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Background

Obesity and metabolic syndrome (MetS) have become increasingly significant global health issues. Time-restricted feeding (TRF), as a novel dietary intervention, has garnered attention in recent years. However, there is limited research focusing on the effects of TRF on energy expenditure and systemic low-grade inflammation. This study aims to investigate the impact of TRF on weight management, glucose metabolism, insulin resistance, and lipid metabolism in male C57BL/6J mice, particularly in the context of metabolic disorders induced by a high-fat diet (HFD).





Methods

C57BL/6J mice were divided into two groups: a normal diet (ND) group and a high-fat diet (HFD) group. The study duration was 12 weeks. Key parameters observed included body weight, glucose tolerance (via glucose tolerance tests), insulin resistance (HOMA-IR), and insulin secretion under glucose stimulation. Additionally, liver tissue was subjected to Oil Red O staining to assess lipid accumulation, and white and brown adipose tissues were stained with hematoxylin and eosin (HE) to evaluate adipocyte size. The expression of hepatic lipogenesis-related genes (Srebp-c, Chrebp, Fasn, and Acc1) and thermogenic genes in brown adipose tissue (UCP1 and PGC-1α) were also measured. Furthermore, temperature changes in the interscapular brown adipose tissue (BAT) were monitored.





Results

In the ND group: TRF improved insulin resistance and reduced circulating levels of the pro-inflammatory cytokine IL-6, with a slight reduction in body weight.In the HFD group: TRF significantly mitigated weight gain, improved glucose tolerance and insulin resistance, and enhanced insulin secretion under glucose stimulation. Additionally, TRF reduced hepatic steatosis by downregulating the expression of lipogenesis-related genes in the liver. TRF also increased thermogenesis by upregulating the expression of thermogenic genes (UCP1 and PGC-1α) in BAT, while lowering serum levels of pro-inflammatory cytokines IL-6 and TNF-α, though IL-1β levels remained unchanged.





Conclusion

This study demonstrates that TRF can activate thermogenesis in brown adipose tissue and reduce inflammation maker, leading to an improvement in hepatic steatosis and a reduction in white adipose tissue accumulation. These findings suggest that TRF may be a promising intervention for mitigating metabolic disturbances associated with obesity and metabolic syndrome. The study provides mechanistic insights into the beneficial effects of TRF, highlighting its potential in modulating lipid metabolism and exerting anti-inflammatory effects.
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1 Introduction

Metabolic syndrome (MetS) is a growing global concern, leading to increased attention within the medical community on the development of innovative therapies to combat its pathophysiological effects (1, 2). MetS is characterized by a cluster of metabolic abnormalities, including central obesity, insulin resistance, hypertriglyceridemia, hypercholesterolemia, hypertension, and reduced levels of high-density lipoprotein (HDL) cholesterol (3). It is also associated with several comorbidities, including a pro-inflammatory and pro-thrombotic state, metabolic-associated fatty liver disease (MAFLD), cholesterol gallstone disease, and reproductive disorders. MetS is recognized as a major risk factor for the global epidemics of type 2 diabetes mellitus (T2DM) and cardiovascular diseases in the 21st century (4). In the United States, the prevalence of MetS is estimated to be 10.18% (5). Approximately 35% of American adults have prediabetes, and 17.8% of them, without intervention, will progress to T2DM within five years (6). The global incidence of T2DM is approaching pandemic levels and is closely linked to the rising rates of obesity. By 2030, it is projected that over 39% of adults worldwide will be overweight or obese, with around 25% falling into the category of severe obesity, defined as a body mass index (BMI) ≥35 kg/m² (7, 8). Furthermore, according to the World Health Organization (WHO), approximately 17.9 million people die each year from cardiovascular diseases related to MetS, accounting for about one-third of all deaths. These statistics underscore the urgent need for strategies to prevent or treat MetS.

While recent advances in obesity therapies have been promising, there is also a growing interest in improving dietary patterns through various nutritional interventions. Time-restricted feeding (TRF), a form of intermittent fasting, has gained significant attention, with the 16:8 model (where food intake is limited to an 8-hour window each day) being a popular subject of research. In this model, food can be consumed during the 8-hour window, with only water allowed during the remaining 16 hours (9). Recent clinical studies have shown that early TRF, starting at 06:00 AM, can further improve metabolic parameters such as fasting glucose and insulin sensitivity (10, 11). TRF has been highlighted by health professionals as an effective dietary approach for weight management, cardiovascular health, and reducing oxidative stress (12). This fasting regimen has been shown to induce favorable metabolic changes, including improved glycemic control, reduced glycogen stores, increased fatty acid and ketone body release, decreased leptin levels, and elevated adiponectin levels (13–16). In overweight or obese adults, fasting has been reported to lead to reductions in BMI, body weight, waist circumference, and fat mass (17–21).

Despite these benefits, much of the research to date has focused on the reduction in caloric intake as the primary mechanism behind these positive outcomes, with less attention given to the potential increase in energy expenditure. Recent studies have found that a 5:2 TRF model, which involves five days of ad libitum feeding and two days of fasting, can increase exercise-induced energy expenditure (22). Although this model differs from typical healthy eating patterns, it suggests that TRF (16:8) may also enhance energy expenditure. Additionally, some studies have noted that regular fasting can reduce circulating inflammatory markers, which could contribute to improved health outcomes.

There are various TRF patterns, including 4:3, 5:2, and 16:8. The 16:8 or 16 + 8 TRF model is the most popular, but there is limited research focusing on fat thermogenesis and systemic inflammation regulation (23, 24). Therefore, the primary aim of this study is to investigate the effects of the 16 + 8 TRF model on fat thermogenesis and inflammation maker. Using mice as the model organism, we will focus on how fasting regulates thermogenesis in brown adipose tissue (BAT) and the inflammatory maker response, thus offering new insights into TRF as a potential therapeutic strategy for MetS.




2 Materials and methods



2.1 Animal experiment and study design

A total of 56 male C57BL/6J mice, aged 6–8 weeks, were purchased from Jackson Laboratory (Bar Harbor, Maine) for this study. All mice were housed in a clean and ventilated environment and fed with standard diet (4–5% calories, SPFW01, SCBS, China) and high-fat diet (60% calories, D12492, research diet, USA). During the initial 2-week acclimation period, all animals were trained under controlled conditions: 12 hours of light and 12 hours of darkness, with ad libitum access to food and water. After two weeks, the animals were randomly assigned to one of two groups for 12 weeks: (i) a control group with free access to food and water during the 12-hour light and 12-hour dark cycles (Control), and (ii) a time-restricted feeding (TRF) group, where food was restricted to an 8-hour window (8:00 AM to 4:00 PM) under the same light/dark cycle. The feeding times were controlled by trained personnel. The experimental protocol was approved by the Ethics Committee of the First Affiliated Hospital of Gannan Medical University. After completing the experiments, tissue samples were collected and processed for biological analysis in an environmentally safe manner.




2.2 Assessment of glucose tolerance, insulin secretion, and insulin sensitivity

At 8:00 AM, glucose tolerance and insulin secretion were assessed in all mice after a 16-hour fasting period. For the glucose tolerance test, the mice received an intraperitoneal injection of 20% glucose (2 g/kg body weight). Blood glucose levels were measured at baseline and 15, 30, 45, 60, and 120 minutes post-injection. Plasma samples were collected at baseline and at 2.5, 5, and 15 minutes post-injection to assess insulin levels. For the insulin tolerance test, insulin sensitivity was assessed after a 6-hour fast at 10:00 PM. The mice were injected intraperitoneally with insulin (0.55 mU/g body weight), and blood glucose levels were measured at baseline and 15, 30, 45, 60, and 120 minutes post-injection.




2.3 RNA isolation and quantitative RT-PCR

Total RNA was extracted from freshly collected mouse liver and adipose tissues using the RNeasy Mini Kit (Qiagen, Hilden, Germany). For quantitative real-time PCR, mRNA was reverse-transcribed to complementary DNA (cDNA) using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), and qRT-PCR was performed on a StepOnePlus machine (Applied Biosystems, Carlsbad, CA) under default thermal cycling conditions. The 2−ΔΔCT method was used for data analysis, and mRNA levels were normalized to β-actin expression for each sample. The primer sequences are presented in Table 1.


Table 1 | Primer information table.






2.4 Blood glucose and insulin analysis

Blood glucose was measured using a Sinocare glucose meter (GA-3, China). Plasma insulin levels were determined using an ultrasensitive mouse insulin ELISA kit (ab277390, USA) according to the manufacturer’s instructions.




2.5 Body temperature measurement system

Mouse body temperature was measured using a small animal temperature analyzer. Specifically, temperature probes were placed near the oral cavity and interscapular brown adipose tissue (BAT), with readings taken for at least 10 seconds to allow stabilization. Two types of temperature conditions were used: first, room temperature (RT) conditions without any manipulation; and second, cold-induced conditions where mice were acclimated at 4°C for 6 hours before temperature measurement.




2.6 Measurement of inflammatory markers

Inflammatory markers were measured from mouse serum samples. Plasma IL-6, IL-1β, and TNF-α levels were determined using enzyme-linked immunosorbent assays (ELISA) according to the manufacturer’s instructions.




2.7 HE staining and Oil Red O staining

Fresh tissues were fixed in 4% paraformaldehyde for 24 hours, then sectioned at 5 μm thickness. After hydration in distilled water, sections were stained with hematoxylin for a few minutes, differentiated in acid water and ammonia water, rinsed in running water for 1 hour, and dehydrated in 70% and 90% alcohol for 10 minutes each. Sections were then counterstained with eosin for 2-3 minutes, cleared in xylene, and mounted for microscopic observation. For Oil Red O staining, sections were washed in 60% isopropanol, stained with 0.5% Oil Red O solution for 10 seconds, differentiated again in 60% isopropanol, and mounted for microscopy.




2.8 Statistical analysis

Results are presented as mean ± SE. Statistical analyses were performed using GraphPad Prism v8.4 (San Diego, CA). Comparisons between two groups were made using two-tailed Student’s t-tests, while one-way or two-way ANOVA was used for comparisons among three or more groups. Unless otherwise specified, P < 0.05 was considered statistically significant.





3 Results



3.1 Time-restricted feeding improves insulin sensitivity and reduces serum inflammation in mice on a normal diet

To investigate the effects of time-restricted feeding (TRF) on metabolism and inflammation, we first used mice on a normal diet as the study subjects. The experimental group underwent a 16-hour fasting period with unrestricted access to water (8:00 AM to 12:00 AM) and an 8-hour feeding window, while the control group had free access to food and water. The observation period lasted 12 weeks (Figure 1A). Results showed that during the 12-week observation, there was no significant difference in body weight between the TRF group and the control group initially. However, by weeks 11 and 12, the TRF group showed a significantly lower body weight compared to the control group, with a reduction of approximately 15% (Figure 1B). This suggests that TRF (16:8) can reduce body weight in mice on a normal diet. To further evaluate the effects of TRF on glucose metabolism, we conducted glucose tolerance tests (GTT) and insulin sensitivity tests (ITT). The results revealed that TRF mice exhibited significantly improved glucose tolerance compared to the control group, as evidenced by a lower area under the glucose tolerance curve. Moreover, TRF enhanced insulin sensitivity, particularly at the 15- and 30-minute time points during the insulin test (Figures 2A–D). These findings indicate that TRF improves both glucose tolerance and insulin sensitivity in mice on a normal diet. The underlying mechanism for this improvement in glucose tolerance is unclear, but we hypothesize that TRF may activate pancreatic β-cells to release insulin rapidly upon glucose stimulation. To test this, we performed glucose-stimulated insulin secretion assays. The results showed that, 2.5 minutes after glucose injection, TRF mice exhibited a significantly higher insulin release compared to the control group. This enhanced insulin secretion persisted at 5 and 15 minutes post-injection (Figure 2F). This suggests that TRF positively regulates insulin secretion by pancreatic β-cells, possibly by increasing the number or function of β-cells. Additionally, to assess the impact of TRF on inflammation, we measured serum levels of IL-6, IL-1β, and TNF-α. The results showed that TRF significantly reduced serum IL-6 levels, while no significant changes were observed for IL-1β and TNF-α, which may be due to the relatively low baseline inflammation in mice on a normal diet (Figure 2E). These findings suggest that TRF (16:8) improves insulin sensitivity and mildly reduces serum inflammation in normal-diet mice.




Figure 1 | Time-restricted feeding (TRF) experimental design for mice on normal and high-fat diets. (A) Schematic representation of the TRF regimen for normal diet (ND) and high-fat diet (HFD) groups. Control represents the control group, TRF represents the time-restricted feeding group, with “normal diet” indicating the standard chow diet and “HFD diet” indicating the high-fat diet. (B) Effect of TRF on body weight regulation in mice on a normal diet, with a 12-week observation period, n=6. The bar graph shows the body weight differences at the 12-week endpoint, n=6. *P<0.05, **P<0.01, ***P<0.001.






Figure 2 | TRF improves glucose tolerance and insulin sensitivity in mice on a normal diet. (A) Glucose tolerance in TRF mice on a normal diet and (B) comparison of area under the curve (AUC). (C) Insulin sensitivity in TRF mice on a normal diet and (D) comparison of AUC. (E) TRF reduces serum inflammatory cytokines (IL-6, IL-1β, TNF-α) in mice on a normal diet. (F) TRF enhances glucose-stimulated insulin secretion in mice on a normal diet.A-D, n=6. E-F, n=4. *P<0.05, **P<0.01, ***P<0.001.






3.2 Time-restricted feeding improves insulin sensitivity, reduces inflammation, and exhibits anti-obesity effects in mice on a high-fat diet

Since TRF improved insulin sensitivity and reduced serum inflammation in normal-diet mice, we further explored its effects on metabolic syndrome in pathological states by using mice on a high-fat diet (HFD). We designed an experiment similar to that for the normal-diet mice, but replaced the standard diet with a high-fat diet (Figure 1A). Over the 12-week period, we found that TRF significantly slowed weight gain in HFD-fed mice compared to the control group, with the first significant difference appearing in week 9, and the difference becoming more pronounced by week 12 (Figures 3A, B). To assess the impact of TRF on glucose metabolism in HFD-fed mice, we performed GTT and ITT. TRF improved glucose tolerance, with the most significant effect observed at 30 minutes post-glucose injection, and a sustained effect through 120 minutes. Insulin sensitivity was also improved, with TRF mice showing significantly lower blood glucose levels 15 minutes after insulin injection compared to the control group, and this difference persisted through 120 minutes (Figures 3C–F). Additionally, glucose-stimulated insulin secretion assays showed that TRF enhanced insulin release in HFD-fed mice, with a significant increase in insulin secretion 2.5 minutes after glucose injection, and this effect persisted through 15 minutes (Figure 3G). These results suggest that TRF enhances the responsiveness of pancreatic β-cells to glucose, possibly by increasing their number or insulin secretion capacity. To investigate the effect of TRF on inflammation in HFD-fed mice, we measured serum levels of IL-6, IL-1β, and TNF-α. TRF significantly reduced serum levels of IL-6 and TNF-α, but no significant change was observed for IL-1β (Figure 3H). These findings suggest that TRF reduces inflammation in HFD-fed mice, alongside improving insulin sensitivity and attenuating obesity.




Figure 3 | TRF improves glucose tolerance and insulin sensitivity in mice on a high-fat diet (HFD). (A) Body weight regulation in HFD mice under TRF during a 12-week observation period. (B) Body weight differences at the 12-week endpoint for HFD mice. (C) Glucose tolerance in TRF HFD mice and (D) comparison of AUC. (E) Insulin sensitivity in TRF HFD mice and (F) comparison of AUC. (G) TRF reduces serum inflammatory cytokines (IL-6, IL-1β, TNF-α) in HFD mice. (H) TRF enhances glucose-stimulated insulin secretion in HFD mice.A-F, n=6. G-H, n=4. *P<0.05, **P<0.01, ***P<0.001.






3.3 Time-restricted feeding reduces hepatic lipid accumulation by downregulating lipogenic genes

We further explored whether TRF improves hepatic lipid accumulation. Using Oil Red O staining, we examined lipid accumulation in the livers of HFD-fed mice. Results showed that sustained HFD feeding induced substantial lipid accumulation and vacuolar degeneration in the liver, while TRF significantly reduced both hepatic lipid accumulation and vacuolar degeneration, with a reduction of approximately 30% in lipid content compared to the control group (Figures 4A, B). These results suggest that TRF can reverse hepatic steatosis induced by a high-fat diet. To further understand the mechanism, we measured serum lipid levels, including triglycerides (TG), total cholesterol (TC), low-density lipoprotein (LDL), and apolipoprotein A1 (ApoA-1). TRF significantly reduced serum TG, TC, and ApoA-1 levels but had no effect on LDL levels (Figure 4C), indicating that TRF lowers serum lipid levels, which may contribute to its protective effect against hepatic steatosis. To investigate whether TRF reduces hepatic lipid accumulation by downregulating lipid synthesis, we measured the expression of lipogenic genes (Fasn, Acc1, Srebp1c, and Chrebp). TRF significantly downregulated the expression of Fasn and Acc1, both of which are closely related to lipid synthesis, as well as Srebp1c, a key gene associated with non-alcoholic fatty liver disease (Figure 4D). These findings suggest that TRF ameliorates hepatic steatosis by reducing the expression of lipogenic genes.




Figure 4 | TRF improves lipid metabolism in HFD mice. (A) Oil Red O staining of liver sections from HFD mice following TRF. (B) Quantification of lipid content from liver sections stained with Oil Red O. (C) Effect of TRF on serum lipid levels (TG, TC, LDL, and ApoA1) in HFD mice. (D) TRF reduces the expression of hepatic lipogenic genes (Fasn, Acc1, Srebp1c, and Chrebp) in HFD mice.n=4. TG, triglycerides; TC, total cholesterol; LDL, low-density lipoprotein; ApoA1, apolipoprotein A1. *P<0.05, **P<0.01, ***P<0.001.






3.4 Time-restricted feeding regulates brown adipose tissue thermogenesis and reduces white adipose tissue accumulation

Fasting has been found to improve glucose and lipid metabolism in mice fed a high-fat diet (HFD), particularly by reducing hepatic steatosis. Previous studies have shown that the effects of fasting on lipid accumulation are not limited to reducing lipid intake but also include increasing energy expenditure. Therefore, we further investigated the thermogenic effects of brown adipose tissue (BAT), which is a key organ involved in systemic energy metabolism.First, we performed histological staining of BAT from HFD-fed mice to observe changes in BAT size and the whitening effect of BAT under HFD challenge. The results showed that in the control group, BAT exhibited typical whitening under prolonged HFD feeding, characterized by the appearance of large lipid vacuoles, resembling those of white adipose tissue (Figure 5A). In contrast, fasting reversed this whitening phenomenon in the fasting group, where BAT remained denser, without large lipid vacuoles. This indicates that fasting has a protective effect against the whitening of BAT. However, the protective mechanism of fasting on BAT remains unclear.Literature suggests that BAT, as a thermogenic organ, has a heat-generating capacity closely related to its brown phenotype, and increased thermogenesis can result in elevated body temperature. To investigate further, we measured the oral and interscapular BAT temperatures in mice using a small animal temperature monitoring device. The results indicated that, in normal diet-fed mice, fasting had minimal impact on BAT thermogenesis under either room temperature (RT) or cold-induced (cold shock) conditions. However, in HFD-fed mice, fasting enhanced thermogenesis in the interscapular BAT region following cold shock, though no significant differences in thermogenesis were observed between the groups under RT conditions (Figures 5B, C).To verify these phenotypic observations, we measured the expression levels of key thermogenic genes and proteins (UCP1 and PGC-1α) in BAT. Our results demonstrated that time-restricted fasting increased the expression of both UCP1 and PGC-1α at the gene and protein levels in BAT (Figures 5D–F), which could explain the observed rise in BAT temperature in the fasting group. These findings suggest that fasting can regulate BAT thermogenesis, potentially contributing to its therapeutic effects on metabolic syndrome.Additionally, epididymal white adipose tissue (WAT), a representative of white fat, was used to assess fasting’s effects on lipid accumulation. We performed histological staining of epididymal WAT from HFD-fed mice and measured adipocyte diameter. The results showed that fasting reduced adipocyte diameter in epididymal WAT (Figure 5G). We hypothesize that this change may be due to a combination of reduced serum lipid levels and increased BAT thermogenesis induced by fasting.




Figure 5 | TRF enhances brown adipose tissue (BAT) thermogenesis in HFD mice. (A) HE staining of frozen BAT sections from HFD mice after TRF. (B) Effect of TRF on oral and interscapular BAT temperature at room temperature in HFD mice. (C) Effect of TRF on oral and interscapular BAT temperature under cold-induced conditions in HFD mice. (D–F) TRF increases the expression of thermogenic genes and protein(Ucp1 and PGC-1α) in BAT of HFD mice. (G) TRF reduces white adipose tissue (WAT) cell size in HFD mice. The bar graph shows differences in adipocyte diameter. n=4-5. *P<0.05, **P<0.01, ***P<0.001.



These results provide insight into the mechanisms by which fasting influences fat thermogenesis and lipid accumulation, offering a potential explanation for its beneficial effects in the treatment of metabolic syndrome (Figure 6).




Figure 6 | Conceptual diagram illustrating the metabolic benefits of TRF in mice.







4 Discussion

Preclinical and clinical studies have shown that intermittent fasting has broad benefits for many diseases, including obesity, type 2 diabetes, and hypertension, as well as improving cardiovascular risk factors (25). In our study, we found that time-restricted fasting (16 + 8 mode) can improve metabolic syndrome by activating brown fat thermogenesis and reducing inflammatory markers.

In this study, we used mice fed a normal diet as a surrogate for the general population. Through 12 weeks of time-restricted fasting, we found that time-restricted fasting can improve insulin sensitivity and reduce serum inflammation in mice on a normal diet, but the change in body weight is very weak. Our findings are different from (26), who found that time-restricted fasting can reduce the body weight of mice on a normal diet. But the fasting mode they adopted is also different from ours. Li et al. adopted fasting every other day, and they improved metabolic syndrome by affecting intestinal microbial metabolism. The weight phenotype of mice on a normal diet was not found in the fasting mode we adopted. However, our findings on improving insulin sensitivity and serum inflammation are consistent with Li (26). This also further suggests that the improvement of metabolic syndrome by the 16 + 8 fasting mode may be related to the abundance and metabolism of intestinal microorganisms, although this item was not involved in our study. In addition, related studies have also suggested that time-restricted fasting has inconsistent effects on weight loss in different diets (high-fat or normal) (27). This may be because a high-fat diet can amplify the weight phenotype. As for the reason why time-restricted fasting improves insulin resistance, we believe that time-restricted fasting may have an activating effect on insulin receptor targets in skeletal muscle and related organs, which requires further study. Recent studies have also explained the beneficial effects of time-restricted fasting on insulin resistance, believing that time-restricted fasting may regulate phenotypic changes caused by fat metabolism through the PPAR pathway (28). Zhang et al. believe that time-restricted fasting reduces insulin resistance by activating the SIRT3 pathway (29). In this study, we are more convinced that PPAR activation activates insulin resistance caused by fat metabolism, so we observed changes in adipocyte size. Although we did not detect the protein level of PPAR, the level of UCP1 thermogenic protein similar to PPAR was found to be increased in our study.

We further used high-fat diet mice as a substitute for obese or Western diet people. We found that time-restricted fasting not only reduced the weight of high-fat diet mice, but also improved glucose tolerance and insulin resistance in mice. We further found that time-restricted fasting reduced low-grade inflammation in high-fat diet mice and improved liver fat accumulation and white adipocyte size. Our results are consistent with those of Reinisch (30) and other studies. As for the improvement of liver fat accumulation, related studies (31) believe that it is mediated by cup apoptosis, although we did not explore this point in depth. But importantly, we found that fasting can increase the brown fat heat production in mice. At room temperature, the brown fat temperature of time-restricted fasting mice was slightly higher than that of the control group, and after cold induction, this phenomenon was very obvious. This change may be related to the activation of brown fat heat production genes (Ucp1 and PGC-1α). In the study of Li (26), it was found that time-restricted fasting may promote the browning of white fat by reshaping intestinal microorganisms, further improving the obese phenotype. As a new explanation, this provides a new idea for time-restricted fasting to improve metabolic syndrome. Other studies have shown that intermittent fasting promotes fat thermogenesis and metabolic homeostasis through VEGF-mediated alternative activation of macrophages (32). However, in further studies, we found that time-restricted fasting can also reduce the expression level of hepatic lipid production genes, which may be beneficial for the treatment of non-alcoholic fatty liver disease. In short, our findings provide another new perspective on time-restricted fasting, which can increase brown fat thermogenesis. In addition, we also observed that after time-restricted fasting, the insulin secretion of mice after glucose stimulation increased significantly, which may be related to the increase in the number of pancreatic β cells or the enhancement of secretory function. This phenomenon has been reported by researchers such as Matthew (33). In addition, relevant researchers (34) also proposed that time-restricted fasting can alleviate metabolic syndrome by regulating bile acid, but this direction was not explored in this study. Although time-restricted fasting has been used clinically as a powerful and simple dietary regulation method, it can prolong the lifespan and health lifespan of model organisms and improve various diseases (35). However, it is necessary to clarify the internal preparations involved in order to recommend corresponding benefits for treatment. Nevertheless, our study did not observe or detect the number of calories consumed by mice with time-restricted fasting every day. This requires further study in our subsequent studies to further study whether the weight loss is the result of the combined effect of reduced calorie intake and energy expenditure while controlling calorie intake. Although this study suggests that the 16 + 8 fasting mode can improve metabolic syndrome by activating brown fat thermogenesis and reducing inflammatory markers, these studies are limited to animals and these results have not been observed in humans. We expect that subsequent studies will make up for this limitation.

In conclusion, in this study, we found that time-restricted fasting can activate brown fat thermogenesis and reduce inflammatory markers, and this effect will be beneficial to improve hepatic steatosis and reduce white fat accumulation.




5 Conclusion

In conclusion, we found that TRF improves metabolic health by enhancing BAT thermogenesis and reducing inflammatory markers, offering potential benefits for managing hepatic steatosis and reducing white adipose tissue accumulation.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal studies were approved by First Affiliated Hospital of Gannan Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.





Author contributions

YG: Conceptualization, Data curation, Formal analysis, Investigation, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. HZ: Data curation, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. JF: Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. YL: Conceptualization, Formal analysis, Methodology, Project administration, Writing – review & editing. MJ: Investigation, Software, Writing – original draft. SW: Data curation, Funding acquisition, Investigation, Project administration, Visualization, Writing – original draft, Writing – review & editing. QM: Conceptualization, Data curation, Formal analysis, Investigation, Project administration, Resources, Software, Supervision, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the key laboratory of colorectal and anorectal diseases in Ganzhou, Project Fund of Jiangxi Health Commission (202210908).




Acknowledgments

We thank LetPub (www.letpub.com) for its linguistic assistance during the preparation of this manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Cornier, MA, Dabelea, D, Hernandez, TL, Lindstrom, RC, Steig, AJ, Stob, NR, et al. The metabolic syndrome. Endocr Rev. (2008) 29:777–822. doi: 10.1210/er.2008-0024

2. Withrow, D, and Alter, DA. The economic burden of obesity worldwide: a systematic review of the direct costs of obesity. Obes Rev. (2011) 12:131–41. doi: 10.1111/j.1467-789X.2009.00712.x

3. DeBoer, MD. Obesity, systemic inflammation, and increased risk for cardiovascular disease and diabetes among adolescents: a need for screening tools to target interventions. Nutrition. (2013) 29:379–86. doi: 10.1016/j.nut.2012.07.003

4. Wang, HH, Lee, DK, Liu, M, Portincasa, P, and Wang, DQ. Novel insights into the pathogenesis and management of the metabolic syndrome. Pediatr Gastroenterol Hepatol Nutr. (2020) 23:189–230. doi: 10.5223/pghn.2020.23.3.189

5. Jamali, Z, Ayoobi, F, Jalali, Z, Bidaki, R, Lotfi, MA, Esmaeili-Nadimi, A, et al. Metabolic syndrome: a population-based study of prevalence and risk factors. Sci Rep. (2024) 14:3987. doi: 10.1038/s41598-024-54367-4

6. Yang, W, Wu, Y, Chen, Y, Chen, S, Gao, X, Wu, S, et al. Different levels of physical activity and risk of developing type 2 diabetes among adults with prediabetes: a population-based cohort study. Nutr J. (2024) 23:107. doi: 10.1186/s12937-024-01013-4

7. Ward, ZJ, Bleich, SN, Cradock, AL, Barrett, JL, Giles, CM, Flax, C, et al. Projected U.S. State-level prevalence of adult obesity and severe obesity. N Engl J Med. (2019) 381:2440–50. doi: 10.1056/NEJMsa1909301

8. Lee, H, Kim, JS, and Shin, H. Predicting the transition to metabolically unhealthy obesity among young adults with metabolically healthy obesity in South Korea: nationwide population-based study. JMIR Public Health Surveill. (2024) 10:e52103. doi: 10.2196/52103

9. Chaix, A, Zarrinpar, A, Miu, P, and Panda, S. Time-restricted feeding is a preventative and therapeutic intervention against diverse nutritional challenges. Cell Metab. (2014) 20:991–1005. doi: 10.1016/j.cmet.2014.11.001

10. Sutton, EF, Beyl, R, Early, KS, Cefalu, WT, Ravussin, E, and Peterson, CM. Early time-restricted feeding improves insulin sensitivity, blood pressure, and oxidative stress even without weight loss in men with prediabetes. Cell Metab. (2018) 27:1212–1221 e1213. doi: 10.1016/j.cmet.2018.04.010

11. Xie, Z, Sun, Y, Ye, Y, Hu, D, Zhang, H, He, Z, et al. Randomized controlled trial for time-restricted eating in healthy volunteers without obesity. Nat Commun. (2022) 13:1003. doi: 10.1038/s41467-022-28662-5

12. Malinowski, B, Zalewska, K, Wesierska, A, Sokolowska, MM, Socha, M, Liczner, G, et al. Intermittent fasting in cardiovascular disorders-an overview. Nutrients. (2019) 11. doi: 10.3390/nu11030673

13. de la Iglesia, R, Loria-Kohen, V, Zulet, MA, Martinez, JA, Reglero, G, and Ramirez de Molina, A. Dietary strategies implicated in the prevention and treatment of metabolic syndrome. Int J Mol Sci. (2016) 17. doi: 10.3390/ijms17111877

14. Mattson, MP, Longo, VD, and Harvie, M. ). Impact of intermittent fasting on health and disease processes. Ageing Res Rev. (2017) 39:46–58. doi: 10.1016/j.arr.2016.10.005

15. Swiatkiewicz, I, Wozniak, A, and Taub, PR. Time-restricted eating and metabolic syndrome: current status and future perspectives. Nutrients. (2021) 13. doi: 10.3390/nu13010221

16. Yuan, X, Wang, J, Yang, S, Gao, M, Cao, L, Li, X, et al. Effect of intermittent fasting diet on glucose and lipid metabolism and insulin resistance in patients with impaired glucose and lipid metabolism: A systematic review and meta-analysis. Int J Endocrinol. (2022) 2022:6999907. doi: 10.1155/2022/6999907

17. Gabel, K, Kroeger, CM, Trepanowski, JF, Hoddy, KK, Cienfuegos, S, Kalam, F, et al. Differential effects of alternate-day fasting versus daily calorie restriction on insulin resistance. Obes (Silver Spring). (2019) 27:1443–50. doi: 10.1002/oby.22564

18. Cui, Y, Cai, T, Zhou, Z, Mu, Y, Lu, Y, Gao, Z, et al. Health effects of alternate-day fasting in adults: A systematic review and meta-analysis. Front Nutr. (2020) 7:586036. doi: 10.3389/fnut.2020.586036

19. Hajek, P, Przulj, D, Pesola, F, McRobbie, H, Peerbux, S, Phillips-Waller, A, et al. A randomised controlled trial of the 5:2 diet. PloS One. (2021) 16:e0258853. doi: 10.1371/journal.pone.0258853

20. He, S, Wang, J, Zhang, J, and Xu, J. Intermittent versus continuous energy restriction for weight loss and metabolic improvement: A meta-analysis and systematic review. Obes (Silver Spring). (2021) 29:108–15. doi: 10.1002/oby.23023

21. Arciero, PJ, Poe, M, Mohr, AE, Ives, SJ, Arciero, A, Sweazea, KL, et al. Intermittent fasting and protein pacing are superior to caloric restriction for weight and visceral fat loss. Obes (Silver Spring). (2023) 31 Suppl 1:139–49. doi: 10.1002/oby.23660

22. Borer, K. Effects of duration of uninterrupted fast in weekly intermittent fasting: Comparison of an 82-week 5:2 case report to an isocaloric modified 4:3 protocol. Res Sq. (2023). doi: 10.21203/rs.3.rs-3701752/v1

23. Tsameret, S, Chapnik, N, and Froy, O. Effect of early vs. late time-restricted high-fat feeding on circadian metabolism and weight loss in obese mice. Cell Mol Life Sci. (2023) 80:180. doi: 10.1007/s00018-023-04834-4

24. Sukkriang, N, and Buranapin, S. Effect of intermittent fasting 16:8 and 14:10 compared with control-group on weight reduction and metabolic outcomes in obesity with type 2 diabetes patients: A randomized controlled trial. J Diabetes Investig. (2024) 15:1297–305. doi: 10.1111/jdi.14186

25. Vasim, I, Majeed, CN, and DeBoer, MD. Intermittent fasting and metabolic health. Nutrients. (2022) 14. doi: 10.3390/nu14030631

26. Li, G, Xie, C, Lu, S, Nichols, RG, Tian, Y, Li, L, et al. Intermittent fasting promotes white adipose browning and decreases obesity by shaping the gut microbiota. Cell Metab. (2017) 26:672–685 e674. doi: 10.1016/j.cmet.2017.08.019

27. Fu, J, Liu, S, Li, M, Guo, F, Wu, X, Hu, J, et al. Optimal fasting duration for mice as assessed by metabolic status. Sci Rep. (2024) 14:21509. doi: 10.1038/s41598-024-72695-3

28. He, Y, Zhang, R, Yu, L, Zahr, T, Li, X, Kim, TW, et al. PPARgamma acetylation in adipocytes exacerbates BAT whitening and worsens age-associated metabolic dysfunction. Cells. (2023) 12. doi: 10.3390/cells12101424

29. Zhang, Y, Gao, F, Gong, H, Fu, Y, Liu, B, Qin, X, et al. Intermittent fasting attenuates obesity-related atrial fibrillation via SIRT3-mediated insulin resistance mitigation. Biochim Biophys Acta Mol Basis Dis. (2023) 1869:166638. doi: 10.1016/j.bbadis.2023.166638

30. Reinisch, I, Michenthaler, H, Sulaj, A, Moyschewitz, E, Krstic, J, Galhuber, M, et al. Adipocyte p53 coordinates the response to intermittent fasting by regulating adipose tissue immune cell landscape. Nat Commun. (2024) 15:1391. doi: 10.1038/s41467-024-45724-y

31. Wu, C, Liu, X, Zhong, L, Zhou, Y, Long, L, Yi, T, et al. Identification of cuproptosis-related genes in nonalcoholic fatty liver disease. Oxid Med Cell Longev. (2023) 2023:9245667. doi: 10.1155/2023/9245667

32. Kim, KH, Kim, YH, Son, JE, Lee, JH, Kim, S, Choe, MS, et al. Intermittent fasting promotes adipose thermogenesis and metabolic homeostasis via VEGF-mediated alternative activation of macrophage. Cell Res. (2017) 27:1309–26. doi: 10.1038/cr.2017.126

33. Brown, MR, Sen, SK, Mazzone, A, Her, TK, Xiong, Y, Lee, JH, et al. Time-restricted feeding prevents deleterious metabolic effects of circadian disruption through epigenetic control of beta cell function. Sci Adv. (2021) 7:eabg6856. doi: 10.1126/sciadv.abg6856

34. Lin, X, Zhu, X, Xin, Y, Zhang, P, Xiao, Y, He, T, et al. Intermittent fasting alleviates non-alcoholic steatohepatitis by regulating bile acid metabolism and promoting fecal bile acid excretion in high-fat and high-cholesterol diet fed mice. Mol Nutr Food Res. (2023) 67:e2200595. doi: 10.1002/mnfr.202200595

35. Hofer, SJ, Carmona-Gutierrez, D, Mueller, MI, and Madeo, F. The ups and downs of caloric restriction and fasting: from molecular effects to clinical application. EMBO Mol Med. (2022) 14:e14418. doi: 10.15252/emmm.202114418




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Gong, Zhang, Feng, Ying, Ji, Wei and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1501850-g004.jpg
B HFD liver ORO

1.5
* 1 Control

m TRF

1.0

Liver ORO

Liver ORO

Control TRF

C HFD

Group HFD liver gene

S 15 D c
.‘7’ 1 Control O 15
» o TRE 'CTJ . . o ns [ Control
o 0 = TRF
— 1.0 o
g. a 1.0
; 3
Qo5
> Qo5
e [T}
) o
o TG TC LDL A 0.0
poA-I 14

Fasn Acc1  Shrebp1c Chrebp





OEBPS/Images/fimmu-16-1501850-g006.jpg
time-restricted feeding

Reduced lipid content i






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Time-restricted feeding improves metabolic syndrome by activating thermogenesis in brown adipose tissue and reducing inflammatory markers

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animal experiment and study design

          



          		

            2.2 Assessment of glucose tolerance, insulin secretion, and insulin sensitivity

          



          		

            2.3 RNA isolation and quantitative RT-PCR

          



          		

            2.4 Blood glucose and insulin analysis

          



          		

            2.5 Body temperature measurement system

          



          		

            2.6 Measurement of inflammatory markers

          



          		

            2.7 HE staining and Oil Red O staining

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Time-restricted feeding improves insulin sensitivity and reduces serum inflammation in mice on a normal diet

          



          		

            3.2 Time-restricted feeding improves insulin sensitivity, reduces inflammation, and exhibits anti-obesity effects in mice on a high-fat diet

          



          		

            3.3 Time-restricted feeding reduces hepatic lipid accumulation by downregulating lipogenic genes

          



          		

            3.4 Time-restricted feeding regulates brown adipose tissue thermogenesis and reduces white adipose tissue accumulation

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1501850-g003.jpg
HFD B HFD weight 12weeks
-©- Control 50 *% I Control
= TRF . 40 = TRF
=L
£ 3
o)
'© 20
; 10
0
0 2 4 6 8 10 12 Control TRF
Time(weeks) Group
HFD GTT D
— HFD GTT AUC
% * o -&- Control g 2000 Fekek
Kzo & TRE E - = Control
@ @ 1500 ol
9 7]
o o]
= 4 S 1000
= S
_8 (o))
S 500
O (o]
m S
0 30 60 90 120 m 0
Tlme(mln) Control TRF
Group
HFD ITT F HFD ITT AUC
E _— %%k
E -~ Control % 800 I Control
s 2 TRF &= o
8 = 0 = TRF
4 (72]
9 (o]
s ‘:-,’ 400
_g) )
S 200
8 (o]
k°) O
m m °
0 30 60 90 120 Control TRF
Time(min) Group

Q

Insulin(ng/ml)

as

Reletive expression

g
=}

-
(5.}

-
o

=
o

HFD Inflammatory factors

-
a

-
o

S
o

S
=)

* k%

IL-6

HFD GSIS

-©- Control
= TRF

* %

Time(min)

TNF-a IL-1b

[ Control
M TRF





OEBPS/Images/fimmu-16-1501850-g001.jpg
12 weeks

. —» 1
Normal diet sacrifice

Time-restricted feeding
8:00AM—4:00PM

’ Random diet
&=
12 weeks
High fatl diet ——— sacrifice

«
-
@.—x
o

Time-restricted feeding
8:00AM—4:00PM

ND weight 12weeks

40
~&- Control I Control
= TRF — 30 wn TRF
(@)
A
=
[e)) 20
‘O
; 10
0
0 2 4 6 8 10 12 Control TRF

Time(weeks) Group





OEBPS/Images/fimmu-16-1501850-g005.jpg
TRF
- w— o wew | 91kDa

Control

- S

PGC-1la

TRF

Control

UCP1

<
m

B-actin | N e N WS o

-~

UCP1

“
Control TRF

©

PGC-1a

83

HFD BAT gene

*
*

1 Control
mn TRF

*k
PGC-1a

* _

< © N - o

uoissaidxa aAnajoy

Ucp1

0

N -
(unoe-4/1ddN)
uoIss.1dxXd IANIPY

Control TRF

© o

(unde-g/m1-39d)
uoI1SS1dXd IAI[Y

[ Control
W TRF

(=] [=] o o
N -~

D )ainjesadwa |

BAT

HFD(cold shock)

Oral

HFD WAT diameter

m
Control TRF

RF

T

Control

50

= Control
mn TRF

00

1 Control
mm TRF

*

ns

[

O

o

D )ain

o o

7o)

=
<
=
& ¢ °
jesadwa |

3

m:a Lwﬂmsm__o o)

BAT

Oral





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1501850-g002.jpg
ND GTT ND GTT AUC _ ND ITT
20 1500 * =8
% = Control qé © Control é
E‘ 15 & TRF =] mm TRF 3 6
4 O 4000 Q
O - o
2 10 3 =N
= = o
o S s T 2
- 54 o
o © o
9 o m°
m < 0 0 30 60 90 120
0 30 60 90 120 Control TRF Time(min)
Time(min) Group
D E ND Inflammatory factors F
ND ITT AUC
@ 500 - g 15 w1 Control ND GSIS
P i = Control ) ONtrol 45 *
S 400 m= TRF 4 = TRF=
& o 1.0 g
o 300 Q o 10
3 X E
c 200 O =
> D o5 = 0.5
S 100 = 2
0 = E
< o % 0.0
Control TRF 0.0 0 5 10 15
m .

Group IL-6 TNF-a IL-1b Time(min)

=~ Control
8 TRF

-2~ Control
=2 TRF





OEBPS/Images/table1.jpg
Fasn
Accl
Srebplc
Chrebp
Ucpl
PGC-lo

B-actin

Gene name

rwar

GGAGGTGGTGATAGCCGGTAT

ATGGGCGGAATGGTCTCTTTC

TGACCCGGCTATTCCGTGA

AGATGGAGAACCGACGTATCA

AGGCTTCCAGTACCATTAGGT

TATGGAGTGACATAGAGTGTGCT

GGCTGTATTCCCCTCCATCG

REVES
TGGGTAATCCATAGAGCCCAG
TGGGGACCTTGTCTTCATCAT
CTGGGCTGAGCAATACAGTTC
ACTGAGCGTGCTGACAAGTC
CTGAGTGAGGCAAAGCTGATTT
CCACTTCAATCCACCCAGAAAG

CCAGTTGGTAACAATGCCATGT






OEBPS/Images/fimmu.2025.1501850_cover.jpg
& frontiers | Frontiers in Immunology

Time-restricted feeding improves metabolic
syndrome by activating thermogenesis in
brown adipose tissue and reducing
inflammatory markers





