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Background/Objectives: To evaluate the impact of maximal fat oxidation intensity exercise combined with calorie restriction intervention on lipid-related parameters in a hypercholesterolemic population, and to determine if an optimal range of calorie restriction exists for effectively enhancing blood lipid profiles.Methods: A 4-week intervention study combined exercise and calorie restriction for 64 patients aged 18–60 with secondary hypercholesterolemia. Ultimately, 43 participants completed the study. The dietary intervention adhered to the principles of a balanced diet, with meal plans designed to provide three meals per day for the duration of the study. Each subject’s daily calorie intake was set to match their individual resting energy expenditure (REE) plus varying proportions of physical activity (PA) calories. Participants were divided into four groups based on these proportions: REE only, REE + PA33%, REE + PA67%, and REE + PA100%. FATmax exercises were conducted 5 times per week, lasting 1 h each.Results: 1) Compared with baseline, subjects’ body weight, fat mass and body fat rate decreased significantly; fat-free mass also decreased significantly in the REE, REE + PA33%, and REE + PA67% groups. 2) Subjects’ serum TC decreased significantly; serum LDL-C and ApoB decreased significantly in the REE, REE + PA33%, and REE + PA67% groups; there were no significant changes in serum HDL-C and ApoA1. 3) Serum PCSK9 was significantly decreased in the REE and the REE + PA 67% groups; serum LDLR was significantly decreased in all groups of subjects. 4) Between the groups, the rate of change in serum LDL-C was significantly different.Conclusion: FATmax exercise combined with proper proportions of calorie restriction can significantly decrease serum cholesterol levels and fat mass in hypercholesterolemic patients. Nevertheless, it is misleading to assume that a drastic reduction in calorie intake invariably results in superior outcomes. Optimal cost-effectiveness may be achieved within a calorie restriction range of REE + PA33-67%.Keywords: FATmax exercise, calorie restriction, LDL-C, ApoB, proprotein convertase subtilisin kexin type 9 (PCSK9)
1 INTRODUCTION
Calorie restriction, involving a 25%–30% reduction in daily calorie intake while ensuring sufficient essential nutrients and avoiding malnutrition, effectively regulates lipids and reduces body weight (Ewa et al., 2022). However, prolonged low-calorie diets or inadequate nutrition may increase skeletal muscle catabolism, impairing muscle function and reducing muscle mass (Kiesswetter, 2017). Recent studies indicate that a moderate 25%–30% calorie reduction can reduce triglyceride and total cholesterol levels while promoting weight loss. Some studies also suggest that more substantial calorie reductions (30%–60%) can significantly lower cholesterol levels and enhance body composition (Napoleão et al., 2021; Mitchell et al., 2016; Martin et al., 2016; Ramos-Campo et al., 2024; Gallardo et al., 2014; Guo et al., 2023).
Exercise is crucial for reducing serum cholesterol and promoting weight management. Maximum fat oxidation intensity exercise is an aerobic exercise with the peak rate of fat oxidation during exercise (JeanFrédéric et al., 2022). Numerous studies have demonstrated that this particular exercise intensity positively influences glucose and lipid metabolism, significantly decreases total serum cholesterol and body fat rate, and is safe and efficient (Dumortier et al., 2003; Heda, 2018; PENG et al., 2022).
Both exercise and diet can reduce blood lipid levels and decrease fat mass. The combination of these interventions is known to yield better results than either alone (Xie et al., 2024). However, research on FATmax exercise with caloric restriction is limited. Previous studies showed that prolonged energy intake reduction may dilute weight loss effect due to endocrine function disorder, energy expenditure reducing, and appetite increase (Ochner et al., 2013). The properties of FATmax exercise, including minimize appetite and highest lipid oxidation rates, can assure its effectiveness on weight loss when combined with adequate protein intake (Brun et al., 2022). Additionally, 4 weeks of FATmax training without calorie restriction is less effective in reducing fat mass compared to 8–10 weeks of training (Chávez-Guevara et al., 2020). In contrast, 16 weeks of FATmax exercise combined with caloric restriction significantly reduced serum cholesterol levels and body weight (Ipavec-Levasseur et al., 2015). Thus, it seems that long time, which is at least 8–10 weeks, is necessary for FATmax exercise to exhibit significant weight loss effect, and even longer time to show blood lipid reduction. Futhermore, the optimal calorie intake for reducing serum cholesterol and body composition remains unclear. So this preliminary investigation intends to provide a more personalized and precise approach for weight loss and lipid reduction, specifically identifying the most effective calorie restriction regimen for reducing serum cholesterol levels and body composition in individuals with secondary hypercholesterolemia,and to provide a reference for optimizing fat loss exercise and diet plans.
2 MATERIALS AND METHODS
2.1 Study registration and participants
64 subjects with secondary hypercholesterolemia were recruited from Yangtze University (Jingzhou, China). Prior to the intervention, all subjects voluntarily signed the Informed Consent Form and completed the Personal Basic Information Questionnaire, the China Physical Activity Questionnaire (CPAQ), and the Physical Activity Readiness Questionnaire (2014 PAR-Q+).
Inclusion and exclusion criteria for subjects: 1) age 18–60 years; 2) weight fluctuation ≤5 kg in 6 months; 3) secondary hypercholesterolemia, meeting the diagnostic criteria of TC ≥ 5.2 mmol/L or LDL-C ≥3.4 mmol/L as defined in the Chinese Guidelines for Prevention and Control of Dyslipidemia in Adults (2016 Revision); 4) exclusion of those with a history of serious diseases such as severe hypertension, diabetic complications, coronary heart disease of grade 3 or above, etc.; 5) no systematic exercise training or exercise habit in the past 5 years; 6) exclusion of those who are unable to carry out prolonged, low-intensity exercise due to injuries or illnesses.
The protocol received approval from the Ethics Committee for Human Exercise Experimentation at the China Institute of Sport Science, with the approval number 2023082401. The experimental procedure is as follows: Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of study: Abbreviations: REE, resting energy expenditure; PA, physical activity.
2.2 Diet and exercise program
2.2.1 Calorie restriction program
Daily dietary calorie intake was calculated as the sum of resting energy expenditure (REE) and physical activity (PA) calories. REE was measured using a gas metabolism analyzer, while PA calories were assessed via accelerometers. Subjects were divided into four groups based on different calorie restriction ratios: 1) REE group (n = 16); 2) REE + PA33% group (n = 16); 3) REE + PA67% group: (n = 16); 4) REE + PA100% group (n = 16). All meals followed a balanced dietary structure in accordance with the Balanced Dietary Guidelines for Chinese Residents (2022). The calorie distribution of the three meals was breakfast: lunch: dinner = 30%: 40%: 30%. The macronutrient energy supply ratio was carbohydrate: protein: fat = 50–60%: 20%–30%: 20%–25%, with other nutrients matched according to the Dietary Reference Intakes for Chinese Residents (DRIs 2013).
Before the experiment, we surveyed subjects’ dietary restrictions and preferences via mobile phone questionnaires to ensure the food matched their tastes. During the experiment, three meals were prepared daily for all participants and meticulously weighed to ensure strict adherence to the protocol. Subjects were required to eat all provided food at each meal and follow a strict three-meal-per-day schedule without additional food. They were encouraged to increase water intake during the intervention period. Most subjects ate on-site, while a few took meals home or to the office. Additionally, we monitored body composition daily by using the InBody 270 to assess the intervention’s effectiveness and prevent any abnormal weight gain due to unauthorized food intake.
2.2.2 Exercise training program
Subjects completed a 4-week exercise intervention program, with each session lasting 1 h and conducted 5 times per week. Given that individuals unaccustomed to regular exercise primarily exhibit adaptive physiological changes characterized by adjustments in target heart rate during the initial training period, all subjects underwent 12 FATmax tests throughout the intervention. The target heart rate corresponding to the measured FATmax was used as the training target heart rate to ensure precise exercise intensity.
The FATmax testing schedule was as follows: before each training session in the first week; before Monday and Thursday sessions in week 2, 3, and 4. A final FATmax test was completed within 1 day post-intervention. Subjects were instructed to maintain continuous exercise for 1 h at the target heart rate, ensuring it remained within ±5 beats of the target. Vigorous physical activity was avoided on weekends.
2.3 Measurements
2.3.1 Body composition
Subjects were instructed to fast for a minimum of 8 h and empty bowels. They were also required to wear light clothing and remove metal jewelry for the test. Body composition analyzer (Visbody-D Pro3, China) was used to measure body weight, body fat, fat-free weight, and body fat rate before and after the intervention.
2.3.2 Resting energy expenditure
Preparation conditions for subjects: 1) no vigorous exercise within 24 h before the test, and abstention from beverages containing alcohol, caffeine, or strong tea; 2) maintenance of a normal diet and adequate sleep; 3) fasting for at least 8 h. The testing temperature was maintained at 25°C. Subjects tested quieyly for 15 min to stabilize their heart rate before the test began. Participants wore a gas metabolism analyzer (Metamax 3B, Cortex, Germany) and a Polar heart rate monitor (Polar H7, Finland) while lying supine. During the test, subjects remianed awake, calm,and breath regularly for 20 min. Measurements over 20 min showed the subject’s oxygen uptake remained within a 5% fluctuation for at least five consecutive minutes, indicating stability. The mean value represented the REE. (Sanchez-Delgado et al., 2018).
2.3.3 Physical activity
Accelerometer sensors (ActiGraph wGT3X-BT; ActiGraph LLC, Pensacola, FL) measured Subjects’ daily physical activity levels. Subjects wore the device above the right iliac crest for five consecutive days, excluding sleep and bathing. The average energy expenditure from the three most active days (two weekdays and one weekend day) represented the highest daily physical activity intensity.
2.3.4 Fatmax test
The test was conducted at least 1 h postprandial, using a portable gas metabolism analyzer (Metamax 3B, Cortex, Germany), a Polar heart rate monitor (POLAR H7, Finland), and a treadmill (Mercury 4.0, h/p/cosmos, Germany).
Test procedure: An incrementally loaded treadmill exercise starting at 4 km/h, increasing speed by 1 km/h every 2 min until 6 km/h, then increasing the gradient by 1% every 2 min while monitoring the respiratory quotient.
Criteria for terminating the experiment: The respiratory quotient reached 0.95 (Amaro-Gahete et al., 2019). The fat oxidation rate was calculated as [fat oxidation (g/min) = 1.6946*V02 (L/min)-1.7012*VCO2(L/min)]. The highest fat oxidation rate identified as FATmax, with the corresponding heart rate set as the target for exercise.
2.3.5 Blood measurements
Fasting venous blood samples were collected from subjects 48 h before the experiment and 24 h after the fourth week. Serum was extracted for analysis of TC, HDL-C, LDL-C,ApoA1 and ApoB were measured using standardized enzymatic assays on a Chemistry Analyzer (Beckman Coulter AU5800, Brea, CA, USA). Serum levels of PCSK9 and LDLR were quantified by ELISA according to the manufacturer’s instructions (R&D, MULTISKAN MK3, Thermo, United States).
2.4 Data analysis
Data were analyzed using SPSS 27.0, with graphs generated in GraphPad Prism 9.0. Data normality was assessed using the Kolmogorov-Smirnov test. Paired t-tests were used for within-group comparisons, while one-way ANOVA or the Kruskal–Wallis test was applied for between-group differences based on data distribution. To control the error rate at 5%, Bonferroni correction (for homogeneous variances) or Tamhane’s T2 test (for heterogeneous variances) was used. Statistical significance was set at P < 0.05, with highly significant differences indicated by P < 0.01.
3 RESULTS
3.1 Changes in body composition
Table 1 and Figure 2 illustrate the extent of changes in body composition relative to baseline. Compared with the baseline, the body weight of the subjects decreased significantly after 4 weeks. Except for the REE + PA100% group, the fat-free mass of the other groups decreased significantly. The fat mass of four groups decreased significantly. The body fat rate of the four groups also decreased significantly.
TABLE 1 | Changes in body composition, lipids, PCSK9 and LDLR levels in subjects within each group before and after the intervention.
[image: Table 1][image: Figure 2]FIGURE 2 | Changes in body weight (A), fat mass (B), fat-free mass (C), and body fat rate (D) pre and post the intervention * represents p < 0.05; ** represents p < 0.01.
The body composition measures for all groups are summarized in Table 2 and Figure 3, which highlight the statistical differences among groups. No significant differences were observed in the rate of change of body weight, fat-free mass, fat massand body fat rate among the four groups.
TABLE 2 | Rates of change in body composition, lipids, PCSK9 and LDLR levels between groups.
[image: Table 2][image: Figure 3]FIGURE 3 | Rates of change between groups in body weight (A), fat mass (B), fat-free mass (C), and body fat rate (D): Circles represent the rate of change in the REE group; squares represent the rate of change in the REE + PA33% group; square triangles represent the rate of change in the REE + PA67% group; and inverted triangles represent the rate of change in the REE + PA100% group. Δ (%) = (after experiment-before experiment)/before experiment × 100%.
3.2 Changes in lipid
Table 1 and Figure 4 illustrates the magnitude of changes in blood lipid relative to baseline. Compared with the baseline, the serum TC of the subjects significantly decreased after 4 weeks. There was no significant change in serum HDL-C in all four groups; there was also no significant change in serum ApoA1. Except for the REE + PA100% group, the serum LDL-C in the REE, REE + PA33% and REE + PA67% groups all decreased significantly. Except for the REE + PA100% group, the serum ApoB in the REE, REE + PA33% and REE + PA67% groups all decreased significantly.
[image: Figure 4]FIGURE 4 | Changes in serum TC (A), HDL-C (B), LDL-C (C), ApoA1 (D), and ApoB (E) pre and post the intervention. * represents p < 0.05; ** represents p < 0.01.
The blood lipid measurements for all groups are presented in Table 2 and Figure 5, illustrating the statistical differences among groups. No significant differences were observed in the rates of change for serum TC, HDL-C, ApoA1, and ApoB across the groups. However, the rate of change for serum LDL-C was statistically significant among groups, particularly in the REE group and the REE + PA100% group (p = 0.01). Specifically, 77% of participants in the REE group, 56% in the REE + PA33% group, 60% in the REE + PA67% group, and 27% in the REE + PA100% group exhibited a reduction in serum TC levels below the inclusion criteria. Furthermore, 85% of participants in the REE group, 67% in the REE + PA33% group, 70% in the REE + PA67% group, and 45% in the REE + PA100% group demonstrated a decrease in serum LDL-C levels below the inclusion criteria.
[image: Figure 5]FIGURE 5 | Rates of change between groups in serum TC (A), HDL-C (B), LDL-C (C), ApoA1 (D), and ApoB (E): Circles represent the rate of change in the REE group; squares represent the rate of change in the REE + PA33% group; square triangles represent the rate of change in the REE + PA67% group; and inverted triangles represent the rate of change in the REE + PA100% group. Δ(%) = (after experiment-before experiment)/before experiment × 100%. ## represents p < 0.01 indicated that there was significant difference between REE and REE + PA100% groups.
3.3 Changes in serum PCSK9 and LDLR
As illustrated in Table 1 and Figure 6, serum PCSK9 levels were significantly reduced in the REE group and the REE + PA67% group compared to the baseline. In contrast, no significant changes were observed in the remaining two groups. Serum LDLR levels decreased significantly across all four groups.
[image: Figure 6]FIGURE 6 | Changes in serum PCSK9 (A) and LDLR (B) pre and post the intervention * represents p < 0.05; ** represents p < 0.01.
The differences in PCSK9 and LDLR levels among the groups are summarized in Table 2 and Figure 7. However, the rate of change in serum PCSK9 and LDLR levels did not reach statistical significance.
[image: Figure 7]FIGURE 7 | Rates of change between groups in serum PCSK9 (A) and LDLR (B): Circles represent the rate of change in the REE group; squares represent the rate of change in the REE + PA33% group; square triangles represent the rate of change in the REE + PA67% group; and inverted triangles represent the rate of change in the REE + PA100% group. Δ (%) = (after experiment-before experiment)/before experiment × 100%.
4 DISCUSSION
4.1 Effects of FATmax exercise combined with calorie restriction on body composition
The exercise intensity at which fat oxidation peaks during exercise is called FATmax (Purdom et al., 2018). FATmax exercise improve lipid metabolism, promote fatty acid transport and oxidation, improve body composition, and increase cardiorespiratory endurance in overweight and obese individuals (Cao et al., 2019; Dizhi et al., 2023; Jiang et al., 2020). Calorie restriction also helps lower blood lipid levels, reduce body weight and decrease cardiovascular risk (Luna-Castillo et al., 2022; Wang et al., 2024; Smith et al., 2024; Son et al., 2021; Senesi et al., 2021). In an animal study, a 45% calorie restriction led to significantly greater reductions in body weight and visceral fat compared to a 25% restriction (Yu et al., 2018). Calorie restriction lowers body weight by decreasing daily intake; combining it with exercise further enhance this effect (Xie et al., 2024). Theoretically, FATmax indicates the exercise intensity for optimal fat loss. However, in practice, individual differences in glycolipid metabolism and nutritional status can affect FATmax measurement results.
This study found that 4 weeks of FATmax exercise with varying degrees of calorie restriction can significantly reduce body weight, fat mass, and body fat rate in individuals with hypercholesterolemia (Figure 2). Previous studies on FATmax training without dietary intervention typically lasted 2–4 months. This study, however, applied a 4-week FATmax training combined with caloric restriction, leading to significant reductions in weight and fat mass. This highlights the effectiveness of combining precise FATmax exercise with proper diet control for fat loss and blood lipids reduction (Chávez-Guevara et al., 2020; Donglei et al., 2025; Tan et al., 2016). This study found no statistically significant differences in body composition change among the four groups, likely due to the limited sample size and short intervention duration (Figure 3). However,The trend in body composition changes across the four groups shows that the rate of fat mass reduction follows a curvilinear downward pattern as calorie intake decreases, with the inflection point occurring between REE + PA33% and 67% (Figure 3C). Similarly, the inflection points for body weight and fat-free mass changes also fall within this range (Figures 3A, B). The study reveals significant changes in fat-free mass in three groups, indicating that lower calorie intake does not always lead to better health. Previous research has also observed lean body mass loss during fat loss (Claire et al., 2020). Therefore, it is advisable to pursue fat loss through short-term rather than long-term calorie restriction in order to minimize excessive lean body mass loss.
4.2 Effects of FATmax exercise combined with calorie restriction on blood lipids
Regarding hypercholesterolemia, particular attention should be given to alterations in LDL-C levels, as elevated LDL-C is a primary contributor to an increased risk of cardiovascular disease. (JianJun et al., 2023). Previous research shows that exercise and calorie restriction significantly affect lipid profiles, while cholesterol levels are mainly influenced by diet (Son et al., 2021; JianJun et al., 2023; Tianxiao et al., 2022; Napoleão et al., 2021). FATmax exercise also significantly improves metabolic syndromes, including dyslipidemia (Sijie et al., 2018). Exercise can enhance the uptake and utilization of free fatty acids from the blood by active skeletal muscles, consequently reducing LDL-C and cholesterol levels (Fanming et al., 2022). Yingying Li et al. showed that FATmax exercise significantly reduces LDL-C levels, potentially lowering the risk of coronary heart disease (Yingying et al., 2018). Consequently, a scientific exercise regimen and balanced diet can help patients manage their lipid profiles effectively. Combining FATmax exercise with calorie restriction may be more effective in reducing cholesterol levels.
This study found a significant reduction in serum TC across all groups. Except for the REE + PA100% group, the other three groups showed significant decreases in serum LDL-C and ApoB. No significant changes were observed in serum HDL-C and ApoA1 (Figure 4). Previous studies showed that FATmax exercise significantly decreased LDL-C but not TC when used alone. In contrast, this study found significant decreases in both LDL-C and TC (Donglei et al., 2025; Chávez-Guevara et al., 2020). This highlights the importance of accurate FATmax intensity settings and proper calorie restriction. Most prior studies measured FATmax only once before the experiment, leading to inaccurate intensity levels over time. In this study, FATmax was repeatedly measured during the experimental period to ensure training accuracy, better reflecting its true effect on fat loss and lipid reduction. Additionally, this study is the first to observe the combined effects of different levels of dietary calorie restriction and FATmax.
The between-groups analysis showed a significant difference in LDL-C change rate between the REE and REE + PA100% groups (Figure 5C), while no significant different was observed between REE + PA33%-67% groups. This indicates that LDL-C changes are influenced by caloric intake, while more pronounced caloric restriction was required for statistically significant reductions within short-term. The rates of change of serum TC, HDL-C, and ApoA1 decreased curvilinearly with lower calorie intake but showed a plateau trend in the range of REE + PA33%-67% (Figures 5A, B, D). Recent studies have shown that ApoA1 and ApoB are more accurate predictors of cardiovascular disease risk (Pikkemaat et al., 2024). Inflection points in serum LDL-C and ApoB change curves were observed within the range of REE + PA33%-67%, indicating synchronized trends (Figures 5C, E). It suggests that calorie restriction may affect ApoB levels. Additionally, calorie restriction may also alter HDL-C and LDL-C levels by enhancing ApoA1 function or expression, decreasing ApoB synthesis, or increasiing its degradation.
4.3 Effect of FATmax exercise combined with calorie restriction on serum PCSK9, LDLR
To further investigate the potential mechanisms regulating ApoB and other lipid metabolism pathways, this study examined serum PCSK9 and LDLR levels. PCSK9 and LDLR are key components in lipid metabolism, and their interaction can increase LDL-C levels, raising cardiovascular risk. This mechanism is a significant factor in the pathogenesis and progression of hypercholesterolemia (Vincenzo et al., 2023). Additionally, PCSK9 affects other lipid pathways, such as correlating positively with LDL-C and TG levels in fasting plasma (Cariou et al., 2011; Araki et al., 2014; Cui et al., 2010).
The three genes, PCSK9, LDLR, and ApoB, are intricately involved in LDL metabolism. ApoB serves as the primary protein component of LDL particles. The interaction between PCSK9 and ApoB can inhibit the degradation of ApoB via the autophagosome-lysosome pathway, leading to increased hepatic synthesis of ApoB. Consequently, this results in elevated levels of LDL, TC, and TG (Sun et al., 2012; Soutar, 2011; Rämö et al., 2024). However, calorie restriction effectively reduces PCSK9 levels and inhibits the synthesis of ApoB, LDL-C, and TC, reducing their concentrations. This finding is consistent with the results observed in both the REE group and the REE + PA67% group in this study (Figure 6A) (HUSAM et al., 2018). Furthermore, this study observed that serum PCSK9 levels decreased with reduced calorie intake, similar to changes in TC and LDL-C (Figure 7A). It is hypothesized that at the FATmax exercise intensity, alterations in PCSK9, blood lipids, and fat mass may be closely associated with dietary calorie intake. Although no significant differences were noted in the change rate of LDLR between the four groups, an inflection point was observed in REE + PA 33%–67% group (Figure 7B). Previous research has shown that inhibiting PCSK9 activity can elevate LDLR levels, which contrasts with the reduction observed in our study (Figure 6B). A explanation for this discrepancy may be that the combination of calorie restriction and FATmax exercise reduces PCSK9 levels, thereby decreasing its binding to LDLR. This increases available LDLRs for LDL-C clearance. Consequently, the serum LDLR levels are lower, while LDL-C levels are significantly reduced (Tanja et al., 2013).
Currently, research on the effects of calorie restriction and FATmax exercise on PCSK9 and LDLR is limited. Long-term intervention combining calorie restriction with FATmax exercise can regulate PCSK9 and LDLR through multiple pathways. FATmax exercise promotes adipose tissue catabolism, leading to a significant release of fatty acids into the bloodstream for oxidative metabolism in tissues such as the liver. Concurrently, signals from fatty acid oxidation influence the activity of the liver X receptor (LXR). LXR forms a heterodimer with retinoid X receptor and binds to the LXR response element in the PCSK9 gene promoter. As cholesterol levels rise, PCSK9 expression increases (Wang and Tontonoz, 2018). While calorie restriction combined with FATmax exercise can reduce cholesterol levels, it thereby alters this regulatory balance and inhibits PCSK9 expression. Furthermore, the energy deficit induced by calorie restriction triggers a cascade of metabolic regulatory mechanisms (Lagace, 2014). For instance, the activation of the AMPK signaling pathway decreases mTORC1 activity, consequently suppressing PCSK9 and LDLR-associated gene expression (Author Anonymous, 2024). Furthermore, calorie restriction also decreases the synthesis of PCSK9 by inhibiting sterol regulatory element-binding protein-2(SREBP-2) activity (Horton et al., 2003). Therefore, alterations in calorie restriction proportions may influence PCSK9 and LDLR levels via the SREBP pathway (Ma et al., 2023). Moreover, long-term calorie restriction combined with FATmax exercise may can consistently reduce the blood lipids, reducing the risk of hyperlipidemia.
4.4 Optimal calorie restriction range for reducing cholesterol levels
Previous studies show limited effects of dietary control alone on reducing blood lipids (Yong and Zhijun, 2013). In this study, we employed a FATmax exercise regimen combined with varying degrees of calorie restriction. Results indicated that serum TC, LDL-C, and ApoB levels decreased as calorie intake reduced. However, this reduction followed a non-linear trend with inflection points occurring within the range of REE + PA33%-67% group (Figure 5). From the perspective of changes in primary outcome indicators, a greater proportion of subjects in the REE + PA67% group achieved normalization of their TC and LDL-C levels post-intervention compared to those in the REE + PA33% group. This study also examined changes in weight, fat mass, and fat-free mass among the subjects. The findings indicated that when calorie intake was lower than the REE + PA 33% threshold, there was a reduction in weight, but the rate of fat-free mass loss accelerated while fat mass reduction decelerated (Figures 3A–C). In conjunction with the subjects’ acceptance of the experimental protocol during actual intervention, it was observed that the withdrew proportion of participants in each group increased as calorie intake decreased. This trend may be due to the increased sensation of hunger caused by excessive caloric restriction (Table 3). These findings further suggest that very low calorie intake may not be beneficial in practice. For participants, a calorie intake higher than REE is necessary for the sustainability of fat loss program. Furthermore, we observed that serum PCSK9 exhibited a comparable inflection point trend to serum TC (Figure 7A). This suggests that both PCSK9 levels and changes in cholesterol are influenced by calorie intake. Thus, alterations in PCSK9 may represent one of the mechanisms through which exercise with calorie restriction modulates lipid profiles. PCSK9 exhibits stable changes as an upstream regulator. LDLR, acting as an intermediate component, may be influenced by other pathways. Thus, an optimal threshold for calorie restriction may exist to elicit gene expression changes. In summary, calorie restriction within the range of REE + PA33%-67% may exist the most cost-effectiveness health outcomes.
TABLE 3 | The above figure shows the percentage of people who quit because of hunger and insufficient participation in the total number of people in each group.
[image: Table 3]Theoretically, short-term interventions combining calorie restriction with FATmax exercise have shown benefits for blood lipids and fat mass. Long-term integration of these approaches will further influence physiological regulation mechanism related to lipid metabolism. Concurrently, exercise may stimulate adipose tissue to secrete beneficial adipokines such as adiponectin, enhancing fatty acid oxidation and insulin sensitivity, and improving lipid metabolism (Zhu et al., 2020). In the long run, these changes will positively impact cardiovascular risk by stabilizing vascular endothelial function and reducing the risk of cardiovascular diseases (Thonusin et al., 2022; García-Prieto and Fernández-Alfonso, 2016).
The FATmax test, used to assess maximum fat oxidation, has been validated for reliability and accuracy in recent studies. Research shows a low coefficient of variation with incremental testing, indicating high test-retest reliability (Maunder et al., 2018). The test also demonstrates consistency across individuals with different training statuses, supporting its clinical utility (Chrzanowski-Smith et al., 2020). Recent studies show that fat oxidation rates may be higher at night than in the morning (Rubio-Valles et al., 2024). However, other research indicates that morning exercise significantly boosts fat oxidation, especially in women (Iwayama et al., 2017). Therefore, there is ongoing debate about how exercise timing affects fat oxidation. Due to equipment limitations, participants were not tested at the same time. While precise protocols minimized FATmax value deviations, future research should explore time-of-day effects on fat oxidation mechanisms and validate results with larger sample sizes. Additionally, this study observed a trend in FATmax heart rate changes while monitoring fat oxidation. This suggests that FATmax heart rate variations may be closely associated with fat oxidation and other training response. Therefore, future research should explore the relationship between heart rate and fat oxidation to optimize exercise prescription design.
This study demonstrates that precise exercise and dietary regimens can significantly enhance intervention efficacy while minimizing individual variability. However, factors such as age and gender may still influence the research results. Future studies should further investigate the effects of these variables on the combination of caloric restriction and FATmax exercise to ensure the robustness and accuracy of the findings. In future clinical practice, it is recommended to conduct thorough personalized assessments of each subject and develop precise dietary plans to ensure adequate calorie intake and balanced nutrition. This approach will prevent metabolic disorders caused by insufficient calorie intake, thereby enhancing the feasibility and effectiveness of the intervention plans. For FATmax exercise, it is advisable to use wearable devices to monitor heart rate, ensuring the precision of exercise intensity. Despite the challenges in providing precise measurements of exercise and resting metabolic rates for a large population, this study suggests adopting a “low-intensity aerobic exercise combined with mild to moderate calorie restriction” program. This approach can effectively reduce fat while preserving fat-free mass to the greatest extent possible. For individuals with obesity and hyperlipidemia who have experienced prolonged difficulties in fat loss, their unique physical fitness and metabolic profiles may require personalized interventions. Through targeted testing, we can design precisely tailored programs to assist them in achieving effective fat loss and lipid reduction.
5 CONCLUSION
FATmax exercise combined with proper proportions of calorie restriction can significantly decrease serum cholesterol levels and fat mass in hypercholesterolemic patients. Nevertheless, it is misleading to assume that a drastic reduction in calorie intake invariably results in superior outcomes. Optimal cost-effectiveness may be achieved within a calorie restriction range of REE + PA33-67%.
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