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This study aimed to explore the role of macrophage polarization and TLR4/NF-κB pathway in 
promoting browning of white adipose tissue through different hypoxic exercises. (1) Fifty obese 
female rats were selected after 16 weeks of high-fat diet feeding and randomly divided into normoxic 
sedentary (NC), normoxic exercise (NE), hypoxic sedentary (HC), Living-High Training-High (HH), 
and Living-Low Training-High (LH) groups. Four weeks of hypoxic and exercise interventions were 
conducted to investigate changes in the expression of the TLR4/NF-κB pathway and inflammatory 
factors in obese rat adipose tissue and the expression of genes and proteins related to adipose tissue 
browning. (2) After the 4-week intervention, adipose tissue macrophages (ATM) were isolated from 
HH and LH groups, activated with NF-κB activator, and co-cultured with adipocyte-induced adipose-
derived stem cells to explore the role of the TLR4/NF-κB pathway in promoting browning of white 
adipose tissue by inducing changes in macrophage polarization through different hypoxic exercise. 
(1) After 4 weeks of different hypoxic interventions, the proportion of M1 macrophages decreased 
(p < 0.01), and HH intervention increased the proportion of M2 macrophages (p < 0.05). The protein 
expression levels of TLR4, NF-κB, p-NF-κB, and MyD88 in ATM of the HH and LH groups were 
significantly lower than those of the NC group (p < 0.01). Four weeks of LH intervention significantly 
upregulated the protein expression levels of CIDEA, C/EBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 
in rat adipose tissue (p < 0.01). (2) NF-κB activator intervention for 24 h significantly upregulated the 
protein expression levels of TLR4, p-NF-κB, and MyD88 in adipose tissue of HH and LH group rats 
(p < 0.01). NF-κB activator intervention for 24 h downregulated the protein expression levels of CIDEA, 
C/EBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 in co-cultured adipocytes for 48 h in ATM of the LH 
group rats (p < 0.05). Four weeks of HH and LH interventions could reduce M1 polarization of ATM, 
downregulate the expression levels of the TLR4-NF-κB pathway in ATM, and promote browning of 
white adipose tissue. The TLR4-NF-κB pathway plays a more critical role in promoting the browning of 
white adipose tissue by regulating macrophage polarization in LH intervention.
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Obesity has emerged as a dire concern for public health. In the past two decades, the global prevalence of 
obesity in adults has increased by approximately 1.5 times, while the rate has doubled in children1. The obese or 
overweight population in China exceeds 50%, and the proportion of obese women is higher than that of obese 
men2,3. Thus, the effective prevention and reduction of obesity have garnered significant attention.

Obesity is caused by an imbalance between energy intake and expenditure, resulting in lipid accumulation. 
Prolonged and excessive nutrient intake can expand adipose tissue, alter phenotype, and disrupt hormonal 
signaling. Excess fat accumulation triggers an inflammatory response characterized by a pro-inflammatory 
phenotype and chronic low-grade inflammation4–7.

Adipose tissue is composed of adipocytes and the stromal vascular fraction (SVF). Adipose tissue macrophages 
(ATM) are the most active cells in the SVF and play pivotal roles in inflammation and insulin resistance8,9.

Inflammatory processes within adipose tissue can alter macrophage numbers and polarization. During 
obesity, macrophages increase in adipose tissue, the TLR4/NF-κB pathway upregulates macrophages, and 
significant changes occur in the macrophage phenotype5,10–14. Kawanishi et al.15 demonstrated that 16 weeks of 
treadmill exercise reduced TLR4 mRNA expression levels in the adipose tissue of high-fat diet-induced obese 
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mice, indicating that TLR4 may serve as a pathway through which exercise alleviates obesity-induced adipose 
tissue inflammation. The polarization of macrophages influences the browning of white adipose tissue, and 
physical exercise modulates macrophage polarization and promotes browning16–21.

Kawanishi et al.15 reported that 16 weeks of treadmill exercise significantly reduced CD11c mRNA expression, 
a marker specific to M1 macrophages, and increased CD163 mRNA expression, a marker for M2 macrophages, 
in the adipose tissue of obese mice. Additionally, Lira et al.22 found that 8 weeks of moderate-intensity treadmill 
exercise reduced TNF-α expression.

Therefore, this study specifically investigates two distinct hypoxic training strategies—Living High Training 
High (HH) and Living Low Training High (LH)—to determine their differential roles in modulating macrophage 
polarization and white adipose tissue browning. Unlike general hypoxic exposure, the LH model mimics real-
world elite athlete training practices and may induce unique metabolic and inflammatory adaptations, which 
have not been fully explored.

Recent evidence has also highlighted the combined effects of exercise training and nutritional or antioxidant 
interventions on adipose inflammation and metabolic outcomes. For instance, aerobic-resistance training 
combined with broccoli supplementation improved insulin resistance in males with type 2 diabetes, while intense 
circuit resistance training with Zataria multiflora supplementation reduced TNF-α in postmenopausal women. 
Similarly, high-intensity functional training supplemented with astaxanthin decreased adipokine levels in obese 
men, and circuit resistance training plus antioxidant supplementation modulated adipokines in postmenopausal 
women. These studies collectively underscore the potential synergy between exercise and metabolic modulators, 
supporting our hypothesis that hypoxic exercise may confer unique anti-inflammatory and browning benefits.

Hypoxic exercise can induce browning of white adipose tissue and contribute to weight loss and 
management23,24. Accordingly, we hypothesized that hypoxic exercise promotes the browning of white adipose 
tissue by modulating the ATM polarization, and the TLR4/NF-κB pathway plays a crucial role in this process.

Materials and methods
Animals and experimental design
A total of 130 3-week-old female Sprague Dawley rats were obtained from Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing) (SCXK (JING) 2021-0011) and maintained under specific pathogen-free (SPF) 
conditions at the Animal Experiment Laboratory of Beijing Sport University (SYXK (JING) 2021-0053). The 
rats were housed in cages with a 12  h light/dark cycle, a temperature of 22 ± 2  °C, and relative humidity at 
60 ± 10%. After one week of standard diet feeding, the rats were randomly divided into two groups: 20 were fed 
a standard diet, and 110 were fed a high-fat diet ad libitum. The standard diet consisted of Growth Maintenance 
Pellets for laboratory animals (Beijing HuaFuKang Biological Technology Co., Ltd., 1025), while the high-fat 
diet comprised 45% high-fat feed (Beijing HuaFuKang Biological Technology Co., Ltd., H10045). The study 
was conducted in accordance with relevant guidelines and regulations and the study was approved by the Ethics 
Committee of Beijing Sport University (Ethics Approval Number: 2022169 A).

After 16 weeks of feeding, 60 obese rats were selected from the high-fat diet group based on body weight 
and Lee’s index. The criteria for successful obesity modeling were as follows: (1) body weight exceeding 20% of 
the average weight of the standard diet group; (2) a significant difference in Lee’s index compared to the average 
value of the standard diet group.

	 Lee′s index = 3
√

(Body Weight (g))/(Body Length (cm)) × 103

Furthermore, 10 of 60 obese rats underwent the first sampling, and the remaining 50 were randomly divided into 
five groups: normoxic sedentary (NC), normoxic exercise (NE), hypoxic sedentary (HC), Living-High Training-
High (HH), and Living-Low Training-High (LH) groups, with 10 rats in each group.

After 16-week feeding, the weight (g) of the 10 rats in the high-fat diet group and the 10 rats in the standard 
diet group were 408.40 ± 18.21 versus 302.63 ± 12.66. The total cholesterol (TC) (mmol/L) of the 10 rats in the 
high-fat diet group and the 10 rats in the standard diet group were 2.04 ± 0.24 versus 1.51 ± 0.30, displaying 
significant differences (p < 0.01).

Hypoxic intervention program
The HC group was subjected to a simulated hypoxic environment without engaging in training activities. In 
contrast, the HH group lived in a simulated hypoxic environment and concurrently underwent training within 
the same hypoxic conditions. The LH group, on the other hand, resided under normoxic conditions and only 
performed their training in the simulated hypoxic environment. The simulated hypoxic environment was set to 
replicate an oxygen concentration of 13.6%, equivalent to an altitude of 3500 m, with the hypoxic intervention 
period spanning four weeks.

Exercise intervention programs
After 16 weeks of high-fat diet intervention, maximal oxygen consumption tests were conducted on obese rats 
to determine the exercise intensity at 60–70% of maximal oxygen consumption for the NE group. Blood lactate 
levels were measured during exercise depending on the NE group’s intensity, and the exercise intensities for the 
HH and LH groups were set accordingly to match that of the NE group.

Based on the maximal oxygen consumption test, the training intensity for obese rats under normoxia was set 
at 20 m/min and a blood lactate level of 3.98 ± 0.48 mmol/L. The training intensity for obese rats under hypoxia 
was set at 16 m/min and a blood lactate level of 3.88 ± 0.67 mmol/L.
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The NE, HH, and LH groups underwent a 4-week treadmill exercise intervention, performing exercises at 
the intensity determined by the methods described previously, with a frequency of 1 h per day, 5 days per week.

Sample collection
After the 16-week high-fat diet intervention, the first sample was collected to confirm the successful establishment 
of the rat obesity model. The second sample was collected 24 h following the last exercise session of the four-
week intervention period.

Rats were anesthetized using 20% urethane solution at a dosage of 6 mL/kg body weight (rats in the HC and 
HH groups were anesthetized in a low-oxygen environment). The rats were then disinfected with 75% alcohol 
for 5  min and quickly transferred to a clean workstation. Under aseptic conditions, a midline incision was 
made at the xiphoid level (below the sternum) using a new set of scissors and forceps to access the abdominal 
cavity. Blood was collected from the abdominal aorta, avoiding any major blood vessels. Another pair of scissors 
and forceps were used to dissect the bilateral epididymis and posterior abdominal wall fat tissue, ensuring the 
preservation of the gonadal tissue. The fat tissue was divided into four portions. The first portion, weighing 
1500 mg, was placed in pre-cooled phosphate-buffered saline (PBS) at 4 °C for flow cytometry analysis. The 
second portion, weighing 1000 mg, was used for Western blot and PCR sample preparation. The third portion, 
weighing 1000 mg, was stored as a backup. These last two portions were packaged in pre-labeled aluminum foil 
and stored in liquid nitrogen before transferring to a − 80 °C ultra-low temperature freezer for later use. The 
remaining visceral fat was placed in a complete culture medium pre-cooled at 4 °C for macrophage isolation.

Cell sorting of ATM
The macrophages were primarily isolated from the rat adipose tissue following the method of Jeb et al.25. The 
adipose tissue obtained from the donors was subjected to collagenase digestion at a ratio of 3 mL collagenase 
digestion solution per 1.2 g of adipose tissue sample. The digestion solution comprised 1 × DPBS containing 
0.5% (bovine serum albumin, BSA), 10 mm CaCl2, and 4 mg/mL type II collagenase. The adipose tissue was 
transferred to a 50 mL conical tube, minced, and washed with 1 mL DPBS (0.5% BSA), followed by 3 mL of 
collagenase solution. The minced adipose tissue was incubated at 37 °C on a rotating shaker for 20 min.

Following digestion, 10 mL of DPBS (0.5% BSA) was added to the conical tube and repeatedly minced on 
ice. The cell suspension was filtered through a 100 μm filter and collected in a 50 mL conical tube. The filtered 
cell suspension was centrifuged at 500 g for 10 min at 4 °C. The supernatant was discarded, and the cell pellet 
was resuspended in 3 mL ACK buffer to lyse contaminating red blood cells. Subsequently, 12 mL of FACS buffer 
was added, and the cell suspension was centrifuged at 500 g for 10 min at 4 °C. The cell pellet, representing the 
isolated adipose macrophages, was collected and resuspended in a complete culture medium. The resuspended 
cells were centrifuged at 1000 rpm for 10 min, and the supernatant was discarded. The cell concentration was 
adjusted to 1.0 × 106 cells/100 µL using PBS.

Next, 100 µL of the cell suspension was incubated with 5 µL of CD68 flow cytometry antibody at 4 °C in the 
dark for 30 min, following the manufacturer’s instructions. Steps 1–3 were repeated until all cells were processed. 
The CD68 cell ratio was determined using a BeamCyte-1026 flow cytometer (BeamDiag, China).

The sorted cells were collected and resuspended in a complete culture medium consisting of DMEM-F12 
(Gibco, 2023-01) supplemented with 10% FBS (solelybio, 11011-615) and 1% antibiotics.

Isolating and inducing adipogenic differentiation of rat adipose tissue-derived mesenchymal 
stem cells
Eighteen-week-old rats were anesthetized using a 20% urethane solution at a dose of 6 mL/kg body weight. The 
rats were thoroughly disinfected by immersing them in a 75% alcohol solution for 5 min. Once disinfected, the 
rats were immediately transferred to a laminar flow hood. Visceral adipose tissue was excised using sterilized 
scissors and forceps, avoiding gonadal tissue. The adipose tissue was placed in a 6 cm culture dish containing 
pre-cooled PBS at 4 °C, washed thrice with PBS for 1 min each, and minced into 1 mm3-sized fat granules. The 
minced fat granules were transferred into a 10 mL centrifuge tube and centrifuged at 1000 rpm for 5 min.

The upper layer of fat tissue (2 mL) was transferred to a 6  cm culture dish and digested with 5 mL of 
digestion solution (0.2% type I collagenase). The dish was sealed with sealing film and placed in a 37 °C constant 
temperature shaker at 100 rpm for 120 min, with manual agitation every 10 min. After digestion, the emulsion 
was transferred to a 10 mL centrifuge tube, mixed with 5 mL of complete culture medium, and centrifuged at 
1000 rpm for 5 min. The cell pellet was resuspended in the basic culture medium to obtain a cell suspension. The 
cell suspension was counted using a hemocytometer under an inverted microscope, adjusted to a cell density of 
approximately 5 × 105 cells/mL, and seeded into T25 culture bottles.

Adipogenic differentiation of mesenchymal stem cells was induced using the OriCell Mesenchymal Stem Cell 
Adipogenic Differentiation Induction Kit (OriCell, RAXMD-90031). The isolated adipose-derived mesenchymal 
stem cells were considered passage 0. When the cells reached confluence at passage 2 in mesenchymal stem 
cell culture medium (consisting of DMEM-F12 supplemented with 10% FBS and 1% antibiotics), cells were 
plated and allowed to reach 80% confluence. Adipogenic induction was initiated by adding Induction Medium 
A for three days, followed by the removal of A and the addition of Induction Medium B for one day. This cycle 
was repeated with medium changes every three days, alternating between Induction Mediums A and B until 
induction was carried out for 14 days.
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NF-κB activation in macrophages co-cultured with adipogenesis-induced mesenchymal stem 
cells
Based on the literature, NF-κB activator 2 was chosen as the NF-κB activator for this experiment26. Reportedly, 
NF-κB activator 2 increases the expression and activation of NF-κB. After preliminary experiments, a 
concentration of 2 µM and a duration of 24 h were selected as the specific parameters for the formal experiment.

A cell co-culture system was established using Transwell chambers with a membrane pore size of 0.4 μm. 
Macrophages were seeded in the upper chamber. Adipogenesis-induced mesenchymal stem cells obtained after 
14 days of adipogenic induction were placed in the lower chamber. The upper and lower chambers were divided 
into five and six groups, respectively. After co-culturing for 48 h, cells were collected for indicator detection. The 
experimental groups are presented in Table 1.

Body composition testing in rats
The body composition of rats was assessed using dual-energy X-ray absorptiometry. Isoflurane (VETESAY, 
China) was added to the small animal gas anesthesia machine, and the body composition was tested after rats 
were successfully anesthetized.

Polarization phenotype and TLR4/NF-κB pathway protein expression in ATM
The adipose tissue immersed in PBS at a low temperature was cut into small pieces using ophthalmic scissors, 
then added to 15 mL of PBS and gently grounded on a nylon mesh. The adipose tissue was filtered through 
a 200-mesh sieve, collected into 15 mL centrifuge tubes, and subjected to a 10-min water bath at 0  °C and 
centrifugation at 500 g for 5 min. The floating oil and liquid were aspirated from the upper layer, leaving only the 
cell precipitate. The cells were resuspended in 100 µL PBS and transferred to clean flow cytometry tubes.

To detect macrophage polarization phenotypes, 3 µL of CD68, CD86, and CD206 antibodies were added 
to each tube, vortexed, and incubated in the dark at room temperature for 20 min. After incubation, 2 mL of 
red blood cell lysis solution was added, followed by centrifugation at 500  g for 5  min. The supernatant was 
discarded, and the cells were resuspended in 300 µL PBS buffer for flow cytometry analysis using BeamCyte-1026 
(BeamDiag, China).

To determine macrophage TLR4/NF-κB pathway protein expression, 3 µL of CD68 antibody was added to 
each tube, vortexed, and incubated in the dark at room temperature for 20 min. Then, 0.5 mL of cell fixation 
solution was added and incubated in the dark at room temperature for 30 min. Next, 2 mL of 1 × permeabilization 
solution was added, followed by centrifugation at 500  g for 5  min, and the supernatant was discarded. This 
process was repeated with another 2 mL of 1 × permeabilization solution. Subsequently, 5 µL of MyD88 antibody 
and 1 µL of NF-κB, p-NF-κB, and TLR4 antibodies were added, and the tubes were incubated in the dark at room 
temperature for 30 min. Finally, 2 mL of 1 × permeabilization solution was added, followed by centrifugation 
at 500 g for 5 min, and the supernatant was discarded. The cells were resuspended in 200 µL PBS and analyzed 
using BeamCyte-1026 (BeamDiag, China).

RT-qPCR detection of TLR4/NF-κB pathway in macrophages and browning-related gene 
expression levels in adipocytes
Total RNA was extracted using the Trizol method. Reverse transcription was performed using the Invitrogen 
Superscript III reverse transcription kit according to the manufacturer’s instructions. RT-qPCR experiments 
were conducted using actin as the reference gene. The primer sequences for the reference and target genes are 
given in Table 2. The relative expression levels of the target genes were calculated using the ddCT method.

Western blot detection of TLR4/NF-κB pathway in macrophages and browning-related 
protein expression levels in adipocytes
Western blot analysis was performed to determine the protein expression levels of brown adipocyte-related 
markers in rat adipose tissue.

RIPA lysis buffer containing protease and phosphatase inhibitors were prepared at a ratio of 10:1. Total 
protein extraction was done following cell lysis using the lysis buffer. Protein concentration was assessed using 
the BCA method. Based on the protein quantification results, total protein samples were mixed with 5 × loading 
buffer at the appropriate volume. The mixture was denatured at 95 °C for 10 min. The samples were gently loaded 
into the gel wells. The electrophoresis apparatus was set to a constant voltage state of 80 V. The electrophoresis 
time was determined by the separation of marker bands and the molecular weight of the target protein. After 
transferring at 65 V for 2 h, the transferred membrane was cut according to the marker.

Group Upper chamber Lower chamber

A – Mesenchymal stem cells induced by adipogenesis for 14 days

B ATM from NC Mesenchymal stem cells induced by adipogenesis for 14 days

C ATM from HH Mesenchymal stem cells induced by adipogenesis for 14 days

D ATM from LH Mesenchymal stem cells induced by adipogenesis for 14 days

E ATM from HH + NF-κΒ activator 2 Mesenchymal stem cells induced by adipogenesis for 14 days

F ATM from LH + NF-κΒ activator 2 Mesenchymal stem cells induced by adipogenesis for 14 days

Table 1.  Co-culture grouping of macrophages and adipogenic induced mesenchymal stem cells.
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Primary antibody blocking was performed according to the dilution ratio specified in Table 3. After incubating 
overnight with the primary antibody, the reaction membrane was washed thrice in 1 × TBST for 10 min each. 
The secondary antibody was diluted 300 times with 1 × TBST. The washed primary antibody reaction membrane 
was incubated in the secondary antibody working solution for 60 min and washed thrice in 1 × TBST for 10 min 
each. The two components of the ECL kit were mixed in a 1:1 ratio by volume. The mixed solution was evenly 
spread over the surface of the PVDF membrane and allowed to react at room temperature for 4 min. The liquid 
on the membrane was removed and placed in a chemiluminescence imaging system for imaging.

Enzyme-linked immunosorbent assay (ELISA) detection of inflammation-related factor 
expression levels
Blood samples from rats or supernatants from co-culture systems were centrifuged at 3000 rpm for 10 min to 
collect the supernatant for testing. The sample concentration was determined by measuring the absorbance (OD 
value) at a wavelength of 450 nm using an ELISA reader, as per the instructions of the kit. The expression levels 
of inflammation-related factors, tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), IL-10, and ARG-1 
in the supernatant of the co-culture system were detected.

Primary antibody Antibody manufacturers Catalog NO. Dilution ratio

TLR4 Abcam ab22048 1:1000

NF-KB p65 Bioss bs-20159R 1:5000

p-NF-KB p65 Bioss bs-0982R 1:500

MyD88 Bioss bs-1047R 1:500

CIDEA Proteintech 13170-1-AP 1:200

CEBP-β Abcam ab32358 1:1000

PPAR-γ Proteintech 16643-1-AP 1:2000

PGC-1α Proteintech 66369-1-Ig 1:5000

PRDM-16 Invitrogen 720,206 1:2500

UCP-1 Abcam ab209483 1:5000

Beta-Actin Affinity biosciences T0022 1:10,000

Secondary antibody MDL MD912565 1:10,000

Secondary antibody MDL MD912577 1:10,000

Secondary antibody MDL MD912566 1:10,000

Table 3.  The dilution ratio of antibodies.

 

Primer name Primer sequence

Cidea
F ​G​C​G​G​G​A​A​C​T​T​A​T​C​A​G​C​A​A​G​A​C​T

R ​A​A​A​G​A​A​C​T​C​C​T​C​T​G​T​G​T​C​C​A​C​C

Cebp-β
F ​A​G​C​C​G​C​G​A​C​A​A​G​G​C​C​A​A​G​A

R ​C​G​C​G​A​C​A​G​C​T​G​C​T​C​C​A​C​C​T​T​C

Ppar-γ
F ​C​T​C​C​A​G​C​A​T​T​T​C​T​G​C​T​C​C​A​C

R ​C​G​C​A​G​G​C​T​C​T​A​C​T​T​T​G​A​T​C​G

Pgc-1α
F ​T​T​C​A​T​T​A​C​C​T​A​C​C​G​T​T​A​C​A​C​C​T

R ​A​G​T​T​T​C​A​T​T​C​G​A​C​C​T​G​C​G​T​A

Prdm-16
F ​T​G​A​T​G​A​C​C​A​A​A​A​C​C​T​C​G​C​C​A​T

R ​T​A​G​G​C​A​C​C​T​T​C​T​T​T​C​A​C​A​T​G​C​A​C

Ucp-1
F ​T​C​T​A​C​C​A​G​G​A​C​A​G​T​A​C​C​C​A​A​G

R ​G​A​A​A​A​G​A​A​G​G​C​G​C​A​A​A​C​C​C

Tlr4
F ​G​T​A​G​A​A​A​T​G​C​C​A​T​G​A​G​C​T​T

R ​T​A​T​T​C​C​A​G​C​T​C​T​T​C​T​A​G​A​C​C

Nf-kb p65
F ​G​G​G​A​T​G​G​C​T​T​C​T​A​T​G​A​G​G​C​T

R ​G​G​T​C​T​C​G​C​T​T​C​T​T​C​A​C​A​C​A​C

Myd88
F ​G​T​T​G​C​T​A​G​C​C​T​T​G​T​T​A​G​A​C​C​G​T​G

R ​C​T​C​C​T​G​T​T​T​C​T​G​C​T​G​G​T​T​G​C​G

Actin
F ​C​T​G​A​A​C​G​T​G​A​A​A​T​T​G​T​C​C​G​A​G​A

R ​T​T​G​C​C​A​A​T​G​G​T​G​A​T​G​A​C​C​T​G

Table 2.  Real-time PCR primer sequences.

 

Scientific Reports |        (2025) 15:37716 5| https://doi.org/10.1038/s41598-025-21537-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Rat lipid profile testing
Strictly following the operating procedures and equipment manual, blood lipid parameters were analyzed using 
the Hitachi 7600 fully automated biochemical analyzer.

Data processing and statistical methods
Statistical analysis was performed using the Statistical Package for the Social Sciences software (version 20.0). 
The data are expressed as mean ± standard deviation.

Confounding factors: Age and initial body weight were included as covariates in a mixed-effects model to 
account for variability.

Sample size and power: A post-hoc power analysis (β = 0.8, α = 0.05) confirmed that our sample size (n = 10/
group) was sufficient to detect significant differences in primary endpoints (e.g., UCP-1 expression).Before 
analysis, all data were tested for normality and homogeneity of variance. The Shapiro–Wilk test was used to 
assess the normal distribution of the data. One-way analysis of variance was employed for data processing. 
Furthermore, p < 0.05 was considered statistically significant, and p < 0.01 was considered highly statistically 
significant.

Results
Food intake, body weight, and body composition of rats during the four-week intervention
As shown in Fig. 1, During the four-week intervention period, the food intake of the HH group was significantly 
lower than that of the NC group (p < 0.01). In the first and second weeks of the intervention, the food intake 
of the LH group was significantly lower than that of the NC group (p < 0.01). The food intake of the LH group 
gradually increased, with no significant difference compared to the NC group (p > 0.05).

As shown in Fig. 2, before the intervention and at the end of the first week of the intervention, there were no 
significant differences in body weight among the groups (p > 0.05). From the second week after the end of the 
intervention, the body weight of rats in NE and HH groups was significantly lower than that of the NC group 
(p < 0.01). At the end of the 4-week intervention period, the body weight of rats in NE, LH, and HH groups 
was significantly lower than that of the NC group (p < 0.01). The body weight of rats in the HH group was 
significantly lower than that of the NE group (p < 0.05).

As presented in Table 4, after the four-week intervention period, the body fat percentage of rats in the NE, 
LH, and HH groups was significantly lower than that of the NC group (p < 0.01). The body fat percentage of rats 
in the HH group was significantly lower than that of the NE group (p < 0.05).

Lipid metabolism status of rats after the 4-week intervention
As presented in Table 5, after the four-week intervention period, the levels of TC, TG, HDL-C, and LDL-C of rats 
in the NE group were significantly lower than those in the NC group (p < 0.01). TC, TG, and HDL-C levels of rats 
in the LH group were significantly lower than those in the NC group (p < 0.01). TC, TG, and HDL-C levels of rats 
in the HH group were significantly lower than those in the NC group (p < 0.01).

The changes in polarization phenotype of ATM and inflammatory factors in rats after the 
4-week intervention
As Table 6, after the 4-week intervention, the proportion of M1 macrophages in the adipose tissue of rats in 
the NE group was significantly lower than that in the NC group (p < 0.01). The proportion of M1 macrophages 

Fig. 1.  Changes in food intake of rats during the four-week intervention period (n = 10). *p < 0.05 vs. NC 
group; **p < 0.01 vs. NC group; #p < 0.05 vs. NE group.
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in the adipose tissue of rats in the LH group was significantly lower than that in the NC group (p < 0.05). The 
proportion of M1 macrophages in the adipose tissue of rats in the HH group was significantly lower than that in 
the NC group (p < 0.05). The proportion of M2 macrophages in the adipose tissue of rats in the HH group was 
significantly higher than that in the NC group (p < 0.05).

Group M1 M2

NC 28.53%±8.60% 5.71%±1.98%

NE 11.80%±2.57%** 7.05%±2.17%

HC 24.32%±5.59% 9.87%±3.03%

LH 18.89%±6.52%* 3.56%±1.72%

HH 15.63%±4.20%* 10.03%±2.90%*

Table 6.  Changes in polarization phenotype of ATM during the 4-week intervention period (n = 10).

 

Group NC NE HC LH HH

TC (mmol/L) 2.26 ± 0.44 1.53 ± 0.31** 1.75 ± 0.25 1.60 ± 0.42** 1.59 ± 0.29**

TG (mmol/L) 1.50 ± 0.22 0.90 ± 0.14** 1.02 ± 0.18 0.97 ± 0.06** 0.80 ± 0.15**

HDL-C (mmol/L) 1.93 ± 0.47 1.12 ± 0.35** 1.33 ± 0.46* 1.20 ± 0.42** 1.21 ± 0.36**

LDL-C (mmol/L) 0.27 ± 0.03 0.20 ± 0.02** 0.18 ± 0.01* 0.21 ± 0.03 0.18 ± 0.03**

Table 5.  Changes in blood lipid of rats during the 4-week intervention period (n = 10).

 

Group NC NE HC LH HH

Body fat percentage (%) 47.77 ± 4.27 37.48 ± 4.99** 41.60 ± 8.50 36.80 ± 5.90** 32.87 ± 3.37**#

Table 4.  Changes in body fat percentage of rats during the four-week intervention period (n = 10).

 

Fig. 2.  Changes in body weight of rats during the four-week intervention period (g) (n = 10).
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As presented in Fig. 3, M1-polarized macrophages in the NC group concentrated in the middle of adipocytes, 
forming a crown-like structure. Four weeks of HH intervention increased the proportion of M2-type macrophages 
in the field of view and reduced the proportion of M1-type macrophages.

As Table 7, after the 4-week intervention, the levels of TNF-α and IL-6 in the NE group rats were significantly 
lower than those in the NC group (p < 0.01, p < 0.05), while the levels of IL-10 and ARG-1 were significantly 
higher than those in the NC group (p < 0.01). In the LH group, TNF-α and IL-6 levels in rats were significantly 
lower than those in the NC group (p < 0.01), while the IL-10 and ARG-1 levels were significantly higher than 
those in the NC group (p < 0.01). Similarly, in the HH group, TNF-α and IL-6 levels in rats were significantly 
lower than those in the NC group (p < 0.01), while IL-10 and ARG-1 levels were significantly higher than those 
in the NC group (p < 0.01). In the HH group, TNF-α and IL-6 levels were significantly lower than those in the NE 
group (p < 0.01), while ARG-1 level was significantly higher than that in the NE group (p < 0.01).

The gene and protein expression levels of the TLR4/NF-ΚB pathway in rat adipose tissue after the 4-week 
intervention.

As depicted in Fig. 4, after a four-week intervention, the expression levels of TLR4 and NF-κB genes in the 
adipose tissue of rats in the NE group were significantly lower than those in the NC group (p < 0.05). In the HC 
group, the expression levels of TLR4 and MyD88 genes were significantly lower than those in the NC group 
(p < 0.05). In the LH group, the expression levels of TLR4 and MyD88 genes were significantly lower than those 
in the NC group (p < 0.01). In the HH group, the expression levels of TLR4, NF-κB, and MyD88 genes were 
significantly lower than those in the NC group (p < 0.01). The expression level of the TLR4 gene in the HH group 
was significantly lower than that in the NE group (p < 0.05).

As illustrated in Fig.  5, flow cytometry analysis revealed that after a 4-week intervention, the protein 
expression levels of TLR4, NF-κB, p-NF-κB, and MyD88 in the adipose tissue of rats in the NE group were 
significantly lower than those in the NC group (p < 0.01). In the HC group, the protein expression levels of TLR4, 
NF-κB, p-NF-κB, and MyD88 were significantly lower than those in the NC group (p < 0.01). In the LH group, 
the protein expression levels of TLR4, NF-κB, p-NF-κB, and MyD88 were significantly lower than those in the 
NC group (p < 0.01). In the HH group, the protein expression levels of TLR4, NF-κB, p-NF-κB, and MyD88 were 
significantly lower than those in the NC group (p < 0.01). The protein expression levels of TLR4 and MyD88 in 
the HH group were significantly lower than those in the NE group (p < 0.05).

The gene and protein expression levels of the browning-related in rat adipose tissue after 
the 4-week intervention
As depicted in Fig.  6, after 4  weeks of normoxia exercise intervention, the gene expression levels of Cidea, 
Cebp-Β, Ppar-γ, Pgc-1α, and Prdm-16 in the adipose tissue of rats were significantly upregulated (p < 0.01). 
After four weeks of hypoxic intervention, the gene expression levels of Ppar-γ and Prdm-16 in the adipose 
tissue of rats were significantly upregulated (p < 0.01). After 4 weeks of LH intervention, the gene expression 
levels of Cidea, Cebp-Β, Ppar-γ, Pgc-1α, and Prdm-16 in the adipose tissue of rats were significantly upregulated 

Group NC NE HC LH HH

TNF-α (pg/mL) 243.13 ± 23.57 196.97 ± 31.74** 235.61 ± 29.35 206.48 ± 30.38** 153.88 ± 11.30**##

IL-6 (pg/mL) 129.88 ± 12.43 115.16 ± 14.09* 126.97 ± 10.78 102.91 ± 13.11** 89.69 ± 18.00**##

IL-10 (pg/mL) 18.94 ± 4.45 32.54 ± 2.63** 21.34 ± 5.11 33.01 ± 4.10** 33.98 ± 3.75**

ARG-1 (ng/mL) 23.67 ± 2.44 33.72 ± 4.72** 28.01 ± 4.31* 35.72 ± 3.00** 40.61 ± 2.58**##

Table 7.  Changes in inflammatory factors during the four-week intervention period (n = 10).

 

Fig. 3.  Two-color immunofluorescence of adipose tissue (M1-type polarization markers, CD68: green, and 
CD86: red and M2-type polarization markers, CD68: green and CD206: red).
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(p < 0.01). After 4 weeks of HH intervention, the protein expression levels of Cidea, Cebp-Β, Ppar-γ, Pgc-1α, and 
Prdm-16 in the adipose tissue of rats were significantly upregulated (p < 0.01). The gene expression level of Pgc-
1α in the LH group was significantly higher than that in the NE group (p < 0.01). The gene expression levels of 
Ppar-γ ,Pgc-1α, and Prdm-16 in the HH group were significantly higher than those in the NE group (p < 0.05). 
The gene expression level of Ucp-1 was undetected in the adipose tissue of any group.

Interestingly, Ucp-1 mRNA was undetectable in all groups, while UCP-1 protein was clearly upregulated, 
suggesting post-transcriptional or post-translational regulatory mechanisms.

As shown in Figs. 7 and 8, after four weeks of normoxia exercise intervention, the protein expression levels 
of CIDEA, CEBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 in the adipose tissue of rats were significantly 
upregulated (p < 0.01). After 4 weeks of hypoxic intervention, the protein expression levels of CIDEA, PPAR-γ, 
and PRDM-16 in the adipose tissue of rats were significantly upregulated (p < 0.01). After 4  weeks of LH 
intervention, the protein expression levels of CIDEA, CEBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 in the 
adipose tissue of rats were significantly upregulated (p < 0.01). After 4 weeks of HH intervention, the protein 
expression levels of CIDEA, CEBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 in the adipose tissue of rats were 
significantly upregulated (p < 0.01). The protein expression levels of CEBP-β and UCP-1 in the LH group were 

Fig. 5.  The protein expression levels of the TLR4/NF-ΚB pathway in rat adipose tissue after the 4-week 
intervention (n = 10).

 

Fig. 4.  The gene expression levels of the TLR4/NF-ΚB pathway in rat adipose tissue after the 4-week 
intervention (n = 10).
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significantly higher than those in the NE group (p < 0.01). The protein expression levels of CEBP-β and UCP-1 
in the HH group were significantly higher than those in the NE group (p < 0.05).

The effect of NF-κB activator on macrophage phenotype and inflammatory factors
As demonstrated in Table 8, NF-κB activation decreased the proportion of M2 macrophages in the adipose tissue 
of rats in HH and LH groups and increased the proportion of M1 macrophages (p < 0.01).

NF-κB activation upregulated TNF-α and IL-6 (p < 0.05, p < 0.01) and downregulated IL-10 and ARG-1 
(p < 0.01) in primary macrophages in the adipose tissue of rats in the HH group. NF-κB activation upregulated 

Fig. 7.  Western blot bands.

 

Fig. 6.  The gene expression levels of the browning-related in rat adipose tissue after the 4-week intervention 
(n = 10).
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TNF-α and IL-6 (p < 0.01) and downregulated IL-10 and ARG-1 (p < 0.01) in primary macrophages in the 
adipose tissue of LH group rats.(Table 9).

The effect of NF-κB activator on gene and protein expression in the TLR4/NF-κB pathway of 
macrophages
As shown in Fig. 9, after 24 h of NF-κB activator intervention, the gene expression levels of TLR4, NF-ΚB, and 
Myd88 in the HH group rats were significantly upregulated (p < 0.01). The gene expression levels of TLR4, NF-
ΚB, and Myd88 in LH group rats were significantly upregulated (p < 0.01, p < 0.01, p < 0.05).

As shown in Figs. 10 and 11, after 24 h of NF-κB activator intervention, the protein expression levels of TLR4, 
p-NF-κB, and MyD88 in the HH group were significantly upregulated (p < 0.01). Similarly, the protein expression 
levels of TLR4, p-NF-κB, and MyD88 in the LH group were significantly upregulated (p < 0.05, p < 0.01, p < 0.05).

The effect of NF-κB activator on the gene and protein expression of brown adipogenesis in 
co-cultured adipocytes
As presented in Fig. 12, after 24 h of NF-κB activator intervention in macrophages from adipose tissue of HH 
group rats, the gene expression of PPAR-γ and Prdm-16 in co-cultured adipocytes was downregulated after 48 h 
(p < 0.05). After intervention in macrophages from adipose tissue of LH group rats for 24 h, the gene expression 

Group B C D E F

TNF-α (pg/mL) 273.42 ± 4.64 238.76 ± 12.50 171.37 ± 8.35 253.14 ± 11.29* 190.23 ± 12.91##

IL-6 (pg/mL) 170.22 ± 7.12 106.82 ± 7.78 83.28 ± 7.36 152.92 ± 10.39** 110.05 ± 12.87##

IL-10 (pg/mL) 31.79 ± 2.92 38.23 ± 4.44 35.31 ± 5.22 29.48 ± 1.91** 23.83 ± 2.52##

ARG-1 (ng/mL) 44.05 ± 2.77 47.09 ± 2.21 48.82 ± 3.56 38.43 ± 1.37** 35.96 ± 3.42##

Table 9.  The effect of NF-κB activator on inflammatory factors.

 

Group M1 M2

B 71.04% ± 0.53% 21.74% ± 2.40%

C 61.25% ± 0.69% 31.35% ± 2.21%

D 55.00% ± 1.09% 35.78% ± 0.90%

E 67.15% ± 0.45%** 25.07% ± 1.27%**

F 62.88% ± 0.78%## 30.48% ± 1.04%##

Table 8.  The effect of NF-κB activator on macrophage phenotype.

 

Fig. 8.  The protein expression levels of the browning-related in rat adipose tissue after the 4-week intervention 
(n = 10).
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of Cidea, PPAR-γ, Prdm-16, and Ucp-1 in co-cultured adipocytes was downregulated after 48  h (p < 0.01, 
p < 0.05, p < 0.01, p < 0.01).

As shown in Figs. 13 and 14, after 24 h of NF-κB activator intervention in macrophages from adipose tissue 
of HH group rats, the protein expression of CIDEA, CEBP-β, PGC-1α, and PRDM-16 in co-cultured adipocytes 
was downregulated after 48 h (p < 0.05). After intervention in macrophages from adipose tissue of LH group rats 
for 24 h, the protein expression of CIDEA, CEBP-β, PPAR-γ, PGC-1α, PRDM-16, and UCP-1 in co-cultured 
adipocytes was downregulated after 48 h (p < 0.05).

Discussion
Exposure to hypoxic conditions has been recognized for its potential to induce weight loss, with the magnitude 
and velocity of weight reduction being contingent upon the duration and intensity of hypoxic exposure. Prolonged 
residence in high-altitude hypoxic environments has emerged as an innovative strategy for weight reduction. 
Hypoxic training has been shown to decrease body weight and adiposity while concurrently enhancing lipid 
metabolism, offering both efficacy and time-efficient benefits27,28. A comparative study involving two cohorts 
of 10 overweight individuals, each with a BMI exceeding 27, demonstrated that aerobic exercise at 60% of their 
maximum heart rate, performed thrice weekly for 90 min per session over a period of eight weeks, resulted in 
greater weight loss under normobaric hypoxic conditions (15% oxygen) compared to normoxic conditions (21% 
oxygen), with a significant difference of –1.14 kg versus − 0.03 kg, respectively29.

Fig. 10.  Effect of NF-κB activators on protein expression of the TLR4/NF-κB pathway in macrophage protein 
bands.
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Fig. 9.  The effect of NF-κB activator on gene expression in the TLR4/NF-κB pathway of macrophages.
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Acute exposure to hypoxic environments could suppress appetite and energy intake30. Research on climbers 
ascending Mount Everest has indicated a reduction in energy intake and skinfold thickness, with increasing 
altitude leading to a gradual decline in the concentration of growth hormone-releasing peptide, thereby 
diminishing appetite31–33. Our study corroborated these findings, demonstrating a significant decrease in food 
intake among rats residing in hypoxic conditions during the initial two weeks of intervention34. However, as the 
intervention period extends, food intake incrementally returns to baseline levels as the rats adapt to the hypoxic 
environment.

Considering the limitations of high-altitude training in terms of geographical location and altitude-related 
responses, new concepts and training modalities such as LH have been proposed in current sports practice to 
mitigate the potential adverse effects of prolonged or acute hypoxia exposure33,35. Our study demonstrated that a 
four-week intervention of LH exercise yielded positive effects on weight loss and reduced body fat36.

Effects of different interventions on atms
Furthermore, immune profiling in the NC group indicated a pro-inflammatory state, characterized by high 
concentrations of TNF-α (243.13 ± 23.57 pg/mL) and IL-6 (129.88 ± 12.43 pg/mL), and low levels of anti-
inflammatory cytokines IL-10 (18.94 ± 4.45 pg/mL) and ARG-1 (23.67 ± 2.44 ng/mL). Flow cytometry analysis 
also confirmed a predominant M1 macrophage polarization (28.53% ± 8.60%) with minimal M2 presence 
(5.71% ± 1.98%), reinforcing the presence of unresolved inflammation in the adipose tissue microenvironment.

Acute exposure to high altitudes modulates immune-related parameters; even brief exposures to hypoxia 
induce significant changes in neutrophil and lymphocyte counts, primarily characterized by reduced cellularity 
and proliferation. Acute hypoxia is also known to augment natural killer cell counts and activity. Studies on both 
rodents and humans have demonstrated that hypoxia triggers inflammatory responses, including increased NF-
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Fig. 12.  The effect of NF-κB activator on gene expression of browning-related in co-cultured adipocytes.
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Fig. 11.  The effect of NF-κB activator on protein expression in the TLR4/NF-κB pathway of macrophages.
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κB expression in the lungs, heightened oxidative stress, and significant elevations in pro-inflammatory cytokines 
such as IL-1, IL-6, and TNF-α30,37. However, our findings indicated that despite a four-week hypoxic intervention 
leading to reduced rat weight, there was no significant reduction in the proportion of M1 macrophages or in the 
levels of TNF-α and IL-6 in the bloodstream. High-altitude hypoxia (HH) intervention increased the proportion 
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Fig. 14.  The effect of NF-κB activator on gene expression of browning-related in co-cultured adipocytes.

 

Fig. 13.  The effect of NF-κB activator on gene expression of browning-related in co-cultured adipocytes 
protein bands.
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of M2 macrophages and the secretion of ARG-1, suggesting a more pronounced anti-inflammatory effect 
compared to normoxic training.

Effects of different interventions on TLR4/NF-κB pathway in atms
Our study demonstrated that both HH and LH interventions downregulated the expression levels of the TLR4/
NF-κB pathway in macrophages. Contrary to the increased NF-κB expression under hypoxia, our analysis of post-
exercise intervention changes in rat weight and body fat showed improvements in adipose tissue inflammation, 
leading to reduced obesity-related inflammation, primarily through decreased energy intake and increased 
energy expenditure. Upon activation, the TLR4/NF-κB signaling cascade leads to the phosphorylation and 
degradation of IκB, allowing NF-κB p65 subunit to translocate into the nucleus, where it promotes transcription 
of pro-inflammatory genes. This promotes M1 polarization of macrophages and suppresses the thermogenic 
program in adipocytes by downregulating key browning regulators such as PRDM16 and PGC-1α.

Effects of different interventions on brown adipogenesis
Exercise is known to promote the browning of subcutaneous adipose tissue, with the efficacy of this process 
being influenced by factors such as exercise duration. Aerobic exercise has been found to be more effective than 
resistance exercise in facilitating the browning process of subcutaneous adipose tissue in obese rats. Our study 
indicated that HH and LH interventions were superior to normoxic exercise in alleviating adipose inflammation 
associated with obesity and in promoting UCP-1 expression. Furthermore, the results revealed that hypoxic 
training not only reduces weight and body fat but also mitigates the inflammatory effects of obesity. Additionally, 
it may promote M2 polarization, leading to the browning of white adipose tissue and improving metabolism.

The discrepancy between undetectable Ucp-1 mRNA and robust UCP-1 protein induction highlights the 
possibility of post-transcriptional regulation, such as enhanced mRNA stability, translational efficiency, or 
reduced protein degradation. To further validate these findings, immunohistochemical staining of adipose 
sections for UCP-1 and multilocular adipocytes should be incorporated in future work, providing spatial 
evidence for browning in line with current methodological recommendations.Although the mRNA expression 
of browning markers such as UCP-1 was robustly demonstrated via qRT-PCR, additional validation using 
immunohistochemical staining for UCP-1 protein in adipose tissue would strengthen these findings. Future 
studies may incorporate single-cell RNA sequencing to resolve cell-specific transcriptional dynamics during the 
browning process.

In the in vivo part of this study, HH and LH interventions reduced weight and body fat, downregulated 
the TLR4/NF-κB pathway, and promoted white adipose browning. Therefore, the TLR4/NF-κB pathway may 
play a similar role in promoting white adipose browning under both training modalities. We explored the role 
of macrophage TLR4/NF-κB pathway in inducing white adipose browning under different hypoxic training 
regimens by isolating primary cells post-exercise to investigate the molecular mechanisms.

NF-κB serves as a central mediator of pro-inflammatory gene induction, functioning in both innate and 
adaptive immune cells38–40. The pro-inflammatory role of NF-κB in macrophages has been extensively studied; 
upon activation, macrophages rapidly activate and secrete substantial amounts of cytokines and chemokines. 
Moderate exercise has been shown to reduce NF-κB protein expression and activity in adipose tissue, thereby 
decreasing the expression and release of inflammatory factors and alleviating adipose tissue inflammation41. 
This anti-inflammatory effect may be significant for the prevention and improvement of metabolic diseases such 
as obesity and diabetes. Exercise may also modulate NF-κB activity by regulating other signaling pathways and 
molecular mechanisms in adipose tissue. Exercise may enhance insulin sensitivity and energy metabolism in 
adipose tissue, changes that may regulate NF-κB activity by affecting upstream signaling molecules42.

This study demonstrated that activation of the TLR4/NF-κB pathway upregulated M1 pro-inflammatory 
polarization, increased the secretion of inflammatory factors, and reduced the secretion of anti-inflammatory 
factors in primary isolated cells. The phenotypic transformation of macrophages affected the changes in brown 
adipogenesis-related indicators in co-cultured adipocytes, with NF-κB activation leading to downregulation 
of brown adipogenesis-related genes and proteins; the LH group displayed a more pronounced UCP-1 
downregulation.

This study revealed that HH reduced the proportion of M1 macrophages in obese rat adipose tissue and 
upregulated the proportion of M2 macrophages. Combining the results from the in vitro part, we concluded that 
HH and LH interventions promoted white adipose browning by reducing the proportion of M1 macrophages. 
Moreover, HH may regulate white adipose browning by increasing the proportion of M2 macrophages and their 
associated secretory factors.

M2 macrophages are essential for tissue repair and homeostasis. M2 macrophages polarize and activate in 
adipose tissue thermogenesis through CXCL14 and meteorin-like protein43,44. During thermogenic activation, 
CXCL14 released from brown adipocytes recruits M2 macrophages, indicating a positive interaction between 
thermogenic adipocytes and M2 macrophages during adaptive thermogenesis.

However, the mechanisms by which M2 macrophages induce thermogenic responses are undefined45,46. 
Nguyen et al.47 first demonstrated that M2 macrophages expressing tyrosine hydroxylase can release 
norepinephrine via IL-4 signaling in response to cold stress, thereby activating thermogenesis in brown adipose 
tissue. Follow-up studies from the same group revealed that catecholamine-producing M2 macrophages also 
mediate thermogenesis in beige adipocytes, providing a comprehensive mechanism for this process46. In the 
subcutaneous white adipose tissue of mice, IL-5, secreted by IL-33-stimulated type 2 innate lymphoid cells, 
recruits and activates eosinophils, which, in turn, activate M2 macrophages through IL-4 secretion. Additionally, 
type 2 cytokines IL-13 and IL-4, produced by type 2 innate lymphoid cells and eosinophils, can drive beige 
differentiation of PDGFRα + progenitor cells via IL-4 receptor α signaling. Recent findings suggest a novel 
mechanism in which M2-like macrophages in adipose tissue secrete Slit3 protein, which binds to the Robo1 
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receptor on sympathetic nerves, activating the Ca2+/CaMKII pathway to promote norepinephrine release, 
thereby enhancing lipolysis and thermogenesis in adipocytes48.

The activation of the TLR4-NF-κB pathway in primary ATM following exercise intervention was associated 
with a reduction in browning levels. This finding suggests that the TLR4-NF-κB pathway is a critical mechanism 
through which HH and LH interventions promote the browning of white adipose tissue by modulating 
macrophage polarization. Notably, the TLR4-NF-κB pathway plays a more prominent role in enhancing white 
adipose browning through macrophage polarization under LH intervention conditions.

In line with previous findings that high-intensity interval training improved cardiac function via miR-206–
dependent HSP60 induction in diabetic rats, and that exercise training influences plasma volume regulation, our 
data further support the role of exercise intensity and oxygen availability as modulators of systemic and adipose 
adaptations.

A limitation of this study is that only female rats were used. While this choice is appropriate given the 
higher prevalence of obesity in women, potential sex-specific differences in hypoxic responses and adipose 
browning must be considered. Estrogen has been reported to modulate TLR4/NF-κB signaling and macrophage 
polarization, thereby influencing browning efficiency. Future studies including male rats are warranted to 
enhance translational relevance, particularly in athletic populations where sex hormones substantially affect 
metabolic and inflammatory adaptations49–51.

Although our post-hoc power analysis indicated sufficient sample size for primary endpoints (n = 10/group), 
secondary outcomes such as inflammatory cytokines may have been underpowered, as reflected by several 
borderline p values. Reporting of effect sizes and adjustment for multiple comparisons increases the robustness 
of these findings, yet future studies with larger cohorts are recommended.

Conclusions
Four weeks of HH and LH interventions could reduce M1 polarization of ATM, downregulate the expression 
levels of the TLR4-NF-κB pathway in ATM, and promote browning of white adipose tissue. The TLR4-NF-
κB pathway plays a more important role in promoting the browning of white adipose tissue by regulating 
macrophage polarization in LH intervention.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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