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Obesity is a metabolic disorder characterized by excessive accumulation of

adipose tissue and is a recognized risk factor for numerous chronic diseases.

Effective non-pharmacological management of obesity is essential for reducing

obesity-related health risks. Hypoxia, defined as insufficient oxygen supply to

tissues and cells, is associated with pathological and pathophysiological condi-

tions. In recent years, intermittent hypoxic conditioning (IHC), a potential non

−pharmacological intervention under controlled hypoxic conditions, has gained

increasing popularity. Recent studies suggest potential benefits of IHC in improv-

ing disease-related outcomes. A growing body of research supports its feasibility

as an intervention for obesity, highlighting its emerging potential in the treatment

of this condition. This review critically discusses the effects of IHC on obesity, with

a focus on both animal and human evidence, underlying mechanisms, and safety

considerations. By synthesizing current findings, it aims to clarify the state of

knowledge and research limitations, and to provide an objective assessment of

the applicability of IHC in obesity management.

KEYWORDS
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1 Introduction

Obesity, defined by the World Health Organization (WHO) as ‘‘abnormal or excessive

fat accumulation that presents a risk to health’’, has emerged as a critical global public health

challenge (Ruban et al., 2019; Bray, 2025). This chronic disease is strongly associated with

elevated morbidity and mortality from various comorbidities, significantly reducing quality

of life and imposing substantial disease burdens worldwide (Peters et al., 2018; Piché et al.,

2020; Koskinas et al., 2024). Epidemiological data indicate that obesity prevalence has risen

dramatically across all age groups worldwide over recent decades (Blüher, 2019). Although

conventional interventions such as lifestyle modification, anti-obesity medications (AOMs),

and bariatric surgery are widely available, their long-term effectiveness is limited by a range

of factors, such as poor adherence, side effects, high costs, and invasiveness (Perdomo et al.,
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2023; Yanovski and Yanovski, 2024). These limitations have

prompted the search for alternative strategies that combine mean-

ingful efficacy with improved safety, lower costs, and greater

convenience for patients.

One emerging approach that has attracted increasing attention

is hypoxia-based intervention. Hypoxia is known to exert beneficial

effects on human health by triggering adaptive physiological re-

sponses. In the 1980s, Russian scientists proposed the concept that

inhalation of controlled oxygen-reduced gas at atmospheric pres-

sure could produce physiological responses comparable to high-

altitude or hypobaric chamber exposure (Elena et al., 2022). This

concept laid the foundation for the development of various hyp-

oxia-based intervention modalities. Among these, intermittent

hypoxic conditioning (IHC) refers to alternating cyclic exposure

between hypoxic conditions and normoxia or hyperoxia, with main

modalities including intermittent hypoxic exposure (IHE, hypoxia-

normoxia at rest), intermittent hypoxic training (IHT, hypoxia-

normoxia with exercise), intermittent hypoxic-hyperoxia exposure

(IHHE, hypoxia-hyperoxia at rest), and intermittent hypoxic-

hyperoxia training (IHHT, hypoxia-hyperoxia with exercise)

(Yuan et al., 2022; Zhang et al., 2024). Although these modalities

differ in exercise involvement and reoxygenation type, they all rely

on intermittent hypoxia to trigger adaptive responses. Importantly,

accumulating evidence suggests that IHC has a role in managing a

range of conditions, including neurological, respiratory, cardiovas-

cular and metabolic disorders (Zhang et al., 2023). These collective

findings position IHC as an emerging intervention for health

promotion and disease prevention.

In the context of obesity, IHC has been explored as a potential

non-pharmacological intervention, owing to its capacity to induce

adaptive responses involving metabolic remodeling, antioxidant

defense, and anti-inflammatory pathways (Burtscher et al., 2024).

Importantly, this controlled, dose-defined hypoxic intervention

differs fundamentally from the pathological intermittent hypoxia

characteristic of conditions such as obstructive sleep apnea, which is

driven by chronic uncontrolled nocturnal desaturation-

reoxygenation cycles that promote oxidative stress and cardiovas-

cular damage (Lv et al., 2023). Notably, whether IHC produces

beneficial or harmful outcomes is determined by multiple factors,

including the baseline physiological status of the obese individual

and the design of the IHC protocol. On the one hand, obesity itself

is characterized by physiological alterations, including respiratory

impairment, exercise intolerance, and adipose tissue hypoxia, which

may reduce the capacity to tolerate hypoxic and exercise stress and

increase the risk of adverse responses (Busebee et al., 2023). On the

other hand, the hypoxic dose and exercise protocol critically

determine the magnitude of the physiological stimulus.

Controlled, moderate hypoxic exposures can promote physiological

adaptation, whereas excessive or prolonged hypoxia may shift

adaptation toward maladaptation (Burtscher et al., 2024). These

interacting factors may help explain the conflicting results in the

literature. For instance, some studies have reported favorable effects

of IHC on body weight, visceral fat mass, and vascular compliance

in certain obese populations (Bagińska et al., 2024; Jiao et al., 2024).

However, others have found no clear superiority of IHC over

normoxic exercise (Abdallah et al., 2022). These observations
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emphasize the importance of evaluating both the efficacy and

safety of IHC to critically assess its role in obesity management.

Previous reviews have focused primarily on the mechanisms

underlying exercise-based hypoxic interventions in obesity, with a

relatively narrow scope of IHC modalities, and were based largely

on earlier studies without incorporating recent advances in the field

(Aritz et al., 2011; Tee et al., 2023a). Furthermore, a critical aspect,

the safety of IHC when applied to obesity, has not been specifically

addressed in these reviews. In light of these limitations, the present

review focuses on three key issues. First, it synthesizes recent animal

and clinical studies to provide an updated and critical evaluation of

the current evidence, covering both therapeutic outcomes and

underlying mechanisms. Second, it devotes specific attention to

the safety of IHC in obesity, emphasizing individualized monitoring

and treatment strategies. Third, it systematically discusses the

limitations of existing studies. Through these efforts, this review

aims to offer a more comprehensive assessment of IHC in obe-

sity management.
2 Survey methodology

A literature search was conducted in PubMed (https://

pubmed.ncbi.nlm.nih.gov/) and Web of Science (https://

www.webofscience.com/) databases. The search was not restricted

by publication date, but priority was given to studies published

within the last 10 years. The search utilized keywords and phrases

including “intermittent hypoxic conditioning”, “intermittent hyp-

oxic training”, “intermittent hypoxic exposure”, “intermittent hyp-

oxia”, “hypoxic training”, “obesity”, “obese”, “overweight”, “body

weight”, and “mechanisms”. The inclusion criteria were: (1) studies

focusing on IHC; (2) basic science or clinical research investigating

IHC for obesity and its underlying mechanisms; (3) original articles

and reviews. The exclusion criteria were: (1) unavailability of the

full text; (2) duplicate or redundant publications; (3) non-English

publications; (4) studies irrelevant to the research theme. The

screening process involved two phases: an initial assessment based

on titles, followed by a review of abstracts and keywords. Additional

relevant studies were identified through screening of reference lists

of included articles.
3 Obesity: pathophysiological features
and therapeutic landscape

Obesity, defined by the WHO as a BMI ≥ 30 kg/m2, has

emerged as a major global public health challenge (Consultation,

2000). Epidemiological data indicate that obesity prevalence has

risen dramatically across all age groups worldwide over recent

decades, driven by unhealthy dietary habits, decreased physical

activity, chronic stress exposure, and environmental influences

(Conway and Rene, 2004; Jebeile et al., 2022; Shams et al., 2022;

Chandrasekaran and Weiskirchen, 2024). Obesity is a major risk

factor for the development of several diseases, including type 2
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diabetes, hypertension, and cardiovascular disease, and is increas-

ingly recognized as a complex, multifactorial disease entity rather

than simply a risk factor for associated comorbidities (Figure 1)

(Piché et al., 2020; Yao et al., 2023; Chandrasekaran and

Weiskirchen, 2024). This section describes the key physiological

alterations associated with obesity and reviews current treatment

strategies and their limitations. Understanding these aspects is

fundamental to addressing the challenges of obesity management.

3.1 Obesity-related physiological
alterations

Obesity is characterized by several physiological alterations that

are directly relevant to interventions involving hypoxia or exercise,

including respiratory impairment, exercise intolerance, impaired

oxygen utilization, and adipose tissue hypoxia (Lempesis et al.,

2020; Busebee et al., 2023).

Obesity impairs both resting and exercise-related respiratory

function, increasing the risk of adverse events during hypoxic

exposure. Specifically, excess adiposity in the chest and abdomen

increases intra-abdominal and intrathoracic pressure, altering

upper airway structure, reducing pulmonary function, and contrib-

uting to ventilatory abnormalities (Busebee et al., 2023). Meanwhile,

obesity is associated with heightened ventilatory demand, reduced

expiratory reserve volume, reduced respiratory muscle efficiency,

and compromised respiratory compliance (Krishnan et al., 2006;

Akshay, 2009). Together with mechanical ventilatory constraints,

these changes increase inspiratory muscle activity and load, making

them more susceptible to exercise-induced respiratory muscle

fatigue and rapid desaturation under hypoxic conditions (Michael

and Hans-Joachim, 2012).
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In terms of exercise function, increased adipose mass imposes

mechanical stress on musculoskeletal structures, altering skeletal

alignment and increasing mechanical load, which compromises

exercise capacity and raises the risk of injury (Busebee et al.,

2023). At the same time, skeletal muscle oxidative capacity is

reduced, as evidenced by slower oxygen uptake kinetics and

impaired mitochondrial respiratory efficiency, and microvascular

dysfunction further limits oxygen delivery to active muscles, to-

gether contributing to impaired oxygen utilization and reduced

exercise tolerance (Inostroza-Mondaca et al., 2025). These pre-

existing deficits may amplify the physiological strain imposed by

hypoxic or exercise interventions, an issue that warrants careful

consideration when applying such approaches in this population.

Adipose tissue dysfunction contributes to impaired glucose and

lipid metabolism in obese individuals. In animal models, reduced

capillary density and blood flow in adipose tissue can lead to

regional hypoxia that drives inflammation and insulin resistance

(Lempesis et al., 2020; Lempesis et al., 2022). However, findings in

humans are more complex. Mitochondrial dysfunction in obese

adipose tissue may reduce oxygen consumption, and some studies

have even reported paradoxically elevated oxygen partial pressure in

the adipose tissue of obese individuals (Lempesis et al., 2020;

Lempesis et al., 2022). These observations suggest that adipose

tissue oxygenation is altered in obesity, but the direction of this

alteration may depend on the balance between oxygen supply and

consumption. Regardless, it is clear that the adipose tissue micro-

environment in obesity is characterized by disrupted oxygen ho-

meostasis. Whether exposure to controlled, intermittent hypoxia

improves or exacerbates this disruption remains an open question,

highlighting the importance of careful safety evaluation when

applying IHC in this population.
FIGURE 1

Common obesity-related comorbidities.
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3.2 Current treatment strategies for obesity

The clinical weight reduction target for obese adults is usually to

reduce total body weight by 5-10% to achieve meaningful health

improvements (Wadden et al., 2020). As shown in Figure 2,

evidence-based obesity management relies on three primary ther-

apeutic approaches: lifestyle changes, AOMs, and bariatric surgery

(Elmaleh-Sachs et al., 2023).

3.2.1 Lifestyle modifications

Lifestyle modifications integrate dietary restrictions, physical

activity, and behavioral therapy for weight reduction, and can

achieve a 5% weight reduction over 24 months while lowering the

risk of obesity-related complications, particularly type 2 diabetes

and cardiovascular disease (Wadden et al., 2020; Kheniser et al.,

2021; Beshir et al., 2023). Current guidelines recommend caloric

restriction of 1200–1500 kcal/d for women and 1500–1800 kcal/d

for men to achieve safe and effective weight loss (Jensen et al., 2013).

Successful weight management also requires at least 175 minutes of

intensive physical activity per week, yet long-term adherence to

such regimens remains a major challenge (Olateju et al., 2023).

Digital health technologies, including internet-based platforms and

smartphone applications for real-time monitoring of dietary pat-

terns, activity levels, and body weight, may help improve adherence

(Wadden et al., 2020). Despite these measures, lifestyle
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modifications alone often fail to achieve or maintain long-term

weight reduction, and current guidelines strongly advocate com-

bining pharmacotherapy with lifestyle modifications for overweight

individuals (Tak and Lee, 2021).

3.2.2 AOMs

When lifestyle interventions are insufficient, pharmacotherapy

represents an alternative approach (Nicolucci and Maffeis, 2022).

To date, FDA-approved AOMs for chronic weight management

include phentermine/topiramate, naltrexone/bupropion,

liraglutide, lorcaserin, and orlistat (Beshir et al., 2023). These

agents are less effective than bariatric surgery, but can provide up

to 5% additive weight loss compared to lifestyle changes alone (Bray

and Ryan, 2021). However, pharmacologic treatment of obesity has

non-negligible limitations. First, notable safety issues concerns

exist, including gastrointestinal symptoms (nausea, diarrhea, con-

stipation), cardiovascular effects (elevated heart rate), and metabolic

complications (Beshir et al., 2023; Chakhtoura et al., 2023). Second,

the substantial financial burden poses challenges to medication

accessibility, with annual costs frequently exceeding several thou-

sand dollars and inconsistent insurance coverage, leading many

patients to face financial barriers (Xue et al., 2023). In addition,

AOMs are restricted to patients with a BMI ≥ 30 kg/m2 or a BMI ≥

27 kg/m2 with weight-related comorbidities, and are therefore not

suitable for all obese individuals (Chakhtoura et al., 2023).
FIGURE 2

Current treatment strategies for obesity. (A) Lifestyle modifications. (B) AOMs. (C) Bariatric surgery: (a) Sleeve gastrectomy: longitudinal resection of
approximately 75-85% of the stomach along the greater curvature, extending from the antrum to the fundus. (b) The Roux-en-Y gastric bypass: a
restrictive gastric pouch (20–30 mL) is created to limit the passage of food. The small intestine is separated at the jejunum and the distal end of the
intestine is connected to the gastric pouch. Food in the gastric pouch passes directly into the jejunum, which can limit food absorption. (c) Gastric
band: a silicon inflatable gastric band is surgically positioned around the proximal stomach to create a small gastric pouch and restrict food intake.
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3.2.3 Bariatric surgery

For patients with severe obesity (BMI ≥ 40 kg/m2 or BMI ≥ 35

kg/m2 with comorbidities), when behavioral and pharmacological

treatments fail to achieve sustained weight loss, bariatric surgery is

an effective option (Jensen et al., 2013; Wolfe et al., 2016). As shown

in Figure 2, the three primary procedures are sleeve gastrectomy

(removal of 75-85% of the stomach), Roux-en-Y gastric bypass

(creation of a small gastric pouch connected to the jejunum), and

adjustable gastric band (contraction of the size of the gastric pouch

by an adjustable gastric band) (Coutant et al., 2017; Fink et al., 2022;

Eisenberg et al., 2023). Sleeve gastrectomy and Roux-en-Y gastric

bypass have shown remarkable effectiveness, with sustained excess

weight loss of 27-69% maintained for ≥ 10 years post-operation

(Fink et al., 2022). Despite its superior efficacy, bariatric surgery has

notable limitations. It is associated with complications such as

micronutrient deficiencies and dumping syndrome, and some

patients experience significant weight regain post−surgery (Fink

et al., 2022; Courcoulas et al., 2023; Noria et al., 2023). Therefore, it

requires careful patient selection and lifelong monitoring and is not

a definitive solution for all individuals with severe obesity.

3.3 Current challenges and the promise
of IHC

As noted above, the long-term success of conventional obesity

interventions is often limited by poor long-term adherence to

lifestyle changes, safety concerns and costs with AOMs, and

invasiveness and the risk of complications with bariatric surgery.

Moreover, access to these interventions remains limited in most

regions, and weight regain following initial success is common

(Jebeile et al., 2022). These limitations have motivated the explora-

tion of alternative strategies. Among them, IHC has attracted

increasing attention, owing to its potential to trigger adaptive

responses through controlled intermittent hypoxic exposure, with

or without exercise (Burtscher et al., 2024). In particular, IHC

modalities that combine physical activity (IHT and IHHT) have

been associated with additional metabolic and cardiovascular ad-

aptations beyond those of conventional exercise, thereby providing

superior weight loss benefits. For individuals unable to exercise,

passive hypoxic exposure (IHE and IHHE) has shown metabolic

benefits, which further broadens the applicability of IHC across

different patient populations. The following sections introduce the

basic concepts of IHC and critically examine the evidence for its

application in obesity management.
4 IHC and human health

4.1 The basic concepts of IHC

IHC is a protocol involving alternating cyclic exposure to

hypoxic conditions and normoxia (or hyperoxia), which facilitates

physiological adaptation to reduced oxygen availability (Zhang

et al., 2023). This concept originated from Russian researchers in

the 1980s, who proposed that high-altitude acclimatization could be
Frontiers in Physiology 05
simulated through controlled inhalation of hypoxic gas mixtures at

normal atmospheric pressure (Elena et al., 2022). To date, IHC has

evolved into several distinct forms, including IHE (hypoxia-

normoxia at rest), IHT (hypoxia-normoxia with exercise), IHHE

(hypoxia-hyperoxia at rest), and IHHT (hypoxia-hyperoxia with

exercise) (Yuan et al., 2022; Zhang et al., 2024). In IHC, inspired

oxygen fraction (FiO2) is usually maintained between 9% and 15%

(Kambič et al., 2025). Intermittent hypoxia-hyperoxia (IHH) is a

variant of the intermittent hypoxia (IH) protocol, in which mod-

erate hyperoxia (FiO2 = 30-40%) replaces the normoxic phase

(Yuan et al., 2022). Currently, IHC is being explored for its

applications across both healthy and diseased populations. On the

one hand, IHC has become a popular training strategy for athletes

to enhance athletic performance at sea-level altitudes. On the other

hand, IHC has shown possible applications in multiple pathological

conditions, including neurological, respiratory, cardiovascular, and

metabolic disorders (Zhang et al., 2023).

Of course, the practical implementation of IHC protocols

requires specialized equipment. Currently available options include

hypobaric chambers, autohypoxicators, normobaric hypoxia

rooms, tunnels, or tents, and hypoxic training mask systems

(Serebrovskaya and Xi, 2016; Zhang et al., 2023). Of these, the

mask system, consisting of a specialized face mask integrated with a

gas flow circuit, is widely used in IHC for its convenience, efficacy,

and cost-effectiveness (Figure 3).

4.2 Regimes of IHC

To date, no universally accepted IHC protocol exists, and

regimens used in human practice vary widely in key parameters,

particularly in exercise and hypoxic components (Zhang et al.,

2023). Exercise parameters include exercise mode (e.g., repeated

sprints or resistance training), as well as exercise intensity, duration,

and frequency. Hypoxic parameters include intensity (e.g., FiO2 or

simulated altitude), along with stimulus duration, cycles per session,

intervention frequency, and total period. As a result, current

evidence on IHC shows heterogeneity. For example, studies have

found that regimens employing moderate hypoxia (9-16% O2) with

low cycle frequency (3–15 episodes/day) are generally associated
FIGURE 3

IHC (face mask method) for exercise intervention in humans.
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with positive outcomes (Navarrete-Opazo and Mitchell, 2014). In

contrast, exposure to severe hypoxia (2-8% O2) at a high daily

frequency (48–2400 episodes/day) tends to promote pathological

changes (Navarrete-Opazo and Mitchell, 2014). Moreover, several

IHC protocols using FiO2 in the range of 13-17% have reported

protective effects in obese patients (P et al., 2015; Alba et al., 2018c;

Jiao et al., 2024). Conversely, Serebrovska et al. found that treatment

protocols with 13-15% FiO2 did not demonstrate clear beneficial

effects, whereas a 2–3 week regimen of 12-10% FiO2 was associated

with improved fitness and changes in disease-related outcomes

without adverse consequences (T et al., 2016). This apparent

contradiction implies that IHC intervention protocols (e.g., exercise

and hypoxic parameters), participant characteristics (e.g., physical

activity, nutritional status), and methodological factors (e.g., sample

size, outcome measures) all likely contribute to the heterogeneity of

reported outcomes. Therefore, IHC outcomes should be drawn on a

case-by-case basis rather than overgeneralized. Accordingly, the

development of personalized IHC protocols is essential to ensure

optimal therapeutic outcomes. To ensure safety during IHC, we also

recommend establishing a practical monitoring framework for IHC,

including continuous peripheral oxygen saturation (SpO2) and

heart rate tracking, blood pressure measurement (when appropri-

ate), assessment of dyspnea, breathing discomfort, and perceived

exertion using standardized scales. In addition, predefined stopping

criteria should be established to terminate the IHC session when

necessary. These measures will help ensure safety and optimize

therapeutic outcomes across diverse populations.

4.3 Health benefits of IHC

IHC has been shown to exert protective effects on different

tissue systems and is under investigation as an emerging approach

for various human diseases (Zhang et al., 2023). Studies on

cardiovascular disease reveal the role of IHC in improving cardiac

resistance to ischemia-reperfusion stress, evidenced by a reduction

in myocardial infarction and ventricular arrhythmias, and an

improvement in contractile function and coronary blood flow

(Mallet et al., 2018). Systematic research has also confirmed the

cardiovascular benefits of IHC, demonstrating that it can improve

exercise capacity and reduce arrhythmias in patients with coronary

artery disease, while producing sustained antihypertensive effects in

essential hypertension cases (Glazachev et al., 2021). Besides,

emerging evidence suggests that IHC also has neuroprotective

properties, especially in stroke management (Yuan et al., 2022).

This intervention can benefit the nervous system by enhancing the

resistance of the brain to acute ischemic-hypoxic injury and

facilitating neurological repair after injury (Yuan et al., 2022).

Beyond these applications, research has also revealed the

possible role of different IHC modalities in modulating metabolic

health. VanMeijel et al. reported that mild IHE promoted metabolic

adaptations in overweight/obese male subjects, including enhanced

glycolytic metabolism and optimized tissue oxygenation (van Meijel

et al., 2021). In the case of IHT, its metabolic modulatory effect

appears to be mediated through the Sirtuin 1 (SIRT1)-dependent

pathway, which contributes to the reduction of visceral fat mass in

overweight/obese patients (Jiao et al., 2024). A prospective
Frontiers in Physiology 06
randomized controlled trial supported the capacity of IHHE to

attenuate systemic inflammation and improve the lipid profile (total

cholesterol (TC), low-density lipoprotein (LDL), and triglycerides)

in patients with metabolic syndrome (Afina et al., 2021). Similarly, a

nonrandomized controlled before-and-after trial in cardiac patients

evaluated the effects of IHHE and found that repeated hypoxia (10-

12% O2) and hyperoxia (30-35% O2) exposures improved both

cardiometabolic and lipid profiles (TC, LDL, and the atherogenic

index) (Glazachev et al., 2017). Collectively, these findings reflect

that hypoxia-based interventions appear to have health-promoting

potential, but effects may differ by modality, dose, and population.
5 IHC and obesity

Among the various conditions potentially affected by IHC,

obesity has received particular attention, with research exploring

its effects on both obesity and related complications.

5.1 Anti-obesity effects of IHC

5.1.1 Animal research

Animal studies have provided preliminary evidence supporting

the anti-obesity effects of IHC (Table 1). In obese female mice, 40

days of passive IHE (8 sessions/day, 15 min per session at 5 min

intervals) markedly reduced body weight, blood glucose, and blood

cholesterol, and prevented hepatic steatosis, an effect associated

with regulation of the leptin/leptin receptor signaling pathway (Ling

et al., 2008). Another study investigating the metabolic effects of

IHE reported that 28 days of IHE (6 h/day at 5000 m simulated

altitude) improved iron metabolism disorder in diet-induced obese

rats, possibly via down-regulation of hepcidin (Cui et al., 2020).

Furthermore, combining IHE (5 h/day, 33 days at 6000 m simulated

altitude) with subsequent endurance training under normoxic

conditions (1 h/day, 5 weeks) in adult male rats significantly

reduced body weight, food intake, and oxygen consumption,

highlighting that IHE combined with endurance training could be

a useful tool for the treatment of overweight and obesity (Ignacio

et al., 2018). These preliminary findings from animal models have

prompted subsequent clinical studies to further evaluate the possi-

ble role of IHC in human populations.
5.1.2 Clinical research

Published studies have elucidated that alterations in oxygen

supply can affect human body fat metabolism (Chia-Hua and

Brennan, 2016). In particular, it has been found that the body fat

of athletes shows marked decreases under hypoxic conditions,

implying the possible application of hypoxic exercise in obesity

interventions (Chia-Hua and Brennan, 2016). Already in 2017, a

study conducted on healthy male participants found that

normobaric hypoxic training protocols exerted beneficial effects

on energy metabolism. The research revealed that the additional

metabolic stress induced by hypoxia exposure markedly increased
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post-exercise lipid oxidation rates while showing a tendency to

suppress carbohydrate oxidation (Liam and Fabien, 2017).

Collectively, these findings support the metabolic benefits of hyp-

oxic exercise. However, both studies involved healthy populations,

direct evidence in obese individuals of different ages, sexes, and

metabolic conditions require further investigation.

Currently, research on the therapeutic strategies for obesity has

increasingly focused on IHC (Table 2). For overweight and obese

women, several studies provided evidence that high-intensity inter-

val training under normobaric hypoxia (12 weeks of cycle ergom-

eter, 3 sessions/week at 2500 m simulated altitude) is more

beneficial for decreasing body fat content, increasing muscle

mass, and improving cardiometabolic risk markers than exercising

under normoxia (Alba et al., 2018c; Alba et al., 2018b; Alba et al.,

2019). In these studies, the IHT protocol strictly matched exercise

intensity and workload between hypoxic (FiO2 = 17.2 ± 0.3%) and

normoxic (FiO2 = 20.9%) conditions, and both groups performing

identical 12-week training protocols. Participants kept their habit-

ual diet and physical activity, and evaluations showed no significant

changes before and after the intervention. These findings support

the inference that the observed fat loss was primarily attributable to

the hypoxic stimulus. Consistently, a recent pilot study investigated

the effects of different interventions in women with first-degree

obesity, including normoxic training (exercise at 200 m altitude),

IHT (exercise at simulated 2500 m, FiO2 = 15.4%), and IHE

(passively expose at simulated 2500 m, FiO2 = 15.4%), focusing

on BMI reduction and aerobic capacity improvement (Bagińska

et al., 2024). The findings demonstrated that the IHT regime

resulted in superior outcomes, substantially reducing body fat and

body mass and enhancing aerobic capacity. However, it is worth

noting that this was a small-sample, short-term pilot study with

several methodological limitations. Specifically, the study did not

control dietary intake, monitor physical activity, analyze blood

biochemistry, or perform follow-up assessments. These preliminary

results reflect that hypoxia-based interventions have a role in

metabolic regulation in overweight or obese women, but this

requires confirmation through more rigorous experimental designs.

Beyond female populations, similar findings have also been

observed in mixed-sex cohorts. Jiao et al. reported that under well-
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controlled caloric intake, overweight or obese adults (both males

and females) who completed a 4-week IHT program (FiO2 = 15%,

moderate-to-high-intensity exercise) exhibited clinically relevant

reductions in BMI and visceral fat mass, along with favorable

changes in vascular elasticity, compared with those undergoing

normoxic training alone (Jiao et al., 2024).

As obesity prevalence among young adults has risen rapidly

over the last decades, definitive evidence is critical to guide effective

treatment strategies for these populations (Xiong-Fei et al.,

[[NoYear]]; Cole et al., 2020). Kong et al. conducted a 4-week

weight loss residential training camp under military-style manage-

ment in obese young adults following either IHT or normoxic

training (Zhaowei et al., 2013). During the intervention, accommo-

dation, diet, and training were uniformly controlled, and daily

caloric deficits were comparable between groups. Under these

strictly controlled conditions, participants in the IHT group lost

more weight than those in the normoxic training group. Moreover,

the IHT group exhibited measurable improvements in systolic

blood pressure and mean blood pressure. This cardiometabolic

benefit is likely attributed to the hypoxia-induced increase in

arteriole diameter, which promotes peripheral vasodilation and

lowers blood pressure (Aritz et al., 2011).

Overall, evidence from systematic reviews and meta-analyses

suggests that intermittent hypoxia combined with exercise therapy

can influence certain outcomes in obese adults, including body

weight, BMI, waist circumference, waist-to-hip ratio, and fat mass,

along with favorable changes in lean mass and cardiometabolic

parameters (Alba et al., 2018a; Domingo et al., 2019). However, the

current findings remain mixed and appear protocol-dependent.

Indeed, some findings suggest that IHC does not offer superior

benefits compared to normoxic exercise for certain outcome mea-

sures. For instance, a prospective, randomized controlled, single-

blind study in overweight/obesity subjects observed that while an 8-

week high-intensity intermittent training substantially improved

exercise improved exercise capacities under both normobaric hyp-

oxia and normoxia conditions, no significant intergroup differences

were observed (Abdallah et al., 2022). In addition, the study found

no meaningful improvements in vascular function, blood metabo-

lism, or body adiposity parameters in either group (Abdallah et al.,
TABLE 1 Preclinical evidence of IHC in obesity*.

No. Animal
IHC

modality
Hypoxic
protocol

Equipment Outcomes Mechanism Ref.

1
Obese female

mice
IHE

PaO2 = 0.014
MPa, 40 days, 8
sessions/day (15
min/session,

5 min intervals)

Vacuum hypoxic
box

Reduced body
weight, blood
glucose, blood
cholesterol, and
hepatic adipocyte

distribution

Regulate leptin/
leptin receptor

signaling pathway
(Ling et al., 2008)

2 Obese male rats IHE

6 h/day hypobaric
hypoxia for

28 days, simulated
5000 m altitude

Hypobaric
chamber

Improve iron
metabolism

Down-regulation
of hepcidin by
inhibiting IL-6/
JAK2/STAT3
pathway and
activating Epo/
STAT5/ERFE

pathway

(Cui et al., 2020)
*IHC, intermittent hypoxic conditioning; IHE, intermittent hypoxic exposure; PaO2, partial pressure of oxygen.
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TABLE 2 Clinical evidence of IHC in obesity and its comorbidities*.

comes
Adverse
event

Mechanism Ref.

dy fat content,
muscle mass

NO Not investigated (Alba et al., 2018c)

diometabolic risk
arkers

NO Not investigated (Alba et al., 2018b)

ass in the trunk NR Not investigated (Alba et al., 2019)

y fat and body
rease aerobic
pacity

NO Not investigated (Bagińska et al., 2024)

sceral fat mass,
scular elasticity

NR

Activation of
SIRT1/HIF-1a/

VEGF and SIRT1/
PPARg pathways

(Jiao et al., 2024)

weight, improve
od pressure and
ood pressure

NR Not investigated (Zhaowei et al., 2013)

ercise capacities,
ficant intergroup
erences

NR Not investigated (Abdallah et al., 2022)

weight, decrease
lood glucose#

NR Not investigated
(Nicholas and
Rosalba, 2016)

y weight, BMI,
circumference,
y intake, protect
scular health

NR Not investigated (P et al., 2015)

sulin sensitivity NR
Activation of HIF-
1a/VEGF pathway

(Knut et al., 2019)
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No. Subject
Age

(years)
Sample
size

IHC
modality

Exercise protocol
Hypoxic
protocol

Equipment Ou

1
Overweight/

obese
women

41.15 ±
8.88

82 IHT
12 weeks of cycle

ergometer training (3
sessions/week)

FiO2 = 17.20 ± 0.30%
Normobaric
hypoxia
chamber

Reduce b
increase

2
Overweight/

obese
women

40.89 ±
8.28

82 IHT
12 weeks of cycle

ergometer training (3
sessions/week)

FiO2 = 17.2 0± 0.30%
Normobaric
hypoxia
chamber

Improve car
m

3
Overweight/

obese
women

40.60 ±
9.50

59 IHT
12 weeks of cycle

ergometer training (3
sessions/week)

FiO2 = 17.20 ± 0.30%
Normobaric
hypoxia
chamber

Reduce fat

4

Women
with first-
degree
obesity

41.30 ±
10.50

41 IHE, IHT
4 weeks of cycle ergometer
training (3 times/week)

FiO2 = 15.40%
Hypoxic

thermoclimatic
chamber

Reduce bo
mass, in

c

5
Overweight/
obese adults

36.03 ±
10.48

37 IHT
4-week medium-to-high
intensity exercise (60 min,

5 times/week)
FiO2 = 15.00%

Normobaric
hypoxic room

Reduce v
improve v

6
Obese
young
adults

17-25 22 IHT

4 weeks, 8 aerobic sessions
(running, stepping, cycling,
dumbbell) + 3 strength

sessions/week

FiO2 = 14.50-16.40%
Hypoxic

training room

Reduce bod
systolic blo

mean b

7
Overweight/
obese adults

51.00 ± 8.30 31 IHT
8 weeks of cycle ergometer
training (24 sessions, 3

sessions/week)
FiO2 = 12.00%

Facemask
breathing via a
gas-mixing
device

Improve ex
but no sign

di

8

Obesity
women
with pre-
diabetes

49 1 IHE No exercise

Hypoxia (6 min, SpO2
83.00-91.00%)/normoxia
(3 min) cycles, 1 h/day

for 4 weeks

Altitude
training device

Reduce bod
fasting b

9
Obese men
with SAHS

25-50 49 IHT

13 weeks, 2 sessions/week,
1 h/session (15 min cycling

+ 15 min lifting 4-kg
weights)

FiO2 = 16.00% for the
first 2 weeks, then

13.70-14.80% for the
remaining weeks

Hypoxia
generator

Reduce bo
and waist

reduce ener
cardiov

10

Obese men
with

metabolic
syndrome

Average 57 21 IHT
6 weeks of moderate-

intensity treadmill exercise
(60 min, 3 times/week)

FiO2 = 15.00%
Normobaric
hypoxia
chamber

Increase in

*IHC, intermittent hypoxic conditioning; IHE, intermittent hypoxic exposure; IHT, intermittent hypoxic training; FiO2, fraction of inspired oxygen; SpO2, blood oxygen concentra
indicates that the original study stated that no adverse events occurred; NR indicates that the original study did not report whether any adverse events occurred.
#This is a single case report with concurrent diet modification; therefore, the observed effects cannot be solely attributed to IHE.
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2022). This study included 31 participants (16 in the hypoxic group,

15 in the normoxic group) with a mean age of approximately 50

years (23 males, 8 females), and its conclusions could be influenced

by the relatively small sample size as well as the specific age-sex

distribution of the cohort. Notably, the hypoxic stimulus in this

study was relatively severe (FiO2 ~12%). The combination of high-

intensity exercise and such severe hypoxia probably imposed

excessive physiological stress, which likely offset the possible addi-

tive benefits of hypoxic exposure. Moreover, as the researchers

acknowledged, the lack of monitoring of habitual physical activity

levels and dietary intake means that these factors were not neces-

sarily balanced between groups, potentially influencing the results

(Abdallah et al., 2022). Notably, although hypoxic training did not

show statistical superiority, it enabled comparable exercise capacity

improvements with a lower absolute workload, offering a potential

advantage for obese individuals with frequent joint pain. Overall,

these different outcomes highlight the necessity of conducting high-

quality clinical investigations with standardized protocols, larger

sample sizes, and rigorous control of potential confounders to

further validate the efficacy and efficiency of IHT in

obese populations.

5.2 Role of IHC in obesity with
comorbidities

Whether IHC can ameliorate obesity-related comorbidities has

also been investigated. The following sections summarize the

current evidence.

For non-alcoholic fatty liver disease (NAFLD) and pre-diabetes,

existing evidence focuses predominantly on IHE. Consistent with

the previous reports that intermittent hypoxia can prevent steatosis

in liver cells, the latest findings elucidate the possible applications of

intermittent hypoxia in obesity-associated fatty liver disease (Ling

et al., 2008; Chen et al., 2023). As shown in Table 2, in a murine

model of NAFLD, IHE (2 min cycle: 20 s FiO2 8%/100 s FiO2 20.9%;

12 h/day) not only attenuated liver steatosis, but also modulated bile

acids composition, producing a protective effect in obesity-induced

NAFLD (Chen et al., 2023). However, it should be noted that these

findings are based on preclinical research, and therefore direct

extrapolation to clinical efficacy in humans with obesity-associated

NAFLD requires further investigation. A case report described an

obese patient diagnosed with pre-diabetes who achieved favorable

outcomes in weight loss and glycemic control after diet modifica-

tion plus IHE (4 weeks, 1 h/day, alternating 6 min hypoxia with

SpO2 maintained at 83-91% and 3 min normoxia) (Nicholas and

Rosalba, 2016). Although this case report offers basic evidence

supporting the potential of IHE, the concurrent dietary modifica-

tion during the intervention period prevents the observed outcomes

from being attributed solely to IHE.

For sleep apnea-hypopnea syndrome (SAHS) and metabolic

syndrome, existing evidence comes predominantly from IHT. It has

been suggested that obese patients with SAHS may benefit from

IHT, as exercise promotes peripheral circulation and oxygen

utilization, and hypoxic training reduces body weight and improves

the respiratory system, all of which improve SAHS. However, this

proposal requires conceptual caution. As a highly prevalent sleep-
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related breathing disorder, SAHS is fundamentally a pathological

form of intermittent hypoxia (Serebrovskaya et al., 2008). In SAHS,

repeated apneic episodes during sleep result in brief but intense

hypoxia and hypercapnia, promoting oxidative stress, systemic

inflammation, and sympathetic overactivation (Lv et al., 2023).

This pattern of hypoxic stimulus is inherently uncontrolled, which

can lead to adverse consequences over time. In contrast, therapeutic

IHC involves controlled, dose-defined, and monitored hypoxic

exposure applied during wakefulness for limited durations, which

triggers adaptive responses without inducing the deleterious effects

associated with chronic uncontrolled hypoxia. Moreover, modali-

ties such as IHT incorporate exercise, which independently im-

proves cardiovascular and metabolic function (Qiu et al., 2023). The

distinct hypoxia paradigms of SAHS and IHC produce divergent

physiological effects. As reported in the literature, obstructive sleep

apnea-associated hypoxia drives adverse physiological cascades that

promote persistent hypertension and other comorbidities, whereas

therapeutic IHT minimally activates or even attenuates these

responses, illustrating how the nature of the hypoxic stimulus

determines whether the outcome is pathogenic or potentially

beneficial (Serebrovskaya et al., 2008). Supporting this premise, a

study involving obese males with SAHS concluded that under

conditions where both groups followed a healthy dietary pattern,

IHT not only effectively reduced body weight, BMI, and waist

circumference, but also showed specific benefits in terms of reduc-

ing energy intake and protecting cardiovascular health (P et al.,

2015). Notably, obesity is a major cause of respiratory compromise,

characterized by reduced static and dynamic pulmonary volumes

(Shah and Kaltsakas, 2023). The coexistence of obesity with SAHS

may further exacerbate pulmonary dysfunction and impairs alveo-

lar-capillary diffusion (Rouatbi et al., 2020). Therefore, safety

monitoring, particularly careful SpO2 and symptom monitoring,

is especially important when applying hypoxic exercise in obese

patients with SAHS. In general, obese patients are at high risk of

developing metabolic syndrome (Engin, 2024). In a randomized

controlled trial, it was observed that a 6-week IHT (FiO2 = 15%)

favorably affected insulin sensitivity in obese men with metabolic

syndrome, whereas normoxic exercise (FiO2 = 21%) did not

produce a comparable effect (Knut et al., 2019). However, although

the two groups were well-matched at baseline in key characteristics

(e.g., age, BMI, resting energy expenditure, blood lipid profiles) and

peak exercise workload, dietary intake was not strictly controlled

during the intervention. Thus, the potential confounding effect of

unsupervised diet cannot be excluded when attributing the im-

provement in insulin sensitivity solely to IHT. Together, these

initial findings reveal the applicability of both IHE and IHT in

obese patients with comorbidities, providing preliminary clinical

evidence for the application of IHC as an adjunctive management

strategy in this population.

5.3 Determinants of the IHC response in
obesity

As summarized above, the effects of IHC in obese individuals

range from clear benefits to null outcomes. These controversial

findings stem from several factors, including IHC protocols (e.g.,
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hypoxic dose, exercise intensity and modality, session frequency,

intervention duration), population characteristics (e.g., age, sex,

baseline metabolic status), sample size, outcome measures, and

confounder control (e.g., dietary intake, physical activity, sleep, and

medication use). Among these, the hypoxic dose, the exercise

protocol, and participant characteristics are discussed in detail

below, as they directly modulate the physiological stimulus of

IHC or influence how individuals respond to a given stimulus.

The first is the hypoxic dose, which encompasses FiO2, exposure

duration, and cycle frequency. The magnitude of hypoxia can be

described by FiO2 thresholds and their corresponding altitude

equivalents, ranging from mild (FiO2 0.16-0.18; 500–2000 m) to

moderate (FiO2 0.15-0.16; 2000–3000 m), severe (FiO2 0.12-0.14;

3000–5000 m), and very severe (FiO2 < 0.12; > 5000 m) (Forbes

et al., 2026). Controlled intermittent hypoxia can trigger adaptive

physiological responses. For instance, mild hypoxia enhances ven-

tilation, upper airway muscle activity, and limb motor recovery,

which constitute the physiological basis for the health benefits of

IHC (Puri et al., 2021). Consistent with this, studies reporting

favorable outcomes in obese individuals have typically employed

mild to moderate FiO2 levels (e.g., 15-17%) with normoxic recovery

between cycles (Zhaowei et al., 2013; P et al., 2015; Nicholas and

Rosalba, 2016; Alba et al., 2018c; Alba et al., 2018b; Alba et al., 2019;

Knut et al., 2019; Bagińska et al., 2024; Jiao et al., 2024). In contrast,

the trial that found no superiority of IHC used a more severe

stimulus (FiO2 ~12%) (Abdallah et al., 2022). Available evidence

indicates that excessive or prolonged hypoxia may override adaptive

mechanisms and trigger oxidative stress, systemic inflammation,

and sympathetic overactivation, ultimately resulting in tissue injury,

which may help explain this null finding (Dantu et al., 2025). Thus,

the benefits of IHC appear to be confined to an optimal range of

hypoxic dose, where insufficient hypoxia fails to induce adaptation

and excessive hypoxia produces deleterious effects.

The second factor is the exercise protocol. The type, intensity,

frequency, and duration of exercise varied considerably across

studies, ranging from cycling and treadmill running to combined

aerobic and resistance training (Zhaowei et al., 2013; P et al., 2015;

Alba et al., 2018c; Alba et al., 2018b; Alba et al., 2019; Knut et al.,

2019; Abdallah et al., 2022; Bagińska et al., 2024). These differences

in exercise modality may independently influence intervention

outcomes, adding another layer of variability to cross-study com-

parisons. Moreover, because hypoxia increases the physiological

burden of exercise through reduced oxygen availability and height-

ened ventilatory demand, the same absolute workload elicits a

higher relative intensity under hypoxia (Forbes et al., 2026). This

elevation in relative intensity may partly account for the superior

metabolic effects of IHC over normoxic training at matched

absolute workloads. However, when exercise intensity is already

high, superimposing hypoxia may push physiological stress beyond

the adaptive range, thereby increasing the risk of adverse responses

such as excessive desaturation or cardiovascular strain (Xu et al.,

2021; Forbes et al., 2026). Thus, the net effect of combining hypoxia

with exercise depends critically on the relative dose of

each stimulus.

The third factor is participant characteristics, which differed

considerably among the included trials. Even under identical
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hypoxic and exercise protocols, the physiological burden experi-

enced by different individuals can vary substantially. For example,

obese individuals with respiratory compromise, which is more

prevalent among those with severe obesity, may experience a greater

physiological burden under hypoxia, manifesting as more pro-

nounced desaturation, exaggerated hemodynamic responses, or

reduced exercise tolerance (Krishnan et al., 2006; Akshay, 2009;

Vultur et al., 2025). This may partly explain why IHC produces

adverse rather than beneficial outcomes in certain obese subgroups.

Sex distribution also varied across studies, yet direct comparisons of

responses between males and females are currently lacking (Alba

et al., 2018c; Alba et al., 2018b; Alba et al., 2019; Jiao et al., 2024). In

addition, the baseline exercise capacity of participants has not been

systematically documented and may influence the metabolic re-

sponse to IHC. Thus, the outcome of IHC depends not only on the

hypoxic dose and exercise protocol, but also on the characteristics of

the population studied.

Besides, the duration of intervention also varied across studies,

and the optimal treatment length for inducing metabolic benefits

has not been established, representing an additional source of

heterogeneity when comparing outcomes across trials (Zhaowei

et al., 2013; P et al., 2015; Nicholas and Rosalba, 2016; Alba et al.,

2018c; Alba et al., 2018b; Alba et al., 2019; Knut et al., 2019;

Bagińska et al., 2024; Jiao et al., 2024). Together, the above factors

influence whether IHC ultimately leads to an adaptive or maladap-

tive response, providing a mechanistic explanation for the incon-

sistent findings in the literature.

5.4 Mechanisms of IHC in combating
obesity and its complications

To understand how IHC may exert its effects in obesity, it is

essential to first discuss the key pathophysiological features of

obesity. Under normal conditions, the human body can flexibly

switch between carbohydrate and fat oxidation in response to

changes in energy supply and demand, a capacity termed metabolic

flexibility (Zhang et al., 2025). This process relies heavily on

mitochondrial function, as mitochondrial adaptation to environ-

mental changes may represent a core component of metabolic

flexibility (Goodpaster and Sparks, 2017; Tsilingiris et al., 2021).

In obesity, metabolic flexibility is impaired, resulting in disrupted

energy homeostasis and metabolic dysfunction (Kong et al., 2025).

This impairment is particularly evident in skeletal muscle and

adipose tissue, which play central roles in maintaining whole-

body metabolic flexibility (Goodpaster and Sparks, 2017). In skel-

etal muscle, obesity compromises mitochondrial biogenesis and

function, shifting the metabolic fate of fatty acids from oxidation

toward storage and thereby promoting intramyocellular lipid accu-

mulation and insulin resistance (Jun et al., 2024). In adipose tissue,

obesity drives adipocyte hypertrophy and local hypoxia, which

promote immune cell infiltration and pro-inflammatory cytokine

secretion. These events disrupt normal adipose microenvironment

and lipid handling, elevating levels of circulating free fatty acids,

which in turn contribute to ectopic lipid deposition in the liver and

skeletal muscle and insulin resistance (Kawai et al., 2021). These

processes are interconnected in obesity, forming a self-reinforcing
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pathological network that perpetuates systemic metabolic dysfunc-

tion. How IHC may modulate these complex pathological processes

in obesity and its complications remains incompletely understood,

and the available evidence is discussed below (Figure 4;

Supplementary Figure 1).

5.4.1 Energy balance

Leptin, a 16 kDa hormone encoded by the ob/ob gene and

predominantly secreted by adipose tissue, is an important substance

involved in the regulation of food intake, body weight, and repro-

ductive function (Obradovic et al., 2021; Fan et al., 2023). It

balances energy metabolism by acting on leptin receptors and

thereby activating anorexigenic neuronal pathways (Heike, 2009;

Seth et al., 2020). Numerous studies have indicated that leptin or

leptin receptor signaling deficiency plays a central role in obesity

development, which has made leptin a key target for obesity

intervention research (Genchi et al., 2021). Ling et al. found that

40-day IHE significantly reduced body weight, blood glucose, and

blood cholesterol, and effectively decreased the distribution density

and scope of hepatic adipocytes in obese female mice (Ling et al.,

2008). Combined with the observed IHE-induced elevation in

serum leptin concentration and hepatic leptin receptor expression,

the researchers hypothesized that the regulatory effects of IHC on

body nutritional metabolism may involve the leptin/leptin receptor

signaling pathway (Ling et al., 2008). However, these observations

are derived from animal evidence. Reliable experimental validation

of this hypothesis in humans is lacking, and it remains unknown

whether there is a causal relationship between leptin signaling

modulation and IHC-mediated metabolic improvements in obese

patients. Notably, the interpretation of these findings requires
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caution in light of leptin resistance, a condition commonly present

in obesity in which circulating leptin levels are elevated but central

leptin signaling is impaired (Obradovic et al., 2021). In this context,

the IHE-induced elevation in serum leptin and hepatic leptin

receptor expression may reflect compensatory upregulation rather

than restoration of leptin sensitivity, and whether these molecular

changes are causally linked to the metabolic benefits of IHC remains

uncertain. Future studies should therefore assess the effects of IHC

on functional leptin sensitivity rather than relying solely on expres-

sion data.

5.4.2 Lipid metabolism

SIRT1, a deacetylase belonging to the sirtuin group, plays a

crucial regulatory role in maintaining lipid metabolism homeostasis

(Bao-Fei et al., 2023; Shan et al., 2023). Furthermore, SIRT1

activation represents an emerging treatment target for obesity and

its associated complications (Abduraman et al., 2021; Quiñones

et al., 2021). Mechanistically, SIRT1 suppresses peroxisome

proliferator-activated receptor-g (PPARg), a key regulator of

adipogenesis and lipid metabolism, thereby inhibiting fat accumu-

lation and promoting lipolysis (Jiali et al., 2022). Additionally,

SIRT1 can directly bind to and deacetylate hypoxia-inducible

factor-1a (HIF-1a), consequently upregulating the expression of

HIF-1a target gene vascular endothelial growth factor (VEGF),

which facilitates vasodilation and angiogenesis (Hyun-Yoo et al.,

2015). Data obtained by Jiao et al. confirmed that overweight or

obese adults in the IHT group showed significant reductions in BMI

and visceral fat mass, along with favorable changes in vascular

elasticity, compared with normoxic training alone (Jiao et al., 2024).

Further investigation suggested that the regulatory effects of IHT on
FIGURE 4

The proposed mechanisms by which IHC ameliorates obesity and its related complications.
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lipid metabolism and vascular homeostasis may be associated with

the activation of SIRT1/PPARg and SIRT1/HIF-1a/VEGF path-

ways. Among the downstreammediators of these pathways, HIF-1a
is of particular interest because its activation in adipose tissue has

been reported to produce opposing metabolic effects (Ban et al.,

2014; Gonzalez et al., 2018). In the obese state, adipose tissue

hypoxia leads to accumulation of HIF-1a in adipocytes (Gonzalez

et al., 2018). Some studies indicate that it protects against obesity

and insulin resistance by stimulating thermogenic functions of

brown adipose tissue, whereas others demonstrate that it exacer-

bates adipose tissue inflammation, fibrosis, and insulin resistance

(Ban et al., 2014; Gonzalez et al., 2018). In light of these divergent

findings, whether IHC-mediated upregulation of HIF-1a in obese

individuals exerts beneficial or detrimental metabolic effects cannot

be determined from current evidence, and further studies are

needed to clarify the net consequences of modulating this pathway.

NAFLD, the most prevalent chronic liver disorder worldwide,

represents the hallmark hepatic manifestation of obesity-associated

metabolic dysfunction (Cotter and Rinella, 2020; Piester et al.,

2023). The current view is that the treatment of NAFLD is primarily

focused on treating obesity. The therapeutic potential of IHC has

attracted attention to this obesity-associated complication. In a

murine model of NAFLD, IHE notably reduced body weight,

alleviated hepatic steatosis, and decreased hepatic lipid content

(Chen et al., 2023). These lipid metabolic improvements were

attributed to enhanced lipid utilization and inhibition of lipid

synthesis by regulating typical enzymes or transcriptional factors

(Chen et al., 2023). The underlying mechanisms primarily consisted

of the up-regulation of lipolytic enzymes, including phosphorylated

hormone-sensitive lipase (p-HSL), adipose triglyceride lipase

(ATGL), and the rate-limiting enzyme for fatty acid b-oxidation,
carnitine palmitoyl transferase-1a (CPT-1a). Concurrently, IHE

down-regulated the regulators of lipid synthesis and fatty acid

uptake, including PPARg, fatty acid transport protein 5 (Fatp5),

carbohydrate response element-binding protein (Chrebp), sterol

regulatory element-binding protein-1c (Srebp-1c), and stearoyl-

CoA desaturase-1 (Scd-1), which ultimately attenuated hepatic

lipid accumulation and prevented progression of liver disease.

5.4.3 Iron metabolism

There is growing evidence that dysregulated iron homeostasis

frequently occurs in obese individuals and may progress to obesity-

related iron deficiency and ultimately anemia (González-

Domıńguez et al., 2020; Qiu et al., 2022). Notably, Cui et al.

observed that IHE was effective in alleviating multiple obesity-

related pathological manifestations in diet-induced obese rats, with

particular efficacy in normalizing iron metabolism (Cui et al., 2020).

It was further found that this improvement was attributed to the

down-regulation of hepcidin by decreasing interleukin6 (IL-6) and

increasing erythropoietin (Epo) (Cui et al., 2020). These findings

were subsequently validated in a metabolic syndrome model, where

improvement in iron metabolism disorders induced by chronic

intermittent hypobaric hypoxia was associated with inhibition of

IL-6/Janus kinase 2 (JAK2)/signal transducer and activation of the

transcription 3 (STAT3) and activation of the Epo/STAT5/
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erythroferrone (ERFE) signaling pathway (Cui et al., 2023).

Together, these studies offer emerging evidence that hypoxia-

based therapies can effectively target IL-6 and Epo to restore iron

balance in obesity-related metabolic disorders.

5.4.4 Glucose metabolism

Preliminary findings indicate that IHC plays a beneficial role in

glucose metabolism, with insulin resistance being a key target of its

action. Notably, the metabolic benefits of IHC appear to be highly

dependent on the hypoxic dose. A recent study by Wang et al.

demonstrated that during an acute bout of low-intensity exercise,

moderate hypoxia (FiO2 ~16%) provided a more favorable balance

for glucose regulation compared with more severe hypoxic exposure

(FiO2 ~14.8%) in overweight adults, supporting the notion that the

hypoxic dose should be carefully optimized when targeting metabolic

benefits (Tee et al., 2023b). Insulin resistance, defined as a reduced

effect of insulin on glucose metabolism at a given insulin concentration,

has become increasingly prevalent largely driven by rising obesity

levels. This condition impairs normal glucose homeostasis and in turn

promotes obesity-related cardiometabolic complications such as met-

abolic syndrome (Rocco et al., 2018). Previous studies have elucidated

that hypoxic exercise enhances glucose tolerance by increasing periph-

eral insulin sensitivity, thereby establishing a link between hypoxic

training and improved insulin resistance (Richard et al., 2011). In a

randomized controlled trial, skeletal muscle insulin sensitivity was

significantly increased after IHT in middle-aged obese men with

metabolic syndrome (Knut et al., 2019). This study also observed

that hypoxic training resulted in increased plasma levels of VEGF.

Notably, VEGF is regulated by HIF-1a, an important metabolic

regulator that contributes to insulin sensitivity by promoting angio-

genesis in adipose tissue (Fujisaka, 2021; Hai et al., 2024). However,

whether activation of the HIF-1a/VEGF pathway is causally respon-

sible for the improved insulin sensitivity observed after IHT has not

been directly demonstrated. In addition, the combination of hypoxia

(14% O2, 12 h/day) and exercise training (swimming, 3 h twice daily)

was associated with reduced body mass, improved glucose tolerance,

and increased glucose transporter 4 (GLUT4) protein expression in

skeletal muscle of rats (Li-Ling et al., 2004). It is well known that insulin

mediates muscle glucose uptake by translocating the GLUT4 to the cell

surface, with impaired GLUT4 translocation being a key feature of

insulin resistance (van Gerwen et al., 2023; Hu et al., 2025). However,

direct evidence that GLUT4 upregulation is responsible for the effects

of hypoxic intervention on insulin resistance is still lacking, and the

functional significance of these changes for hypoxic intervention-

induced metabolic improvements awaits further investigation.
6 Safety of IHC in obesity

As research on the therapeutic potential of IHC in obesity

grows, its safety profile in this population warrants equal attention.

Available studies suggest that IHC is generally well-tolerated in

selected participants, but systematic safety data in obese popula-

tions remain limited (Alba et al., 2018c; Alba et al., 2018b; Bagińska
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et al., 2024). It is crucial to recognize that hypoxic interventions

represent a double-edged sword for obese individuals, and whether

the outcome is beneficial or harmful depends on multiple factors (T

et al., 2016).

As discussed in Section 3.1, obesity impairs respiratory function

through mechanical constraints, heightened ventilatory demand,

and reduced respiratory efficiency, all of which increase the risk of

rapid desaturation during hypoxic exposure (Krishnan et al., 2006;

Akshay, 2009; Michael and Hans-Joachim, 2012). As reported by

Xu et al., an obese individual with a baseline SpO2 of 96% developed

severe hypoxemia (SpO2 = 72%) and tachycardia (heart rate = 97

bpm) during acute hypoxic exposure. The protocol consisted of 6 h

of acute hypoxia (FiO2 = 11.7-11.2%), 30 min of hypoxic rest,

followed by 30 min of hypoxic exercise, and then 5 h of hypoxic rest.

Acute hypoxic exercise further aggravated hypoxemia, with SpO2

dropping to 59%, and induced marked autonomic dysfunction and

subsequently severe acute mountain sickness (Xu et al., 2021). This

case illustrates that combined severe hypoxia and exercise poses a

serious risk in obese individuals, highlighting the need for appro-

priate IHC protocol design and close safety monitoring.

In addition, intermittent hypoxia exerts dose-dependent effects on

the cardiovascular system (Dantu et al., 2025). Specifically, mild and

controlled hypoxic exposure appears to induce adaptive responses (e.g.,

enhanced angiogenesis and improved oxygen utilization), whereas

severe or prolonged hypoxia can promote cardiovascular pathology

via oxidative stress, endothelial dysfunction, and sympathetic

overactivation (Dantu et al., 2025). Obesity also contributes to cardio-

vascular damage through chronic low-grade inflammation, heightened

oxidative stress, and sympathetic overactivation (Isabel et al., 2012;

Omair and Travis, 2020; Figorilli et al., 2025). These pre-existing

conditions may lower the threshold for hypoxia-induced cardiovascu-

lar complications. Therefore, in obese patients, uncontrolled hypoxic

exposure may amplify these underlying risks, increasing the likelihood

of adverse cardiovascular events.

Importantly, safety considerations for IHC differ by obesity phe-

notype, as the underlying pathophysiology and comorbidity burden

vary substantially across subgroups. Obese individuals complicated by

SAHS require specific attention, as the pre-existing pathological

intermittent hypoxia of SAHSmay compound the effects of therapeutic

hypoxic exposure, potentially amplifying oxidative stress and sympa-

thetic overactivation (Lv et al., 2023). Similarly, while preliminary

evidence suggests that IHC has favorable effects on vascular function in

obese individuals, whether it represents a favorable risk-benefit option

for those with obesity-related cardiovascular disease remains unclear

(Zhaowei et al., 2013; Alba et al., 2018b; Jiao et al., 2024). These

patients, who have adverse cardiac remodeling and compromised

cardiac function, may therefore have a narrower therapeutic window

for safe IHC application (Szabo et al., 2023). Dedicated studies with

careful cardiovascular monitoring are warranted. Individuals with

severe obesity (BMI ≥ 40 kg/m2) experience excessive fat accumulation

in the chest and abdominal regions, which causes external compression

of the airways and markedly impairs respiratory function, raising the

susceptibility to obesity hypoventilation syndrome (OHS) (Vultur et al.,

2025). OHS manifests as daytime hypercapnia, diminished central

respiratory drive, and mechanical ventilatory constraints. Moreover,

recurrent hypoxic episodes in OHS lead to oxidative stress and systemic
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inflammation, promoting hypertension and potentially progressing to

heart failure (Vultur et al., 2025). Taking these factors into account, the

possibility of increased risk of adverse respiratory and cardiovascular

events during IHC in this population cannot be excluded. Thus,

screening for OHS should be considered before initiating IHC in this

subgroup, and lower exercise intensities, milder hypoxic doses, and

close SpO2 monitoring are advisable. Sarcopenic obesity, characterized

by low skeletal muscle mass and excess adiposity, has received

increasing attention (Axelrod et al., 2023). Resistance and aerobic

training have been recommended for managing this condition

(Borba and Costa, 2025). However, direct evidence on IHC in

sarcopenic obesity is currently lacking. Prolonged intermittent hypoxia,

as observed in conditions such as chronic obstructive pulmonary

disease (COPD), has been shown to dysregulate skeletal muscle protein

homeostasis and contribute to a sarcopenic phenotype (Attaway et al.,

2023). This raises theoretical concerns that uncontrolled or excessive

hypoxic exposure could negatively affect muscle mass in individuals

with compromised muscle function. Therefore, if IHC were to be

applied in this population, an appropriate IHC protocol should be

carefully designed, along with close monitoring of muscle function and

body composition.

Among the IHC studies in obese populations included in this

review, only three explicitly stated that no adverse events were

recorded during the intervention. The remaining studies did not

report on adverse events (Table 2). This likely reflects insufficient

monitoring rather than the true absence of risk, emphasizing the need

for more rigorous safety surveillance. To ensure the safety of IHC in

obese populations, we recommend a multi-step safety framework.

First, participants should be carefully screened for cardiovascular,

respiratory, and metabolic health to confirm adequate physical

fitness. Second, IHC protocols (e.g., hypoxic dose, exposure duration,

cycle frequency, exercise intensity, and modality) should be tailored

to individual risk profiles, as informed by the phenotype-specific

considerations discussed above. For instance, individuals with SAHS

may require lower hypoxic doses and closer monitoring than obese

individuals without comorbidities. During IHC sessions, individuals

should undergo close monitoring of key physiological parameters,

such as SpO2, heart rate, and blood pressure, along with clinical

symptoms. Standardized adverse event reporting should be adopted

to systematically document any adverse events (e.g., hypoxemia,

excessive dyspnea, dizziness, syncope, cardiovascular events), as

well as their severity, duration, and relationship to the intervention.

Furthermore, dose-stopping criteria, based on objective measures

such as significant SpO2 decline, intolerable symptoms, or abnormal

cardiorespiratory responses, should be established to terminate the

intervention when necessary, thereby minimizing potential risks. In

addition, emergency equipment (e.g., supplemental oxygen and

resuscitation devices) and trained personnel should be available

during all IHC sessions. Beyond immediate safety measures, the

long-term safety of IHC in obese populations also requires attention.

The studies included in this review were predominantly short-term,

and no follow-up data exist on potential late-onset adverse effects. It

also remains unknown whether the effects of IHC are maintained,

diminished, or even reversed upon prolonged or repeated interven-

tion, particularly in individuals with obesity-related comorbidities.

Therefore, extended follow-up studies are needed to evaluate the
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long-term efficacy and safety of IHC across different obe-

sity phenotypes.
7 Limitations and perspectives

Although the emerging role of IHC in obesity management has

been suggested by several studies, there are still considerable limitations

in the existing research (Zhaowei et al., 2013; Alba et al., 2018c; Alba

et al., 2018b; Alba et al., 2019; Bagińska et al., 2024; Jiao et al., 2024).

First, IHC regimens vary widely across studies in exercise parameters

(e.g., mode, intensity, duration, frequency), hypoxic parameters (e.g.,

FiO2, altitude, SpO2 response, cycles, total period), as well as compa-

rator type, dietary control, and intervention length. However, compar-

ative research between these different IHC regimens remains scarce.

Consequently, standardized protocols for determining the optimal IHC

regimen for obese patients are still lacking. Second, there remains

insufficient evidence regarding the applicability of IHC in different

obesity subtypes and its long-term efficacy. Most included studies are

short-term, and no follow-up data exist on the maintenance of weight

loss, visceral fat reduction, or cardiometabolic improvements.

Therefore, whether the beneficial effects of IHC can be sustained

beyond the intervention period remains unclear, highlighting the

need for future trials with extended follow−up assessments. Third,

excessive or prolonged IHC exposure has the potential to increase the

risk of cardiovascular and respiratory dysfunction, so the safe clinical

application of IHC for obesity treatment requires careful consideration

(Xu et al., 2021; Bae et al., 2025). Fourth, emerging studies have only

identified preliminary anti-obesity mechanisms of IHC, and its more

in-depth mechanism requires further investigation to provide an

evidence-based basis for the widespread application of IHC (Ling

et al., 2008; Cui et al., 2020; Jiao et al., 2024). In summary, we propose

that future research in this field should focus on conducting large-scale,

multicenter clinical trials that include matched normoxic comparator

groups, exercise mode and workload-matched exercise, and rigorous

dietary control. Additionally, standardized adverse-event reporting and

follow-up assessments after intervention cessation are needed to

evaluate long-term durability. These efforts will help clarify the efficacy

of IHC in different obese populations and to identify the optimal IHC

protocol to achievemaximum efficacy.Moreover, we believe that future

research in this area should elucidate the precise mechanisms through

which IHC exerts its anti-obesity effects.
8 Conclusion

IHC represents an emerging interventional approach under inves-

tigation for obesity management. This review summarized available

evidence on the anti-obesity efficacy of IHC and explored its underlying

mechanisms. The evidence accumulated in the review demonstrates

that IHC can influence certain outcomes (e.g., body weight, visceral fat,

and cardiometabolic parameters) in specific populations under some

protocols. These characteristics suggest that IHC is being investigated as

a possible adjunct to conventional obesity treatment. Although exercise

in moderate hypoxia has shown preliminary effects, the available data
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remain heterogeneous and insufficient to support a universal recom-

mendation for IHC in obesity treatment. Further research is needed to

confirm its weight-loss efficacy and to establish standardized protocols.

In addition, rigorous safety monitoring and evidence of long-term

durability must be demonstrated before clinical implementation.

Overall, we believe that IHC warrants further investigation as a

supervised adjunctive strategy for selected individuals with obesity.
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normobaric hypoxic conditioning to improve body mass loss and cardiometabolic
markers in individuals with overweight or obesity: A systematic review and meta-
analysis. Physiol. Behav. 207, 28–40. doi: 10.1016/j.physbeh.2019.04.027

Eisenberg, D., Shikora, S. A., Aarts, E., Aminian, A., Angrisani, L., Cohen, R. V., et al.
(2023). 2022 American Society of Metabolic and Bariatric Surgery (ASMBS) and
International Federation for the Surgery of Obesity and Metabolic Disorders (IFSO)
indications for metabolic and bariatric surgery. Surg. Obes. Relat. Dis. 19, 222–234.
doi: 10.1016/j.soard.2022.08.013

Elena, A., Natalia, N., Mikhail, Y., and Ksenia, A. (2022). Intermittent hypoxic training
as an effective tool for increasing the adaptive potential, endurance and working
capacity of the brain. Front. Neurosci. 16, 941740. doi: 10.3389/fnins.2022.941740

Elmaleh-Sachs, A., Schwartz, J. L., Bramante, C. T., Nicklas, J. M., Gudzune, K. A., and
Jay, M. (2023). Obesity management in adults: A review. JAMA 330, 2000–2015.
doi: 10.1001/jama.2023.19897

Engin, A. (2024). The definition and prevalence of obesity and metabolic syndrome:
Correlative clinical evaluation based on phenotypes. Adv. Exp. Med. Biol. 1460, 1–25.
doi: 10.1007/978-3-031-63657-8_1

Fan, Y., Qin, Y., Yuan, W., Fan, H., and Lin, H. (2023). Chemical shift assignments of
wildtype human leptin. Biomol. NMR Assign 17, 265–268. doi: 10.1007/s12104-023-
10153-3
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fphys.2026.1842034/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2026.1842034/full#supplementary-material
https://doi.org/10.1152/ajpregu.00049.2022
https://doi.org/10.1152/ajpregu.00049.2022
https://doi.org/10.1016/j.orcp.2020.12.001
https://doi.org/10.1016/j.orcp.2020.12.001
https://doi.org/10.3389/fcvm.2021.700826
https://doi.org/10.1016/j.ccm.2009.05.003
https://doi.org/10.1016/j.aprim.2018.03.011
https://doi.org/10.1016/j.aprim.2018.03.011
https://doi.org/10.1111/sms.13380
https://doi.org/10.1089/ham.2018.0059
https://doi.org/10.3389/fphys.2018.00060
https://doi.org/10.1007/s13105-011-0115-1
https://doi.org/10.1113/jp283700
https://doi.org/10.1016/j.metabol.2023.155639
https://doi.org/10.1016/j.metabol.2023.155639
https://doi.org/10.1186/s12889-024-21061-z
https://doi.org/10.3390/jcm13020380
https://doi.org/10.2147/hp.S68771
https://doi.org/10.3748/wjg.v29.i31.4744
https://doi.org/10.1016/j.jsps.2023.101757
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.20945/2359-4292-2024-0084
https://doi.org/10.1038/s41366-024-01530-6
https://doi.org/10.1111/dom.14200
https://doi.org/10.1113/jp285230
https://doi.org/10.1016/j.mayocp.2023.05.026
https://doi.org/10.1016/j.mayocp.2023.05.026
https://doi.org/10.1016/j.eclinm.2023.10188
https://doi.org/10.1016/j.eclinm.2023.10188
https://doi.org/10.3390/ijms25031882
https://doi.org/10.3389/fphar.2023.1097641
https://doi.org/10.1139/cjpp-2015-0425
https://doi.org/10.1186/s12933-020-01052-1
https://doi.org/10.1111/j.1467-789X.2004.00144.x
https://doi.org/10.1053/j.gastro.2020.01.052
https://doi.org/10.1136/bmj-2022-071027
https://doi.org/10.1016/j.ando.2017.03.002
https://doi.org/10.1186/s12950-020-00265-1
https://doi.org/10.1016/j.jtemb.2023.127259
https://doi.org/10.7759/cureus.97121
https://doi.org/10.1016/j.physbeh.2019.04.027
https://doi.org/10.1016/j.soard.2022.08.013
https://doi.org/10.3389/fnins.2022.941740
https://doi.org/10.1001/jama.2023.19897
https://doi.org/10.1007/978-3-031-63657-8_1
https://doi.org/10.1007/s12104-023-10153-3
https://doi.org/10.1007/s12104-023-10153-3
https://doi.org/10.3389/fphys.2026.1842034
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Kang et al. 10.3389/fphys.2026.1842034
Figorilli, F., Velluzzi, F., and Redolfi, S. (2025). Obesity and sleep disorders: a
bidirectional relationship. Nutr. Metab. Cardiovasc. Dis. 35, 104014. doi: 10.1016/
j.numecd.2025.104014

Fink, J., Seifert, G., Blüher, M., Fichtner-Feigl, S., and Marjanovic, G. (2022). Obesity
surgery. Dtsch. Arztebl Int. 119, 70–80. doi: 10.3238/arztebl.m2021.0359

Forbes, S., Hearon, C., Cillay, J., Lawley, J., Stembridge, M., Subudhi, A., et al. (2026).
Exercise in acute and subacute hypoxic conditions: Physiological responses affecting
oxygen delivery and their applications to human health. J. Physiol. doi: 10.1113/
jp289666

Fujisaka, S. (2021). The role of adipose tissue M1/M2 macrophages in type 2 diabetes
mellitus. Diabetol. Int. 12, 74–79. doi: 10.1007/s13340-020-00482-2

Genchi, V. A., D'Oria, R., Palma, G., Caccioppoli, C., Cignarelli, A., Natalicchio, A.,
et al. (2021). Impaired leptin signalling in obesity: Is leptin a new thermolipokine? Int. J.
Mol. Sci. 22, 6445. doi: 10.3390/ijms22126445

Glazachev, O. S., Kopylov, F. Y., Susta, D., Dudnik, E. N., and Zagaynaya, E. (2017).
Adaptations following an intermittent hypoxia-hyperoxia training in coronary artery
disease patients: A controlled study. Clin. Cardiol. 40, 370–376. doi: 10.1002/clc.22670

Glazachev, O. S., Kryzhanovskaya, S. Y., Zapara, M. A., Dudnik, E. N., Samartseva, V.
G., and Susta, D. (2021). Safety and efficacy of intermittent hypoxia conditioning as a
new rehabilitation/secondary prevention strategy for patients with cardiovascular
diseases: A systematic review and meta-analysis. Curr. Cardiol. Rev. 17, 88–99.
doi: 10.2174/1573403X17666210514005235

Gonzalez, F. J., Xie, C., and Jiang, C. (2018). The role of hypoxia-inducible factors in
metabolic diseases. Nat. Rev. Endocrinol. 15, 21–32. doi: 10.1038/s41574-018-0096-z
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