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Abstract

:

Background: This study assesses the temporal responses of cardiovascular function, fibro-inflammation, and glucometabolic profiles in asymptomatic adults with type 2 diabetes, following a low-energy meal replacement plan (MRP) or exercise training. Methods: Secondary analysis of DIASTOLIC: a randomised, open-label, blinded-endpoint trial of 12 weeks MRP (~810 kcal/day) or exercise training. Cardiac magnetic resonance, plasma fibroinflammatory, and metabolic markers were undertaken at baseline, 4, and 12 weeks. Results: Out of 24 participants in the MRP group and 22 in exercise training, 18 and 11 completed all three visits. MRP resulted in early (0–4 weeks) improvement in insulin resistance (HOMA-IR: 10.82 to 4.32), decrease in FABP-4 (4.87 ± 0.19 to 5.15 ± 0.32 mg/L), and improvement in left ventricular remodelling LV mass: volume (0.86 ± 0.14 to 0.78 ± 0.11), all with large effect sizes. MMP8 levels increased moderately at 4–12 weeks. Peak early diastolic strain rate (cPEDSR) initially decreased, then improved. Exercise training led to minor improvements in insulin resistance and MMP-8 levels, with no significant changes in cPEDSR or LV remodelling. Conclusions: MRP resulted in early improvements in insulin resistance, cardiac remodelling, and inflammation, but with an initial decrease in diastolic function, improving by 12 weeks. Exercise training showed minor early benefits in insulin resistance and inflammation, but no significant cardiac changes.
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1. Introduction


Obesity and type 2 diabetes (T2D) confer an increased risk of heart failure with preserved ejection fraction (HFpEF) [1,2]. Excess adiposity particularly visceral [3,4,5] drives systemic inflammation resulting in endothelial dysfunction, a central mechanism in the pathogenesis of HFpEF [6,7]. Even in the absence of obesity, T2D can cause asymptomatic myocardial alterations including left ventricular diastolic dysfunction, hypertrophy, and remodelling termed diabetic cardiomyopathy [8]—a precursor of HFpEF. Significant acute weight loss achieved with very low-energy diets has been shown to yield swift and significant metabolic improvements, T2D remission, and variable improvements in cardiovascular structure and function [9,10]. Some of these cardiovascular benefits persist up to 18 months post-intervention, despite weight increase [10]. Nonetheless, single-group intervention studies have reported that significant acute energy reduction using very low-energy diets (400–600 kcal/day) has been linked to diminished left ventricular systolic function, particularly in the short term (3 days to 8 weeks)—a phenomenon potentially attributable to increased myocardial lipid content and compromised energetics [11] as seen in a range of groups including healthy [12], those living with obesity [13] or T2D [14], and those with cardiovascular disease [11]. However, these insights have not been examined under the rigor of randomised controlled trials, nor compared to other lifestyle interventions. The benefits of weight loss through diet (DiRECT trial) [15,16,17] or medication (STEP-HFpEF trial) [18] are clear in managing cardiovascular risk in individuals with T2D at risk of HFpEF [15,16,17] and improving symptoms and physical performance in HFpEF patients [18]. However, contemporary outcome trials did not assess cardiovascular changes. Despite the recognition of the prominent role of inflammation in the genesis of diabetic cardiomyopathy and HFpEF, the changes in fibro-inflammation in response to behavioural interventions simultaneously with cardiovascular phenotyping have not been extensively studied. Moreover, the immediate effects of exercise on ventricular function, independent of weight loss, are less well understood.



Cardiac magnetic resonance imaging (CMR) permits multiparametric evaluation of cardiac structure and function, and it is ideally suited to detecting subtle cardiac alterations of LV strain and remodelling. Paired CMR, blood fibroinflammatory, and glycometabolic data permit detailed analysis of complex cardiometabolic adaptations following lifestyle interventions. The aim of this secondary analysis of the “Diabetes Interventional Assessment of Slimming or Training to Lessen Inconspicuous Cardiovascular Dysfunction (DIASTOLIC)” study [19] was to characterize the temporal responses of (1) cardiovascular function, (2) fibro-inflammation markers, and (3) glycometabolic profiles during a meal replacement plan (MRP) or an exercise training programme in asymptomatic T2D.




2. Materials and Methods


This is a secondary analysis of the DIASTOLIC study [19]. The rationale, design, conduct, and main outcomes have been published [19,20]. DIASTOLIC was a prospective, randomized, open-label, blinded endpoint trial of 12 weeks duration. Randomisation was 1:1:1 to either a low-energy MRP (~810 kcal/d), exercise training, or control group (see Appendix A, consort diagram). Participants fasted overnight prior to each visit. Each participant attended two visits at weeks 0 and 12 and was invited for an optional visit at 4 weeks primarily for those in the trial intervention arms [19]. Only data from subjects who attended all three visits are included in this analysis. Ethical approval was granted by the National Research Ethics Service (15/WM/0222), registered with clinicaltrials.gov (https://clinicaltrials.gov/study/NCT02590822?cond=NCT02590822&rank=1, accessed on 5 January 2024) (NCT02590822), and conducted according to the Declaration of Helsinki. All participants provided written informed consent.



2.1. Study Population


The full inclusion and exclusion criteria have been published [19]. Eligible participants aged 18–65 years with established T2D (duration ≥ 3 months) diagnosed before age 60 years with BMI ≥ 30 kg/m2 (or ≥27 kg/m2 if South Asian or black ethnicity) and no prior cardiovascular disease. Key exclusion criteria were T2D duration > 12 years; current treatment with ≥three glucose-lowering medications or insulin; history, signs, or symptoms of cardiovascular disease, weight loss > 5 kg in the preceding 6 months; inability to exercise or undertake the MRP.




2.2. Anthropometry


Height and weight were measured following standard procedures, and body mass index (BMI, kg/m2) was calculated.




2.3. Biochemistry


A fibroinflammatory panel was conducted using the Luminex® multiplexed plasma biomarker assay (R&D systems, 2017, www.rndsystems.com/products/luminex-assays-and-highperformance-assays, accessed on 24 November 2023 by Bristol Myers Squibb (Ewing Township, NJ, USA). For this analysis, C-reactive protein (CRP), adipocyte fatty acid-binding protein 4 (FABP-4), growth differentiation factor-15 (GDF-15), and matrix metallopeptidase 8 (MMP-8) were selected because they reflect the systemic inflammatory and fibrotic processes implied in the development diabetic cardiomyopathy [21]. Insulin and leptin were quantified by multiplex assay on a Luminex platform [19]. Plasma adiponectin was analysed using a Quantikine ELISA assay (R&D Systems, Minneapolis, MN, USA). Serum lipid profile and glycated haemoglobin (HbA1c) were analysed according to standard operating procedures in the accredited laboratory at the University of Leicester NHS Trust, United Kingdom. The homeostatic index of insulin resistance (HOMA-IR) was calculated based on the fasting insulin and glucose levels [22].




2.4. CMR Image Acquisition and Analysis


CMR was performed using a 1.5-T scanner (Siemens Avanto or Aera, Erlangen, Germany) with retrospective echocardiographic gating and an 18-channel phased array cardiac receiver coil. Cardiac volumes and functional imaging and late gadolinium enhancement imaging were performed using standard cardiac magnetic resonance imaging techniques as previously described [19]. The complete imaging protocol has previously been published [19]. CMR analysis was performed offline, blinded to patient details. LV volumes and function were assessed by two operators (G.S.G and G.P.M.) using cmr42 version 5 (Circle Cardiovascular Imaging, Calgary, AB, Canada). Interobserver analysis has been previously published [23].




2.5. Trial Interventions


The 12-week low-energy meal replacement plan (MRP) was a nutritionally balanced ~810 kcal/day (50% carbohydrate, 30% protein, 20% fat) MRP (1:1 Diet Cambridge Weight Plan, UK). Oral anti-hyperglycaemics were discontinued to avoid hypoglycaemia, and antihypertensives were stopped to mitigate hypotension [19]. The diet was discontinued, and the maintenance diet was re-introduced between 8 and 12 weeks or once 50% excess body weight (difference between the actual and ideal body weight) was lost, whichever came first.



Participants in the exercise intervention arm attended thrice weekly, supervised, moderate-intensity aerobic exercise sessions. Exercise intensity was titrated to ∼60% baseline peak VO2 and heart rate [19]. Participants in the exercise arm followed their usual diet for the duration of the intervention.




2.6. Statistical Analysis


Data are shown as frequencies (%) for categorical data and mean ± SD or median (IQR) for continuous data. Normality was assessed using graphical (histograms and Q-Q plots) methods. Only data from completers of all three visits were included. The change in values between baseline and 4 weeks and then from 4 to 12 weeks was calculated within each group. Differences within groups for each time point are shown as mean or median differences alongside their corresponding 95% confidence interval (CI). Given the exploratory nature of this secondary analysis involving a small sample size and multiple measures across two groups at three time points, the statistical significance of the differences between time points is not reported. Instead, a description of the data trends is given. The magnitude of differences between variables across time points is assessed using the effect size: Cohen’s D was used for parametric data and coefficient of determination r2 for non-parametric data using standard methodology [24,25]. The interpretation of effect size is based on three categories: small (<0.2), medium or moderate (0.2–0.5), or large (≥0.8) for Cohen’s d [24], and small ≤ 0.04, medium or moderate ≥ 0.25, and large ≥ 0.64 for r2 [25]. Analysis was performed using SPSS v24.0 software (Statistical Package for the Social Sciences, Chicago, IL, USA).





3. Results


3.1. Baseline Characteristics


Complete data for three visits were available for 18 participants at the MRP and 11 at the exercise group (consort diagram, Appendix A Figure A1). Participants’ baseline demographic and clinical characteristics are provided in Table 1. No clinically meaningful differences in baseline characteristics or comorbidities were evident between groups. Both groups had similar baseline medication and body weight, but those allocated to the MRP had higher systolic blood pressure. Appendix A Table A1 compares the baseline and anthropometric measures between those included vs. excluded across both intervention groups, with no clinically meaningful differences evident, albeit those included in the MRP cohort had higher body weight and blood pressure compared to those excluded.




3.2. The Temporal Changes in the Effects of MRP and Exercise between 0 to 4 and 4 to 12 Weeks


3.2.1. Body Weight


In the MRP group, the average weight loss at 12 weeks was ~14 kg (mean difference (95% CI): −13.7 kg (−22.7 kg; −4.6 kg)) with the majority of the weight being lost in the first 4 weeks (mean difference −8.9 kg (−7.2; −10.5 kg)). Weight loss continued at a slower rate (1 kg per week on average) up to 12 weeks. In the exercise group, weight loss between baseline and 12 weeks was minimal (mean difference (95% CI)—1.4 kg (−11.4 kg; 8.6 kg)).




3.2.2. Cardiovascular Structure and Function


Changes in CMR-derived indices of cardiac structure and function are given in Table 2 and presented graphically in Figure 1.



In the MRP group, an early improvement in LV remodelling (LV mass-to-volume ratio) was seen at 4 weeks characterised by a moderate effect size. There was a further improvement by week 12, but the effect size was small. A decrease in left ventricular ejection fraction (LVEF) occurred between baseline and the 4-week interval, marked by a moderate effect size; however, the LVEF returned to baseline level by the 12-week time point, with a small effect size. Although there were small improvements in the circumferential peak early diastolic strain rate (circPEDR) at 4 weeks, which continued to 12 weeks, the effect size for these changes was small. There was an early response seen in the global circumferential strain (GCS) with a reduction at week 4, and no further change by week 12, with changes at both time points demonstrating a small effect size.



In the exercise group, the effect sizes for changes in the cardiovascular parameters were small, as outlined in Table 2. There was a trend towards a reduction in LVEF at 4 weeks, which returned to baseline by week 12; however, the effect size of those changes was small. Similarly, although there were small changes in the numerical values of circPEDSR and GCS, which trended towards an improvement at 4 weeks, the effect sizes were small for both indices across the two time points. There was a delayed response in the LV mass-to-volume ratio followed by a small trend towards an improvement seen at 12 weeks; however, both changes in the absolute values as well as the corresponding effect sizes were small.




3.2.3. Glycometabolic Profile


Changes in glycometabolic markers are given in Table 3 (MRP group) and Table 4 (exercise group) and presented graphically in Figure 2.



In the MRP group, the most pronounced improvement in insulin resistance (HOMA-IR) was observed at the 4-week mark with a reduction of approximately 50% from its baseline value, accompanied by a large effect size. Subsequently, there were further small improvements in insulin resistance noted at 12 weeks, however, with a small effect size. Concurrently, there was an early and continued improvement in the glycaemic control (expressed as glycosylated haemoglobin HbA1c (%)) seen at week 4 (moderate effect size), which continued to week 12 albeit the effect size of change was small.



Similarly, leptin levels displayed a substantial reduction at the 4-week interval, associated with a large effect size. Although a further decline in leptin levels was observed by the 12-week mark, it is notable that the associated effect size was small. An initial increase in circulating adiponectin levels was discerned within the initial 4-week period, with an effect size indicative of a moderate impact. This increase persisted, exceeding baseline values at the 12-week assessment, albeit with a final effect size denoting a small effect.



Notable improvements in the lipid profile were evident between baseline and the 4-week time point. Specifically, there was a reduction in triglyceride levels and total cholesterol levels, both associated with a large effect size. These favourable trends persisted until the 12-week mark, albeit with effect sizes indicating a moderate impact. In contrast, high density lipoprotein (HDL) levels initially decreased before subsequently surpassing baseline values, albeit with only a small corresponding effect size.



In the exercise group, there was a small but early and sustained improvement in glycaemic control, as measured by HbA1c (%) and underscored by a large effect size. Concurrently, there was an early and sustained improvement in HOMA-IR across three time points; however, the accompanying effect size was moderate at week 4 and small at week 12. An early reduction in adiponectin levels, marked by a moderate effect size, was followed by an increase at the 12-week mark, though this latter alteration was accompanied by a small effect size. Triglyceride levels exhibited a small incremental rise across the three time points, with levels surpassing baseline values by week 12. Nevertheless, the effect size corresponding to this change was moderate only between the baseline and the 4 weeks. Although there were small reductions in total cholesterol and HDL cholesterol in the first 4 weeks, the accompanying effect sizes were small. Subsequently, HDL levels continued to decrease whereas total cholesterol levels increased, all with effect sizes indicative of small change.




3.2.4. Fibroinflammatory Biomarkers


Changes in fibroinflammatory markers are given in Table 3 (MRP group) and Table 4 (exercise group) and presented graphically in Figure 2.



In the MRP group, there was an early change in the fatty acid-binding protein 4 (FABP-4) levels between baseline and 4 weeks with a large effect size. FABP-4 levels continued to decrease to week 12, achieving a moderate effect size. Although C-reactive protein (CRP) levels were reduced at week 4 and then increased by week 12, the magnitude of the effect sizes was only small. There was a small initial increase in growth differentiation factor-15 (GDF-15) and matrix metalloproteinase-8 (MMP-8) levels at week 4 (small effect size), and this was followed by an increase by week 12 underpinned by a moderate effect size for both biomarkers.



In the exercise group, FABP-4 showed an early response of increasing at week 4, followed by a reduction by week 12 to below baseline levels; the corresponding effect sizes were small and moderate, respectively. The levels of CRP, GDF-15, and MMP-8 exhibited small fluctuations in levels across three time points; however, the effect sizes were small for all markers across the two time points.






4. Discussion


In this secondary analysis, we characterize the temporal responses of (1) cardiovascular function, (2) fibro-inflammation, and (3) glucometabolic profiles during a 12-week MRP or an exercise training programme in asymptomatic T2D.



4.1. Changes in Left Ventricular Systolic and Diastolic Function


In the MRP group, we observed an early response of a decrease in LVEF, which then remained below baseline, but within normal limits at 12 weeks. This was paralleled by changes in indices of LV strain. A reduction in LV strain is an early sign of dysfunction [26], and we observed an early reduction in circPEDSR as well as GCS in the first 4 weeks; however, the effect sizes of those changes were small. By week 12, circPEDSR improved indicating an overall improvement; however, again, the effect size was small. Our findings are similar to another single-group intervention study of 8 weeks of low-energy diet (≈810 kcal/day) in a small group of adults with obesity without HFpEF or T2D [13]. Rayner et al. observed a transient decline in LV systolic and diastolic function at week 1, which normalised by week 8. In our group, the continued change at week 12 suggests that reverse remodelling may require longer than 12 weeks to occur, but this remains to be confirmed in further studies.



Multiple possible pathophysiological explanations for the transient changes in LV function observed in our study exist. Firstly, it may be attributed to the increase in myocardial free fatty acid (FFA) and triglycerides and consequent increased utilization by the myocardium, which occurs in response to acute energy restriction [27]. Myocardial uptake of triglycerides is proportional to plasma concentration [28]; therefore, it is plausible that the decrease in the free triglycerides in our MRP group is a surrogate marker for increased myocardial triglyceride utilization and could be responsible for the transient changes in the LV strain, and diastolic function seen. We did not measure the myocardial triglyceride content, but it has been shown to increase in vivo in other studies performed on low-energy diets in obesity [13].



In the exercise group, there was an early reduction in LVEF (medium-effect size), but an improvement in circumferential end diastolic strain rate, with effect sizes indicating that these were small. Exercise training in HFpEF has been a focus of intense interest and investigated in a range of studies. A recent meta-analysis of key randomised controlled trials of exercise interventions in HfpEF found that exercise training did not result in improvements in the LV systolic or diastolic function as determined by echocardiography [29], which is not congruent with our findings; however, our group was assessed with CMR. It has been postulated that the benefits of exercise in HfpEF are predominantly extracardiac, including improving arterial stiffness and peripheral skeletal muscle oxygen extraction [29]. The exercise programme used in this study was not designed to elicit weight loss but to improve cardiovascular fitness [19]. The results of the DIASTOLIC trial support that the exercise tolerance defined as peak VO2 improved modestly, in response to exercise [20]. Dyspnoea and exercise intolerance are the cardinal symptoms of HFpEF; it is therefore likely that a combination of cardiac-directed and extra-cardiac factor-directed interventions (exercise) will be required to comprehensively manage HFpEF. Although weight loss with MRP can be associated with a reduction in lean muscle mass, an effect which can be mitigated by exercise [30]. A combination of diet and exercise may therefore be the most effective way of managing exercise intolerance in obesity and T2D.




4.2. Changes in Cardiac Remodelling and the Role of Inflammation and Cardiac Autophagy


Although the increased utilization of triglycerides and FFAs in cardiac infiltration described above may explain the transient diastolic dysfunction, it does not explain the improvement in LV mass–volume ratio (large, as graded by effect size) observed at 4 weeks in the MRP group and not in the exercise group.



Cardiac remodelling, pivotal in the evolution of HFpEF, is underpinned by neurohormonal imbalance, oxidative stress, and perturbed cardiac autophagy [31]. Cardiac autophagy is a process of myocardial cell turnover that is responsible for the degradation of damaged myocardial mitochondria and other cytoplasmic components and, consequently, influences the myocardial energy metabolism, remodelling, hypertrophy, and LV relaxation, all of which are central to the pathogenesis of HFpEF [32]. Cardiac autophagy becomes dysregulated within hours of energy deficiency, to allow accumulation of lipids and lysosomes to provide sustenance to the cardiomyocytes. Autophagic abnormalities have been demonstrated in the murine model of diabetic cardiomyopathy [32,33], where the autophagic process was dysregulated at baseline, and excess lysosome droplets accumulated within mitochondria resulting in diastolic dysfunction [32]. In this model, acute pharmacological inhibition of autophagy in starved mice resulted in a rapid decline in LV function and worsened LV remodelling [34], and when a pharmacological autophagy enhancer (Resveratrol) was used in T2D mice, the diastolic function improved [33]. It is plausible that the dysregulation of autophagy present in T2D myocardium is further dysregulated in the context of acute energy restriction, resulting in rapid cardiac remodelling; however, these mechanisms remain speculative.



Adiponectin’s role in autophagy underscores its connection to T2D, and regulation of cardiac autophagy is considered its key mechanism of cardiovascular protection [31]. Within our MRP group, a moderate increase in adiponectin levels at 4 weeks was paralleled by improved LV remodelling as measured by LV mass–volume ratio (of moderate effect size). Low adiponectin levels, common in obesity and T2D, adversely affect the vascular system and endothelial function and can lead to vascular and cardiac remodelling [31,35]. Conversely, increased adiponectin levels have been shown to combat LV hypertrophy and dysfunction by modulating LKB1-AMPK-eNOS signalling pathways [35]. In murine models of T2D, a deficiency in adiponectin or its regulatory pathways exacerbates cardiac hypertrophy, and dysfunction, and impairs myocardial autophagy [36,37]. Leptin also plays a complex role in cardiac remodelling and autophagy [31]. In the pressure-overload model of HF, such as HFpEF, leptin has been implicated in promoting cardiac dysfunction and remodelling via the Akt/mTOR pathway, affecting endothelial autophagy and heightening cardiac inflammation and fibrosis [38]. In our study, MRP led to a swift reduction in leptin levels at 4 weeks, and we observed improvements in left ventricular remodelling. Although our sample size was too small to confirm statistical significance, the effect size of this change was large. Aside from cardiac utilization, leptin reduction may reflect weight loss. The exercise showed similar, but less pronounced hormonal shifts, potentially due to a lack of weight loss. In a study of 24 perimenopausal obese women, vigorous aerobic exercise resulted in a significant decrease in leptin and a rise in adiponectin levels; however, this was only seen over a>20-week period [39]. It is plausible that the presence of T2D and a non-vigorous exercise regimen not designed to induce weight loss are accountable for the lack of major change in these two adipokines seen in our exercise group.



Recent studies suggest that epicardial adipose tissue (EAT) may be a key player in the emergence of diastolic dysfunction in adults with T2D [40,41]. While our study did not evaluate EAT, the impact of MRP and exercise on EAT’s lipid content and subsequent left ventricular (LV) strain warrants further investigation.




4.3. Changes in the Glycometabolic Profile and the Fibroinflammatory Markers


Consistent with existing literature, our analysis confirms that 12-week low-energy diet use leads to rapid, moderate to large (as graded by effect size) improvements in glycaemic control, insulin sensitivity, and lipid profiles [17,20,42]. These improvements are attributable to a complex interplay of biological responses, including enhanced pancreatic insulin release, increased glucose receptor activity, and alterations in mitochondrial density. Aerobic exercise has been shown to increase insulin sensitivity and regulate hyperglycaemia, even in the absence of significant weight loss as observed in our study [43]. The transient rise in triglycerides is likely attributable to the mobilisation of fat stores in response to increased anaerobic demand within the exercise group [44].



MRP had an immediate effect (within 4 weeks) on reducing circulating levels of the acute inflammatory phase protein hs-CRP, reduction in inflammatory proteins MMP-8, and increase in GDF-15. An increase in GDF-15 with MRP by 4 weeks is consistent with acute weight loss and signifies increased mitochondrial stress, likely due to metabolic shift related to acute energy restriction [44]. In the exercise group, small changes in hs-CRP and GDF-15 are likely due to the negligible weight loss, having no effect on meta-inflammation, and the effect size of these changes was small [45]. As adipose tissue is a source of GDF-15, smaller magnitude weight loss in the exercise group could account for small changes in the levels [44]. The FAB-4 fluctuations in the MRP group are again likely to correspond to weight loss stages: An initial rise in FAB-4, of large effect size, during the first 4 weeks reflects increased FFA release, followed by a decrease as weight loss and FFA mobilisation slow down between 4 and 12 weeks. One cardiometabolic pathogenic mechanism of FAB-4 is via disruption of glucose regulation and sensitivity [46]; thus, the changes observed in our study may be related to improvements in glucose control. In a recent study by Kitzman et al., a group of 24 people living with obesity and HFpEF underwent 20 weeks of very low-energy MRP, 26 structured exercises, and 25 underwent both interventions simultaneously [42]. The 20 weeks of approximately 600 kcal/day resulted in similar reductions in hs-CRP similar to our group and a further decrease in the exercise and diet groups. Kitzman et al. reported their results at a much later time point than in our group, which suggests a possibility of longer-term inflammatory suppression. A recent meta-analysis encompassing 27 studies indicated that endurance training significantly curtails inflammation in adults with obesity, with the most pronounced anti-inflammatory effects manifesting after prolonged periods (>20 weeks) and correlating with the fat loss [47]. This evidence suggests that the anti-inflammatory gains are attributable to more extended and intensive training than the 12-week aerobic regimen assessed in our study.





5. Limitations


This exploratory analysis benefits from multiparametric and detailed phenotyping of subjects using advanced fibroinflammatory markers and CMR at three time points and a randomised controlled study design, though it is not without its limitations. Firstly, this is a secondary analysis of the study, which was originally powered on circumferential PEDSR as the primary outcome at week 12 [19], and given that we include complete cases only, the sample size included is insufficient to confirm the statistical significance of our findings. Speckle tracking echocardiography, while frequently employed for strain assessment in clinical settings, faces limitations due to its dependence on angles, low signal-to-noise ratio, and susceptibility to adjacent myocardial contraction and cardiac translational movements [48], especially in the presence of chest deformities [49]. Although CMR overcomes these obstacles, CMR-derived strain is itself subject to limitations such as dependency on good image quality and frame rate, the operator’s experience, and the inter-vendor variability [50]. We have tried to mitigate this by a rigorous assessment of image quality, a standardised analysis protocol and an assessment conducted by a single experienced observer blinded to patient details and treatment group to minimise bias [19]. Despite limitations, intriguing trends in LV remodelling and inflammation in the MRP and exercise groups were seen despite small sample sizes and the short 12-week study duration. Future research should extend these findings to adults with established HFpEF to understand the full range of effects across all HF stages.




6. Conclusions


In this study, MRP-induced weight loss led to early (week 4) and sustained (week 12) improvements in insulin resistance, and inflammatory markers with improvements in LV reverse remodelling. However, there was an initial reduction in diastolic function that improved but remained below baseline at 12 weeks. Exercise training led to early, small but continued improvements in insulin resistance and inflammation, but no change in LV remodelling or diastology.
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Figure A1. A consort diagram of how participants were selected for this secondary analysis. 
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Table A1. Distribution of demographic, anthropometric, and medication data at baseline between excluded and included participants in the analysis across interventions. Participants excluded from the analysis are the ones who did not attend the optional visit in week 4. Participants included in the analysis are the ones who attended all three visits.






Table A1. Distribution of demographic, anthropometric, and medication data at baseline between excluded and included participants in the analysis across interventions. Participants excluded from the analysis are the ones who did not attend the optional visit in week 4. Participants included in the analysis are the ones who attended all three visits.





	

	
MRP

	
Exercise




	

	
Excluded

n = 6

	
Included

n = 18

	
Excluded

n = 11

	
Included

n = 11






	
Age, years

	
48.2 ± 8.35

	
52.1 ± 4.39

	
51.2 ± 3.87

	
49.1 ± 9.73




	
Male sex, n (%)

	
3.00 (50.0)

	
12.0 (66.7)

	
7.00 (68.6)

	
6.00 (54.5)




	
White ethnic background, n (%)

	
6.00 (100)

	
13.0 (72.2)

	
11.00 (100)

	
9.00 (81)




	
Hypertension, n (%)

	
3.00 (50)

	
12.0 (66.7)

	
5.00 (45.4)

	
4.00 (36.4)




	
Hypercholesterolemia, n (%)

	
4.00 (66.7)

	
12.0 (66.7)

	
9.00 (81.8)

	
5.00 (45.4)




	
Systolic BP, mmHg

	
146 ± 16

	
151 ± 13.3

	
136 ± 18.7

	
136 ± 18.7




	
Height, cm

	
169 ± 9.80

	
169 ± 9.50

	
169 ± 9.81

	
169 ± 7.50




	
Weight, kg

	
104 ± 23.2

	
105 ± 13.5

	
98.7 ± 7.77

	
99.6 ± 22.3




	
BMI, kg/m2

	
39.3 ± 8.33

	
36.7 ± 4.91

	
34.7 ± 5.12

	
34.8 ± 6.70




	
HbA1c, %

	
7.36 ± 1.54

	
7.10 ± 0.94

	
7.50 ± 1.02

	
7.34 ± 1.23




	
Medication received, n (%)




	
Insulin

	
0

	
0

	
0

	
0




	
Metformin

	
6 (100)

	
16 (88.8)

	
11 (100)

	
11 (100)




	
GLP-1 antagonist

	
0

	
1 (5.56)

	
3 (27.3)

	
1 (9.09)




	
SGLT-2 inhibitor

	
0

	
2 (11.1)

	
2 (18.2)

	
1 (9.09)




	
ACE inhibitor

	
2 (33.3)

	
7 (38.8)

	
3 (27.3)

	
3 (27.3)




	
Alpha blocker

	
0

	
1 (5.56)

	
1 (9.09)

	
0




	
ARB

	
1 (16.6)

	
2 (11.1)

	
0

	
1 (9.09)




	
B-blockers

	
0

	
2 (11.1)

	
0

	
2 (18.2)




	
CCB

	
3 (50)

	
4 (22.2)

	
3 (27.3)

	
2 (18.2)




	
Statin

	
4 (66.7)

	
11 (611)

	
9 (81.8)

	
5 (45.4)




	
Fibrate

	
1 (16.6)

	
0

	
0

	
0








Data are shown as mean ± SD unless otherwise indicated. Results are mean (SD) unless otherwise indicated. ARB, angiotensin receptor blocker; CCB, calcium channel blocker; GLP-1, glucagon-like peptide 1; SGLT-2, sodium glucose-linked transporter2 inhibitors; MRP: meal replacement plan.
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Figure 1. Key temporal responses of cardiovascular indices to MRP or exercise from baseline to week 4 and week 12. 
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Figure 2. Key differential temporal changes in glycaemic control and fibroinflammatory markers with regard to MRP or exercise from baseline to week 4 and week 12. 
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Table 1. Baseline demographics of study participants.






Table 1. Baseline demographics of study participants.





	

	
MRP

n = 18

	
Exercise

n = 11






	
Age, years

	
52.1 ± 4.39

	
49.1 ± 9.73




	
Male sex, n (%)

	
12.0 (66.7)

	
6.00 (54.5)




	
White ethnic background, n (%)

	
13.0 (72.2)

	
9.00 (81)




	
Hypertension, n (%)

	
12.0 (66.7)

	
4.00 (36.4)




	
Hypercholesterolemia, n (%)

	
12.0 (66.7)

	
5.00 (45.4)




	
Systolic blood pressure, mmHg

	
151 ± 13.3

	
136 ± 18.7




	
Height, cm

	
169 ± 9.50

	
169 ± 7.50




	
Weight, kg

	
105 ± 13.5

	
99.6 ± 22.3




	
Body mass index, kg/m2

	
36.7 ± 4.91

	
34.8 ± 6.70




	
HbA1c, %

	
7.10 ± 0.94

	
7.34 ± 1.23




	
Medication received, n (%)




	
Insulin

	
0

	
0




	
Metformin

	
16 (88.8)

	
11 (100)




	
GLP-1 antagonist

	
1 (5.56)

	
1 (9.09)




	
SGLT-2 inhibitor

	
2 (11.1)

	
1 (9.09)




	
ACE inhibitor

	
7 (38.8)

	
3 (27.3)




	
Alpha blocker

	
1 (5.56)

	
0




	
ARB

	
2 (11.1)

	
1 (9.09)




	
B-blockers

	
2 (11.1)

	
2 (18.2)




	
CCB

	
4 (22.2)

	
2(18.2)




	
Statin

	
11 (611)

	
5 (45.4)




	
Fibrate

	
0

	
0








Results are mean ± SD unless otherwise indicated. ARB, angiotensin receptor blocker; CCB, calcium channel blocker; GLP-1, glucagon-like peptide 1; MRP, meal replacement plan; SGLT-2, sodium glucose-linked transporter2 inhibitors.













 





Table 2. Temporal responses of cardiac MRI parameters for the MRP and exercise groups.






Table 2. Temporal responses of cardiac MRI parameters for the MRP and exercise groups.





	

	

	

	

	
Baseline–Week 4

	
Week 4–Week 12




	

	
Baseline

	
Week 4

	
Week 12

	
Mean Difference (95% CI)

	
Effect Size (95% CI)

Cohen’s d

	
Mean Difference (95% CI)

	
Effect Size (95% CI)

Cohen’s d






	
MRP group

	

	

	

	

	

	

	




	
LV ejection fraction, %

	
69.0 ± 7.6

	
65.6 ± 6.2

	
65.2 ± 5.4

	
−3.4 (0.29; 6.45)

	
0.56 (0.04; 1.07)

	
−0.3 (−2.543.09)

	
0.05 (−0.44; 0.54)




	
LV mass indexed to height, g/cm

	
0.78 ± 0.14

	
0.74 ± 0.15

	
0.69 ± 0.22

	
−0.04 (0.00; 0.10)

	
0.17 (−0.31; 0.64)

	
0.00 (−0.05; 0.13)

	
0.22 (−0.25; 0.70)




	
Longitudinal PEDSR, −1/s

	
0.69 ± 0.08

	
0.71 ± 0.13

	
0.69 ± 0.14

	
−0.02 (−0.09; 0.10)

	
−0.15 (−0.77; 0.48)

	
−0.02 (−0.09; 0.13)

	
0.07 (−0.58; 0.72)




	
Circumferential PEDSR, −1/s

	
0.97 ± 0.13

	
0.94 ± 0.19

	
0.97 ± 0.19

	
−0.04 (−0.18; 0.08)

	
0.20 (−0.29; 0.69)

	
−0.04 (−0.17; 0.08)

	
−0.18 (−0.69; 0.32)




	
Global longitudinal strain, %

	
15.8 ± 2.6

	
16.5 ± 2.4

	
16.0 ± 1.8

	
−0.70 (−2.0; 0.68)

	
−0.28 (−0.78; 0.24)

	
−0.57 (−2.0; 0.84)

	
0.27 (−0.27; 0.80)




	
Global circumferential strain, %

	
20.5 ± 1.09

	
19.9 ± 2.3

	
19.9 ± 1.9

	
0.59 (−0.26; 1.43)

	
0.38 (−0.14; 0.90)

	
−0.21 (−1.01; 0.58)

	
−0.15 (0.68; 0.37)




	
LV mass-to-volume ratio

	
0.86 ± 0.14

	
0.78 ± 0.11

	
0.80 ± 0.12

	
−0.08 (0.028; 0.12)

	
0.80 (0.24; 1.34)

	
−0.02 (−0.06; 0.02)

	
0.24 (0.74; 0.25)




	
Exercise group

	

	

	

	

	

	

	




	
LV ejection fraction, %

	
69.03 ± 5.8

	
65.4 ± 5.1

	
67.8 ± 6.1

	
−3.39 (−2.23; 9.41)

	
0.41 (−0.21; 1.02)

	
−2.31 (−6.28; 1.64)

	
0.39 (−0.99; 0.23)




	
LV mass indexed to height, g/m

	
0.70 ± 0.12

	
0.72 ± 0.12

	
0.71 ± 0.1

	
−0.02 (−0.05; 0.14)

	
−0.38 (−0.98; 0.24)

	
0.01 (−0.04; 0.14)

	
0.07 (−0.51; 0.67)




	
Longitudinal PEDSR, −1/s

	
0.76 ± 0.16

	
0.77 ± 0.12

	
0.79 ± 0.14

	
−0.01 (0.04; 0.05)

	
–0.37 (−0.77; 0.71)

	
0.02 (−0.14; 0.18)

	
−0.1 (−0.84; 0.64)




	
Circumferential PEDSR, −1/s

	
0.97 ± 0.23

	
1.00 ± 0.15

	
1.08 ± 0.19

	
−0.02 (−0.11; 0.06)

	
−0.17 ((−0.76; 0.43)

	
−0.08 (0.16; −0.002)

	
0.05 (−1.15; 0.11)




	
Global longitudinal strain, %

	
16.3 ± 2.9

	
16.1 ± 2.2

	
16.9 ± 2.1

	
−0.29 (−2.3; 1.7)

	
0.06 (−0.01; 1.29)

	
−0.92 (−1.69; −1.15)

	
0.01 (−0.43; 0.73)




	
Global circumferential strain, %

	
19.7 ± 3.1

	
19.3 ± 1.9

	
20.1 ± 2.1

	
0.41 (−1.48; 2.30)

	
0.01 (−0.45; 0.73)

	
−0.81 (−1.83; 0.22)

	
−0.50 (−1.15; 0.11)




	
LV mass-to-volume ratio

	
0.81 ± 0.142

	
0.85 ± 0.18

	
0.82 ± 0.15

	
−0.04 (−0.10; 0.02)

	
−0.44 (−1.05; 0.18)

	
−0.03 (−0.01; 0.08)

	
0.44 (−0.16; 1.04)








Results are shown as mean ± SD or mean difference (95% CI). Effect sizes (95% CI); SD, standard deviation; CI, confidence interval; LV, left ventricular, PEDSR, peak early diastolic strain rate.













 





Table 3. Temporal responses of fibroinflammatory and glycometabolic markers for the MRP group (n = 18).
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Baseline—Week 4

	
Week 4–Week 12




	

	
Baseline

	
Week 4

	
Week 12

	
Mean or Median Difference

(95% CI or IQR)

	
Effect Size (95% CI)

	
Mean or Median Difference

(95% CI or IQR)

	
Effect Size (95% CI)






	
CRP, mg/L

	
6.26 ± 0.18

	
6.12 ± 0.39

	
6.30 ± 0.19

	
−0.14 (−0.07; 0.36)

	
0.35 (−0.16; 0.85)

	
0.18 (−0.39; 0.03)

	
0.45 (−0.95; 0.07)




	
FABP-4, mg/L

	
4.87 ± 0.19

	
5.15 ± 0.32

	
4.97 ± 0.30

	
0.27 (−0.42; −0.12)

	
0.97 (−1.15; 0.36)

	
−0.18 (0.02; 0.33)

	
0.61 (0.07; 1.14)




	
GDF-15, mg/L

	
2.92 ± 0.15

	
2.95 ± 0.32

	
2.88 ± 0.16

	
0.03 (0.20; 0.14)

	
0.10 (−0.58; 0.40)

	
−0.07(−0.08; 0.21)

	
0.25 (−0.25; 0.74)




	
MMP-8, mg/L

	
2.29 ± 0.31

	
2.26 ± 0.34

	
2.41 ± 0.40

	
−0.03 (−0.10; 0.16)

	
0.12 (−0.37; 0.62)

	
0.14 (−0.28; 0.01)

	
0.54 (−1.1; −0.06)




	
Adiponectin * 103, mg/L

	
3.57 (2.56; 4.67)

	
4.16 (3.23; 5.83)

	
4.76 (3.16; 6.16)

	
0.62 * (−1.9; 0.95)

	
0.55 $ (0.045; 1.04)

	
0.18 * (−1.13; 1.21)

	
0.20 $ (−0.45; 0.48)




	
Leptin * 103, mg/L

	
19.3 (11.9; 41.8)

	
6.65 (3.84; 22.3)

	
5.89 (3.75; 27.4)

	
−13.8 * (7.26; 20.34)

	
1.05 $ (0.46; 1.62)

	
−2.53 * (−8.95; 3.89)

	
0.20 $ (−0.66; 0.27)




	
Glycated HbA1c, %

	
7.10 ± 0.94

	
6.31 ± 1.78

	
6.27 ± 0.78

	
−0.79 (0.07; 1.52)

	
0.55 (0.04; 1.03)

	
−0.04 (−0.73; 0.81)

	
0.03 (−0.44; 0.48)




	
HOMA-IR

	
10.8 (8.38; 14.3)

	
4.32 (2.09; 7.62)

	
3.98 (2.07; 7.60)

	
−5.40 * (2.52; 8.01)

	
0.88 $ (0.28; 1.45)

	
−0.40 * (−1.67; 2.22)

	
0.30 $ (−0.45; 0.52)




	
Triglycerides, mmol/L

	
2.11 ± 1.04

	
1.04 ± 0.28

	
1.31 ± 0.46

	
−1.07 (0.55; 1.59)

	
1.06 (0.45; 1.64)

	
0.27 (−0.51; 0.03)

	
0.60 (−1.09; 0.06)




	
Cholesterol, total, mmol/L

	
4.64 ± 1.08

	
3.50 ± 0.99

	
4.16 ± 1.24

	
−1.14 (−0.81; −1.48)

	
1.75 (0.97; 2.51)

	
0.66 (1.09; 0.23)

	
0.79 (0.23; 1.32)




	
HDL cholesterol, mmol/L

	
1.17 ± 0.17

	
1.14 ± 0.19

	
1.21 ± 0.23

	
−0.03 (−0.07; 0.12)

	
0.14 (−0.56; 0.63)

	
0.08 (−0.17; 0.02)

	
0.42 (−0.91; 0.83)




	
LDL cholesterol, mmol/L

	
2.55 ± 0.88

	
1.96 ± 0.96

	
2.35 (1.16)

	
−0.59 (0.24; 0.95)

	
0.88 (0.29; 1.46)

	
0.39 (0.83; 0.07)

	
0.61 (0.08; 1.12)








Values presented are mean ± SD or median (interquartile range). Change is presented either as mean (95% CI) for parametric data or median (IQR) for non-parametric data (denoted with *). Effect sizes are either Cohen’s d for parametric data or r2 for non-parametric data (denoted with $). CI, confidence interval; CRP, C-reactive protein; FABP-4, fatty acid-binding protein 4; GDF-15, growth differentiation factor-15; HbA1c, glycated haemoglobin 1c; HDL, high-density lipoprotein; HOMA-IR, homeostatic index of insulin resistance; LDL, low-density lipoprotein; MMP-8, matrix metalloproteinase-8.













 





Table 4. Temporal responses of fibroinflammatory and glycometabolic markers for the exercise group (n = 11).
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Baseline—Week 4

	
Week 4–Week 12




	

	
Baseline

	
Week 4

	
Week 12

	
Mean or Median Difference

(95% CI or IQR)

	
Effect Size (95% CI)

	
Mean or Median Difference

(95% CI or IQR)

	
Effect Size (95% CI)






	
CRP, mg/L

	
6.28 ± 0.21

	
6.27 ± 0.26

	
6.26 ± 0.20

	
−0.01 (−0.17; 0.19)

	
0.35 (−0.58; 0.65)

	
−0.01 (−0.20; 0.22)

	
0.37 (−0.58; 0.66)




	
FABP-4, mg/L

	
4.84 ± 0.29

	
4.89 ± 0.35

	
4.80 ± 0.28

	
0.05 (−0.17; 0.05)

	
0.36 (−0.99; 0.29)

	
−0.09 (−0.03; 0.21)

	
0.53 (−0.14; 1.19)




	
GDF-15, mg/L

	
2.99 ± 0.26

	
2.93 ± 0.52

	
2.94 ± 0.30

	
−0.05 (−0.20; 0.31)

	
0.15 (−0.48; 0.77)

	
0.01 (−0.31; 0.30)

	
0.01 (−0.63; 0.61)




	
MMP-8, mg/L

	
2.29 ± 0.38

	
2.31 ± 0.31

	
2.29 ± 0.28

	
0.02 (−0.19; 0.15)

	
0.09 (−0.70; 0.53)

	
−0.02 (−0.15; 0.19)

	
0.08 (−0.54; 0.70)




	
Adiponectin * 103, mg/L

	
3.12 (2.49; 7.29)

	
2.73 (1.46; 6.95)

	
3.07 (1.65; 7.62)

	
−0.39 * (−0.68; 1.44)

	
0.61 $ (−0.50; 1.25)

	
0.34 * (−1.84; 0.32)

	
0.40 $ (0.23; 0.90)




	
Leptin * 103, mg/L

	
14.4 (6.60; 35.1)

	
13.5 (6.31; 35.9)

	
11.5 (4.04; 38.9)

	
−1.05 * (−3.13; 2.57)

	
0.07 $ (−0.65; 0.53)

	
−1.99 * (−4.30; 3.62)

	
0.06 $ (−0.63; 0.51)




	
Glycated HbA1c, %

	
7.36 ± 1.24

	
7.16 ± 1.22)

	
7.12 ± 1.26

	
−0.20 (0.10; 0.40)

	
0.72 (0.036; 1.37)

	
−0.04 (−0.29; 0.37)

	
0.07 (−0.52; 0.66)




	
HOMA-IR

	
9.60 (6.27; 21.0)

	
8.53 (6.53; 11.1)

	
7.51 (5.70; 18.1)

	
−1.07 * (−4.21; 3.63)

	
0.50 $ (−0.64; 0.74)

	
−1.01 * (−4.20; 3.60)

	
0.30 $ (−0.65; 0.62)




	
Triglycerides, mmol/L

	
2.09 ± 0.84

	
2.13 ± 0.86

	
2.16 ± 0.92

	
−0.04 (−0.62; 0.54)

	
0.05 (−0.64; 0.54)

	
0.03 (−0.61; 0.55)

	
0.03 (−0.62; 0.56)




	
Cholesterol, total, mmol/L

	
4.78 ± 0.72

	
4.57 ± 0.88

	
4.68 ± 0.96

	
−0.21 (−0.19; 0.61)

	
0.35 (−0.27; 0.95)

	
0.11 (−0.79; 0.57)

	
0.11 (−0.69; 0.49)




	
HDL cholesterol, mmol/L

	
1.22 ± 0.32

	
1.11 ± 0.26

	
1.09 ± 0.26

	
−0.11 (0.04; 0.18)

	
0.70 (0.29; 1.77)

	
−0.02 (−0.04; 0.08)

	
0.20 (−0.39; 0.80)




	
LDL cholesterol, mmol/L

	
2.55 ± 0.75

	
2.44 ± 0.73

	
2.57 ± 0.95

	
−0.12 (−0.19; 0.41)

	
0.26 (−0.38; 0.89)

	
0.13 (−0.68; 0.42)

	
0.17 (−0.79; 0.46)








Values presented are mean ± SD or median (interquartile range). Change is presented either as mean (95% CI) for parametric data or median (IQR) for non-parametric data (denoted with *). Effect sizes are either Cohen’s d for parametric data or r2 for non-parametric data (deno