
High fat diet enhances catalase 
loading into adipose tissue derived 
extracellular vesicles with limited 
effect on oxidative stress
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Obesity is closely related to liver disease. However, few studies have focused on the impact of 
adipose tissue-derived extracellular vesicles (EVs) in obesity on liver disease. Therefore, we aimed to 
investigate the effect of adipose tissue-derived EVs from high-fat diet (HFD)-fed obese mice (EV-
HFD) on liver damage induced by oxidative stress. We investigated alterations in the expression of 
antioxidant enzymes in adipose tissue, and the loading of those enzymes into adipose tissue-derived 
EVs. Furthermore, we treated alpha mouse liver 12 (AML12) cells with adipose tissue-derived EVs and 
induced oxidative stress. We observed that the HFD did not exert an effect on the protein expressions 
of antioxidant enzymes in adipose tissue. Intriguingly, the EV-HFD exhibited an upregulation in the 
loading of catalase (CAT) when compared to the adipose tissue-derived EVs from normal chow-fed mice 
(EV-NC). Notably, both types of EVs exhibited a similar capacity to mitigate cell damage when exposed 
to oxidative stress. Our findings indicate that obesity-induced loading of more CAT into adipose tissue-
derived EVs cannot improve their antioxidant capacity in AML12 cells. We suggest that adipose tissue-
derived EVs can serve as a tool to maintain homeostasis and defend against oxidative stress, thereby 
supporting normal physiological functions.
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Obesity is a chronic disease that occurs when energy intake exceeds energy expenditure over a long period of 
time1,2. Obesity can increase the risk of chronic diseases, such as type 2 diabetes mellitus, cardiovascular disease, 
non-alcoholic fatty liver disease, and certain cancers, by exacerbating various pathophysiological processes3,4. 
It is well known that these obesity-mediated complications are associated with a state of chronic inflammation 
and oxidative stress caused by the overproduction of reactive oxygen species (ROS) in adipose tissue5. However, 
findings of previous studies have shown inconsistency in terms of changes observed in antioxidant enzymes, 
including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), of adipose tissue in 
the obese state6–8.

The liver plays an important role in lipid metabolism and is affected by obesity9. Individuals with obesity 
have enlarged adipose tissue and release greater amounts of free fatty acids into the circulation than individual 
without obesity, resulting in increased uptake of free fatty acids and synthesis of triglycerides that surpass the 
rates of oxidation and secretion in the liver10,11. The accumulation of lipid droplets in hepatocytes eventually 
gives rise to hepatic steatosis, which can lead to impaired liver function9. In particular, lipid accumulation in 
hepatocytes causes mitochondrial dysfunction, which may contribute to ROS production12. Oxidative stress 
induced by increased levels of intracellular ROS is suggested as a critical factor linking obesity and its related 
liver diseases5,13,14. Thus, in the context of obesity, dysregulated adipokine production and secretion in distantly 
located white adipose tissue may contribute to liver disease progression in addition to events occurring in the 
liver itself. Accumulating evidence demonstrates that adipose tissue-derived extracellular vesicles (EVs) can 
influence the development of metabolic diseases in individuals with obesity15–19.

EVs are particles released naturally from cells that are delimited by a lipid bilayer and do not contain a 
functional nucleus20. EVs are classified into exosomes, microvesicles, and apoptotic bodies based on their 
biogenesis, release route, size, content, and function21. Apoptotic bodies can be engulfed by phagocytes, whereas 
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microvesicles and exosomes can interact with recipient cells by docking at the plasma membrane, fusing directly 
with the plasma membrane, or being endocytosed. Eventually, proteins, lipids, RNAs, miRNAs, and various 
bioactive compounds contained in EVs can cause physiological and pathological changes in recipient cells22–24. 
However, because it is experimentally difficult to distinguish their unique physical properties and specific 
markers, and because they often share similar biosynthetic origins, the collective term ‘EVs’ is widely used25.

While the roles of adipose tissue-derived EVs in metabolic diseases have been increasingly recognized, no 
study to date has examined changes in antioxidant enzymes within these EVs under obese conditions, nor their 
effects on oxidative stress in other tissues. Therefore, this study aimed to investigate the changes in antioxidant 
enzymes within adipose tissue-derived EVs from high-fat diet (HFD)-fed obese mice (EV-HFD) and their 
effects on oxidative stress-induced liver cells.

Materials and methods
Animals
C57BL/6 N mice (6 weeks old) were obtained from Central Lab Animal Inc. (Seoul, Korea). The mice were 
maintained under a 12  h light/12  h dark cycle in a controlled environment (23 ± 2  °C and 50 ± 10% relative 
humidity) with a ventilation rate of 15–20 air changes per hour. After acclimatization for 1 week, the mice were 
randomly assigned and were then subjected to a normal chow diet (NC, n = 6, 3 mice/cage) or a HFD (n = 6, 3 
mice/cage) for 12 weeks. The normal chow diet used in this study was based on the AIN-93G formulation. The 
HFD consisted of 20% protein, 20% carbohydrate, and 60% fat (kcal%), as described in previous studies26. The 
HFD was formulated by reducing carbohydrate content and increasing fat content, primarily through the addition 
of lard and soybean oil. Mice were fed ad libitum, and the diets were not isocaloric. The detailed composition of 
both diets is provided in Supplementary Table S1. Prior to euthanasia, the mice were fasted for 6 h. Euthanasia 
was performed by carbon dioxide (CO2) inhalation followed by cervical dislocation after 12 weeks of feeding. 
The animal study protocol was approved by the Institutional Animal Care and Use Committee of Chonnam 
National University (CNU IACUC-YB-2021-122), and the animals were maintained in accordance with the 
“Guidelines for Animal Experiments” established by the university. All animal procedures were conducted in 
accordance with the ARRIVE guidelines.

Histological observation
The adipose tissue from mice was fixed overnight in 4% paraformaldehyde. After embedding in paraffin, it 
was cut into thin slices and stained with hematoxylin-eosin (H&E). Images were observed using an IX53 
inverted light microscope (Olympus, Tokyo, Japan) and captured with ToupView software for Windows, version 
4.8.16295.20200101 (ToupTek, Hangzhou, China; https://www.touptekphotonics.com/). Adipose tissue area was 
analyzed using ImageJ software version 1.53e (National Institutes of Health, Bethesda, MD, USA).

Serum biochemical analysis
Blood from mice was centrifuged at 1500 × g for 10 min at 4 °C to isolate the serum, which was then stored at 
− 20 °C. Fasting glucose and total cholesterol levels in mouse serum were measured using commercial assay kits 
(Biomax) according to the manufacturer’s instructions.

RT-PCR
RNA was extracted from adipose tissue using TRIzol (Invitrogen, Waltham, MA, USA) according to the 
manufacturer’s instructions. Complementary DNA (cDNA) was synthesized with 100 ng of RNA using the iScript 
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The PCR reaction was performed using the iQ SYBR Green 
Supermix (Bio-Rad, Hercules, CA, USA), 1 µL of cDNA, and the custom-designed primers (Supplementary 
Table S2). cDNA was amplified by 40 cycles of denaturation (95 °C for 10 s) and annealing/extension (60 °C for 
30 s) using the CFX Duet Real-Time PCR System (Bio-Rad, Hercules, CA, USA).

Western blotting
Proteins were extracted using 1X RIPA Lysis Buffer (Rockland, Pottstown, PA, USA) containing protease 
inhibitor (Thermo Fisher Scientific, Waltham, MA, USA) and phosphatase inhibitor (Thermo Fisher Scientific, 
Waltham, MA, USA) and were quantified by the Bradford assay. Equal amounts of protein between groups were 
loaded on a 4−15% SDS-PAGE gel (Bio-Rad, Hercules, CA, USA) and then transferred to a PVDF membrane 
(Bio-Rad, Hercules, CA, USA). The membrane was blocked with TBST containing 5% skim milk for 1  h at 
room temperature and then incubated overnight at 4  °C with primary antibodies against CAT, SOD1, Jun 
N-terminal kinase (JNK), phosphorylated JNK (p-JNK), β-actin (Cell signaling technology, Beverly, MA, USA), 
GPx1 (Invitrogen, Waltham, MA, USA), and cluster of differentiation 63 (CD63) (Abcam, Cambridge, UK). 
The membrane was subsequently incubated with HRP-conjugated secondary antibody (Bio-Rad, Hercules, 
CA, USA) for 1 h at room temperature. Bands were captured using the ChemiDoc Imaging System (Bio-Rad, 
Hercules, CA, USA) and quantified with ImageJ software version 1.53e (National Institutes of Health, Bethesda, 
MD, USA).

EVs isolation and analysis
To obtain adipose tissue-derived EVs, epididymal adipose tissue (EAT), visceral adipose tissue (VAT), and 
subcutaneous adipose tissue (SAT) were surgically isolated from mice, immediately minced into small pieces, 
and cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin for 48 h. After removing 
the cultured fat pads, the supernatant was collected and sequentially filtered through 0.45 μm and 0.22 μm filters. 
Adipose tissue-derived exosomes were isolated from the supernatant using ExoQuick-TC™ (System Biosciences, 
Palo Alto, CA, USA) according to the manufacturer’s instructions, and are hereafter collectively referred to as 
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adipose tissue-derived EVs. Serum EVs (S/EVs) were immediately isolated from mouse serum using XENO-
EVI™ Kit (Xenohelix, Incheon, Korea) according to the manufacturer’s instructions. The purified EVs were then 
resuspended in 1X PBS and stored at -80  °C. EV size was confirmed using a nanoparticle tracking analysis 
(NTA) system (Malvern Panalytical Ltd., Malvern, UK). The protein content of the EVs was quantified using 
the Bradford assay, and the presence of CD63 (Abcam, Cambridge, UK), an EV marker, was confirmed through 
western blotting.

CAT activity
In the case of EVs, 200  µg of EVs were used. In the case of cells, alpha mouse liver 12 (AML12) cells were 
seeded in a 6-well plate at a density of 2 × 105 cells/well and were treated with EVs for 24 h. When hydrogen 
peroxide (H2O2) treatment was required, the cells were additionally treated with 600 µM H2O2 for 2 h. CAT 
activity was colorimetrically measured using a CAT activity assay kit (Abcam, Cambridge, UK) according to the 
manufacturer’s instructions.

SOD activity
SOD activity of 200  µg of EVs was measured colorimetrically using the SOD Activity Assay Kit (Abcam, 
Cambridge, UK) according to the manufacturer’s instructions. SOD activity was evaluated as inhibition rate (%).

GPx activity
GPx activity of 200  µg of EVs was measured colorimetrically using the GPx Activity Assay Kit (Abcam, 
Cambridge, UK) according to the manufacturer’s instructions.

Cell culture and treatments
AML12 cells were (ATCC, VA, USA) maintained in DMEM supplemented with 10% fetal bovine serum (FBS, 
Gibco), 1% penicillin-streptomycin (Gibco), 1% insulin-transferrin-selenium (Thermo Fisher Scientific, 
Waltham, MA, USA), and 40 ng/mL dexamethasone (Sigma–Aldrich, St. Louis, MO, USA). RAW264.7 cells 
(ATCC, VA, USA), a murine macrophage cell line, were maintained in DMEM supplemented with 10% FBS and 
1% penicillin-streptomycin. All cells were incubated at 37 ℃ with 5% CO2. For the treatment assay, cells were 
treated with 50 µg/mL of EVs for 24 h before being treated with the chemicals.

Chemicals used to induce oxidative stress in AML12 cells were 600 µM H2O2 (Sigma–Aldrich, St. Louis, 
MO, USA) and 200 µM palmitic acid (PA) (Sigma–Aldrich, St. Louis, MO, USA)-bovine serum albumin (BSA) 
(Sigma–Aldrich, St. Louis, MO, USA) complex, which were treated for 2 h and 24 h, respectively. For RAW264.7 
cells, 800 µM H2O2 was treated for 2 h.

The positive control for inducing an antioxidant reaction in cells used 10 µM ascorbic acid (AA) (Sigma–
Aldrich, St. Louis, MO, USA), which was treated for 2 h.

Preparation of PA-BSA complex
The 5% stock solution of BSA was prepared in PBS. PA was dissolved in ethanol to make a 100 mM solution 
and then mixed in a 1:10 proportion with 5% BSA. The mixture was then heated at 37 °C with shaking for 1 h 
to create a final 10 mM PA-BSA complex stock solution. This stock solution was then diluted to 200 µM using 
5% BSA.

EVs uptake assay
AML12 cells were treated with EVs that had been previously labeled using the ExoGlow-Protein EV Labeling 
Kit (System Biosciences, Palo Alto, CA, USA). Non-internalized EVs were removed by washing the cells three 
times with 1X PBS, and the washed cells were fixed with 4% paraformaldehyde for 20 min. After washing, cells 
were permeabilized with 0.3% Triton X-100 at 4°C for 1 h and washed. Nuclei were labeled using ProLong™ Gold 
Antifade Mountant with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, Waltham, MA, USA). The slide was 
covered with a cover glass and observed using a fluorescence microscope (OLYMPUS, Tokyo, Japan). Uptaken 
EVs were quantified using ImageJ software version 1.53e (National Institutes of Health, Bethesda, MD, USA).

Viability assay
Cell viability was evaluated using the water-soluble tetrazolium salt-based EZ-Cytox assay kit (Dogenbio, 
Seoul, Korea). Briefly, AML12 cells were seeded in a 96-well plate at a density of 1 × 104 cells/well, and EVs were 
administered. Subsequently, the cells were treated with H2O2 or PA, and the produced formazan was measured 
by its absorbance at 450 nm.

Intracellular ROS measurement
ROS levels were determined using the Cellular ROS Assay kit (Abcam, Cambridge, UK). Briefly, AML12 cells 
were seeded in a 96-well plate at a density of 1 × 104 cells/well. EVs were treated for 24 h, and the ROS red 
working solution was added 1 h before termination. Then, the cells were treated with H2O2 or PA, and ROS levels 
were measured by fluorescence intensity (520/605 nm) after the set period of time.

Annexin V/PI staining
AML12 cells were treated with EVs, followed by treatment with H2O2 or PA for a set period of time. Cells that 
had undergone apoptosis were labeled with the FITC Annexin V Apoptosis Detection Kit I (BD Bioscience, 
Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Fluorescently labeled cells were detected 
using a CytoFLEX Flow Cytometer (Beckman Coulter, CA, USA).
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Statistical analysis
All data are presented as mean ± SD. To directly evaluate the effects of EV treatments under defined conditions, 
differences between two groups were assessed using Student’s t-test with IBM SPSS Statistics for Windows, 
version 23.0 (IBM Corp., Armonk, NY, USA; https://www.ibm.com/products/spss-statistics). Data were 
considered statistically significant when p < 0.05.

Results
HFD did not affect the protein expression of antioxidant enzymes in adipose tissue but 
stimulated the loading of only CAT into adipose tissue-derived EVs
Mice were fed with NC and HFD for 12 weeks. Body weight, EAT, VAT, and SAT weight were significantly 
increased in the HFD group (Supplementary Fig. S1A, B). Histological analysis further revealed enlarged lipid 
droplets in the adipose tissue of the HFD group compared to the NC group (Supplementary Fig. S1C, D). 
In addition, fasting serum glucose and total cholesterol levels were significantly elevated in the HFD group, 
supporting the successful establishment of an HFD-induced obesity model (Supplementary Fig. S1E, F).

We explored the expression of antioxidant enzymes in adipose tissue. The mRNA expression of antioxidant 
enzymes in adipose tissue showed no difference in CAT and GPx1 between the groups (Fig.  1A). Although 
SOD1 mRNA expression was decreased in the HFD group, the protein expression of CAT, SOD1, and GPx1 
showed no significant change between the groups (Fig. 1B–E).

Next, we isolated EVs from the adipose tissue of each group of mice (Fig. 1F). NTA showed that the peaks 
were mainly concentrated in the size range of 100–150 nm, typical of EV size, and confirmed the presence of 

Fig. 1.  HFD stimulated the loading of only CAT into EVs. mRNA expression of (A) CAT, SOD1, and GPx1; 
and protein expression (B; bands) of (C) CAT, (D) SOD1, and (E) GPx1 in adipose tissue. (F) Experimental 
schematic of EVs isolation from adipose tissue of mice fed NC and HFD for 12 weeks. (G) Adipose tissue-
derived EVs size and vesicle observation using NanoSight (Scale bar = 500 nm). Antioxidant enzyme protein 
expression (H; bands), and quantification of (I) CAT in mice adipose tissue-derived EVs. Activity of (J) CAT, 
(K) SOD, and (L) GPx in mice adipose tissue-derived EVs. (M) S/EVs size and vesicle observation using 
NanoSight (Scale bar = 500 nm). (N) CAT protein expression in S/EVs. All data are presented as mean ± SD. 
NC vs. HFD, EV-NC vs. EV-HFD, *p < 0.05, **p < 0.01, ***p < 0.001.
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CD63, an EV-specific marker (Fig. 1G, H). After confirming that EVs were successfully isolated from adipose 
tissue, we evaluated the expression of antioxidant enzymes loaded in EVs. Interestingly, the expression level of 
CAT increased 8-fold in the EV-HFD group compared to the adipose tissue-derived EVs from normal mice 
fed a NC (EV-NC) group, while SOD1 and GPx1 were not detected (Fig. 1H, I). Similarly, CAT activity was 
approximately twice as high in the EV-HFD group compared to the EV-NC group (Fig. 1J), and SOD and GPx 
activities did not differ between the groups (Fig. 1K, L). Therefore, these results suggest that HFD feeding does 
not change the levels of antioxidant enzymes in adipose tissue but upregulates CAT in adipose tissue-derived 
EVs compared to NC feeding.

Given the potential for adipose tissue-derived EVs to enter the circulation and affect distant organs, we next 
examined whether the increase in CAT observed in adipose tissue-derived EVs is also reflected in circulating 
EVs. To this end, we isolated S/EVs and confirmed their identity by NTA and CD63 expression (Fig. 1M, N). 
Consistent with our previous observations, CAT loading was significantly increased in S/EVs from HFD-fed 
obese mice (S/EV-HFD) compared to those from NC-fed mice (S/EV-NC) (Fig. 1N).

Adipose tissue-derived EVs protected AML12 cells from H2O2, but this effect was not due to 
the CAT in the EVs
Adipose tissue-derived EVs can release their loaded cargo and exert physiological effects when internalized by 
recipient cells. Therefore, we labeled adipose tissue-derived EVs with ExoGlow-Protein and monitored their 
uptake by AML12 cells. After 24 h of treatment, we stained the cell nuclei with DAPI and confirmed the extent 
of EV uptake. Fluorescence microscopy examination revealed that adipose tissue-derived EVs were effectively 
internalized by AML12 cells within 24 h (Fig. 2A). Considering the findings presented in Fig. 1, we expected that 
CAT, present in adipose tissue-derived EVs, might possess potential activity in AML12 cells.

Fig. 2.  Adipose tissue-derived EVs protected AML12 cells from H2O2, but this effect was not due to the CAT 
in the EVs. (A) Adipose tissue-derived EVs were taken up by AML12 cells after 24 h. Fluorescence microscope 
images show nuclei stained with DAPI (blue) and EVs labeled with ExoGlow-Protein (red) (scale bar = 50 μm). 
(B–D) AML12 cells were pretreated with adipose tissue-derived EVs for 24 h, followed by treatment with 600 
µM H2O2 for 2 h. For cells not treated with H2O2, they were treated with adipose tissue-derived EVs for 24 h. 
(B) Cell viability was colorimetrically measured (450 nm). (C) ROS levels were measured by fluorescence 
intensity (520/605 nm) and corrected to the fluorescence intensity of an equal number of cells. (D) AML12 
cells were harvested, and CAT activity was colorimetrically measured (570 nm). All data are presented as 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. Con vs. Con + H2O2, EV-NC vs. EV-NC + H2O2, EV-HFD vs. EV-
HFD + H2O2, #p < 0.05 ##p < 0.01, ###p < 0.001.
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To address the question of whether adipose tissue-derived EVs internalized by AML12 cells play an 
antioxidant role, AML12 cells were pretreated with adipose tissue-derived EVs, followed by treatment with H2O2. 
Under non-stress conditions, cell viability significantly increased, and the level of ROS produced significantly 
decreased in both the EV-NC-treated and EV-HFD-treated groups. Surprisingly, when AML12 cells internalized 
either EV-NC or EV-HFD and were subsequently treated with H2O2, a significant increase in cell viability and a 
reduction in ROS levels were observed compared to the group treated with H2O2 alone. No significant difference 
was found between the effects of EV-NC and EV-HFD treatments on both cell viability and ROS levels (Fig. 2B, 
C). Moreover, the level of ROS reduced by adipose tissue-derived EVs was the same as that achieved with 10 µM 
of AA (Fig. 2C). Interestingly, there was no statistical difference in CAT activity between the groups (Fig. 2D), 
even though CAT was higher in EV-HFD, as shown in Fig. 1.

To determine whether adipose-derived EVs can induce antioxidant effects in other cell lines, we incorporated 
RAW264.7 cells. Consistent with AML12 cells, pretreatment with EV-NC and EV-HFD significantly increased 
cell viability and reduced ROS levels in RAW264.7 cells when subsequently treated with H2O2, compared to 
the group treated with H2O2 alone. There was no difference between the groups in the effects of adipose tissue-
derived EVs on oxidative stress-induced RAW264.7 cells (Supplementary Fig. S2A, B). Moreover, CAT activity 
in RAW264.7 cells did not differ between the groups of adipose tissue-derived EVs (Supplementary Fig. S2C).

These results indicate a potential role for adipose tissue-derived EVs from both normal and obese mice in 
mitigating oxidative damage and suggest that HFD-induced enhancement of CAT loading into adipose tissue-
derived EVs may have a limited antioxidant function.

Adipose tissue-derived EVs from both normal and obese mice showed a protective effect 
against H2O2-induced apoptosis
H2O2 is known to generate ROS and induce cell death. Recent research has highlighted the significance of JNK 
activation as a crucial downstream event responsible for H2O2-induced cell death27. Therefore, we confirmed the 
effect of adipose tissue-derived EVs on H2O2-induced JNK expression and apoptosis.

Interestingly, when AML12 cells were treated with H2O2 after internalizing either EV-NC or EV-HFD, the 
p-JNK significantly decreased compared to cells treated with H2O2 alone. Notably, there was no significant 
difference in p-JNK levels between the EV-NC and EV-HFD groups when treated with H2O2 (Fig.  3A, B). 
Next, we assessed cell death after the internalization of adipose tissue-derived EVs into AML12 cells. Upon 
microscopic examination, it was evident that cell density was higher and fewer blebs formed when EV-NC and 
EV-HFD were internalized and treated with H2O2, compared to cells treated without adipose tissue-derived 
EVs (Fig. 3C). Consistent with this result, treatment with EV-NC or EV-HFD, followed by H2O2, significantly 
inhibited apoptosis compared to treatment with H2O2 alone. Furthermore, there was no significant difference in 
cell apoptosis between the EV-NC and EV-HFD groups when treated with H2O2 (Fig. 3D, E).

Adipose tissue-derived EVs from both normal and obese mice also showed a protective effect 
against PA-induced lipotoxicity
To better simulate the obese environment in vitro, a lipotoxicity model was established using PA. When AML12 
cells internalized either EV-NC or EV-HFD and were subsequently treated with PA, a significant increase in cell 
viability and a reduction in ROS levels were observed compared to the group treated with PA alone. Furthermore, 
when EV-NC or EV-HFD was internalized and then treated with PA, viability and ROS levels were restored to 
the same extent as in the group without PA treatment (Fig. 4A, B). Microscopic examination and Annexin V/PI 
staining showed that treatment with adipose tissue-derived EVs partially restored PA-induced lipotoxicity. There 
were no significant differences observed between the treatment groups receiving adipose tissue-derived EVs 
(Fig. 4C-E). These data suggest that adipose tissue-derived EVs can inhibit oxidative stress-induced apoptosis, 
and HFD did not affect this function.

Discussion
Oxidative stress occurs when there is an imbalance between the production of ROS and the cell’s capacity to 
neutralize them through the antioxidant system. ROS, including molecules like superoxide radicals, H2O2, 
and hydroxyl radicals, are natural byproducts of cellular metabolism. Under normal circumstances, the body 
maintains a balance between ROS production and their elimination through antioxidant defense mechanisms. 
Antioxidant enzymes play a crucial role in maintaining this balance. They act as molecular guardians that 
neutralize ROS and prevent them from causing cell damage28. Their pivotal role in preserving cellular health 
underscores their significance for overall well-being. However, under obesity, marked shifts occur in the levels 
and activities of these vital enzymes, particularly within adipose tissue. These alterations contribute to the 
intricate interplay of factors that characterize the state of oxidative stress in obesity29,30. Understanding these 
mechanisms has profound implications for interventions aimed at mitigating the impact of obesity on cellular 
health and overall well-being.

One study analyzed the antioxidant defense in rats fed a sucrose-rich diet for 3, 15, or 30 weeks, comparing 
them with rats on a control diet. The results showed that the activities of SOD, CAT, GPx, and glutathione reductase 
in the EAT of the sucrose-rich diet group were significantly lower from as early as week 3 and remained reduced 
until the end of the experimental period compared with the control diet group31. Another study indicated that 
feeding rats a HFD for 6 weeks led to a reduction in SOD and GPx activities, but had no effect on CAT activity 
in adipose tissue32. A sex-specific study demonstrated that male rats fed a HFD for 11 weeks exhibited reduced 
SOD and GPx activities in SAT, while CAT activity remained unchanged. In contrast, female rats showed no 
significant changes in SOD and GPx activities, and catalase activity was increased in response to HFD feeding33. 
These findings indicate that, even within obesity-induced models, antioxidant enzyme activity in adipose tissue 
can vary depending on the animal model, sex, duration of dietary intake, and the type of diet. A human study 

Scientific Reports |        (2025) 15:31010 6| https://doi.org/10.1038/s41598-025-15594-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


demonstrated that both H2O2 levels (increased by 32% and 46%) and CAT activity (increased by 51% and 89%) 
were elevated in the visceral fat of overweight/obese (BMI ≥ 25) and centrally obese (waist-height ratio ≥ 0.5) 
individuals compared to lean subjects, suggesting that catalase in adipose tissue may undergo compensatory 
upregulation in response to obesity-induced oxidative stress30. Our present study showed that feeding mice an 
HFD for 12 weeks resulted in reduced mRNA expression of SOD and had no effect on the mRNA expression 
of CAT and GPx. However, HFD did not affect the protein expression of any of the antioxidant enzymes in the 
adipose tissue. The correlation between mRNA transcription and intracellular protein concentration has been 
reported to be very low34. Therefore, we consider protein expression to be more meaningful data and suggest that 
HFD did not affect antioxidant enzyme expression in adipose tissue. Interestingly, a study using a model similar 
to ours reported that CAT, SOD, and GPx activities were all reduced in EAT of mice fed a HFD for 12 weeks35. 
Taken together, these findings suggest that the expression levels and activities of antioxidant enzymes in adipose 
tissue do not always correlate. This discrepancy raises intriguing questions about the potential role of EVs as a 
regulatory mechanism in adipose tissue adaptation to systemic metabolic stress induced by obesity.

For the first time, we confirmed the expression of antioxidant enzymes in adipose tissue-derived EVs. 
Surprisingly, we observed an increase in CAT protein and activity in adipose tissue-derived EVs from HFD-
fed obese mice. Only a limited number of studies have confirmed the existence of antioxidant enzymes loaded 
in EVs. One study discovered heightened levels of GPx1 in exosomes derived from hypoxic glioblastoma cells. 
Notably, GPx1 in these hypoxic-glioblastoma exosomes contributed significantly to oxidative stress resistance36. 
This suggests that contingent on the cellular stress milieu, there may be a promotion in the loading of specific 
antioxidant enzymes into EVs. Nevertheless, the precise molecular mechanism governing this loading process 
remains unknown.

Previous studies have demonstrated that adipose tissue-derived EVs from HFD-fed obese mice can induce 
endoplasmic reticulum stress, inflammation, insulin resistance, and lipid synthesis in hepatocytes37. Therefore, 
adipose tissue-derived EVs may play an important role in the development of obesity-related metabolic diseases 
by influencing other tissues. We investigated whether adipose tissue-derived EVs affect oxidative stress-induced 

Fig. 3.  Adipose tissue-derived EVs from both normal and obese mice showed a protective effect against 
H2O2-induced apoptosis. AML12 cells were pretreated with adipose tissue-derived EVs for 24 h, followed by 
treatment with 600 µM H2O2 for 2 h. Protein expression (A; bands) and quantification of (B) p-JNK, JNK, and 
β-actin by western blot. (C) Microscopic images of AML12 cells from each group. (D, E) Apoptosis measured 
by flow cytometry using Annexin V/PI staining. Apoptosis rate was calculated as the sum of Annexin V single 
positive and Annexin V and PI double positive. All data are presented as mean ± SD. *p < 0.05, **p < 0.01, 
***p < 0.001.
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hepatocyte damage. Interestingly, we found that adipose tissue-derived EVs suppressed H2O2 or PA-induced 
ROS production and apoptosis in the hepatocytes. Additionally, these results were not significantly different 
between the NC and HFD groups, even though adipose tissue-derived EVs from HFD-fed obese mice were 
loaded with more CAT. Previous studies have shown that CAT overexpression in mice adipose tissue did not 
confer systemic metabolic protection against HFD-induced obesity38. This suggests that the overexpression of 
catalase within adipose tissue may be insufficient to counteract the metabolic consequences of obesity. Similarly, 
in our study, CAT was selectively enriched in EV-HFD; however, this was not accompanied by a marked 
improvement in oxidative balance or protective effects in recipient cells compared with EV-NC. These findings 
imply that catalase loading into EVs may represent a compensatory, rather than a functionally protective, 
response to obesity-induced oxidative stress. In conclusion, our results indicate that obesity-induced loading of 
more catalase into adipose tissue-derived EVs cannot improve their antioxidant capacity. Moreover, our results 
suggest that adipose tissue-derived EVs can serve as a tool to maintain homeostasis and defend against oxidative 
stress, thereby supporting normal physiological functions (Fig. 5). However, this study has a few limitations. 
Given the limited yield of EVs from adipose tissue, sample availability posed a considerable restriction, making 
further evaluation of enzyme activity in the adipose tissue itself difficult. In addition, this study did not elucidate 
the specific mechanism through which EVs perform their antioxidant function. Moreover, we did not confirm 
whether specific pathways of ROS production, such as endoplasmic reticulum stress or mitochondrial stress, are 
regulated by EVs. These limitations will be the focus of future research.

Conclusion
Despite the modern understanding that extracellular vesicles (EVs) play a critical role in intercellular 
communication, the antioxidant function of adipose tissue-derived EVs in obesity has not been studied. For 
the first time, we have found that adipose tissue-derived EVs from obese mice provide a similar antioxidant 

Fig. 4.  Adipose tissue-derived EVs from both normal and obese mice also showed a protective effect against 
PA-induced lipotoxicity. AML12 cells were pretreated with adipose tissue-derived EVs for 24 h, followed by 
treatment with 200 µM PA for 24 h. (A) Cell viability was colorimetrically measured (450 nm). (B) ROS levels 
were measured by fluorescence intensity (520/605 nm) and corrected to the fluorescence intensity of an equal 
number of cells. (C) Microscopic images of AML12 cells from each group. (D, E) Apoptosis measured by flow 
cytometry using Annexin V/PI staining. Apoptosis rate was calculated as the sum of Annexin V single positive 
and Annexin V and PI double positive. All data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
Con vs. Con + PA, #p < 0.05 ##p < 0.01.
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protective effect to hepatocytes under oxidative stress as those from normal mice, despite loading an 8-fold 
higher amount of catalase. Our findings show that adipose tissue-derived EVs provide antioxidant effects to 
hepatocytes regardless of their origin, and this mechanistic insight may be adopted as a therapeutic consideration 
in the context of obesity-liver disease.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files). For all other inquiries, contact the corresponding author.
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