., 2020 [27] 

(Coronado Study) 

France 

1317, 1189, 865,70 P 28.4 PCR 
Self-re-

ported 
Yes 

Treated OSA was independent risk 

of death at day 7 after admission in 

COVID-19 patients ((OR 2.80 

(1.46, 5.38), p = 0.002) 

- The primary outcome was combined tracheal 

intubation for mechanical ventilation and/or 

death within 7 days of admission. 

- Obesity is associated with poor early prognosis 

in 

patients with T2D hospitalized for COVID-19. 

- This poor prognosis was not observed in elderly 

individuals. 

Maas et al., 2020 [21] 

USA 
9405, 592, 4316, N/A R N/A PCR 

EMR using 

ICD-10 

codes 

N/A 

OSA was associated with a greater 

risk for acquiring COVID-19 infec-

tion (OR 1.65 (1.36–2.02)) and res-

piratory failure (OR 1.98 (1.65–

2.37)) 

- Mean BMI was not mentioned. However, the 

OR of acquiring COVID-19 and respiratory fail-

ure were categorized based on BMI (overweight, 

class I, II, and III obesity). 

- ICD-10 codes used are COVID-19 (U07), OSA 

(G47.33), Type 2 diabetes mellitus (E11), hyper-

tension (I10), and respiratory failure as (J96). 

Strausz et al., 2021 [22] 

Finland 
445, 38, 166, 53 R 27 PCR 

- Subjective 

symptoms 

- Clinical 

examination 

- PSG (AHI 

≥ 5) 

Yes 

(EMR) 

OSA was associated with higher 

risk of hospitalization after adjust-

ing for sex, BMI, and co-morbidi-

ties (OR 2.93 (1.02–8.39), p = 0.05) 

- The data of this study were obtained from a 

large biobank study in Finland (FinnGen study). 

- COVID-19 data were obtained from The Na-

tional Infectious Diseases Registry in Finland. 

- OSA treatment data were obtained from Heart 

and Lung Center, or Department of Oral and 

Maxillofacial Diseases (Helsinki University Hos-

pital), Finland 

- OSA was not associated with an increased risk 

for contracting COVID-19 infection. 

Tak Kyu Oh et al., 

2021 [26] 

South Korea 

122040, 550, 48726, N/A R N/A PCR 

EMR using 

ICD-10 

codes 

N/A 

OSA (with ILD) was associated 

with increased incidence of 

COVID-19 infection (OR 1.65 (1.23–

2.16); p < 0.001) 

- COPD was associated with a higher risk of hos-

pital mortality among patients with COVID19. 

- BMI was not included which can be a limitation. 

- OSA was not associated with increased risk of 

hospital mortality. 
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Peker et al., 2021 [36] 

Turkey 
320, N/A, 173, 53 P 27.4 PCR 

Modified 

Berlin ques-

tionnaire. 

N/A 

modified high risk OSA (mHR-

OSA) associated with: 

*Clinical worsening of COVID-19 

(aHR 1.55 (1.00–2.39)) 

*Increased O2 requirement (OR 

1.95, (1.06–3.59)) 

*Poor outcome. 

- The impact of mHR-OSA on COVID-19 was in-

dependent of age, sex, and comorbidities. 

- No sleep studies were conducted. Based on a 

modified version of Berlin questionnaire, partici-

pants were categorized into modified low or high 

risk for OSA. 

Mashaqi et al., 2021 

[31] 

USA 

1738, 139, 851, 58 R 

- 30 (Non-

OSA 

- 40 (OSA 

group) 

EMR using 

ICD-10 code 

EMR using 

ICD-10 code 
N/A - None 

- OSA was not an independent risk factor for 

worse COVID-19 outcome in hospitalized pa-

tients (after adjusting for demographic, BMI, and 

co-morbidities) 

- Clinical outcomes measured in hospitalized pa-

tients included (ICU admission, intubation and 

mechanical ventilation, mortality, and length of 

hospital stay). 

Cade et al., 2020 [19] 

USA 
4668, 443, 2073, 56 R 28.8 

EMR using 

ICD-10 code 

EMR using 

ICD-10 code 

Yes 

(EMR) 

OSA was associated with a greater 

risk of overall mortality. 

- The results were after adjusting for de-

mographics, BMI, and medical co-morbidities. 

- OSA was not associated with increased risk of 

intubation, ICU admission, or inpatient admis-

sion. 

Kravitz et al., 2021 [23] 

USA 
312, 312, 153, 61 R 37 PCR 

EMR using 

ICD-10 

codes 

Yes 

(EMR) 

Moderate and severe OSA was as-

sociated with higher risk of hospi-

talization (OR 4.29, (2.09-9.02)) 

- OSA severity among hospitalized patients was 

not associated with a composite outcome of me-

chanical ventilation, intensive care unit admis-

sion, and death. 

- Mild OSA was not associated with higher risk of 

hospitalization. 

Goldstein et al., 2021 

[30] 

USA 

572, 113, 320, 63 R 31 PCR PSG/HSAT N/A None 

After adjusting for demographics and BMI, OSA 

was not associated with increased risk of me-

chanical ventilation, vasopressor requirement, 

length of stay, or death. 

Kar et al., 2021 [37] 

India 
213, N/A, 144,55 P 26.7 PCR 

Question-

naires  

- STOP-

BANG, 

- Berlin 

- NoSAS 

N/A 

Patients who died had positive 

screening questionnaires compared 

to survived patients. 

Age ≥ 55 and STOPBANG score ≥ 5 were found to 

have small positive but independent effect on 

mortality even after adjusting for other variables. 
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- Epworth 

Beltramo et al., 2021 

[24] 

France 

89,530, 3581, 47,495, 65 R N/A 
EMR using 

ICD-10 codes 

EMR using 

ICD-10 

codes 

N/A 

Hospitalized COVID-19 pts with 

OSA had higher rate of PE, VAP, 

ICU stay, and death compared to 

pts hospitalized for influenza. 

The hospitalization outcome was compared be-

tween COVID-19 and Influenza patients. 

Gottlieb et al., 2020 

[20] 

USA 

8673, 288, 4045, 41 
R (case-

control) 
27.2 PCR EMR N/A 

OSA is associated with higher risk 

of critical illness in COVID-19 pa-

tients. 

- Age, male sex, Hispanic/Latino ethnicity, HTN, 

DM, prior CVA, CAD, CHF, ESRD, cirrhosis, 

were more commonly associated with admission. 

- Male sex, CHF, OSA, bloodborne cancer were 

associated with higher risk of critical illness. 

Zhang et al., 2020 [29] 

China 
97, N/A, 43, 58 R 24.1 PCR 

EMR using 

symptom-

less multi-

Variable ap-

nea predic-

tion 

(sMVAP) 

N/A 

↑ sMVAP on admission were asso-

ciated with higher odds of in-hos-

pital death, ICU transfer rate. 

In addition to higher sMVAP, CHD, and d-dimer 

were associated with higher risk of hospital 

death. 

Rögnvaldsson et al., 

2021 [28] 

Iceland 

4756, 185, 2455, 39 R 

26 (non 

OSA) 

32 (OSA) 

Median 

PCR 

Sleep data-

base at The 

National 

University 

Hospital of 

Iceland 

(LUH) 

Yes 

(49%) 

No 

(51%) 

OSA was associated with twofold 

increase in risk of severe COVID-19 

- This association between OSA and COVID-19 

persisted after adjustment for several known con-

founding factors, including obesity. 

- This association between OSA and COVID-19 

was not modified by PAP treatment. 

R = retrospective; P = prospective ICD = international classification of diseases; EMR = electronic medical records; N/A = not available;T2D = type 2 diabetes; PCR 

= polymerase chain reaction; HTN = hypertension; CVA = cerebrovascular accident; CAD = coronary artery disease; CHD = coronary heart disease; CHF = 

congestive heart failure; ESRD = end-stage renal disease; OSA = obstructive sleep apnea; OR = odds ratio; BMI = body mass index; PSG = polysomnography; 

HSAT = home sleep apnea test; ILD = interstitial lung diseases; PE = pulmonary embolism; VAP = ventilator associated pneumonia; AHI = apnea-hypopnea 

index; aHR = adjusted hazard ratio. 
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3. OSA and Gut Dysbiosis (Is There Evidence?) 

The main features in the pathophysiology of OSA consist of intermittent hypoxia (IH) 

and hypercapnia and sleep fragmentation. IH is reflected by oscillation in the partial oxy-

gen pressure (PaO2) in the blood vessels and the capillaries, especially the capillaries of 

the gut which potentially alters the gut microbiota profile [38]. Most experiments con-

ducted in this field utilized animal models and employed a hypoxia chamber to mimic an 

OSA environment. Animals are exposed to these oscillatory PaO2 changes in the hypoxia 

chamber for a specific period of time. This creates a PaO2 gradient between the surface 

close to the gut epithelium and the center of the intestinal lumen which foster changes in 

the gut microbiota by expressing more facultative and obligate anaerobic bacteria [38]. 

Morenos-Indias et al. [39] conducted an important experiment in this field. Mice were 

exposed to air with cyclic changes in partial oxygen pressure (normal air at 21% oxygen 

for 40 s followed by low PO2 air at 5% oxygen for 20 s). After six weeks, fecal samples from 

IH-exposed mice and corresponding controls were analyzed using 16S r RNA pyrose-

quencing. An increase in the relative abundance of Firmicutes, Prevotella, Paraprevotella, 

Desulfovibrio, and Lachnospiraceae and reduced Bacteroidetes, Odoribacter, Turicibac-

ter, Peptococcaceae and Erysipelotrichaceae were observed in mice with IH compared to 

controls respectively. Importantly, reversing IH by exposing these mice to normoxic con-

ditions for six weeks did not restore the gut dysbiosis [40]. Some of the bacteria that in-

creased their populations after IH have been linked to metabolic, inflammatory, and even 

neoplastic diseases. For instance, Prevotella is a Gram-negative bacterium, that produces 

LPS which fosters inflammation [12]. Desulfovibrio produces hydrogen sulfide which has 

been shown in some studies to increase the risk of colon cancer [41]. Conversely, Bac-

teroidetes are a very important source for short-chain fatty acids (butyrate, acetate, and 

propionate) that act as a nutrient source for colonic epithelia cells [42]. Wang et al. [43] 

had similar results of 10 weeks of IH on the regulation of Akkermansia mucinphila, Clostrid-

ium spp., Lactococcus spp. and Bifidobacterium spp. and their metabolites, such as trypto-

phan, free fatty acids, branched amino acids, and bile acids which might play a synergistic 

role with high-fat diet on hyperlipidemia. Tripathi et al. [44] had similar results and con-

cluded that IH and hypercapnia increased the relative abundance of Mogibacteriaceae, 

Oscillospira, Lachnospiraceae and Clostridiaceae. These species can alter primary and sec-

ondary bile acids and decrease levels of unsaturated fatty acids (such as elaidic acid) 

which can increase the risk of cardiovascular diseases and atherosclerosis [45]. Liu et al. 

[46] showed the role of IH in synergism with high-salt diet in worsening hypertension. 

They noticed a decrease in the relative abundance of Lactobacillus rhamnosu which can el-

evate blood pressure via an increase in trimethylamine N-oxide (TMAO) and inflamma-

tory mediators such as IFN -γ. Another OSA animal model used implantation of an endo-

tracheal obstruction device that can inflate and deflate mimicking the repetitive episodes 

of upper airway obstruction in OSA and its consequent oscillations in PaO2. Durgan et al. 

[47] concluded that a combination of IH and high-fat diet (HFD) induced an increase in 

blood pressure readings in rats that was statistically significant compared to control or IH 

alone or HFD alone. The microbiota profile in fecal samples of the IH+HFD rodents were 

characterized by an increase in the Firmicutes/Bacteroidetes ratio and a decrease in the 

Ruminococcaceae at the family level and the Clostridiales at the order level. Table 2 provides 

a summary of these animal experiments. 
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Table 2. OSA and gut dysbiosis in animal experiments. 

Author, Year 
OSA Model 

(Duration) 
Lab Method Relative Microbial Abundance Comments 

Morenos et al. 2014 [39] IH—6 weeks 16 S r RNA 

↑Prevotella ↑Paraprevotella 

↑Desulfovibrio  

↑Lachnospiraceae 

 

↓Bacteroides ↓Odoribacter ↓Tu-

ricibacter 

↓Peptococcaceae  

↓Erysipelotrichaceae 

Significant increase in Mucin-

degrading bacteria. 

Morenos et al. 2016 [40] IH—6 weeks 16 S r RNA 

↑Firmicutes  

↑Deferribacteres 

↓Bacteroidetes 

IH followed by 6 weeks of 

normoxic recovery which did 

not show a significant change 

Tripathi et al. 2018 [44] IHC—6 weeks 16 S r RNA 

↑Mogibacteriaceae 

↑Oscillospira 

↑Lachnospiraceae  

↑Clostridiaceae 

Intermittent hypoxia and hy-

percapnia instead of hypoxia 

alone suggesting the role of hy-

percapnia on dysbiosis. 

Poroyko et al. 2016 [48] SF—4 weeks 16 S r RNA 

↑Firmicutes 

↑Lachnospiraceae 

↑Ruminococcaceae 

 

↓Bacteroidetes ↓Actinobacteria 

↓Lactobacillaceae  

↓Bifidobacteriaceae 

- ↑TNF-α, IL-6, LBP, Leptin and 

NGAL. 

- ↑insulin resistance. 

- Reversibility upon discontin-

uation of SF. 

Liu et al. 2019 [46] IH—6 weeks 16 S r RNA ↓Lactobacillus rhamnosus 

Synergistic effect of IH with 

HFD to augment high blood 

pressure readings. 

Durgan et al. 2016 [47] 
Endotracheal im-

plant 
16 S r RNA 

↓Ruminococcaceae  

↓Clostridiales 

- Hypertension was mainly 

seen in combination of OSA 

and HFD. 

- The highest F/B ratio, micro-

bial richness and diversity 

were mainly seen in HFD  

Ganesh et al. 2018 [49] 
Endotracheal im-

plant 
16 S r RNA 

↑RC4-4  

↑Akkermanisa 

- Combination of OSA and 

HFD resulted in the highest 

dysbiotic changes. 

- Probiotic and Prebiotic helped 

in protecting the gut barrier. 

IH = intermittent hypoxia, IHC = intermittent hypercapnia, HFD = high-fat diet, OSA = obstructive 

sleep apnea, F/B = Firmicutes/Bacteroidetes, LBP = lipopolysaccharide binding protein, SF = sleep 

fragmentation, TNF = tumor necrosis factor, IL-6 = interleukin-6, NGAL = neutrophil gelatinase-

associated lipocalin. 

In humans, the scarcity of clinical trials conducted in this field owes to the extremely 

challenging nature of controlling for many variables that affect the gut microbiome. Col-

lado et al. [50] conducted a clinical trial in two-year-old snoring children and observed a 

shift in the gut microbiota with a higher Firmicutes/Bacteroidetes ratio and a lower Ac-

tinobacteria/Proteobacteria ratio. Recently, Wang et al. [51] examined the gut microbiota 

in 32 patients diagnosed with OSA using PSG and concluded that OSA patients have a 

disproportionate Firmicutes/Bacteroidetes ratio with increased Firmicutes and decreased 

Bacteroidetes in the gut microbiota compared to the healthy population. Furthermore, at 

the family level they noticed an increase in the abundance of Rikenellaceae and Alistipes 

and decrease in the Clostridium_XlVa in OSA patients compared to control. They also con-

cluded there was an imbalance in the proportion of T helper type 17 (Th17) and T 



Cells 2022, 11, 1569 10 of 26 
 

 

regulatory (Treg) cells in blood using flowcytometry in OSA group which might be related 

to the shift in gut microbiota. 

The aforementioned studies clearly support an association between OSA (specifically 

IH) and gut dysbiosis. However, it should be emphasized that causality has not been es-

tablished and more studies are warranted to prove this concept. 

4. COVID-19 and the Gut Microbiome 

The relation between the shift in the gut microbiota balance and SARS-CoV-2 can be 

described as bidirectional. It is known that the immune system can be altered through the 

gut–brain axis which represents a two-way interaction between emotional and cognitive 

regions of the brain and intestinal function. Gut dysbiosis can therefore worsen the infec-

tion outcome. SARS-CoV-2 can directly change the microbiota profile (e.g., bacteria, fungi, 

or viruses). This includes the microbiome in different niches of the body (such as oral, 

lung, skin, upper air way, etc.). However, as mentioned earlier, since most of the microbi-

ota are in the gut, we will focus in this section on the impact of SARS-CoV-2 on the gut 

microbiota. 

Zuo et al. [52] compared the gut microbiota from fecal material in patients with com-

munity-acquired pneumonia and COVID-19 pneumonia and observed a significant de-

pletion of beneficial commensals and enrichment of opportunistic pathogens (e.g., C. 

hathewayi, B. nordii, A. viscosus). These bacteria are associated with more severe COVID-

19 disease since they highly predispose the host to secondary bacterial infection. Interest-

ingly, A. viscosus is an upper respiratory tract opportunistic pathogen suggesting a con-

nection between extra-intestinal sites and the gut. Furthermore, they noticed that four 

species from the genus Bacteroides of the phylum Bacteroidetes (B. dorei, B. thetaiotaomicron, 

B. massiliensis, and B. ovatus) showed inverse correlation with the fecal viral load of SARS-

CoV-2. B. dorei is known to suppress the expression of ACE2 on the surface of colonocytes. 

It is well known that ACE2 modulation on the surface of colonocytes facilitates SARS-

CoV-2 entry into a colonocyte [53]. 

Similar to the gut bacteria, gut fungi can be disrupted secondary to COVID-19 infec-

tion. Zuo et al. [54] showed a heterogeneity in the gut mycobiome in the stool samples of 

COVID-19 +ve patients compared to COVID-19 −ve. In particular, Candida (C. albicans) and 

Aspergillus (A. flavus and A. niger) were enriched in the stool of these patients. C. albicans 

is usually associated with severe inflammatory reactions (whether gastro-intestinal or ex-

tra gastro-intestinal). A. flavus and A. niger are also associated with severe disease and 

most patients in the study who had these opportunistic pathogens in their stool were ad-

mitted to the ICU. Emphasizing the connection between extra-intestinal sites and the gut, 

patients who had A. flavus (respiratory pathogen) in the stool had cough before hospitali-

zation. Their final conclusion was that COVID-19 pneumonia can cause alterations in the 

gut mycobiome, although these alterations are less dysbiotic (i.e., less change in diversity 

and richness) in comparison to alterations in the gut mycobiome induced by community-

acquired pneumonia. 

The same group studied the gut virome (DNA and RNA) in patients infected with 

COVID-19 with a broad severity spectrum (asymptomatic, mild, moderate, and severe) 

and compared them to non-COVID-19 controls. Although they did not notice a correlation 

between fecal SARS-CoV-2 levels and COVID-19 severity, they found underrepresenta-

tion of Pepper mild mottle virus (the most common plant-derived RNA virus that infects 

humans) and multiple bacteriophage lineages (DNA viruses). Conversely, they noticed 

enrichment of environment-derived eukaryotic DNA viruses and specific bacteriophages 

(Escherichia virus phage and Enterobacter phage). This suggests that the gut virome can 

play an important role in shaping host physiology and immune response against SARS-

CoV-2 infection. Such alterations persisted even after discharge from the hospital (up to 

30 days from disease resolution) which may suggest a role of the gut virome in patients 

with post-COVID-19 syndrome. More interestingly, they also noticed a correlation be-

tween some DNA-species and age. (Myxococcus phage, Bacteroides phage, Murmansk 
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poxvirus, and Sphaerotilus phage) inversely correlated with human age which may ex-

plain the worse outcomes of COVID-19 in elderly patients [55]. 

Yeoh et al. [56] examined the disturbance in gut microbiota secondary to COVID-19 

infection and its relationship to the severity of inflammation and inflammatory markers. 

They noticed a depletion in some bacterial taxa that can play an important role in reducing 

inflammatory aggressiveness (B. adolescentis, F. prausnitzii, E. rectale, R. (Blautia) obeum and 

D. formicigenerans) and an increase in the concentrations of TNF-α, CXCL10, CCL2 and IL-

10. These finding are in agreement with previous studies suggesting a role for the gut 

microbiota in modulating the host immune response. 

Importantly, the impact of COVID-19 on the gut microbiome (commensals or oppor-

tunistic pathogens) persisted even after the nasopharyngeal clearance of the SARS-CoV-2 

post-hospitalization. (An example of this phenomenon was the continued presence of As-

pergillus lineage) in feces [54]. This suggests that the persistent alteration in the gut micro-

biome post-recovery from COVID-19 infection may explain some of the immune-related 

symptoms (e.g., fatigue, joint pain, etc.) that can persist up to six months in some patients. 

Mazzarelli et al. [57] concurred with Zuo et al. [52] and confirmed the variations in 

relative abundance and diversity of the gut microbiota in COVID-19 patients with differ-

ent severity. They concluded that most of the changes (the lowest microbial richness) were 

noted in ICU patients (most severe patients). There was an increase in Erysipelotrichaceae 

(which is associated with inflammatory diseases affecting the gastrointestinal (GI) system) 

[58] in COVID-19 patients in ICU and reduction in Faecalibacterium (which is associated 

with Crohn’s disease and colorectal cancer) [59], and Ruminococcaceae, Clostridiaceae (in-

volved in short-chain fatty acids (SCFAs) production especially butyrate) [60]. 

Other opportunistic pathogens that are shown to predominate in the gut microbiota 

of COVID-19 patients include (Streptococcus, Rothia, Veillonella, Erysipelatoclostridium, and 

Actinomyces) [61]. These taxa are associated with higher levels of inflammatory markers 

(CRP, IL-6, and TNF-α). For example, Rothia was reported in some studies to be associated 

with pneumonia in immunocompromised patients and with secondary bacterial infection 

in patients with avian H7N9 influenza infection [62,63]. Actinomyces may aggravate in-

flammation caused by inflammatory bowel disease [64]. 

Zuo et al. [65] concluded that SARS-CoV-2 after being cleared from the respiratory 

tract, can remain active in the GI tract even before the appearance of GI symptoms sug-

gesting that the life cycle of SARS-CoV-2 in the GI tract is longer than in the respiratory 

tract. This lagging period between the clearance of the virus from the respiratory tract and 

the GI symptoms can be up to one week or even longer. Interestingly, they concluded that 

COVID-19 patients with fecal samples containing high SARS-CoV-2 infectivity (i.e., 

higher 3ʹ vs. 5ʹend coverage) have a greater abundance of microbiota with high functional 

capacity for nucleotide de novo biosynthesis, amino acid biosynthesis and glycolysis (Col-

linsella aerofaciens, Collinsella tanakaei, Streptococcus infantis, Morganella morganii). For exam-

ple, adenosine and guanosine are two important metabolites involved in purine metabo-

lism. Adenosine levels can increase during inflammation and hypoxia and guanosine can 

induce cytokine production [66]. Some amino acids (e.g., L-serine) can expand the inflam-

matory reaction in some inflammatory diseases [67]. Conversely, fecal samples that con-

tain low-to-none SARS-CoV-2 infectivity have higher abundance of SCFA producing bac-

teria (Parabacteroides merdae, Bacteroides stercoris, Alistipes onderdonkii, and Lachnospiraceae 

bacterium 1_1_57FAA). A summary of these studies is located in Table 3. 
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Table 3. COVID-19 and the gut microbiota in clinical studies. 

Author, Year Study Design Sample Size 
Lab Methods 

(Sequencing) 
Relative Microbial Abundance Results Summary 

Gu et al. 2020 [61] Cross-sectional 

Total (84) 

COVID-19 (30) 

H1N1 (24) 

Control (30) 

16S rRNA  

H1N1 

↓ Actinobacteria and Firmicutes.  

COVID-19  

↑ Streptococcus, Rothia, Veillonella, Erysipelactoclostrid-

ium, and Actinomyces. 

- Negative correlation with COVID-19 depleted bacteria 

CRP, PCT, and D-dimer level.  

- Positive correlation with increased bacteria, CRP, and 

D-dimer levels. 

Zuo et al. 2020 [52] Prospective 

- Total (36) 

- COVID-19 (15) 

- CAP (6) 

- Control (15) 

Shotgun  

Antibiotic Naïve: 

Clostridium hathewayi, Actinomyces viscosus, and 

Bacteroides nordii. 

COVID-19 (abx +): decreased symbionts, Faecalibacte-

rium prausnitzii, Lachnospiraceae bacterium, Bubacte-

rium rectale, Ruminococcus obeium, and Dorea for-

micigenerans.  

Decreased Symbionts: Eubacterium ventriosum, Fae-

calibacerium prausnitzii, Roseburia, Lachnospiraceae 

taxa.  

Increased opportunisitic pathogens:  

clostridium hathewayi, Actinomyces ciscosus, Bac-

teroides nordii. 

- ↑ Firmicutes, Coprobacillus, Clostridium ramosum, and C. 

hathewayi, in severe COVID-19. 

- Bacteroidetes phylum showed inverse relation to stool 

viral load. 

- Fimicutes species, Erysipelotrichaceae bacterium, 

showed strong positive correlation with viral load.  

Zuo et al. 2020 [54] Prospective  

- Total (69) 

- COVID-19 (30) 

- CAP (9) 

- Control (30) 

- Shotgun 

Increased Candida 

- C. Albicans > 50% 

- A. flavus 

- A. niger 

COVID-19 

↑ Candida albicans, C. auris, and Aspergillus flavus. 

↑ C. albicans, C auris, and A. Flavus also seen in CAP pa-

tients.  

Zuo et al. 2020 [65] Prospective 
- Total (15) 

- COVID-19 (15) 
- Shotgun  

High levels of stool SARS-CoV-2 

↑ Collinsella aerofaciens, Collinsella tanakaei, Streptococcus 

infantis, Morganella moranii  

Low to absent fecal SARS-CoV-2 

↑Parabaceroides merdae, Bacteroides stercoris, Alistipes 

onderdonkii and Lachnspiraceae bacterium. 

↑ opportunistic pathogens including Collinsella aerofa-

ciens and Morganella morganii in high SARS-CoV-2 fecal 

samples.  

↑ immune boosting bacteria including Parabacteroides, 

Bacteroides, and Lachnospiraceae in low to absent SARS-

CoV-2 s fecal samples.  

Yeoh et al. 2021 

[56] 
Prospective 

- Total (178) 

- COVID-19 (100) 

- Control (78) 

- Shotgun 

COVID-19 

↑ Bacteroidetes 

COVID-19 (abx adjusted) 

-F. prausnitzii and Bifido- bacterium bifidum were nega-

tively correlated with COVID-19 disease severity when 

adjusted for abx use. 
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↑ Parabacteroides, Sutterella wadsworthensis and Bac-

teroides caccae. 

↓ Adlercreutzia equolifaciens, Dorea formicigenerans and 

Clostridium leptum 

Controls 

↑ Actinobacteria 

- Known immunomodulating bacteria that are depleted 

in COVID-19 (such as B. adolescentis, E. rectale and F. 

prausnitzii) were inversely related to cytokine levels. 

-B. dorei and Akkermansia muciniphila were positively 

correlated with cytokines. These were enriched in 

COVID-19. 

-Gut microbiota of recovered patients were enriched in 

species including Bifidobacterium dentium and Lactobacil-

lus ruminis were increased 30 days post-recovery while 

E. rectale, R. bromii, F. prausnitzii and Bifidobacterium 

longum remained depleted. 

Mazzarelli et al. 

2021 [57] 
Prospective 

- Total (23) 

- COVID-19w 

(9) 

-COVID-19i (6) 

-Control (8) 

16S RNA 

COVID-19 vs. control 

↑ Proteobacteria phylum Peptostreptococcaceae, Entero-

bacteriaceae, Staphylococcaceae, Vibrionaceae, Aerococca-

ceae, Dermabacteraceae, Actinobacteria 

↓ Spirochaetes and Fusobacteria phyla Nitrospiraceae, 

Propionibacteriaceae, Aeromonadaceae, Moraxellaceae, My-

coplasmataceae 

COVID-19i vs. control 

↑ Erysipelotrichaceae, Microbacteriaceae, Mycobacteriaceae, 

Pseudonocardiaceae, Brevibacteriaceae 

↓ Carnobacteriaceae, Coriobacteriaceae, and Mycoplasma-

taceae 

COVID-19i vs. COVID-19w 

↑ Staphylococcaceae, Microbacteriaceae, Micrococcaceae, 

Pseudonocardiaceae, Erysipelotrichales  

↓ Carnobacteriaceae, Pectobacteriaceae, Moritellaceae, Sele-

nomonadaceae, Micromonosporaceae, Coriobacteriaceae 

-ICU patients showed decreased gut microbiota diver-

sity compared to medical floor and controls 

-Proinflammatory bacteria Peptostreptococcaceae, Entero-

bacteriaceae, Staphylococcaceae, Vibrionaceae, Aerococcaceae, 

Dermabacteraceae, Actinobacteria were increased in both 

ICU and wards compared to control. Ward gut microbi-

ota closer to control. 

-Increase in inflammatory associated Faecalibacterium in 

ICU patients while decrease in anti-inflammatory asso-

ciated Ruminococcaceae and Clostridiaceae.  

-Down regulating ACE2 bacteria, Bacteroides dorei and 

Bacteroides thetaiotaomicron were decreased in Ward pa-

tients 

Zuo et al. 2021 [55] Prospective 

- Total (176) 

- COVID-19 (98) 

- Control (78) 

- non-targeted 

shotgun meta-

genomic 

COVID-19 + 

↑ SARS-CoV-2 in fecal samples.  

↓ pepper mild mottle virus (PMMoV). 

↑ eukaryotic and environment prevalent viruses. 

↑Streptococcus phage, Escherichia phage, Homavirus, 

Lactococcus phage, Ralstonia phage, Solumvirus, and 

Microcystis phage  

COVID-19 − 

-Pepper chlorotic spot virus (PCSV) inversely correlated 

with COVID-19 disease severity 

-Fecal SARS-CoV-2 levels were significantly lower in 

moderate COVID-19 when compared to less severe 

COVID-19 

-9 DNA virus species (Myxococcus phage, Rheinhei-

mera phage, Microcystis virus, Bacteroides phage, Mur-

mansk poxvirus, Saudi moumouvirus, Sphaerotilus 
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↑ bacteriophages in feces (69%, 18 out of 26 DNA virus 

species) 

phage, Tomelloso virus, and Ruegeria phage) inversely 

correlated with disease severity of COVID-19 and 8 

showed strong negative correlation to inflammation 

markers in the blood (LDH, neutrophil count, white cell 

count, or CRP).  

- 4 of the 9 viral species (Myxococcus phage, Bac-

teroides phage, Murmansk poxvirus, and Sphaerotilus 

phage) were noted to inversely correlated with human 

age. 

CRP = C-reactive protein, PCT = Prolactin, CAP = community-acquired pneumonia, Abx = antibiotic, COVID-19i = COVID-19 in ICU, COVID-19w = COVID-19 

in wards, ACE2 = Angiotensin-Converting Enzyme 2. 
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5. OSA and SARS-CoV-2, Similar Pathological Features on the Gut Barrier at the Cel-

lular and Molecular Level 

A common feature of both OSA and SARS-CoV-2 infections is inflammation. Alt-

hough the severity of inflammation in COVID-19 is usually more intense compared to 

OSA, a common target in both diseases is the gut barrier leading to what is known as 

“leaky gut syndrome”. Before reviewing the literature in this regard, we would like to 

briefly describe the anatomical, histological, and cellular structures of intestinal epithelial 

cells. Then we will review different biomarkers of gut barrier dysfunction that were stud-

ied in COVID-19 and OSA. 

The small and large intestines are composed histologically of a single layer of simple 

epithelium that is responsible for absorbing water and nutrients while simultaneously 

acting as a barrier against pathogens. In the small intestine, the epithelium is differenti-

ated into epithelial protrusions called villi that form the majority of the epithelial surface 

area where the absorption process takes place. The main cell types that cover these villi 

are absorptive enterocytes, mucous-secreting goblet cells, and hormone-secreting entero-

endocrine cells. Crypts which are found at the bottom of the villi contain Paneth cells 

which play a critical role in innate immunity and antibacterial defense. In the large intes-

tine, the epithelium is composed only of crypts with no villi and does not contain Paneth 

cells [68]. The intestinal epithelial cells are connected inter-cellularly by tight semi-perme-

able gates that allow the influx of ions and prevent the passage of pathogens. As shown 

in Figure 1, these adjacent structures are called “apical junctional complexes” (AJC). AJCs 

are composed of tight junctions, and adherens junctions [69]. Tight junctions are com-

posed of trans-membrane proteins that act as a fence and a gate [70]. The gate function 

regulates the influx of ions and solutes that are less than 600 Da paracellularly (between 

cells) [71], and the fence function prevents the mixing of membrane proteins between the 

apical and basolateral parts of the cell (i.e., preserves the cell polarity). These functions are 

maintained by the trans-membrane protein (claudin). Another trans-membrane protein of 

the tight junctions called (occludin) regulates the paracellular permeability barrier be-

tween cells. The other group of AJCs are adherens junctions which include several trans-

membrane proteins and glycoproteins that initiate and maintain cell–cell adhesion and 

regulate actin cytoskeleton. These include E-cadherin and catenins [70]. Tight junctions 

and adherens junctions are anchored to cytoplasmic proteins via a group of connector 

proteins called ZO proteins. ZO-1 is an example of this group which can link between 

tight junctions and adherens junctions in addition to anchoring other proteins in the ZO 

protein group together such as ZO-2 and ZO-3 [70]. 
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Figure 1. The apical junctional complex and tight junctions in the small intestine. ZO-1 = Zonula 

occludens-1; ZO-2 = Zonula occludens-2. 

One of the early and first identified proteins released by enterocytes which play an 

important role in the regulation of intestinal permeability is zonulin. Zonulin is a 47-kDa 

protein that has been shown to increase intestinal epithelial permeability in non-human 

experiments [72]. Zonulin is the only precursor for haptoglobin-2 which regulates tight 

junction permeability. This occurs via epidermal growth factor receptor (EGFR) transacti-

vation through proteinase-activated receptor 2 (PAR2) [73]. Zonulin is overexpressed in 

some autoimmune diseases (such as celiac disease and type-I diabetes mellitus) [74–76]. 

The main stimuli for zonulin release are bacteria and gliadin, a protein component of glu-

ten. Historically, Vibrio cholerae and the discovery of zonula occludens toxin (Zot), an en-

terotoxin elaborated by this bacterium, helped further understand the role of bacteria in 

regulating intestinal permeability [77]. As shown in Figure 2, zonulin transactivation of 

EGFR via PAR2 activates phospholipase C, which in turn, activates a cascade of reactions 

that lead to an increase in the intracellular Ca and activation of protein kinase C alpha 

(PKCα). Activated (PKCα) enhances the phosphorylation of ZO-1, ZO-2, and myosin 1C 

in addition to the polymerization of F-actin. As a result, ZO-1 is displaced from the junc-

tional complex which leads to a loosened junction and increased permeability [78]. 
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Figure 2. Zonulin-mediated increase in intestinal permeability. EGRF = epidermal growth factor 

receptor; PAR2 = proteinase-activated receptor 2; PLPC = phospholipase C; PPI = phosphatidyl ino-

sitol; DAG = diacylglycerol; IP3 = inositol 1,4,5-tris phosphate; PKCα = Protein kinase C alpha; Ca = 

calcium; ZO-1 = Zonula occludens-1 ZO-2 = Zonula occludens-2. 

Prasad et al. [79] (published as preprint manuscript) examined the plasma microbi-

ome in 30 COVID-19 patients (mild, moderate, and severe cases) in comparison to healthy 

controls. At the phylum level, Proteobacteria was highest in all samples (22%–91%), fol-

lowed by Firmicutes (10%–71%), and Actinobacteria (6%–27%). Bacteroidetes was present 

in a very low percentage. At the genus level, Gram-negative bacteria (Acinetobacter, Ni-

trospirillum, Cupriavidus, Pseudomonas) were higher than Gram-positive bacteria 

(Staphylococcus and Lactobacillus). Several gut permeability markers were tested. Fatty 

acid-binding protein-2 (FABP2) levels were higher in the plasma of COVID-19 patients. 

FABP2 is an intra-epithelia protein that binds free fatty acids and is involved in lipid 

transport. During intestinal epithelial cell damage, this protein is released into the circu-

lation and its level is increased. Other gut permeability markers that were measured are 

peptidoglycan (PGN) and lipopolysaccharides (LPS) and both were elevated in the 

plasma of COVID-19 patients compared to healthy controls. Studies that utilized plasma 

microbiome are limited [80,81]. Most studies used plasma metabolome and fecal microbi-

ome. Since the fecal viral shedding continues for more than 30 days in some COVID-19 

cases after lung recovery [82], the blood microbiome findings in the context of the gut 

permeability markers suggest translocation of gut bacteria from the colon into the circu-

lation. 

Similarly, Giron et al. [83] conducted another analysis in 60 patients who tested pos-

itive for SARS-CoV-2 (mild, moderate, and severe) and 20 healthy controls. The authors 

found that patients with severe COVID-19 had high levels of markers of tight junction 

permeability and microbial translocation compared to patients with mild COVID-19 and 

healthy controls. These included zonulin and occludin. Subsequently, microbial products 

(lipopolysaccharide binding protein (LBP), β-glucan (polysaccharide cell wall component 

of most fungal species) were higher in patients with severe COVID-19 infection. Authors 

also measured inflammatory markers and immune modulation markers. They confirmed 

an increase in monocyte inflammation marker (sCD14), neutrophil inflammation marker 

(MPO), and soluble CD163 (sCD163) in patients with severe COVID-19. Furthermore, they 

noticed an increase in the levels of many cytokines and chemokines (such as IL-6, IL-1b, 

MCP-1, IP-10, and TNF-a), markers of inflammation and thrombogenesis (such as C-reac-

tive protein (CRP) and D-dimer), a marker of complement activation (C3a), a marker of 



Cells 2022, 11, 1569 18 of 26 
 

 

oxidative stress (GDF-15), and three immunomodulatory galectins (galectin-1, 3, and 9). 

Importantly, there was a strong positive correlation between the tight junction permeabil-

ity markers levels (zonulin, LBP, or β-glucan) and the severity of systemic inflammation 

and immune activity. To further confirm the findings of tight junction permeability mark-

ers levels in patients with severe COVID-19 infection, the authors conducted an analysis 

of an independent validation cohort. A combination of zonulin, LBP, and sCD14 was able 

to distinguish hospitalized from non-hospitalized individuals in the validation cohort 

with an area underneath the curve of 88.6% (95% confidence interval 0.80–0.96). 

Yonker et al. [84] concurred with the above results and conducted a study in 19 chil-

dren who developed multisystem inflammatory syndrome (MIS-C) which is a severe, life 

threatening complication of SARS-CoV-2 infection and compared them to 26 children 

with acute COVID-19 and 35 healthy controls. Most children with MIS-C developed the 

symptoms after the resolution of respiratory symptoms and their nasopharyngeal swabs 

were negative for SARS-CoV-2. Almost 90% of these children presented with GI symp-

toms (such as nausea, diarrhea, vomiting, and abdominal pain) compared to only 27% of 

children with acute COVID-19 presenting with GI symptoms. Most of the children with 

MIS-C had detectable viral loads in their stool samples suggesting that there was another 

nidus of infection contributing to their severe and life-threatening symptoms. The authors 

noticed an increase in zonulin, LBP, and sCD14 levels in children with MIS-C while there 

were normal levels in children with acute COVID-19 infection and healthy controls. This 

provides evidence of gut barrier breakdown and tight junction dysfunction in severe 

COVID-19 infection that leads to microbial translocation and systemic inflammation. Au-

thors in this study were able to detect SARS-CoV-2 viral components in the circulation 

(including spike, S1, and nucleocapsid antigens) several weeks after initial infection. 

Guo et al. [85] created an intestinal model on a biochip to simulate the pathophysio-

logical changes associated with SARS-CoV-2 infection. They noticed that SARS-CoV-2 

caused a) severe destruction and disruption in adherent junctions, identified by E-cad-

herin expression and VE-cadherin immunostaining, b) damage to the intestinal villus-like 

structures, c) disruption in the intestinal mucus layer, and finally d) decreased density 

and size of endothelial cells. The injury to the endothelial cells and the adherent junctions 

between them can explain some of the thrombogenic and vascular complications seen in 

patients with COVID-19 [86]. However, they concluded that the injury of SARS-CoV-2 to 

the epithelial cells is greater than the endothelial cells possibly due to higher viral loads. 

They also confirmed an extensive increase in cytokines and chemokines in both epithelial 

and endothelial cells (TNF, IL-6, CXCL10, CCL5, and CSF3). 

In vitro experiments confirmed the influence of IH (hypoxia/reoxygenation) and 

sleep fragmentation on gut permeability and tight junction dysfunction. This impact was 

measured using transepithelial electrical resistance (TEER) or FITC-dextran [48,49,87]. 

In human studies, Kheirandish-Gozal et al. [88] concluded that LBP levels are ele-

vated in children with OSA suggesting that markers of systemic inflammation are ele-

vated in OSA. The authors also found that obesity played a synergistic role to the effects 

of OSA. Li et al. [89] measured plasma D- lactic acid (D-LA) and intestinal fatty acid-bind-

ing protein (I-FABP) levels using colorimetry and ELISA, respectively as biomarkers of 

gut barrier integrity in adults with OSA (defined as AHI ≥ 5 events per hour) and those 

without OSA (AHI < 5 events per hour). They confirmed dramatically higher levels of 

plasma (D-LA) and (I-FABP) in OSA patients compared to controls. Barcelo et al. [90] had 

similar results with (I-FABP) levels in patients with OSA. Furthermore, they measured 

circulating levels of zonulin and although zonulin levels were similar between groups, 

zonulin levels correlated negatively with the mean nocturnal oxygenation saturation (p < 

0.05). 

These studies suggest that both COVID-19 and OSA share the same features of in-

creasing biomarkers of tight junction dysfunction and intestinal permeability. 
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6. Discussion and Future Directions (Connecting the Dots) 

The putative association between OSA and COVID-19 severity is based on the simi-

larities in the pathophysiology between these entities. The severe inflammatory response 

to COVID-19 is secondary to the replication of the virus in type-II pneumocytes and re-

cruitment of virus independent pathways (e.g., ACE-2) [91]. Obstructive sleep apnea. 

which is characterized by IH and SF, has been studied over the last several decades using 

animal and human models. A major observation is the association between IH and low-

grade systemic inflammation. This is a multifactorial process that includes several steps 

involving oxidative stress secondary to the excessive generation and propagation of reac-

tive oxygen species, and induction of transcriptional pathways underlying many pro-in-

flammatory mediators and inflammatory cytokines (e.g., IL-6, TNF-α, CRP, IL-10) ulti-

mately resulting in systemic inflammation [92]. However, similar to COVID-19, OSA dis-

plays substantial heterogeneity in the magnitude of the inflammatory response. One of 

the key factors in triggering inflammation is gut dysbiosis and in this review, we shed 

light on this critical concept in both diseases, OSA and COVID-19, and suggest that the 

gut microbiome acts as a mediator for worse clinical outcome in patients with COVID-19 

who have a diagnosis of OSA (Figure 3). 

 

Figure 3. The inter-relationship between COVID-19, obstructive sleep apnea, and the gut microbi-

ome. ACE-2 = Angiotensin-Converting Enzyme 2; MIS-C = Multisystem inflammatory syndrome in 

children; OSA = obstructive sleep apnea; IH = intermittent hypoxia; ARDS = acute respiratory dis-

tress syndrome; LPS = Lipopolysaccharide; DM = diabetes mellitus. 

The gut microbiota plays an important role in signaling the immune system and reg-

ulating the inflammatory process. In animal models, intact microbiota enhances the recog-

nition of different pathogens by the immune system via specific receptors (e.g., toll-like 

receptors and nucleotide-binding oligomerization domain-like receptors) expressed on 

the surface of immune cells. For example, macrophages isolated from microbiota-depleted 
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mice released lower levels of TNFα and higher levels of IL-10 in response to lipopolysac-

charide [93]. Splenic dendritic cells isolated from germ-free mice and stimulated with LPS 

expressed less IL-5, IL-6 and TNFα [94]. Similarly, NK cells isolated from germ-free mice 

displayed compromised immune reactivity [95]. T and B cell numbers were lower in 

germ-free animal models with lower IgA, and IgG secretion. Moreover, T-cells (CD4 and 

CD8) showed a shift towards more CD4+ (TH-2) helper cells. Furthermore, gut microbiota 

metabolites, such as butyrate, propionate, and acetate, play an essential role in immunity 

and systemic inflammation. For example, butyrate is a key source of nutrients to the co-

lonocytes [42,96,97]. 

Over the last few decades, the concept that intestinal permeability and gut barrier 

dysfunction are important in the regulation of the inflammatory reaction to a specific stim-

ulus has been generally accepted. In this review, we provided evidence that OSA (in ani-

mal experiments) and COVID-19 are clearly associated with tight junction dysfunction 

and microbial translocation into systemic circulation thus propagating systemic inflam-

mation. Since gut barrier dysfunction can be mediated through the gut microbiome, this 

offers additional evidence to the plausible link between the gut microbiome (as a media-

tor) and COVID-19 patients with untreated OSA. An important question in this regard is, 

what is the implication of these observations and how can they be helpful to patients clin-

ically? 

Conceptually, treating OSA would be the ideal therapeutic path towards reducing 

any adverse synergistic effect produced by the presence of OSA and COVID-19. However, 

currently it is unclear whether OSA is an independent risk factor for severity of COVID-

19 infection. Furthermore, continuous positive airway pressure (CPAP) which is the gold 

standard for treating OSA is challenging in many patients and adherence to CPAP therapy 

is extremely variable [98]. Therefore, alternative OSA therapies such as dental devices [99] 

and medication regimens acting on the upper airway might help in reducing the severity 

of COVID-19 in patients with OSA who cannot tolerate PAP therapy [100]. 

Targeting the gut microbiome is another potentially novel approach. Most of the ther-

apeutic interventions in this field are still experimental and their clinical applications are 

limited yet promising. The potential link between changes in gut microbiome with ad-

vancing age and the poorer outcomes associated with aging has also been noted [101,102], 

leading to the proposal of interventions based on probiotics as a vehicle to reduce risk 

[103]. Interestingly, most if not all of the risk factors identified as adversely affecting 

COVID-19 outcomes (hypertension, diabetes mellitus, obesity, and aging) are linked to 

gut dysbiosis. Gut dysbiosis (mainly an increase in Firmicutes/Bacteroides ratio) and par-

ticularly when combined with a high-fat diet will increase blood pressure in both animal 

models and in humans [47,104]. Furthermore, fecal matter transfer (FMT) from hyperten-

sive mice into germ-free mice resulted in increased blood pressure values in recipient 

mice, suggesting a causal relationship between gut dysbiosis and hypertension [47]. Sim-

ilarly, FMT of fecal material from IH-exposed mice to naïve mice results in sleep pertur-

bations and excessive daytime sleepiness in the recipient mice as well as in metabolic dys-

function [105,106]. The latter findings concur with other experiments showing that gut 

dysbiosis can alter energy harvesting, fat deposition, insulin sensitivity, and modify sys-

temic inflammatory measures and lead to increased risk of obesity and diabetes mellitus 

[107]. Although our understanding of the association between aging and the gut microbi-

ome is still evolving, dietary changes, decreased physical activity, and other age-related 

physical changes affecting the overall gastrointestinal system also influence and modify 

the gut microbiota [108]. 

Another promising therapeutic avenue is targeting intestinal permeability and mi-

crobial translocation markers. Zonulin antagonist AT1001 (larazotide acetate) is currently 

in phase III trials for treatment of refractory celiac disease [109]. Larazotide acetate im-

proved intestinal epithelial function in vivo and in vitro [110,111]. However, the role of 

zonulin antagonist AT1001 (larazotide acetate) and other targets for intestinal permeabil-

ity markers in lessening COVID-19 severity still remain to be elucidated. Interestingly, 
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Yonker et al. [84] obtained US FDA approval of larazotide acetate to treat a refractory sick 

17-month-old boy with multisystem inflammatory syndrome (MIS-C) after he failed all 

anti-inflammatory therapies. The patient improved clinically (fever declined), inflamma-

tory mediators and cytokines subsided, and spike antigen, nucleocapsid protein levels 

dropped. This case report suggests that improving intestinal permeability in some 

COVID-19 cases may be a useful adjuvant to more conventional treatment. 

7. Conclusions 

Based on the similarities between COVID-19 risk factors and OSA-associated comor-

bid diseases and the common background of inflammation and immune modulation in 

COVID-19 and OSA, gut dysbiosis should strongly be considered as a mediator of sys-

temic inflammation and immune system modulation in COVID-19 in the presence of OSA. 

We postulate that OSA-induced gut dysbiosis may constitute a risk factor determining the 

severity of COVID-19 infection. Preliminary evidence suggests that markers of tight junc-

tion dysfunction might serve both as biomarkers of disease activity and as a target for 

intervention in conjunction with restoration of the gut microbiota. 

Author Contributions: Conceptualization, S.M. and DG; methodology, S.M. and D.G.; software, 

S.M.; validation, S.M., D.G. and S.F.Q.; formal analysis, Not applicable.; investigation, S.M., D.G. 

and S.F.Q.; resources, D.G., S.F.Q. and S.P.; data curation, Not applicable; writing—original draft 

preparation, S.M., R.K., A.M. and C.S.; writing—review and editing, S.M., D.G., S.F.Q., S.I.P., D.C., 

L.E., J.L.-I., C.S., R.K., A.M., S.P.; visualization, S.M., D.G. and S.F.Q.; supervision, D.G. and S.F.Q.; 

project administration, S.M. and D.G.; funding acquisition, Not applicable. All authors have read 

and agreed to the published version of the manuscript. 

Funding: The following authors received funding not related to this review. David Gozal is sup-

ported by National Institutes of Health (NIH) grant AG061824; a Tier 2 grant and a TRIUMPH grant 

from the University of Missouri; and the Leda J. Sears Foundation. Stuart F. Quan is a consultant for 

Bryte Bed, Whispersom, DR Capital and Best Doctors. Sairam Parthasarathy reports research grants 

funded by the NIH (HL138377, U01HL128954, IPA-014264-00001, UG3HL140144), PCORI (PPRND-

1507-31666), Foundations (ASMF-169-SR-17) and Industry (Philips, Whoop. Inc.). He is a co-inves-

tigator on research funded by NIH (MD011600), PCORI (PCS-1504-30430), and DOD (W81XWH-14-

1-0570). Daniel Combs reports current research funding from the National Institutes of Health (HL 

151254) and American Heart Association (19CDA34740005). Salma I. Patel reports research sup-

ported by grants from the American Sleep Medicine Foundation (203-JF-18), National Institutes of 

Health (HL126140), a University of Arizona Health Sciences Career Development Award and Fac-

ulty Seed Grant Award. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20, 

533–534. https://doi.org/10.1016/s1473-3099(20)30120-1. 

2. Johns Hopkins University of Medicine Coronavirus Resource Center. COVID-19 Data in Motion. Available online: https://coro-

navirus.jhu.edu/ (accessed on 15 November 2020). 

3. Li, L.Q.; Huang, T.; Wang, Y.Q.; Wang, Z.P.; Liang, Y.; Huang, T.B.; Zhang, H.Y.; Sun, W.; Wang, Y. COVID-19 patients’ clinical 

characteristics, discharge rate, and fatality rate of meta-analysis. J. Med. Virol. 2020, 92, 577–583. 

4. Burki, T.K. Coronavirus in China. Lancet Respiratory Med. 2020, 8, 238. https://doi.org/10.1016/S2213-2600(20)30056-4. 

5. Ye, Q.; Wang, B.; Mao, J. The pathogenesis and treatment of the ‘Cytokine Storm’ in COVID-19. J. Infect. 2020, 80, 607–613. 

https://doi.org/10.1016/j.jinf.2020.03.037. 

6. Li, X.; Xu, S.; Yu, M.; Wang, K.; Tao, Y.; Zhou, Y.; Shi, J.; Zhou, M.; Wu, B.; Yang, Z.; et al. Risk factors for severity and mortality 

in adult COVID-19 inpatients in Wuhan. J. Allergy Clin. Immunol. 2020, 146, 110–118. https://doi.org/10.1016/j.jaci.2020.04.006. 

7. Durgan, D.J.; Bryan, R.M.Jr. Cerebrovascular consequences of obstructive sleep apnea. J. Am. Heart Assoc. 2012, 1, e000091. 



Cells 2022, 11, 1569 22 of 26 
 

 

8. Integrative HMP (iHMP) Research Network Consortium. The Integrative Human Microbiome Project. Nature 2019, 569, 641–

648. 

9. Yang, J.; Pu, J.; Lu, S.; Bai, X.; Wu, Y.; Jin, D.; Cheng, Y.; Zhang, G.; Zhu, W.; Luo, X.; et al. Species-Level Analysis of Human Gut 

Microbiota With Metataxonomics. Front. Microbiol. 2020, 11, 2029. https://doi.org/10.3389/fmicb.2020.02029. 

10. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A 

human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59–65. 

https://doi.org/10.1038/nature08821. 

11. Farre, N.; Farre, R.; Gozal, D. Sleep Apnea Morbidity: A Consequence of Microbial-Immune Cross-Talk? Chest 2018, 154, 754–

759. 

12. Scher, J.U.; Sczesnak, A.; Longman, R.S.; Segata, N.; Ubeda, C.; Bielski, C.; Rostron, T.; Cerundolo, V.; Pamer, E.G.; Abramson, 

S.B.; et al. Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. eLife 2013, 2, 01202. 

13. Singh, A.K.; Gillies, C.L.; Singh, R.; Singh, A.; Chudasama, Y.; Coles, B.; Seidu, S.; Zaccardi, F.; Davies, M.J.; Khunti, K. Preva-

lence of co-morbidities and their association with mortality in patients with COVID -19: A systematic review and meta-analysis. 

Diabetes Obes. Metab. 2020, 22, 1915–1924. https://doi.org/10.1111/dom.14124. 

14. Nieto, F.J.; Young, T.B.; Lind, B.K.; Shahar, E.; Samet, J.M.; Redline, S.; D’Agostino, R.B.; Newman, A.B.; Lebowitz, M.D.; Pick-

ering, T.G.; et al. Association of Sleep-Disordered Breathing, Sleep Apnea, and Hypertension in a Large Community-Based 

Study. JAMA: J. Am. Med. Assoc. 2000, 283, 1829–1836. https://doi.org/10.1001/jama.283.14.1829. 

15. Marin, J.M.; Agusti, A.; Villar, I.; Forner, M.; Nieto, D.; Carrizo, S.J.; Barbé, F.; Vicente, E.; Wei, Y.; Nieto, F.J.; et al. Association 

Between Treated and Untreated Obstructive Sleep Apnea and Risk of Hypertension. JAMA 2012, 307, 2169–2176. 

https://doi.org/10.1001/jama.2012.3418. 

16. Marin, J.M.; Carrizo, S.J.; Vicente, E.; Agusti, A.G. Long-term cardiovascular outcomes in men with obstructive sleep apnoea-

hypopnoea with or without treatment with continuous positive airway pressure: An observational study. Lancet 2005, 365, 1046–

1053. 

17. Shahar, E.; Whitney, C.W.; Redline, S.; Lee, E.T.; Newman, A.B.; Nieto, F.J.; O’Connor, G.T.; Boland, L.L.; Schwartz, J.E.; Samet, 

J.M. Sleep-disordered breathing and cardiovascular disease: Cross-sectional results of the Sleep Heart Health Study. Am. J. 

Respir. Crit. Care Med. 2001, 163, 19–25. 

18. Marshall, N.S.; Wong, K.K.; Phillips, C.L.; Liu, P.Y.; Knuiman, M.W.; Grunstein, R.R. Is sleep apnea an independent risk factor 

for prevalent and incident diabetes in the Busselton Health Study? JCSM 2009, 5, 15–20. 

19. Cade, B.E.; Dashti, H.S.; Hassan, S.M.; Redline, S.; Karlson, E.W. Sleep Apnea and COVID-19 Mortality and Hospitalization. 

Am. J. Respir. Crit. Care Med. 2020, 202, 1462–1464. 

20. Gottlieb, M.; Sansom, S.; Frankenberger, C.; Ward, E.; Hota, B. Clinical Course and Factors Associated With Hospitalization and 

Critical Illness Among COVID-19 Patients in Chicago, Illinois. Acad. Emerg. Med. 2020, 27, 963–973. 

https://doi.org/10.1111/acem.14104. 

21. Maas, M.B.; Kim, M.; Malkani, R.G.; Abbott, S.M.; Zee, P.C. Obstructive Sleep Apnea and Risk of COVID-19 Infection, Hospi-

talization and Respiratory Failure. Sleep Breath. 2020, 27, 1155–1157. 

22. Strausz, S.; Kiiskinen, T.; Broberg, M.; Ruotsalainen, S.; Koskela, J.; Bachour, A.; Palotie, A.; Palotie, T.; Ripatti, S.; Ollila, H.M.; 

et al. Sleep apnoea is a risk factor for severe COVID-19. BMJ Open Respir. Res. 2021, 8, e000845. https://doi.org/10.1136/bmjresp-

2020-000845. 

23. Kravitz, M.B.; Yakubova, E.; Yu, N.; Park, S.Y. Severity of Sleep Apnea and COVID-19 Illness. OTO Open 2021, 5. 

https://doi.org/10.1177/2473974x211016283. 

24. Beltramo, G.; Cottenet, J.; Mariet, A.S.; Georges, M.; Piroth, L.; Tubert-Bitter, P.; Bonniaud, P.; Quantin, C. Chronic respiratory 

diseases are predictors of severe outcome in COVID-19 hospitalised patients: A nationwide study. Eur. Respir. J. 2021, 58, 

2004474. 

25. Khor, Y.H.; Ryerson, C.J.; Landry, S.A.; Howard, M.E.; Churchward, T.J.; Edwards, B.A.; Hamilton, G.S.; Joosten, S.A. Interstitial 

lung disease and obstructive sleep apnea. Sleep Med. Rev. 2021, 58, 101442. https://doi.org/10.1016/j.smrv.2021.101442. 

26. Oh, T.K.; Song, I.A. Impact of coronavirus disease-2019 on chronic respiratory disease in South Korea: An NHIS COVID-19 da-

tabase cohort study. BMC Pulm. Med. 2021, 21, 12. 

27. Cariou, B.; Hadjadj, S.; Wargny, M.; Pichelin, M.; Al-Salameh, A.; Allix, I.; Amadou, C.; Arnault, G.; Baudoux, F.; Bauduceau, 

B.; et al. Phenotypic characteristics and prognosis of inpatients with COVID-19 and diabetes: The CORONADO study. Diabeto-

logia 2020, 63, 1500–1515. https://doi.org/10.1007/s00125-020-05180-x. 

28. Rögnvaldsson, K.G.; Eyþórsson, E.S.; Emilsson, I.; Eysteinsdóttir, B.; Pálsson, R.; Gottfreðsson, M.; Guðmundsson, G.; Steingrí-

msson, V. Obstructive sleep apnea is an independent risk factor for severe COVID-19: A population-based study. Sleep 2021, 45, 

zsab272. https://doi.org/10.1093/sleep/zsab272. 

29. Zhang, S.; Xu, Y.; Li, J.; Wu, K.; Wang, T.; Su, X.; Han, Q.; Xi, Y.; Gao, Y.; Wang, H.; et al. Symptomless multi-variable apnea 

prediction index assesses adverse outcomes in patients with Corona Virus Disease 2019. Sleep Med. 2020, 75, 294–300. 

https://doi.org/10.1016/j.sleep.2020.08.031. 

30. Goldstein, C.A.; Rizvydeen, M.; Conroy, D.A.; O’Brien, L.M.; Gupta, G.; Somers, E.C.; Sharma, P.; Golob, J.L.; Troost, J.P.; Bur-

gess, H.J. The prevalence and impact of pre-existing sleep disorder diagnoses and ob-jective sleep parameters in patients hos-

pitalized for COVID-19. J. Clin. Sleep Med. 2021, 17, 1039–1050. 



Cells 2022, 11, 1569 23 of 26 
 

 

31. Mashaqi, S.; Lee-Iannotti, J.; Rangan, P.; Celaya, M.P.; Gozal, D.; Quan, S.F.; Parthasarathy, S. Obstructive sleep apnea and 

COVID-19 clinical outcomes during hospitalization: A cohort study. JCSM 2021, 17, 2197–2204. 

32. Pena Orbea, C.; Wang, L.; Shah, V.; Jehi, L.; Milinovich, A.; Foldvary-Schaefer, N.; Chung, M.K.; Mashaqi, S.; Aboussouan, L.; 

Seidel, K.; et al. Association of Sleep-Related Hypoxia With Risk of COVID-19 Hospitalizations and Mortality in a Large Inte-

grated Health System. JAMA Netw. Open 2021, 4, e2134241. 

33. Gimeno-Miguel, A.; Bliek-Bueno, K.; Poblador-Plou, B.; Carmona-Pírez, J.; Poncel-Falcó, A.; González-Rubio, F.; Ioakeim-

Skoufa, I.; Pico-Soler, V.; Aza-Pascual-Salcedo, M.; Prados-Torres, A.; et al. Chronic diseases associated with increased likeli-

hood of hospi-talization and mortality in 68,913 COVID-19 confirmed cases in Spain: A population-based cohort study. PLoS 

ONE 2021, 16, e0259822. 

34. Ho, J.P.T.F.; Donders, H.C.M.; Zhou, N.; Schipper, K.; Su, N.; de Lange, J. Association between the degree of obstructive sleep 

apnea and the severity of COVID-19: An explorative retrospective cross-sectional study. PLoS ONE 2021, 16, e0257483. 

https://doi.org/10.1371/journal.pone.0257483. 

35. Voncken, S.F.J.; Feron, T.M.H.; Laven, S.A.J.S.; Karaca, U.; Beerhorst, K.; Klarenbeek, P.; Straetmans, J.M.J.A.A.; de Vries, G.J.; 

Kolfoort-Otte, A.A.B.; de Kruif, M.D. Impact of obstructive sleep apnea on clinical outcomes in patients hospitalized with 

COVID-19. Sleep Breath. 2021, 1–9. https://doi.org/10.1007/s11325-021-02476-z. 

36. Peker, Y.; Celik, Y.; Arbatli, S.; Isik, S.R.; Balcan, B.; Karataş, F.; Uzel, F.I.; Tabak, L.; Çetin, B.; Baygül, A.; et al. Effect of High-

Risk Obstructive Sleep Apnea on Clinical Outcomes in Adults with Coronavirus Disease 2019: A Multicenter, Prospective, Ob-

servational Clinical Trial. Ann. Am. Thorac. Soc. 2021, 18, 1548–1559. https://doi.org/10.1513/annalsats.202011-1409oc. 

37. Kar, A.; Saxena, K.; Goyal, A.; Pakhare, A.; Khurana, A.; Saigal, S.; Bhagtana, P.K.; Chinta, S.S.K.R.; Niwariya, Y. Assessment of 

Obstructive Sleep Apnea in Association with Severity of COVID-19: A Pro-spective Observational Study. Sleep Vigil. 2021, 5, 

111–118. 

38. Albenberg, L.; Esipova, T.V.; Judge, C.P.; Bittinger, K.; Chen, J.; Laughlin, A.; Grunberg, S.; Baldassano, R.N.; Lewis, J.D.; Li, H.; 

et al. Correlation Between Intraluminal Oxygen Gradient and Radial Partitioning of Intestinal Microbiota. Gastroenterology 2014, 

147, 1055–1063.e8. https://doi.org/10.1053/j.gastro.2014.07.020. 

39. Moreno-Indias, I.; Torres, M.; Montserrat, J.M.; Sanchez-Alcoholado, L.; Cardona, F.; Tinahones, F.J.; Gozal, D.; Poroyko, V.A.; 

Navajas, D.; Queipo-Ortuño, M.I.; et al. Intermittent hypoxia alters gut microbiota diversity in a mouse model of sleep apnoea. 

Eur. Respir. J. 2014, 45, 1055–1065. https://doi.org/10.1183/09031936.00184314. 

40. Moreno-Indias, I.; Torres, M.; Sanchez-Alcoholado, L.; Cardona, F.; Almendros, I.; Gozal, D.; Montserrat, J.M.; Queipo-Ortuño, 

M.I.; Farre, R. Normoxic Recovery Mimicking Treatment of Sleep Apnea Does Not Reverse Intermittent Hypoxia-Induced Bac-

terial Dysbiosis and Low-Grade Endotoxemia in Mice. Sleep 2016, 39, 1891–1897. https://doi.org/10.5665/sleep.6176. 

41. Huycke, M.M.; Gaskins, H.R. Commensal Bacteria, Redox Stress, and Colorectal Cancer: Mechanisms and Models. Exp. Biol. 

Med. 2004, 229, 586–597. https://doi.org/10.1177/153537020422900702. 

42. Canani, R.B.; Costanzo, M.D.; Leone, L.; Pedata, M.; Meli, R.; Calignano, A. Potential beneficial effects of butyrate in intestinal 

and extraintestinal diseases. World J. Gastroenterol. 2011, 17, 1519–1528. 

43. Wang, F.; Zou, J.; Xu, H.; Huang, W.; Zhang, X.; Wei, Z.; Li, X.; Liu, Y.; Zou, J.; Liu, F.; et al. Effects of Chronic Intermittent 

Hypoxia and Chronic Sleep Fragmentation on Gut Microbiome, Serum Metabolome, Liver and Adipose Tissue Morphology. 

Front. Endocrinol. 2022, 13, 820939. https://doi.org/10.3389/fendo.2022.820939. 

44. Tripathi, A.; Melnik, A.V.; Xue, J.; Poulsen, O.; Meehan, M.J.; Humphrey, G.; Jiang, L.; Ackermann, G.; McDonald, D.; Zhou, D.; 

et al. Intermittent Hypoxia and Hypercapnia, a Hallmark of Obstructive Sleep Apnea, Alters the Gut Microbiome and Metabo-

lome. mSystems 2018, 3, e00020-18. https://doi.org/10.1128/msystems.00020-18. 

45. Hu, C.; Wang, P.; Yang, Y.; Li, J.; Jiao, X.; Yu, H.; Wei, Y.; Li, J.; Qin, Y. Chronic Intermittent Hypoxia Participates in the Patho-

genesis of Atherosclerosis and Perturbs the Formation of Intestinal Microbiota. Front. Cell. Infect. Microbiol. 2021, 11, 392. 

https://doi.org/10.3389/fcimb.2021.560201. 

46. Liu, J.; Li, T.; Wu, H.; Shi, H.; Bai, J.; Zhao, W.; Jiang, D.; Jiang, X. Lactobacillus rhamnosus GG strain mitigated the development 

of obstructive sleep apnea-induced hypertension in a high salt diet via regulating TMAO level and CD4+ T cell induced-type I 

inflammation. Biomed. Pharmacother. 2019, 112, 108580. https://doi.org/10.1016/j.biopha.2019.01.041. 

47. Durgan, D.J.; Ganesh, B.P.; Cope, J.L.; Ajami, N.J.; Phillips, S.C.; Petrosino, J.F.; Hollister, E.B.; Bryan, R.M. Role of the Gut 

Microbiome in Obstructive Sleep Apnea–Induced Hypertension. Hypertension 2016, 67, 469–474. https://doi.org/10.1161/hyper-

tensionaha.115.06672. 

48. Poroyko, V.A.; Carreras, A.; Khalyfa, A.; Khalyfa, A.A.; Leone, V.; Peris, E.; Almendros, I.; Gileles-Hillel, A.; Qiao, Z.; Hubert, 

N.; et al. Chronic Sleep Disruption Alters Gut Microbiota, Induces Systemic and Adipose Tissue Inflammation and Insulin 

Resistance in Mice. Sci. Rep. 2016, 6, 35405–35405. https://doi.org/10.1038/srep35405. 

49. Ganesh, B.; Nelson, J.W.; Eskew, J.R.; Ganesan, A.; Ajami, N.J.; Petrosino, J.F.; BryanJr, R.M.; Durgan, D.J. Prebiotics, Probiotics, 

and Acetate Supplementation Prevent Hypertension in a Model of Obstructive Sleep Apnea. Hypertension 2018, 72, 1141–1150. 

https://doi.org/10.1161/hypertensionaha.118.11695. 

50. Collado, M.C.; Katila, M.K.; Vuorela, N.M.; Saarenpaa-Heikkila, O.; Salminen, S.; Isolauri, E. Dysbiosis in Snoring Children: An 

In-terlink to Comorbidities? J. Pediatr. Gastroenterol. Nutr. 2018, 68, 272–277. 

51. Wang, F.; Liu, Q.; Wu, H.; Tang, T.; Zhao, T.; Li, Z. The dysbiosis gut microbiota induces the alternation of metabolism and 

imbalance of Th17/Treg in OSA patients. Arch. Microbiol. 2022, 204, 217. 



Cells 2022, 11, 1569 24 of 26 
 

 

52. Zuo, T.; Zhang, F.; Lui, G.C.Y.; Yeoh, Y.K.; Li, A.Y.L.; Zhan, H.; Wan, Y.; Chung, A.C.K.; Cheung, C.P.; Chen, N.; et al. Alterations 

in Gut Microbiota of Patients With COVID-19 during Time of Hospitalization. Gastroenterology 2020, 159, 944–955.e948. 

https://doi.org/10.1053/j.gastro.2020.05.048. 

53. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by 

SARS-CoV-2. Nature 2020, 581, 221–224. 

54. Zuo, T.; Zhan, H.; Zhang, F.; Liu, Q.; Tso, E.Y.K.; Lui, G.C.Y.; Chen, N.; Li, A.; Lu, W.; Chan, F.K.L. et al. Alterations in Fecal 

Fungal Microbiome of Patients With COVID-19 During Time of Hospi-talization until Discharge. Gastroenterology 2020, 159, 

1302–1310.e1305. 

55. Zuo, T.; Liu, Q.; Zhang, F.; Yeoh, Y.K.; Wan, Y.; Zhan, H.; Lui, G.C.Y.; Chen, Z.; Li, A.Y.L.; Cheung, C.P.; et al. Temporal land-

scape of human gut RNA and DNA virome in SARS-CoV-2 infection and severity. Microbiome 2021, 9, 91. 

56. Yeoh, Y.K.; Zuo, T.; Lui, G.C.-Y.; Zhang, F.; Liu, Q.; Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; Fung, K.S.; et al. Gut micro-

biota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 2021, 70, 698–

706. https://doi.org/10.1136/gutjnl-2020-323020. 

57. Mazzarelli, A.; Giancola, M.L.; Farina, A.; Marchioni, L.; Rueca, M.; Gruber, C.E.M.; Bartolini, B.; Bartoli, T.A.; Maffongelli, G.; 

Capobianchi, M.R.; et al. 16S rRNA gene sequencing of rectal swab in patients affected by COVID-19. PLoS ONE 2021, 16, 

e0247041. https://doi.org/10.1371/journal.pone.0247041. 

58. Wang, J.; Li, F.; Sun, R.; Gao, X.; Wei, H.; Li, L.-J.; Tian, Z. Bacterial colonization dampens influenza-mediated acute lung injury 

via induction of M2 alveolar macrophages. Nat. Commun. 2013, 4, 2106. https://doi.org/10.1038/ncomms3106. 

59. Miquel, S.; Martin, R.; Rossi, O.; Bermudez-Humaran, L.G.; Chatel, J.M.; Sokol, H.; Thomas, M.; Wells, J.M.; Langella, P. Faecal-

ibacterium prausnitzii and human intestinal health. Curr. Opin. Microbiol. 2013, 16, 255–261. 

https://doi.org/10.1016/j.mib.2013.06.003. 

60. Esquivel-Elizondo, S.; Ilhan, Z.E.; Garcia-Peña, E.I.; Krajmalnik-Brown, R. Insights into Butyrate Production in a Controlled Fer-

mentation System via Gene Predictions. mSystems 2017, 2, e00051-17. 

61. Gu, S.; Chen, Y.; Wu, Z.; Chen, Y.; Gao, H.; Lv, L.; Guo, F.; Zhang, X.; Luo, R.; Huang, C.; et al. Alterations of the Gut Microbiota 

in Patients with COVID-19 or H1N1 Influenza. Clin. Infect. Dis. 2020, 71, 2669–2678. 

62. Ramanan, P.; Barreto, J.N.; Osmon, D.R.; Tosh, P.K. Rothia Bacteremia: A 10-Year Experience at Mayo Clinic, Rochester, Min-

nesota. J. Clin. Microbiol. 2014, 52, 3184–3189. https://doi.org/10.1128/jcm.01270-14. 

63. Lu, H.F.; Li, A.; Zhang, T.; Ren, Z.G.; He, K.X.; Zhang, H.; Yang, J.Z.; Luo, Q.X.; Zhou, K.; Chen, C.L; et al. Disordered oropha-

ryngeal microbial communities in H7N9 patients with or without secondary bacterial lung infection. Emerg Microbes Infect. 2017, 

6, e112. 

64. Nahum, A.; Filice, G.; Malhotra, A. A Complicated Thread: Abdominal Actinomycosis in a Young Woman with Crohn Disease. 

Case Rep. Gastroenterol. 2017, 11, 377–381. https://doi.org/10.1159/000475917. 

65. Zuo, T.; Liu, Q.; Zhang, F. Depicting SARS-CoV-2 faecal viral activity in association with gut microbiota composition in patients 

with COVID-19. Gut 2021, 70, 276–284. 

66. Antonioli, L.; Blandizzi, C.; Pacher, P.; Haskó, G. Immunity, inflammation and cancer: A leading role for adenosine. Nat. Cancer 

2013, 13, 842–857. https://doi.org/10.1038/nrc3613. 

67. Kitamoto, S.; Alteri, C.J.; Rodrigues, M.; Nagao-Kitamoto, H.; Sugihara, K.; Himpsl, S.D.; Bazzi, M.; Miyoshi, M.; Nishioka, T.; 

Hayashi, A.; et al. Dietary l-serine confers a competitive fitness advantage to Enterobacteriaceae in the inflamed gut. Nat. Mi-

crobiol. 2019, 5, 116–125. https://doi.org/10.1038/s41564-019-0591-6. 

68. van der Flier, L.G.; Clevers, H. Stem cells, self-renewal, and differentiation in the intestinal epithelium. Annu. Rev. physiol. 2009, 

71, 241–260. 

69. Suzuki, T. Regulation of intestinal epithelial permeability by tight junctions. Cell. Mol. Life Sci. 2013, 70, 631–659. 

https://doi.org/10.1007/s00018-012-1070-x. 

70. Hartsock, A.; Nelson, W.J. Adherens and tight junctions: Structure, function and connections to the actin cytoskeleton. Biochim. 

et Biophys. Acta (BBA) Biomembr. 2008, 1778, 660–669. https://doi.org/10.1016/j.bbamem.2007.07.012. 

71. Heyman, M.; Abed, J.; Lebreton, C.; Cerf-Bensussan, N. Intestinal permeability in coeliac disease: Insight into mechanisms and 

relevance to pathogenesis. Gut 2011, 61, 1355–1364. https://doi.org/10.1136/gutjnl-2011-300327. 

72. Wang, W.; Uzzau, S.; Goldblum, S.E.; Fasano, A. Human zonulin, a potential modulator of intestinal tight junctions. J Cell Sci. 

2000;113 Pt 24:4435-4440. 

73. Tripathi, A.; Lammers, K.M.; Goldblum, S. Identification of human zonulin, a physiological modulator of tight junctions, as 

prehaptoglobin-2. Proc. Natl. Acad. Sci. USA 2009, 106, 16799–16804. 

74. Fasano, A. Surprises from Celiac Disease. Sci. Am. 2009, 301, 54–61. https://doi.org/10.1038/scientificamerican0809-54. 

75. de Kort, S.; Keszthelyi, D.; Masclee, A.A. Leaky gut and diabetes mellitus: What is the link? Obes. Rev. 2011, 12, 449–458. 

76. Fasano, A. Zonulin and Its Regulation of Intestinal Barrier Function: The Biological Door to Inflammation, Autoimmunity, and 

Cancer. Physiol. Rev. 2011, 91, 151–175. https://doi.org/10.1152/physrev.00003.2008. 

77. Fasano, A.; Baudry, B.; Pumplin, D.W. Vibrio cholerae produces a second enterotoxin, which affects intestinal tight junctions. 

Proc. Natl. Acad. Sci. USA 1991, 88, 5242–5246. 

78. Fasano, A. Intestinal Permeability and Its Regulation by Zonulin: Diagnostic and Therapeutic Implications. Clin. Gastroenterol. 

Hepatol. 2012, 10, 1096–1100. https://doi.org/10.1016/j.cgh.2012.08.012. 



Cells 2022, 11, 1569 25 of 26 
 

 

79. Prasad, R.; Patton, M.J.; Floyd, J.L. Plasma microbiome in COVID-19 subjects: An indicator of gut barrier defects and dysbiosis. 

bioRxiv 2021. https://doi.org/10.1101/2021.04.06.438634. 

80. Whittle, E.; Leonard, M.O.; Harrison, R.; Gant, T.W.; Tonge, D.P. Multi-Method Characterization of the Human Circulating 

Micro-biome. Front. Microbiol. 2018, 9, 3266. 

81. Panelli, S.; Capelli, E.; Lupo, G.F.D.; Schiepatti, A.; Betti, E.; Sauta, E.; Marini, S.; Bellazzi, R.; Vanoli, A.; Pasi, A.; et al. Compar-

ative Study of Salivary, Duodenal, and Fecal Microbiota Composition Across Adult Celiac Disease. J. Clin. Med. 2020, 9, 1109. 

https://doi.org/10.3390/jcm9041109. 

82. Jones, D.L.; Baluja, M.Q.; Graham, D.W. Shedding of SARS-CoV-2 in feces and urine and its potential role in person-to-person 

transmission and the environment-based spread of COVID-19. Sci. Total Environ. 2020, 749, 141364. 

83. Giron, L.B.; Dweep, H.; Yin, X. Plasma Markers of Disrupted Gut Permeability in Severe COVID-19 Patients. Front. Immunol. 

2021, 12, 686240. 

84. Yonker, L.M.; Gilboa, T.; Ogata, A.F.; Senussi, Y.; Lazarovits, R.; Boribong, B.P.; Bartsch, Y.C.; Loiselle, M.; Rivas, M.N.; Porritt, 

R.A.; et al. Multisystem inflammatory syndrome in children is driven by zonulin-dependent loss of gut mucosal barrier. J. Clin. 

Investig. 2021, 131, e149633. https://doi.org/10.1172/jci149633. 

85. Guo, Y.; Luo, R.; Wang, Y. SARS-CoV-2 induced intestinal responses with a biomimetic human gut-on-chip. Sci. Bull. 2021, 66, 

783–793. 

86. Goshua, G.; Pine, A.B.; Meizlish, M.L.; Chang, C.-H.; Zhang, H.; Bahel, P.; Baluha, A.; Bar, N.; Bona, R.D.; Burns, A.J.; et al. 

Endotheliopathy in COVID-19-associated coagulopathy: Evidence from a single-centre, cross-sectional study. Lancet Haematol. 

2020, 7, e575–e582. https://doi.org/10.1016/s2352-3026(20)30216-7. 

87. Xu, D.-Z.; Lu, Q.; Kubicka, R.; Deitch, E.A. The Effect of Hypoxia/Reoxygenation on the Cellular Function of Intestinal Epithelial 

Cells. J. Trauma: Inj. Infect. Crit. Care 1999, 46, 280–285. https://doi.org/10.1097/00005373-199902000-00014. 

88. Kheirandish-Gozal, L.; Peris, E.; Wang, Y. Lipopolysaccharide-binding protein plasma levels in children: Effects of ob-structive 

sleep apnea and obesity. J. Clin. Endocrinol. Metab. 2014, 99, 656–663. 

89. Li, Q.; Xu, T.; Zhong, H.; Gao, W.; Shao, C.; Feng, L.; Li, T. Impaired intestinal barrier in patients with obstructive sleep apnea. 

Sleep Breath. 2020, 25, 749–756. https://doi.org/10.1007/s11325-020-02178-y. 

90. Barceló, A.; Esquinas, C.; Robles, J.; Piérola, J.; De la Peña, M.; Aguilar, I.; Morell-Garcia, D.; Alonso, A.; Toledo, N.; la Torre, 

M.S.-D.; et al. Gut epithelial barrier markers in patients with obstructive sleep apnea. Sleep Med. 2016, 26, 12–15. 

https://doi.org/10.1016/j.sleep.2016.01.019. 

91. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A new coronavirus 

associated with human respiratory disease in China. Nature 2020, 579, 265–269. https://doi.org/10.1038/s41586-020-2008-3. 

92. Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Qu, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. China medical treat-

ment expert group for COVID-19 2020. Clinical Characteristics of coronavirus disease in China. N. Engl. J. Med. 2020, 382, 1708–

1720. 

93. Rosser, E.C.; Mauri, C. A clinical update on the significance of the gut microbiota in systemic autoimmunity. J. Autoimmun. 

2016, 74, 85–93. https://doi.org/10.1016/j.jaut.2016.06.009. 

94. Souza, D.G.; Vieira, A.T.; Soares, A.C. The essential role of the intestinal microbiota in facilitating acute inflammatory re-

sponses. J. Immunol. 2004, 173, 4137–4146. 

95. Selvanantham, T.; Lin, Q.; Guo, C.X. NKT Cell-Deficient Mice Harbor an Altered Microbiota That Fuels Intestinal In-flammation 

during Chemically Induced Colitis. J. Immunol. 2016, 197, 4464–4472. 

96. Burt, V.L.; Cutler, J.A.; Higgins, M.; Horan, M.J.; Labarthe, D.; Whelton, P.; Brown, C.; Roccella, E.J. Trends in the Prevalence, 

Awareness, Treatment, and Control of Hypertension in the Adult US Population. Hypertension 1995, 26, 60–69. 

https://doi.org/10.1161/01.hyp.26.1.60. 

97. Vinolo, M.A.; Rodrigues, H.G.; Nachbar, R.T.; Curi, R. Regulation of Inflammation by Short Chain Fatty Acids. Nutrients 2011, 

3, 858–876. https://doi.org/10.3390/nu3100858. 

98. Rotenberg, B.W.; Murariu, D.; Pang, K.P. Trends in CPAP adherence over twenty years of data collection: A flattened curve. J. 

Otolaryngol. Head Neck Surg. 2016, 45, 43. https://doi.org/10.1186/s40463-016-0156-0. 

99. Uniken Venema, J.A.M.; Doff, M.H.J.; Joffe-Sokolova, D. Long-term obstructive sleep apnea therapy: A 10-year follow-up of 

mandibular advancement device and continuous positive airway pressure. JCSM 2020, 16, 353–359. 

100. Taranto-Montemurro, L.; Messineo, L.; Sands, S.A.; Azarbarzin, A.; Marques, M.; Edwards, B.A.; Eckert, D.J.; White, D.P.; Well-

man, A. The Combination of Atomoxetine and Oxybutynin Greatly Reduces Obstructive Sleep Apnea Severity. A Randomized, 

Placebo-controlled, Double-Blind Crossover Trial. Am. J. Respir. Crit. Care Med. 2019, 199, 1267–1276. 

https://doi.org/10.1164/rccm.201808-1493oc. 

101. van der Lelie, D.; Taghavi, S. COVID-19 and the Gut Microbiome: More than a Gut Feeling. mSystems 2020, 5, e00453-20. 

102. Viana, S.D.; Nunes, S.; Reis, F. ACE2 imbalance as a key player for the poor outcomes in COVID-19 patients with age-related 

comorbidities—Role of gut microbiota dysbiosis. Ageing Res. Rev. 2020, 62, 101123. https://doi.org/10.1016/j.arr.2020.101123. 

103. Bottari, B.; Castellone, V.; Neviani, E. Probiotics and COVID-19. Int. J. Food Sci. Nutr. 2020, 72, 293–299. 

https://doi.org/10.1080/09637486.2020.1807475. 

104. Li, J.; Zhao, F.; Wang, Y.; Chen, J.; Tao, J.; Tian, G.; Wu, S.; Liu, W.; Cui, Q.; Geng, B.; et al. Gut microbiota dysbiosis contributes 

to the development of hypertension. Microbiome 2017, 5, 14. https://doi.org/10.1186/s40168-016-0222-x. 



Cells 2022, 11, 1569 26 of 26 
 

 

105. Badran, M.; Khalyfa, A.; Ericsson, A.; Gozal, D. Fecal microbiota transplantation from mice exposed to chronic intermittent hy-

poxia elicits sleep disturbances in naïve mice. Exp Neurol. 2020;334:113439. 

106. Khalyfa, A.; Ericsson, A.; Qiao, Z.; Almendros, I.; Farré, R.; Gozal, D. Circulating exosomes and gut microbiome induced insulin 

resistance in mice exposed to intermittent hypoxia: Effects of physical activity. EBioMedicine 2021, 64, 103208. 

https://doi.org/10.1016/j.ebiom.2021.103208. 

107. Singer-Englar, T.; Barlow, G.; Mathur, R. Obesity, diabetes, and the gut microbiome: An updated review. Expert Rev. Gastroen-

terol. Hepatol. 2018, 13, 3–15. https://doi.org/10.1080/17474124.2019.1543023. 

108. Badal, V.D.; Vaccariello, E.D.; Murray, E.R.; Yu, K.E.; Knight, R.; Jeste, D.V.; Nguyen, T.T. The Gut Microbiome, Aging, and 

Longevity: A Systematic Review. Nutrients 2020, 12, 3759. https://doi.org/10.3390/nu12123759. 

109. Leffler, D.A.; Kelly, C.P.; Green, P.H.; Fedorak, R.; DiMarino, A.; Perrow, W.; Rasmussen, H.; Wang, C.; Bercik, P.; Bachir, N.M.; 

et al. Larazotide Acetate for Persistent Symptoms of Celiac Disease Despite a Gluten-Free Diet: A Randomized Controlled Trial. 

Gastroenterology 2015, 148, 1311–1319.e6. https://doi.org/10.1053/j.gastro.2015.02.008. 

110. Gopalakrishnan, S.; Durai, M.; Kitchens, K.; Tamiz, A.P.; Somerville, R.; Ginski, M.; Paterson, B.M.; Murray, J.A.; Verdu, E.F.; 

Alkan, S.S.; et al. Larazotide acetate regulates epithelial tight junctions in vitro and in vivo. Peptides 2012, 35, 86–94. 

https://doi.org/10.1016/j.peptides.2012.02.015. 

111. Gopalakrishnan, S.; Tripathi, A.; Tamiz, A.P.; Alkan, S.S.; Pandey, N.B. Larazotide acetate promotes tight junction assembly in 

epi-thelial cells. Peptides 2012, 35, 95–101. 


