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Background: Obstructive sleep apnea (OSA) is a prevalent sleep breathing disorder characterized by intermittent hypoxia (IH), with
continuous positive airway pressure (CPAP) as its standard treatment. However, the effects of intermittent hypoxia/reoxygenation (IH/R)
on weight regulation in obesity and its underlying mechanism remain unclear. Gut microbiota has gained attention for its strong
association with various diseases. This study aims to explore the combined influence of IH and obesity on gut microbiota and to
investigate the impact of reoxygenation on IH-induced alterations.

Methods: Diet-induced obese (DIO) rats were created by 8-week high-fat diet (HFD) feeding and randomly assigned into three
groups (n=15 per group): normoxia (NM), IH (6% O,, 30 cycles/h, 8 h/day, 4 weeks), or hypoxia/reoxygenation (HR, 2-week IH
followed by 2-week reoxygenation) management. After modeling and exposure, body weight and biochemical indicators were
measured, and fecal samples were collected for 16S rRNA sequencing.

Results: DIO rats in the IH group showed increased weight gain (p=0.0016) and elevated systemic inflammation, including IL-6
(p=0.0070) and leptin (p=0.0004). Moreover, IH rats exhibited greater microbial diversity (p<0.0167), and significant alterations in the
microbial structure (p=0.014), notably the order Clostridiales, accompanied by an upregulation of bile acid metabolism predicted
pathway (p=0.0043). Reoxygenation not only improved I[H-exacerbated obesity, systemic inflammation, leptin resistance, and
sympathetic activation, but also showed the potential to restore IH-induced microbial alterations. Elevated leptin levels were associated
with Ruminococcaceae (p=0.0008) and Clostridiales (p=0.0019), while body weight was linked to Blautia producta (p=0.0377).
Additionally, the abundance of Lactobacillus was negatively correlated with leptin levels (p=0.0006) and weight (p=0.0339).
Conclusion: IH leads to gut dysbiosis and metabolic disorders, while reoxygenation therapy demonstrates a potentially protective
effect by restoring gut homeostasis and mitigating inflammation. It highlights the potential benefits of CPAP in reducing metabolic risk
among obese patients with OSA.
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Introduction
Gut microbiota, the most abundant microorganism within the human body, exhibits a symbiotic relationship with the host and
assumes a crucial function in the preservation of healthy homeostasis as the “second genome”.!* Diet and environmental

factors impact the structure and function of gut microbiota, and disturbances in gut microbiota have been implicated in various
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metabolic and immune disorders. With advancements in bioinformation technology, targeting gut microbiota to regulate gut
homeostasis offers promising prospects for disease prevention and treatment.

Obstructive sleep apnea (OSA), the most common sleep breathing disorder, is characterized by recurrent episodes of
complete obstruction (apnea) or partial collapse (hypopnea) of the upper airway during sleep, followed by intermittent
low O, (hypoxia) with or without high CO, (hypercapnia), which mostly affects middle-aged and elderly males.
Intermittent hypoxia (IH), a key component of OSA, elicits detrimental pathophysiological processes.” including
oxidative stress, low-grade systemic inflammation, endothelial dysfunction, sympathetic nerve activity (SNA), and
metabolic dysfunction, part of which are mediated via gut microbiota.”’ Extensive studies have established connections

8—12

between gut microbiota and cardiovascular as well as metabolic diseases, which also are common complications of

OSA. Recent researches further indicate the associations between IH and gut microbiota.®'*>™' TH disturbs the intestinal

15-17

epithelial barrier, leading to increased intestinal permeability (leaky gut), which fosters an inflammatory milieu and

alters the structure of gut microbiota.'>"'*'® Gut strategies, probiotic and prebiotic supplementation, as well as microbiota
transplantation, have shown promise in the prevention and reversal of OSA and its related conditions.'>'
Obesity is recognized as a high-risk factor for OSA."®' Evidence supports the reciprocal relationship between obesity and

OSA.2*?!' As the global obesity epidemic worsens, so does the incidence of OSA,***

approximately four times higher in obese
individuals compared to those within a normal weight range.”> OSA commonly coexists with obesity, and both conditions can
cause metabolic diseases.”' Many studies have revealed the critical role of gut microbiota and its metabolites in the occurrence
and development of obesity and associated metabolic complications.* 2 Various microorganisms can exert direct and indirect
effects, leading to variations in the host’s metabolic phenotype. The impact of the combined influence of IH and obesity on gut
microbiota homeostasis remains unclear. Continuous positive airway pressure (CPAP), the current first-line treatment to alleviate
hypoxia in patients with moderate to severe OSA, remains controversial in terms of weight management.?’

We hypothesize that IH exposure could potentially alter gut microbiota and exacerbate metabolic disorders in obese rats, and
that reoxygenation therapy may have a beneficial effect in restoring gut homeostasis. Therefore, the study conducted intermittent

hypoxia/reoxygenation (IH/R) intervention on the diet-induced obese (DIO) rat model to investigate the assumptions.

Materials and Methods

Animals

2-week-old male Sprague-Dawley (SD) rats were obtained from SJA Laboratory Animal Co., Ltd (Hunan, China, permit number:
SCXK, Hunan, 2019-0004) and utilized in this study following one week of acclimation. Throughout the experiment, the rats were
kept in a controlled environment with regulated temperature and humidity with a 12-hour light/dark cycle. Based on previous studies
on gut microbiota and taking into account the success rate of obese animal modeling and the mortality rate due to hypoxia
intolerance,” > a total of 90 male SD rats were included in this study. All rats were provided with ad libitum access to diet and water.
80 rats were fed a high-fat diet (HFD) (Medicience Professionals for Lab Animal Diets Co., Ltd, Jiangsu, China) for 8 weeks to
establish the DIO model, while the other 10 rats were fed a normal diet (ND) and employed as controls. The HFD formula comprised
79% standard chow, 10% lard fat, 10% powdered egg yolk, and 1% cholesterol, with a standard sodium content of 0.23%. After the
8-week feeding, the HFD rats exceeding the average weight of the ND group by 20% were identified as the DIO rats, with obese-
resistant rats being excluded to ensure the successful establishment of the model. 45 modeled DIO rats were maintained on HFD and
randomly allocated to different oxygen exposure conditions using the random number method for subsequent experiments. All
animal care and experimental protocols were approved by the Nanfang Hospital Animal Ethic Committee (application number:
NFYY-2022-0119) and followed Laboratory Animal—Guideline for ethical review of animal welfare (GB/T 35892-2018).

Intermittent Hypoxia and Reoxygenation Exposure

Following random assignment into three equal groups, 45 DIO rats were separately exposed to normoxia (NM), IH, or
hypoxia/reoxygenation (HR). To simulate severe OSA, the IH rats were placed in closed hypoxia chambers equipped with a
gas concentration controller (IOP1US-L, Yuyan Instruments Co., Ltd, Shanghai, China) to regulate the IH cycles. Within a
120-second cycle, the oxygen concentration gradually reduced from 21% (equivalent to room air) to 6% over a 50-s period,
maintained at 6% for 20s, reoxygenated back to 21% over the following 30-s period, and then held constant for additional 20s.
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In the TH group, the hypoxia duration lasted for 8 hours (9:00 am to 5:00 pm) daily to coincide with the typical human sleep
schedule for 4 weeks, while the HR group transitioned into normoxic conditions after 2 weeks of IH management.

ELISA

After the 4-week IH/R intervention, 45 rats underwent a 12-hour fast. Subsequently, tail vein blood was taken around 8:00 am the
following day. Circulating levels of circulating IL-6, Ang-II, and leptin were respectively determined using commercial kits from
LunChangShuo Biotech (Xiamen, China): rat IL-6 ELISA kit (ED-30219, sensitivity: 1 pg/mL, detection range: 5-160 pg/mL),
rat Ang-II ELISA kit (ED-31165, sensitivity: 1 pg/mL, detection range: 31.25-1000 pg/mL) and rat leptin ELISA kit (ED-30771,
sensitivity: 0.1 ng/mL, detection range: 0.25-8 ng/mL). The measurements were performed by an automatic microplate reader
(WD-2102B, Liuyi Biotechnology Co., Ltd, Beijing, China), and the chemiluminescence signal was detected at 450 nm.

DNA Extraction and 16S rRNA Sequencing

Fecal samples were collected after [H/R management and immediately stored at -80°C for 16S rRNA sequencing. Fecal
DNA was extracted from the samples using a ZR fecal DNA kit (D6010, Zymo Research, USA), and the concentration
was measured using NanoDrop (840-317400, Thermo Fisher, USA).

To construct the 16S rRNA sequencing library, 50 ng of DNA was utilized with Q5 high-fidelity DNA polymerase
(MO0515, NEB, USA), amplified and sequenced targeting the V3-V4 region of 16S rRNA gene (forward primer
5'-GTGCCAGCMGCCGCGGT-3', reverse primer 5-AAGGACTACHVGGGTWTCTAAT-3'), and purified with
AMPure XP SPRI reagent (A63880, Beckman Coulter, USA). All samples were sequenced using the QIIME 1.91
pipeline on an Illumina HiSeq 2500 platform.?’ Operational taxonomic units were clustered within a 97% similarity
threshold through the “Open-Reference” method, and microbial relative abundance at the phylum, class, order, family,
genus, and species levels was calculated with taxonomy profiles analysis against GreenGenes database version 13.5.%2

Bioinformatics and Statistical Analysis
To obtain the core taxa for bioinformatics analysis, microbial data with a relative abundance below 0.001 or an
attendance rate below 70% in all groups were filtered using the R language package EasyMicroPlot.”

a-diversity indices, such as Pielou, Shannon, Simpson, and Invsimpson indices, comprehensively reflected the abundance
and distribution of species at a consistent sequencing depth. B-diversity was assessed using weighted Bray-Curtis distances to
evaluate dissimilarities in microbial composition among groups, and analysis of similarity (ANOSIM) was performed to verify
the effect of grouping. Community distribution bar plots showed the relative abundance of microbial proportion in multiple
samples at each taxonomic level. PICRUSt inferred the functional gene composition of samples,”' enabling the determination of
metabolic pathways differences between groups against the KEGG database.>* Redundancy analysis (RDA) was based on
a linear model at the family level to analyze the association between metabolic parameters and microbial samples. Random forest
analysis identified statistically significant biomarkers between groups and ranked these by importance according to mean
decrease accuracy. The predictive capacity of these biomarkers in IH rats was assessed using the receiver operating characteristic
curve (ROC). Spearman correlation analysis tapped the internal links between microbial biomarkers and biochemical parameters.

Bioinformatics analysis was conducted using RStudio 4.2.2 and other statistical analysis was performed with IBM SPSS
Statistics 26. Data were presented as the means + standard deviation (SD) in tables or the means + standard error of the mean
(SEM) in figures. Normality was assessed using the Shapiro-Wilk method, while homogeneity of variance was evaluated
using Levene’s test. Differences between HFD and ND groups were assessed using independent two-sample #-test or Welch’s
correction f-test, depending on the homogeneity of variance. For multiple groups with normally distributed data, one-way
analysis of variance (ANOVA) followed by the least significant difference (LSD) method as a post hoc test was employed, and
Kruskal-Wallis H-test was conducted if data did not conform to the normal distribution or homogeneity of variance.
A Bonferroni corrected p-value of less than 0.0167 (0.05/3) was considered statistically significant in multiple comparisons.

Results

IH/R Promotes Metabolic Disorders in DIO Rats

An overview of the study is depicted in Figure 1. After 8§ weeks of feeding, rats in the HFD group gained 23.78% over the ND
group (523.60+36.24 g vs 423.00+8.91 g, p<0.0001), confirming the successful construction of the DIO rat model (Table 1). As
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Figure | Timeline protocol for intermittent hypoxia/reoxygenation (IH/R) procedures in diet-induced obese (DIO) rat model.
Abbreviations: HFD, high-fat diet; W, week; NM, normoxia; IH, intermittent hypoxia; HR, hypoxia/reoxygenation.

shown in Table 2, the IH group gained more weight (570.80+£26.52 g vs 528.40+24.10 g, p=0. 0.0016) than the NM group after
4-week hypoxia exposure, while the body weight of the HR group inclined to decrease (542.90+£30.28 g vs 570.80+26.52 g,
p=0.0292) after reoxygenation. IH markedly increased body weight in DIO rats, while the same duration of reoxygenation
contributed to weight loss, although not statistically significant. Moreover, IH induced a considerable elevation in circulating IL-6
(33.92+2.83 pg/mL vs 29.53+3.31 pg/mL, p=0.0070) and leptin (1.43+0.15 ng/mL vs 1.16+0.14 ng/mL, p=0.0004) in DIO rats,
while biochemical indicators in the HR group (IL-6: 30.15+3.31 pg/mL, p=0.0184; leptin: 1.21£0.12 ng/mL, p=0.0026) decreased
compared to the persistent hypoxia group (Table 2). Ang-II content exhibited a similar trend, although the difference was not
statistically significant (p=0.0608). These results implicate that IH is responsible for subclinical inflammation, leptin resistance
and SNA, and that reoxygenation treatment has potential benefit in restoring IH-induced metabolic disorders. Overall, TH
promotes macrometabolic abnormalities in DIO rats, leading to weight gain, which can be ameliorated by reoxygenation

treatment.

IH/R Disturbs Microbial Diversity in DIO Rats

The gut microbiota a-diversity indices, including Pielou (p=0.0019), Shannon (p=0.0018), Simpson (p=0.0128), and
Invsimpson indices (p=0.0128), were notably higher in the IH-exposed groups compared to the controls, and there was
a downward trend after reoxygenation treatment (Figure 2A). In addition, principal coordinate analysis (PCoA) based on
Bray-Curtis distances showed substantial changes (p=0.014) in the overall microbial structure across all three groups, with

Table | Baseline Body Weight Between the HFD and ND

Group
Body Weight (g) | HFD (n=45) | ND (n = 10) | p-value
Week | 124.17 £ 8.07 | 12450 £ 848 | 09116
Week 9 523.60 + 36.24 | 423.00 +8.91 | <0.0001%

Notes: Data were presented as mean + SD. Comparison between two groups
was independent two-sample t-test on week | and Welch’s correction t-test on
week 9. *p<0.05.

Abbreviations: HFD, high-fat diet; ND, normal diet.

Table 2 Metabolic Parameters of NM, IH and HR Group

Parameters NM (n = I5) IH (n = 15) HR (n = I5) | p-value
Weight (g)

Week 9 523.90 + 36.45 | 523.80 + 28.37 | 523.10 + 45.80 | 0.9987
Week |1 527.00 + 41.08 | 558.80 + 27.98 | 561.00 + 27.49 | 0.0495"
Week 13 52840 + 24.10 | 570.80 + 26.52 | 542.90 + 30.28 | 0.0056*
IL-6 (pg/mL) 29.53 £+ 3.31 33.92 £283 30.15 £ 3.31 0.0144*
Leptin (ng/mL) I.16 £0.14 143 £0.15 1.21 £ 0.12 0.0008*
Ang-Il (pg/mL) | 147.21 +20.64 | 180.76 + 36.20 | 146.60 = 21.69 | 0.0608

Notes: Data were presented as mean + SD. Group comparisons were conducted using was one-
way ANOVA followed by LSD post hoc analysis, except for Ang-ll, where Kruskal-Wallis H-test
was employed. *p<0.05.
Abbreviations: NM, normoxia; IH, intermittent hypoxia; HR, hypoxia/reoxygenation; IL-6, inter-
leukin-6; Ang-Il, angiotensin-Il.
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Figure 2 Impact of IH/R on gut microbial diversity at the species level. (A) a-diversity is depicted by box plots presenting Pielou, Shannon, Simpson, and Invsimpson indices.
(B) Principal coordinate analysis (PCoA) was assessed using Bray-Curtis distances. Data were presented as mean + SEM. Comparison among multiple groups was Kruskal-
Wallis H-test. n=15 per group. *p<0.0167.

samples from each group being distinctly separated (Figure 2B). PCoA1 and PCoA2 explain 39.11% and 16.54% respectively
of the total variation. In PCoA1, gut microbiota in the IH group was clustered and distinct from the NM controls (p=0.0128)
and HR groups (p=0.0022) (Figure 2B), implying significant microbial structural changes under IH exposure. These results
indicated that IH profoundly impacts the microbial community in DIO rats, while reoxygenation intervention shows a positive
regulatory effect, thus presenting a microbial diversity and composition similar to that of the NM group.

IH/R Dramatically Impacts the Microbial Distributions in Taxa

The microbial distribution of the most abundant taxa among groups was analyzed separately. The phylum Bacteroidetes,
Firmicutes, Actinobacteria, and Proteobacteria are the most contributing strains, with Firmicutes accounting for the largest
proportion (Figure 3A). However, no significant changes in microbial distribution at the phylum level were observed
(Figure 3B). Fortunately, notable shifts in microbial distribution were evident at the family level (Figure 3C). IH caused
changes in relative abundance, including an increase in Ruminococcaceae (p=0.0323), Clostridiales Unclassified (p=0.0046),
and Streptococcaceae (p=0.0016), all within the phylum Firmicutes (Figure 3D). Among those altered microbiota,
Clostridiales Unclassified (p=0.0195) and Ruminococcaceae (p=0.0252) tended to recover after reoxygenation treatment,
but the interruption of IH did not prevent the persistent increase in Streptococcacea (p=0.0114, vs the NM group) (Figure 3D).
Similarly, altered microbial abundance due to IH/R was observed at the genus level (Figure 3E). IH enriched the genus
Ruminococcaceae  Unclassified (p=0.0312), Clostridiales  Unclassified (p=0.0046), Dorea (p=0.0043), and
Erysipelotrichaceae Unclassified (p=0.0270) (all belonging to the order Clostridiales), with these alterations showing
a tendency to recover after reoxygenation (Ruminococcaceae Unclassified, p=0.0188; Clostridiales Unclassified, p=0.0195)
(Figure 3F). Expect for the continuously elevated Erysipelotrichaceae Unclassified (p=0.0146, vs the NM group) in the HR
group (Figure 3F). Additionally, the relative abundance of Lactobacillus (p=0.0694) showed a tendency to decrease after
hypoxia and enrich after reoxygenation during the IH/R process (Figure 3F). In summary, IH influences the composition of gut
microbiota in DIO rats, with some of these alterations tending to be restored through reoxygenation treatment.
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Figure 3 IH/R altered the gut microbial distributions in DIO rats. (A) Community distribution bar plot at the phylum level, and (B) relative abundance of the top 4 most
abundant phyla. (C) Community distribution bar plot at the family level, and (D) relative abundance of the top |5 most abundant families. (E) Community distribution bar
plot at the genus level, and (F) relative abundance of the top 15 most abundant genera. Data were presented as mean + SEM. Comparison among multiple groups was
Kruskal-Wallis H-test. n=15 per group. *p<0.0167.

IH/R Interferes with Predicted Macro-Genome Function in DIO Rats

We employed the PICRUSt tool to infer macro-genome function by comparing species information obtained from the 16S rRNA
sequencing data to analyze functional differences. Based on the Kruskal-Wallis H-test, 11 candidate pathways (p<0.05) were
identified from 328 predicted KEGG metabolic pathways to annotate the heat map, indicating that different hypoxia exposures
lead to changes in gut microbiota metabolism. The predicted function disclosed that IH increased pathway associated with ether
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lipid metabolism, bile secretion, mineral absorption, flavonoid biosynthesis, carotenoid biosynthesis and electron transfer
carriers, while downregulating pathways like fluorobenzoate degradation and ion channels (Figure 4). These findings suggest
the essential role of IH in activating metabolic pathways associated with absorption, synthesis and secretion. Predicted results
demonstrate that IH-induced gut dysbiosis in obese rats disrupts the microbiota metabolic function, potentially contributing to
host metabolic disorders and diseases.

Gut Microbiota Alterations are Closely Connected to Metabolic Parameters

As described earlier, IH/R resulted in obvious changes in body weight, biochemical indicators, and gut microbiota in DIO
rats. RDA was applied to connect metabolic parameters with microbial relative abundance at the family level, aiming to
investigate the connection between metabolic disorders and gut dysbiosis. Results suggested that metabolic disturbances
due to IH/R were highly correlated with gut microbiota segregation and aggregation among groups. 28.16% of the
variance could be explained by 4 metabolic factors, with RDA1 and RDA2 accounting for 13.75% and 7.627% of the
variance respectively (Figure 5). Monte Carlo permutation test revealed that metabolic parameters, including body
weight (p<0.001), IL-6 (p<0.001), leptin (p<<0.001), and Ang-II (p=0.028), were closely correlated with microbial taxa.

Identification of Biomarker Species Associated with IH/R

The model identified 9 biomarker species by random forest and five-fold cross-validation of 10 trials to discern valuable
microbial biomarkers (Figure 6A). Biomarker species were screened to establish an IH predictive model in DIO rats,
effectively discriminating IH rats from the NM group, with an area under curve (AUC) equal to 0.867 (Figure 6B). The
abundance of biomarkers altered during the IH/R process. Specifically, IH increased the relative abundance of

5 Group
lon channels I 4 NM
3 IH
HR
2

Systemic lupus erythematosus
1

Circadian rhythm - plant I
-1

Fluorobenzoate degradation

Melanogenesis

Electron transfer carriers

Mineral absorption

Flavonoid biosynthesis

Carotenoid biosynthesis

Ether lipid metabolism

Bile secretion

Figure 4 Heatmap depicting || significant pathways selected from 328 predicted KEGG metabolic pathways. n=15 per group. Color indicates correlations according to
Spearman correlation coefficients (blue=negative, red=positive).
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Streptococcus  (p=0.0016), Clostridiales (p=0.0046), Ruminococcaceae (p=0.0312), Dorea (p=0.0050), and
Coriobacteriaceae (p=0.0071) (Figure 4C). In addition, the relative abundance of Streptococcus (p=0.014) and
Erysipelotrichaceae (p=0.0146) remained eclevated after reoxygenation, while Clostridiales (p=0.0195) and
Ruminococcaceae (p=0.0188) tended to rebound (Figure 6C). The richness of Clostridiales, Lactobacillus,
Ruminococcaceae, and Blautia producta inclined to oscillate with the IH/R transition (Figure 6C).

According to Spearman correlation analysis, three metabolic parameters, except Ang-II, were strongly correlated with
alterations in the biomarkers. Leptin (p=0.0008) and IL-6 (p=0.0020) were positively correlated with changes in the
relative abundance of Ruminococcaceae (Figure 6D). Clostridiales (p=0.0019) showed a positive correlation with leptin,
while Blautia producta (p=0.0377) was positively correlated with body weight (Figure 6D). In contrast, Lactobacillus
was negatively correlated with leptin (p=0.0006) and body weight (p=0.0339) (Figure 6D).

Discussion

The study investigates the impact of IH/R protocol on gut microbiota in obese rats. Results demonstrated a significant
increase in microbial a-diversity following IH exposure, along with shifts in microbial composition characterized by an
enrichment of the order Clostridiales, including Ruminococcaceae and Dorea. Besides, there was a decreasing trend in
the abundance of the genus Lactobacillus in DIO rats, with both bacterial communities undergoing shifts during the IH/R
transition. Meanwhile, IH exposure led to the upregulation of bile acid metabolism pathways, suggesting implications for
host energy metabolism. ROC curves, constructed using 9 biomarker species such as Ruminococcaceae, Clostridiales,
Dorea, Blautia producta, and Lactobacillus, facilitated the development of a predictive model for distinguishing
IH-exposed obese rats from those obese counterparts. Furthermore, the observed IH-induced microbial alterations

were closely correlated with changes in body weight and circulating levels of IL-6 and leptin. Notably, reoxygenation

524 https: Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Dong et al

A C
Adlercreutzia 0.08 Streptococcus Clostridiales
Streptococcus ¢ ) .
Ruminococcaceae o 0.02] - . 008l —— . 0.4 P -
Clostridiales o | o3
Adlercreutzia ¢}
Lactobacillus (e} 0.01
Erysipelotrichaceae o
Dorea o - : ek oW
Coriobacteriaceae o 0.00 T T A
Blautia producta o Lactobacillus 012 rysipelotrichaceae Ruminococcaceae
3 4 & 3 . X 03
Mean Decrease Accuracy :
B 0.06 0.2
IH
o
o 0.03 . 01
@ - | 0.00] e R .
o Blautia producta Dorea Coriobacteriaceae
Zo 0.473 (0.933, 0.733) 008
2o 0.15 . 0.020 .
a . . | . —_—
2] AUC: 0.867 0.06 . 0.015 :
n o 0.10 . . . .
0.010{ ° '
N_| . g
[=} 0.05 =L *
. o 0.005{ .
o QL; * L= !lbl R
° T T T 0.00 - - . 0.000] ==+
0.0 0.5 1.0
1 - Specificity
D
06 04 02 0 -0.2 -04 -06
| | . |
* Lactobacillus
Clostridiales
‘ * Blautia producta

Leptin Body Weight IL-6

Figure 6 ldentification of characteristic biomarkers in the DIO rats model related to IH by random forest analysis. (A) Screening of 9 biomarker species based on rank
according to mean decrease accuracy score in the random forest predictive model. (B) Assessment of discriminatory ability by the receiver operating characteristic curve
(ROC). (C) Relative abundances of the 9 filtered biomarker species. Data were presented as mean + SEM. Comparison among multiple groups was Kruskal-Wallis H-test.
*p<0.0167. (D) Correlations between metabolic parameters and biomarker species, with color representing Spearman correlation coefficients (blue=negative, red=positive,
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Abbreviation: AUC, area under curve.

treatment, equivalent to CPAP, potentially mitigated IH-induced alterations in weight, microbiota, and inflammatory
markers, with leptin levels reverting to the pre-IH states.

Weight gain in DIO rats is influenced by several factors, including animal strain and batch, sex, age at initiation of dietary
intervention, housing conditions, and food texture.*> Studies have shown that initiating dietary intervention at a younger age
may not result in a readily apparent obesity phenotype.>® After a period of HFD feeding, DIO rats typically reach a weight
plateau to regulate unrestricted weight gain. However, IH stimulation may disturb this equilibrium, leading to an energy
imbalance and constant weight gain, thus forming a detrimental hypoxic-metabolic cycle. Previous studies on IH have
predominantly centered on non-obese individuals, overlooking the high prevalence of obesity. Therefore, the synergistic
effects of OSA and obesity need to be taken into consideration, which is the reason for the focus on DIO rats in our study.

We noted a striking rise in gut microbiota a-diversity and a cluster shift based on the Bray-Curtis distances among the
IH obese rats, consistent with previous findings on non-obese animals.'>*’® It implies that hypoxia promotes the
proliferation of bacteria, particularly anaerobes such as those belonging to the class Clostridia. Interestingly, the IH group
exhibited a more diverse community structure and a more intricate and stable ecological co-occurrence network,
potentially serving as an adaptive response of the gut to the hypoxic environment. However, despite these microbial
changes, no significant shift was observed at the phylum level in IH obese rats, and the microbial dysbiosis index closely
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linked to obesity, namely the Firmicutes/Bacteroidetes ratio, remained elevated. In line with our findings, a randomized
clinical trial showed that although 7 days of mild IH exposure did not affect microbial diversity in overweight or obese
men, it did lead to a marked increase in the abundance of specialized anaerobic bacterial genera.>® Furthermore, previous
animal experiments observed that the mice treated with IH combined with HFD were lighter than those on HFD

alone,“o’4 !

contrary to our findings. These experiments were conducted with IH and diet intervention at the same time,
whereas our research commenced with the HFD intervention to establish the DIO animal model before IH exposure,
thereby excluding the involvement of obesity-resistant animals and precisely focusing on obese individuals.

Whether obese or non-obese, IH induces enhanced community richness and the enrichment of Clostridiales and
reduces the abundance of Lactobacillus.">>” Moreover, several studies in non-obese individuals have found that TH

15374243 \which is implicated in intestinal barrier disruption by

induces an obvious rise in the family Desulfovibrionaceae,
mucins degradation,** increased intestinal permeability, bacterial translocation, and compromised tight junction integrity,
allowing for heightened systemic inflammation. Rather, the alteration in Desulfovibrionaceae following the IH/R process
in our study was not significant, with some samples even showing a reduction after IH, implying a potential protective
effect of obesity on the intestinal barrier in combination with IH exposure. Except for the families Streptococcaceae and
the genus Erysipelotrichaceae Unclassified, which remained consistently elevated, other abundant taxa exhibited
a tendency to return to normoxic levels after reoxygenation. Contrary to our findings, Isabel et al reported incomplete
recovery of microbial community ratios to normal levels after 6-week reoxygenation following 6-week IH exposure in
non-obese mice, indicating potentially irreversible changes at various taxonomic levels.* These disparities could be
attributed to differences in IH duration and cycle settings, as the mice in their studies experienced more severe and
prolonged IH exposure. The potential reversal effects of reoxygenation in obese IH rats suggest that the potent influence
of obesity may partially mask the adverse consequences of IH. However, gut microbiota and circulating inflammatory
factors did not fully restore after reoxygenation, possibly due to insufficient reoxygenation time.

Pro-inflammatory factors, including IL-6, leptin and Ang-II, are related to OSA and obesity. IH leads to increased
leptin levels and subsequent leptin resistance, leading to weight gain.*® Consequently, the increased release of leptin by
adipose tissue exacerbates systemic nonspecific inflammation, impairing the weight-loss effects of leptin.*” IH-induced
gut dysbiosis disrupts the intestinal barrier and upregulates the expression of inflammatory factors, like IL-6.***° Obese
patients with co-existing OSA have higher levels of leptin and inflammatory factors,”® which can be improved by
effective CPAP treatment.”'>* Similarly, OSA is correlated with elevated Ang-II concentrations, a marker of SNA,>
which contributes to cardiovascular diseases like hypertension.”* In contrast, short-term CPAP treatment may aid in the
recovery of DIO rats to their pre-IH metabolic state, with the extent of recovery being influenced by the severity of
hypoxia, the duration of reoxygenation treatment, and the individual’s obesity status.

Core bacteria alter in response to IH/R, and RDA confirms the correlation between microbial taxa and metabolic
parameters. Two well-known groups of bacteria, notably the order Clostridiales, exhibit a salient shift in the IH/R process.
Clostridiales, a prominent gut microbial commensal, is anaerobic and serves as an essential chemotrophic bacterium beneficial
for nutrient digestion and absorption. It plays a key role in carbohydrate and fiber fermentation, generating short-chain fatty
acids (SCFAs), such as butyric, acetic, and propionic acids to provide energy to colonic cells.”>>® The effects of IH on SCFAs-
producing bacteria appear inconsistent, as some studies report a reduction in SCFAs-producing bacteria in patients with
OSA,*® while others argue that it is not affected by IH exposure.’” Increased SCFAs production has been observed in
obesity, 8~ 26,61

tion. However, contrary findings suggest that SCFAs have positive effects by reducing inflammation, improving insulin

providing an additional energy source to the host, thereby promoting lipid biosynthesis and lipid accumula-
resistance and suppressing appetite, and are beneficial in weight loss.**

Another microbial community, Lactobacillus, tends to decrease in obese IH rats and increase after reoxygenation
treatment. As a typical intestinal probiotic, Lactobacillus colonizes and proliferates in the gut, inhibiting the growth of
pathogenic bacteria, thereby improving the intestinal environment and maintaining gut microbiota homeostasis. Lactobacillus
supplementation can improve host intestinal glucose transport function, increase the abundance of beneficial gut bacteria,
exert the hypoglycemic and hypolipidemic effects, and improve glucose and cholesterol metabolism in DIO animals through
modulating the transcription of key genes for ion channels and glucose and cholesterol metabolism.®*** Furthermore,
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Lactobacillus improves gut dysbiosis, reinforces the intestinal barrier, prevents bacterial toxins translocation, and mitigates
systemic low-grade inflammation in DIO animals.®®

In addition, metabolic functional pathways related to absorption, synthesis, and secretion were enriched in the TH
group, with the exuberant bile secretion metabolism. Bile acids (BAs), the main component of bile, are amphipathic
molecules synthesized by hepatocytes. BAs facilitate lipid absorption in the gut and modulate metabolic and inflamma-
tory signaling pathways, primarily through the farnesoid X receptor (FXR) and the Takeda G protein-coupled receptor 5
(TGR5).°*%” The gut microbiota participates in BAs metabolism by converting primary BAs to secondary BAs and
regulating the activity of BAs-activated receptors.’® Similar to SCFAs, BAs have dual functionality. On the one hand, it
promotes intestinal epithelial cell proliferation to reduce intestinal permeability and also increase insulin sensitivity.*” In
non-obese IH mice, the downregulation of bacterial enzymes regulating secondary BAs conversion contributes to
intestinal inflammation.”” On the other hand, elevated levels of BAs in obesity compared to non-obese individuals
may be related to the inhibition of FXR and TGRS in response to insulin resistance, leading to compensatory elevation of
BAs ligands.”® Clostridiales is involved in the BAs metabolism of the host.”' Studies have shown that the decrease in
Clostridiales and its metabolite concentrations in patients after bariatric surgery enables an increase in metabolite
concentrations via reverse concentration transport,’” potentially explaining the weight changes due to IH/R.

Our work has several limitations. Firstly, the study lacked the standard diet rats in room air as a true blank control
group. Secondly, due to the absence of blood pressure monitoring, the rough assessment of hypertension-related factors
Ang-II may not accurately reflect blood pressure levels. Additionally, the relatively short duration of IH exposure may
not adequately elucidate the OSA condition in the actual obese population. Furthermore, the composition of the macro-
genome function is predicted to rely on 16S rRNA sequencing data. Subsequent studies require further integration with
serum metabolome analysis to explore the specific mechanisms of gut microbiota dysbiosis in the IH/R process.

Conclusion

In summary, the study elucidated the changes in body weight, biochemical indicators, and gut microbiota in obese rats
undergoing the TH/R transition. It demonstrated the strong association between gut microbiota and metabolic phenotype
in obese rats subjected to IH, highlighting the potentially protective effects of reoxygenation treatment. Currently, CPAP
therapy alone exhibits heterogeneous efficacy in improving the metabolism and body weight in individuals, especially
obese subjects with OSA. The underlying mechanism is worth exploring. Gut microbiota is closely associated with
numerous abnormalities, especially in metabolism. This study lays the groundwork for studying to which extent CPAP
alone can reverse IH-induced metabolic disorders and obesity, and elucidating potential mechanisms involving gut
microbiota. Additional probiotics, as a supplementary strategy just like lifestyle intervention, may offer a valuable
application for improving metabolic status and losing weight alongside CPAP treatment.
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