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Aging 

The aging population is growing, being a big challenge for society. Population 
aging is the result of a declining birth rate together with an increase in overall life 
expectancy, mainly due to decreased mortality by improved health care. Although 
geographical differences exist, this trend is observed worldwide (1). It was estimated 
that the number of individuals aged 65 years and over increases from 8.5% of the 
total population in 2015 to 16.7% in 2050 (1). Biological aging is associated with 
a decreased physiological resilience in response to stress, as a consequence of 
lifelong molecular and cellular stress, contributing to age-related conditions such 
as frailty and (co)morbidity (2, 3). Therefore, aging imposes a serious burden on the 
health care system and has economic consequences in terms of increasing health 
care costs (1). In the Netherlands, the absolute number of individuals over 65 years 
of age and the costs associated with care for the elderly, are projected to increase 
substantially in the next 20 years (Figure 1.1) (4). 

 

Figure 1.1 - Dutch aging population and elderly care costs prospects (numbers based on Hilderink & 
Verschuuren (4)).
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Various factors such as host genetics (5), psychosocial factors (e.g. living situation, 
social support) (6) and lifestyle (e.g. diet, physical activity) (7) have been shown 
to impact the aging process, and are instrumental to the heterogeneous character 
of the elderly population. The relative contribution of these factors still remains 
to be established. Nevertheless, nutritional interventions are widely considered 
to improve and/or maintain healthy aging, thereby contributing to quality of life in 
elderly populations.

Intestinal health

Intestinal health is increasingly considered as an important target to improve 
overall health and well-being. Although a clear definition is lacking, one might define 
intestinal health as a state of physical and mental well-being in the absence of 
intestinal complaints and/or diseases (8). On one hand, intestinal function comprizes 
an effective digestion and absorption of food, but also an adequate intestinal barrier 
and immune function, as well as normal and stable intestinal microbiome are 
suggested to contribute to intestinal health (9-12). 

Intestinal barrier function
The intestinal barrier has an important protective function against the external 
environment and consists of various components, as shown in figure 1.2A. From the 
luminal side the intestinal barrier includes e.g. the commensal intestinal microbiota, 
the mucus layer, anti-microbial peptides (AMPs) and secretory immunoglobulin 
A (sIgA) (11, 13). The mucus layer is composed of glycosylated mucin proteins, 
thereby forming a viscous structure to protect the intestinal epithelial cells (IECs) 
(11). AMPs (e.g. defensins and cathelicidins) and sIgA have antimicrobial properties 
and can prevent microbes from reaching and penetrating the IECs (13, 14). The 
intestinal mucosa further consists of a single layer of IECs including enterocytes, 
goblet cells, Paneth cells (in the small intestine) and neuroendocrine cells (15). 
IECs play an important role in nutrient absorption and secretion of e.g. mucus, 
antimicrobial peptides, digestive proteins and hormones (15). IECs form a barrier 
to prevent permeation of potentially noxious substances, but allow selective 
transport by two routes (Figure 1.2A). First, transcellular transport comprizes mainly 
the absorption of nutrients, a process which is actively and passively regulated by 
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transporters and ion channels on the cell membranes (16). Second, paracellular 
transport involves the passive passage of solutes through the intercellular space 
(i.e. between adjacent IECs), and is primarily regulated by tight junctions (TJs) and 
adherence junctions (AJs) as part of the junctional complex (16) (Figure 1.2B). TJs 
are multi-protein complexes of transmembrane proteins (e.g. occludin and claudins), 
which interact with the intracellular actin and myosin cytoskeleton via peripheral 
membrane proteins (e.g. zonula occludens) (10, 16). TJs can be regulated e.g. by 
myosin light chain kinase (MLCK) (10). Activation of MLCK leads to phosphorylation 
of myosin II regulatory light chain in the actomyosin ring (17). As a result, the TJs 
architecture can show either disruption (18) or dislocation and thereby opens the 
barrier (19). While TJs prevent passage of potential harmful substances, AJs (e.g. 
cadherins) and desmosomes maintain adhesive bonds between IECs and facilitate 
intercellular communication (16) (Figure 1.2B). An adequately functioning intestinal 
barrier protects the host from potential noxious substances (e.g. microbes and 
toxins). Impairments in barrier function may lead to permeation of these substances 
from the lumen into the lamina propria, activating the mucosal immune system 
(16). The intestinal immune system comprises a large number of immune cells 
including amongst others macrophages, dendritic cells and T-cells (Figure 1.2A). 
Many immune cells, especially of innate immunity, but also IECs contain pathogen 
recognition receptors (PRRs) such as Toll-like receptors (TLRs) to recognize 
pathogen-associated molecular patterns (PAMPs) (20). Recognition of microbes by 
TLRs can lead to a variety of signal transduction pathways resulting in the production 
of pro- and anti-inflammatory cytokines (21). 
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Figure 1.2 - Representation of key components related to intestinal barrier function. A. Bacteria reside 
in the intestinal lumen as well as in the mucus layer. The mucus layer covers the intestinal epithelial 
cells, is composed of gel-forming mucins, and contains substances like antimicrobial peptides (AMPs) 
and secretory immunoglobulin A (sIgA). Adjacent intestinal epithelial cells form a selective barrier and 
allow passage of e.g. nutrients for paracellular or transcellular transport. Impaired intestinal barrier 
function leads to passage of potential noxious substances which may activate immune cells (e.g. T-cells, 
macrophages, dendritic cells) located in the lamina propria. B. Molecular structures of the intercellular 
junctional complex between intestinal epithelial cells including tight junctions, adherence junctions and 
desmosomes. Adapted by permission from Vancamelbeke & Vermeire (11) and Suzuki (16).

Intestinal barrier function can be measured by intestinal permeability in vivo via oral 
ingestion of small size molecules (e.g. sucrose, L-rhamnose, mannitol, erythritol), 
larger size molecules (e.g. lactulose, sucralose, high molecular weight polyethylene 
glycol), or radio-labeled probes (51Cr-Ethylenediaminetetraacetic acid), which can be 
determined in blood or urine (22). Van Wyck et al. (23, 24) have developed a multi-
sugar test to determine functional segment-specific as well as whole intestinal 
permeability. Measuring urinary excretion ratios of large/small molecules (e.g. 
lactulose/L-rhamnose for small intestinal permeability) enables correction for potential 
differences in for example transit time or renal clearance. Other methods to determine 
intestinal barrier function include ex vivo intestinal permeability analyses by Ussing 
chamber experiments. This requires invasive methods to collect biopsy or surgical 
specimens, and allows for electrical as well as paracellular flux measurements to 
determine intestinal integrity while taking genetic host susceptibility into account (22, 
25). Moreover, diverse stressors to increase intestinal permeability can be applied in 
these experiments, which is relevant in intervention studies focusing on prevention of 
or strengthening impaired barrier function. Biopsy or surgical specimens can also be 
used for complementary TJs or AJs protein- or gene expression analyses as well as 
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underlying signaling pathways, thereby providing more mechanistic insights. In addition, 
interest is growing in biomarkers of intestinal barrier function, such as serum zonulin 
(26), plasma or urinary intestinal fatty-acid binding protein, and plasma citrulline (22).  
Impaired intestinal barrier function, including intestinal epithelial disruption and 
immune activation, has been suggested to be associated in the pathophysiology of 
several intestinal diseases like inflammatory bowel syndrome (IBS) and inflammatory 
bowel diseases (IBD) as well as in metabolic diseases such as type 1 diabetes (11, 12, 
27, 28). 

Intestinal microbiota 
The intestinal microbiota provides colonization resistance, thereby contributing to the 
intestinal barrier function. The intestinal microbiota plays also an important role in the 
development and well-functioning of the epithelial barrier and immune system (29). In 
humans, the intestinal microbiota is composed of a complex community of microbes, 
with highest numbers (i.e. up to 1012 cells/g of luminal content) in the colon (30). In 
healthy adults, the bacterial ecosystem is dominated by Bacteroidetes and Firmicutes, 
and smaller abundances of Actinobacteria, Proteobacteria and Verrucomicrobia (31). 
At the phylum level, the intestinal microbiota shows large overlap between individuals. 
At species or subspecies (i.e. strain) level, however, there are large inter-individual 
differences, which is reflected in a distinctive microbiota composition, comparable 
to the uniqueness of a fingerprint (31). It has been estimated that the human 
intestinal microbiota of an individual consists of 300-500 different species (30). The 
intestinal microbiota plays an important role in maintaining intestinal homeostasis, 
e.g. by regulating the maturation of intestinal epithelium and the immune system, 
and by its large metabolic capacity which results in the production of vitamins, and 
causes conversion in metabolism of bile salts and xenobiotics (31, 32). Bacterial 
fermentation of undigested carbohydrates results in the production of short-chain 
fatty acids (SCFAs) including acetate, propionate and butyrate. As the microbiota 
prefers carbohydrate over protein fermentation, SCFAs are mostly produced in the 
proximal colon and important for intestinal health by serving as energy substrate for 
the epithelium, reinforcement of the epithelial barrier, as well as having amongst others 
anti-inflammatory and anti-oxidative effects (30). In contrast, protein fermentation (i.e. 
in general more pronounced in the distal colon) results in the production of merely 
toxic metabolites (33). 
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In the last decade, technological developments boosted the insights into the intestinal 
microbiome in health and disease by application of next generation sequencing 
approaches based on the 16S rRNA gene, proteomics and metabolomics, as well 
as advanced computational techniques such as principal component analysis, 
discriminant and redundancy analyses. Findings have led to the emerging importance 
of investigating the activity of those microbes in addition to the composition. In this 
context, the term microbiome refers to the collection of all genomes of microbes 
with an ecosystem, while microbiota are the microbes hat collectively inhabit a 
specific ecosystem (31). Whereas, the intestinal microbiota composition differs 
largely between individuals, a rather stable functional core has been found in the 
healthy individuals (34). The molecular function of the intestinal microbiota is still 
largely unknown. Up to 50% of the microbial gene families remain functionally 
uncharacterized (34). In addition to host genetics, multiple environmental factors 
such as lifestyle and medication use have been found to influence both the human 
intestinal microbiota composition and activity (31). By investigating many of 
these factors (i.e. related to lifestyle, medication use and health status) in a large 
population-based cohort, Zhernakova et al. (35) showed these together explained 
18.7% of the variation in the microbiota composition. In addition, several studies 
link perturbations in the intestinal microbiota composition and -activity to a wide 
variety of diseases (12, 31), whereas the exact underlying mechanisms remain to 
be elucidated. Still, the intestinal microbiome is considered a promising target as 
it clearly links to many host functions, and rapidly responds to major changes in 
dietary intake (e.g. high-fat diet versus high-fiber diet) (36, 37). 

Intestinal health in aging 

Adequate nutrient digestion and absorption together with a well-functioning intestinal 
barrier, immune function and microbiome, are considered key features of intestinal 
health, which can impact the gastrointestinal tract as well as extra-intestinal organs. 
Thereby, proper intestinal functioning contributes to healthy aging, and may prevent and/
or delay health impairments (e.g. frailty). Age-related declines in intestinal physiology 
can induce symptoms and (co)morbidity, leading to impaired quality of life (38). Age-
related changes in GI functions, such as (digestive) secretions and absorption, are 
however not well described. A limited number of studies that investigated the impact of 
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Aim and outline of the thesis 

The aging population is growing worldwide, posing an increasing burden on health 
care system and society. Further insight into modifiable factors to improve intestinal 
health are highly relevant. The aim of this thesis was to investigate the impact of 
aging and nutritional interventions (i.e. synbiotics and (candidate) prebiotics) on 
intestinal health, with a strong focus on intestinal barrier function and the intestinal 
microbiota, as human studies in these areas are limited. Figure 1.3 shows a non-
exclusive overview of the topics addressed in this thesis, with the corresponding 
chapters. 

Figure 1.3 - Overview of the topics as presented in this thesis, and the corresponding chapters.

In Chapter 2, the existing evidence on the effects of human aging, and contributing 
factors such as frailty and medication use on gastrointestinal physiology and on 
the intestinal microbiota have been summarized. Although evidence is limited and 
largely based on animal research, intestinal barrier function is often reported to be 
impaired in the elderly. Therefore, the effects of aging on intestinal barrier function, 
as investigated in healthy subjects and irritable bowel syndrome patients by 
combined in vivo and ex vivo experiments, are described in chapter 3. To investigate 
the modifiable potential of the intestinal barrier, we evaluated the impact of two 
weeks synbiotic supplementation (i.e. multispecies probiotic mixture with FOS) on 
intestinal barrier function in healthy adults in unstressed and unstressed conditions 
in chapter 4. In the subsequent studies we investigate the effects of two different 
(candidate) prebiotics in randomized controlled trials in both adults and elderly. 
Pectin was selected as a complex dietary fiber, thereby assuming more distal colonic 
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fermentation. The effects of four weeks pectin supplementation on intestinal barrier 
function, and on profiles of the fecal microbiota and exhaled breath, have been 
presented in chapters 5 and 6, respectively. Frailty seems to play an important 
role in age-related changes in immune functioning and the intestinal microbiota 
composition, and preventive strategies are warranted. We describe an intervention 
study on the impact of four weeks GOS supplementation on immune- and microbial 
parameters in pre-frail elderly and healthy adults in chapter 7. To conclude, Chapter 
8 summarizes the main findings of the studies presented in this thesis, and discuss 
the outcomes in terms of potential implications for future research. 
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Abstract

Our life expectancy is increasing, leading to a rise in the aging population. Aging is 
associated with a decline in physiological function and adaptive capacity. Altered 
gastrointestinal (GI) physiology can affect the amount and types of nutrients digested 
and absorbed as well as impact the intestinal microbiota. The intestinal microbiota 
is considered a key player in our health, and a variety of studies have reported that 
microbiota composition is changing during aging. Since aging is associated with a 
decline in GI function and adaptive capacity, it is crucial to obtain insights into this 
decline and how this is related to the intestinal microbiota in the elderly. Hence, in 
this review we focus on age-related changes in GI physiology and function, changes 
of the intestinal microbiota with aging and frailty, how these are associated, and how 
intestinal microbiota-targeted interventions may counteract these changes. 
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Introduction

Although geographical differences exist, the overall life expectancy is increasing 
worldwide, leading to a steady rise in the aging population. In Europe, the proportion of 
individuals aged 65 years and over has been estimated to increase from 17% in 2010 
to 30% in 2060 (1). Aging is associated with an inevitable time-dependent decline in 
physiological function and adaptive capacity, as a result of lifelong accumulating 
molecular and cellular damages (2-4). Several studies have shown that this decline is 
host-specific and can be influenced by various factors such as host genetics, lifestyle 
(e.g. diet and smoking), sociodemographics (e.g. age, socioeconomic status and 
ethnic background), living situation (e.g. community-dwelling or institutionalized) (5) 
and co-morbidities (including medication use), contributing to large heterogeneity 
in the elderly population. Whereas conventionally elderly were defined as being >65 
years of age, nowadays the overall rate of biological aging is decreasing, and cut-offs 
as well as age definitions vary widely. In scientific research and in clinical settings, 
it is therefore relevant to assess physiological functionality rather than focusing on 
chronological age. Some studies include subjects with specific co-morbidities or 
(pre-)frail elderly to address differences in age-related physiology. Others focus on 
centenarians to get further insight in genetic and lifestyle factors associated with 
longevity and resilience to disease (6).
Frailty is “a syndrome of decreased reserve and resistance to stressors, resulting from 
cumulative declines across multiple physiological systems, causing vulnerability to 
adverse outcomes” as defined by Fried et al. (7). Applying this definition in a meta-
analysis of 2009, the pooled prevalence of frail elderly in community-dwelling adults 
aged 65 years and older in Europe was 17.0% (8). The frailty phenotype of Fried et 
al. (7) has been operationalized to assess physical frailty by evaluating unintentional 
weight loss, self-reported exhaustion, weakness (e.g. by handgrip strength), slow 
walking speed, and low physical activity. Besides these widely adopted Fried 
criteria, several multidisciplinary scores exist that include measures of medical, 
psychological, cognitive, functional, and/or social loss (9). In an extensive systematic 
review, 79 different frailty assessment tools have been identified, though a ‘gold’ 
standard is lacking (9). Since frailty is associated with an increased risk of negative 
health outcomes leading to disability and impaired quality of life (10), the increasing 
group of frail elderly leads to more direct (e.g. consultations, diagnostic procedures, 
hospitalisations, medication use) and indirect healthcare costs (e.g. social and daily 
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support). Therefore, further insights into modifiable factors and preventive strategies 
are highly relevant.
The intestinal microbiota, which is the collection of microbes found in the intestine, 
may be a promising target as it clearly links to a myriad of host functions, is 
affected by environmental factors, and perturbations have been reported in the 
aging population. Nutritional interventions, aiming to modulate intestinal microbiota 
composition and functionality, may contribute to intestinal health and general well-
being (of the aging population). Therefore, our aim was to review 1) the current 
knowledge on the effect of aging on gastrointestinal (GI) physiology and on 
intestinal microbiota, 2) whether other factors besides aging, such as frailty, affect 
GI physiology and intestinal microbiota, and 3) potential targets to counteract the 
changes in GI physiology and intestinal microbiota observed in elderly and/or frailty. 
Hence, current knowledge on GI physiology and function, intestinal microbiota 
composition and activity, and manipulation of the intestinal microbiota in relation to 
aging and frailty will be summarized, paying specific attention to age-definitions and 
associated health status. 

Physiology and function of the aging GI tract 

The GI tract has a core function for the human body as it ensures adequate digestion 
and absorption of nutrients, involving a sequence of events from the mouth until the 
anus. These are facilitated by GI motility and digestive secretions, and regulated by 
neural and hormonal control. Age-related functional declines have been reported for 
some of the organs involved (Figure 2.1).
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