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7.1 Summary  

Ageing populations worldwide face an increasing gap between lifespan and healthspan, with 

many individuals spending the final decades of life in poor health despite substantial gains 

in longevity (1,2). Addressing this imbalance requires identifying and targeting modifiable 

lifestyle factors that can preserve physical and metabolic function and delay biological ageing 

(3). The overarching aim of this thesis was to elucidate the effects of modifiable lifestyle 

factors on three health domains relevant to ageing, namely muscle, immune-metabolic, and 

gut health, to eventually promote healthy ageing. The thesis originally centered on the design, 

execution and analysis of a novel multimodal intervention (VOILA) to enhance these 

domains in older adults. The VOILA study was designed and executed but pandemic-related 

delays postponed the data collection and analysis of the study beyond the time available for 

completing this thesis. This required expanding the scope of our studies to the analyses of 

lifestyle factors affecting muscle and gut health in large observational cohort studies such as 

UK Biobank and Lifelines, respectively. In addition, we explored modifiable lifestyle factors 

in experimental studies: in a systematic review the relation between sleep disruption and gut 

and muscle health, and in the PERSON study the relation between dietary intervention 

responses and immune-metabolic health (quantified using the MetaboHealth score) as 

baseline stratifier and as outcome. The MetaboHealth score was central to the VOILA 

intervention study, the algorithm was generated from easily affordable and scalable 

metabolomic markers to indicate compromised immune-metabolic health and disease risk 

among older adults.  This integrative framework allows for a nuanced understanding of 

associative, mechanistic, and interventional dimensions of healthy ageing.  

The VOILA study (Chapter 2) investigated a multimodal lifestyle intervention that integrated 

supervised high-intensity resistance training with fortified high-protein supplements in 

community - dwelling older adults, aiming to counteract age-related physiological decline. 

To our knowledge, this is one of the first interventions to target multiple physiological 

outcomes within a single intervention. This innovative 12-week program was designed to 

concurrently target three interdependent systems central to healthy ageing: muscle function, 

immune-metabolic regulation, and gut health. The focus of VOILA also lies on studying 

diversity in intervention effects given baseline variation represented by mobility and 

metabolically compromised older adults. Within the Leiden arm, for which I was responsible, 

participants were classified according to their immune-metabolic health, indicated by the 

MetaboHealth score. Based on this score we stratified metabolically-compromised and 

– healthy individuals to assess whether metabolic status improves by the multimodal 

intervention and how baseline status influences responsiveness. Preliminary analyses suggest 

that on average the MetaboHealth score does not change due to the intervention but 

individuals with poor immune - metabolic health scores benefited most, exhibiting greater 

gains in muscle mass, strength, and immune-metabolic markers than their healthier 

counterparts (personalcommunication with F. Bogaards). As the core practical and 

experimental component of this thesis, the VOILA study lays the groundwork for biomarker-
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guided strategies to promote healthy ageing and extend healthspan in older adults, for 

example at general practitioners and lifestyle centers for targeted, evidence-based lifestyle 

interventions. 

The UK Biobank (Chapter 3) analysis provided extensive cross-sectional evidence linking 

lifestyle behaviors to key muscle-related outcomes across adulthood in a large general 

population sample. By examining a wide array of phenotypic and lifestyle data from 

individuals aged 40–70 years, the study illustrated how nutrition, physical activity, and sleep 

collectively influence muscle strength and fat-free mass. Dietary fiber, alongside greater 

levels of physical activity, were consistently associated with increased handgrip strength and 

fat-free mass, reinforcing their crucial roles in sustaining musculoskeletal health during 

ageing. The specificity of the fiber–muscle association, independent of protein intake, 

underscores the novelty and strength of this observation and suggests that gut-mediated 

mechanisms may play a previously underappreciated role in maintaining muscle health. 

These findings reveal a set of modifiable lifestyle behaviors highly relevant to muscle health 

and provide a robust, population-based foundation supporting targeted, personalized 

interventions like VOILA to promote healthy ageing. 

The Lifelines analysis (Chapter 4) examined associations between different intensities of 

physical activity and gut microbiome composition and function in a large, population-based 

cohort. This represents one of the most comprehensive analyses to date linking subjectively 

measured physical activity intensity to detailed microbiome functional profiles. The findings 

revealed that higher levels of moderate-to-vigorous physical activity were linked to greater 

abundance of bacterial species and metabolic pathways associated with anti-inflammatory 

and metabolically beneficial functions, such as butyrate-producing taxa including Roseburia 

and Faecalibacterium. These results suggest that physical activity may foster a gut microbial 

environment that could support metabolic and immune health. However, these associations 

likely reflect broader lifestyle patterns encompassing diet quality and reduced sedentary 

behavior, highlighting the importance of accounting for lifestyle clustering in microbiome 

studies. Overall, Lifelines provides strong observational evidence positioning physical 

activity as a key determinant of gut microbiome diversity and function, offering a compelling 

rationale to experimentally test causal effects within integrated lifestyle interventions like 

VOILA. 

The systematic review (Chapter 5) comprehensively synthesized current evidence on the 

relationship between sleep and the gut microbiome throughout the lifespan. This synthesis is 

among the first to integrate findings across age groups, highlighting lifespan patterns in 

sleep–microbiome interactions. The reviewed studies consistently demonstrated that poor 

sleep -characterized by short duration, irregular timing, or low quality- is linked to alterations 

in microbial diversity and shifts in specific bacterial taxa involved in metabolic and immune 

functions. These microbial changes may contribute to systemic inflammation, insulin 

resistance, and impaired metabolic regulation, indicating that sleep can indirectly influence 

overall health through gut-mediated mechanisms. However, most of the existing evidence 
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remains correlational, with limited experimental data to firmly establish causality or the 

direction of effects. Despite these limitations, the findings highlight sleep as an important yet 

underexplored factor in gut and metabolic health, strengthening the rationale for including 

sleep assessments in comprehensive lifestyle interventions like VOILA. Further research, 

particularly controlled mechanistic studies, is needed to clarify these complex interactions 

and optimize intervention strategies incorporating sleep modulation. 

The PERSON study (Chapter 6) evaluated the efficacy of tissue-specific dietary interventions 

tailored to the stratification of participants in two Metabotypes exhibiting either muscle or 

liver insulin resistance, assigning them to a high-monounsaturated fat diet or a low-fat, high-

protein diet. Both dietary approaches resulted in improvements in insulin resistance and 

multiple metabolic biomarkers, confirming the value of phenotype-matched nutritional 

strategies. Additional stratification using the MetaboHealth score revealed substantial inter-

individual variability in response to the intervention between Metabotype groups, with 

participants in poor metabolic health MetaboHealth tertiles exhibiting greater health gains, 

underscoring the utility of MetaboHealth as a health indicator in identifying those most likely 

to benefit from tailored interventions. This consistent and biologically plausible pattern 

across independent measures strengthens the credibility of MetaboHealth as a novel tool for 

stratification of metabolically-compromised individuals that would benefit most from 

lifestyle interventions. However, the MetaboHealth score itself did not change significantly 

over the 12-week intervention, indicating that short-term dietary modifications alone may be 

insufficient to shift integrated immune-metabolomic profiles. Collectively, the PERSON 

study highlights the promise of metabolomics-guided stratification for refining precision 

nutrition approaches, while emphasizing the need for longer-term and/or multimodal lifestyle 

interventions to achieve sustained improvements in systemic metabolic health. 

7.2. VOILA: Integrating observational and mechanistic evidence to advance 

understanding of lifestyle factors on muscle, gut, and immune-metabolic health               

in aging 

7.2.1 Dietary protein, fibre, and resistance exercise are fundamental approaches to maintain 

muscle health 

The UK Biobank and VOILA studies together offer complementary perspectives on the 

critical role of nutrition in preserving muscle health in older adults. The UK Biobank analysis, 

through a large-scale cross-sectional approach, identified higher protein and fibre intake as 

strongly associated with greater muscle mass and strength across the general population.  

This is consistent with recent findings showing that higher dietary fiber intake independently 

correlates with increased lean mass and handgrip strength, likely due to fiber's beneficial 

effects on metabolic health and inflammation reduction (4). Together with physical activity, 

fibre intake should therefore receive greater attention when assessing dietary quality for 

muscle preservation in aging, aligning with broader evidence on the integral role of lifestyle 

factors in musculoskeletal health maintenance (5,6). Building on these observational insights, 

the VOILA study provided causal evidence by implementing a multimodal intervention 
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combining high-intensity resistance exercise with a protein- and prebiotic fibre-enriched 

supplement supplying 1.2 g/kg body weight of protein daily, going beyond the current 

recommendations of 0.8 g/kg for older adults (7). Preliminary findings from VOILA revealed 

improvements in lean mass and overall muscle strength across diverse participant groups, 

including metabolically compromised, mobility-impaired, and post–knee replacement 

individuals (personal communication with A. Monsegue). Notably, mobility-compromised 

participants showed exceptional gains in functional performance such as chair-stand ability, 

whereas post–knee replacement and metabolically compromised groups exhibited 

pronounced improvements in maximal strength across multiple exercises. Together, these 

studies highlight the combination of dietary protein, fibre intake and resistance exercise for 

muscle health while demonstrating that integrated, multimodal interventions effectively 

enhance both functional and strength outcomes in older adults, with varying benefits 

influenced by baseline health status. 

7.2.2 Physical activity and interventions support gut and metabolic health in older adults 

Physical activity is increasingly recognized as a key modulator of gut microbiome 

composition, with the effects depending on both the type and intensity of activity (8–11). 

Observational evidence from large population-based cohorts, including Lifelines, 

demonstrated that higher levels of moderate-to-vigorous physical activity were associated 

with increased abundance of bacterial species and metabolic pathways linked to anti-

inflammatory and metabolically beneficial functions, such as butyrate-producing taxa 

including Roseburia, Faecalibacterium, and Butyricicoccus (12–18). These associations 

suggest that physical activity fosters a gut microbial environment supportive of metabolic 

and immune health. However, these findings are also influenced by broader lifestyle factors 

such as diet quality and sedentary behavior, requiring careful consideration of lifestyle 

clustering in microbiome research (19–25). In contrast, the VOILA study implemented a 

structured resistance training intervention alongside protein supplements enriched with 

prebiotics, vitamin D, and calcium to directly test causal effects on the gut microbiome in 

older adults. While VOILA’s microbiome data are still being analyzed, keeping in mind 

baseline comparisons with Lifelines’ microbial markers provides a valuable reference. 

VOILA will also test whether targeted resistance exercise combined with enriched protein 

supplementation induces distinct changes in microbial composition and function compared 

to the broader physical activity patterns observed in Lifelines. Together, these studies 

advance understanding of how different forms of exercise influence the gut microbiome in 

ageing populations, supporting development of targeted, evidence-based lifestyle 

interventions to optimize gut and metabolic health. This focus resonates with broader 

research showing that regular exercise in older adults contributes to increased microbial 

diversity and enrichment of SCFA-producing taxa, supporting metabolic resilience and 

reduced inflammation associated with ageing. However, systematic reviews emphasize that 

findings remain heterogeneous and likely depend on exercise intensity, duration, and 

concurrent dietary patterns, underscoring the need for well-controlled trials such as VOILA 

to clarify causal mechanisms (26–29). 
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7.2.3 Improved sleep as a strategy to enhance microbial, metabolic, and muscle health  

Sleep is increasingly recognized as a critical determinant of gut microbiome composition and 

metabolic health. Chapter 4 and posterior systematic reviews have synthesized growing 

evidence that sleep disturbances-whether in duration, quality, or timing-consistently 

associate with in lower microbial diversity and composition, often implicating a lower 

abundance of key taxa such as Faecalibacterium prausnitzii and Bacteroides species linked 

to metabolic and immune function (30,31). These microbial shifts may contribute to systemic 

inflammation, insulin resistance, and dysregulation of neuro-metabolic pathways through the 

gut-brain axis, potentially compromising muscle health via the gut-muscle axis  (32–39). 

Building on this foundation, the VOILA study collects detailed sleep data via the PSQI 

questionnaire alongside gut microbiome samples at baseline and endline, offering a unique 

opportunity to explore whether sleep quality categories-poor, average, and good sleepers-

correlate with distinct microbial profiles and whether changes in sleep metrics correspond to 

microbiome alterations in an older population (31). This integration allows VOILA to move 

beyond association, facilitating investigation into potential causal pathways suggested by 

prior observational research and clarifying the interplay between sleep, the microbiome, and 

healthy ageing. Such insight is important for informing the development of targeted lifestyle 

interventions that incorporate sleep optimization for gut and metabolic health benefits. 

7.2.4 MetaboHealth enables personalized strategies to enhance muscle and metabolic 

health  

Both the PERSON and VOILA studies effectively utilized biomarker-based stratification to 

tailor interventions and understand variability in individual responses, reflecting a broader 

trend toward precision medicine approaches that leverage molecular and physiological 

markers to guide personalized interventions across fields ranging from oncology and 

neurodegeneration to metabolic health (40–46). PERSON showed that apart from 

Metabotypes, baseline MetaboHealth tertiles and tissue-specific insulin resistance predict 

dietary responsiveness. However, the MetaboHealth score itself remained largely unchanged 

after three months of dietary changes alone (without increased physical exercise). Similarly, 

VOILA stratifies participants using MetaboHealth and applies a multimodal intervention 

combining resistance exercise with fortified protein and fibre supplementation. While muscle 

mass and strength improved across all groups in PERSON, the overall MetaboHealth score 

did not shift significantly. The intervention enhanced vitamin D levels in metabolically 

compromised participants and reduced trunk fat, indicating broader metabolic benefits 

captured by the MetaboHealth score. These findings suggest that shifting integrated 

metabolomic profiles may require interventions longer than three months (likely six months 

or more) to detect significant measurable changes in the score itself, despite achieving 

substantial functional and metabolic improvements. Overall, these studies highlight 

MetaboHealth's promise as a global health estimator in the population linked to stratified 

lifestyle interventions, with VOILA providing a platform to evaluate its utility in a 

multimodal context. 
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7.3. Strengths and limitations 

This thesis combines multiple complementary studies to provide a comprehensive 

perspective on the interactions between lifestyle, metabolism, muscle, and gut microbiomes. 

Key strengths include the use of large, well-characterized cohorts such as Lifelines and UK 

Biobank, which provided high-resolution microbiome data, extensive phenotyping, and 

rigorous statistical adjustment for multiple confounders, including diet, BMI, and stool 

consistency. Clustering of these factors hamper an estimation of independent effect of these 

variables in smaller studies. The PERSON study represents a unique, randomized, tissue-

specific dietary intervention, allowing exploration of personalized nutrition strategies guided 

by muscle and liver insulin resistance phenotypes. Similarly, the VOILA study contributed 

detailed clinical and functional assessments, enhancing mechanistic insight into metabolic 

health in older adults. Across studies, analytical approaches were robust, including mixed-

effects modeling and false discovery rate corrections, ensuring transparency and reliability 

of the reported associations. 

Nevertheless, several limitations temper the interpretation of these findings. Lifelines and 

UK Biobank are cross-sectional, precluding causal inference and raising the possibility of 

reverse causation or residual confounding. In the PERSON intervention, the relatively short 

12-week duration and small subgroup sizes limited the magnitude of detectable changes in 

MetaboHealth scores and statistical power for higher-order interactions. Self-reported 

measures in Lifelines and VOILA, including physical activity, dietary intake, and sleep, 

introduce potential measurement error, while the exclusion of participants with incomplete 

data may reduce generalizability. Exploratory associations, such as links between vigorous 

physical activity and microbial functional pathways or between sleep, gut microbiota, and 

sarcopenia, remain largely hypothesis-generating and could be influenced by unmeasured 

factors, including age-related inflammation or lifestyle variability. Finally, the selective 

inclusion of relatively healthy participants in Lifelines and PERSON constrains extrapolation 

to populations with chronic disease.  

7.4. Future perspectives 

7.4.1 Defining a healthy microbiome 

The collective findings presented in this thesis from Lifelines, VOILA, and the systematic 

review highlight a critical question in microbiome science: what defines a “healthy” gut 

microbiome, particularly in ageing populations? Evidence increasingly suggests that there is 

no single microbial signature of health (47,48). Instead, health may be best defined by a 

dynamic balance of microbial diversity and functionality that supports key metabolic, 

immune, and physiological processes. In both Lifelines and VOILA, physical activity and 

dietary interventions were associated with specific microbial pathways, including energy 

metabolism and purine degradation, suggesting that microbial composition and functional 

output are closely linked to lifestyle behaviors. Future studies should focus on integrating 

compositional data with functional outcomes, such as metabolomic profiles or MetaboHealth 
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scores, to establish mechanistic links between microbial ecology and health resilience. 

Multiomics approaches are increasingly used to combine metagenomic, metabolomic, and 

fluxbalance data to uncover causal pathways connecting microbial activity to host 

physiology. Recent studies in metabolic disorders, inflammatory bowel disease, and exercise 

interventions demonstrate how networkbased and statistical integration models reveal 

metabolite–microbe relationships shaping immune and energy regulation (49–55). 

Additionally, longitudinal studies are needed to capture the temporal stability and 

adaptability of the microbiome, enabling the development of operational definitions of 

“healthy” microbiomes that can guide targeted interventions in older adults (56). Defining 

the stability and adaptability will be essential to translate microbiome research into 

meaningful, personalized strategies for maintaining metabolic and functional health with 

ageing. 

7.4.2 Clinical translation of MetaboHealth 

The MetaboHealth score emerges as a promising biomarker for stratifying inflammatory and 

metabolic risk in older adults. Its potential lies not only in research but also in practical 

application: by integrating MetaboHealth into routine health assessments, general 

practitioners and lifestyle physicians in the Netherlands could identify individuals at 

heightened risk of metabolic deterioration before clinical symptoms arise. This early 

stratification would enable precision guidance in lifestyle interventions, such as diet 

optimization or structured exercise programs (57,58). Moreover, collaboration with health 

insurance providers could support implementation within preventive care frameworks, 

promoting accessibility and adherence while reducing long-term health costs. Importantly, 

future work should explore the real-world feasibility of integrating MetaboHealth into routine 

clinical workflows, including cost-effectiveness, patient acceptability, and the capacity of 

healthcare systems to respond to identified risks. By bridging research findings and clinical 

practice, MetaboHealth could become a cornerstone for precision health strategies aimed at 

preventing age-related metabolic decline. Many steps of analysis would have to be executed, 

though: making a personalized version of the score; explore prediction of healthspan based 

on changes in interventions; studying the changes of the score across diverse interventions; 

explore whether older adults wish to be informed of their scores and more (59–62). 

Ultimately, establishing MetaboHealth as a standardized biomarker could bridge the gap 

between molecular aging research and preventive healthcare, enabling earlier, more 

personalized interventions that promote healthy aging trajectories. 

7.4.3 Scaling and implementation of VOILA 

While VOILA provides proof-of-concept for structured lifestyle interventions in older adults, 

scaling such programs presents practical and logistical challenges (63–65). In the VOILA 

intervention, recruitment proved challenging as many older adults declined participation due 

to mobility issues, health limitations, or discomfort with structured exercise routines. Such 

difficulties are typical across lifestyle and aging trials, where physical constraints, time 

demands, or lack of familiarity with program formats often hinder enrollment. Similar 
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recruitment barriers have been documented in other interventions, emphasizing the need for 

age-friendly communication, flexible participation formats, and trust-building strategies 

involving healthcare providers and local networks (66–72). If VOILA demonstrates 

measurable benefits for muscle, immune-metabolic, and gut health, broader implementation 

will require careful planning, including the development of supportive infrastructure, flexible 

program delivery models, and collaboration with local community, peer groups and lifestyle 

centers. Ensuring adherence will be critical, which may be facilitated through digital support 

tools, group-based activities, or personalized coaching (73–75). Additionally, effective 

stakeholder engagement, including healthcare providers, policymakers, and insurers, will be 

necessary to sustain implementation and ensure equity of access (76,77). Ultimately, 

translating VOILA from a research study into routine practice will depend on creating an 

environment that supports participation, monitors outcomes, and integrates interventions 

seamlessly into the daily lives of older adults. 

7.5 Conclusion 

This thesis addresses the growing gap between lifespan and healthspan by focusing on 

muscle, metabolic, and gut health in ageing populations - key domains whose decline drives 

functional impairment and multiple chronic diseases. By integrating complementary 

approaches, we captured both population-level associations and individual responses of 

modifiable lifestyle factors and health benefits. Large cohorts such as UK Biobank and 

Lifelines revealed strong links between lifestyle factors (physical activity, diet, sleep), gut 

microbiome, metabolism, and muscle function. Evidence synthesis clarified pathways from 

sleep and microbiome to sarcopenia and metabolic health. Targeted interventions in PERSON 

and VOILA demonstrated the feasibility of metabolic phenotyping and the MetaboHealth 

score to guide precision lifestyle changes. This cumulative evidence supports biomarker-

guided, multimodal interventions to enhance metabolic resilience, preserve muscle, and 

optimize gut health. Critical next steps include confirming causality in long-term trials, 

scaling VOILA-like programs, and embedding MetaboHealth in clinical care, advancing a 

precision health framework to extend healthspan alongside lifespan. 
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