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A B S T R A C T   

Our gut microbiota is a complex and dynamic ecosystem with a paramount role in shaping our metabolic and 
immunological functions. Recent research suggests that aging may negatively affect the composition, diversity, 
and function of our microbiota mainly due to alterations in diet and immunologic reactivity (i.e. im-
munosenescence), and increased incidence of certain diseases and, therefore, increased exposure to certain 
medication (e.g. antibiotics, proton pump inhibitors). In turn, this aging-related gut dysbiosis may contribute to 
the initiation and/or progress of other metabolic diseases, and consequently, to a decrease in healthy longevity. 
On the positive side, promising therapeutic interventions, such as diet supplementation with prebiotics, pro-
biotics and synbiotics, or fecal microbiota transplantation, aimed to counteract these aging-related deleterious 
consequences, could improve our health, and extend our healthy lifespan. In this context, the current review 
aims to assess the latest progress in identifying the key elements affecting the gut microbiota of the older adults 
and their mechanism of action, and the effectiveness of the therapeutic interventions aimed at restoring the 
diversity and healthy functions of the gut microbiota in older individuals.   

1. Introduction 

Over the past two centuries, improvements in living conditions, 
education, nutrition, and medical services have roughly doubled human 
life expectancy (Oeppen and Vaupel, 2002). Current estimates show 
that life expectancy surpasses 60, 70 and 80 years (yr) of age in 87.7% 
(200/228), 73.7% (168/228) and 20.6% (47/228) of the world coun-
tries, respectively (Geoba, 2020). In terms of forecasts, the popula-
tion ≥ 60 yr is expected to reach ~2 billion by 2050 (WHO, 2017). The 
percentage of those ≥80 yr in the European Union will presumably 
have doubled between 2017 (5.5%) and 2080 (12.7%) (EUROSTAT, 
2019). From a societal perspective, these figures present several chal-
lenges in terms of a constant increase in healthcare costs (~5-fold in the 
past 50 years) (Cutler et al., 2006; Harper, 2014; Jenkner and Leive, 
2010) and special dietary requirements for the older population 
(especially for those affected by malnutrition) (Milne et al., 2009), but 
also may create opportunities for multidisciplinary approaches to im-
prove the quality of life of the older adults (Jedrusek-Golinska et al., 
2020). In terms of healthcare costs, some studies argue that although 
aging affects health spending, it is not the main driver; progress in 
medical technology and income growth were suggested to be the most 

important factors in increasing healthcare expenditure (Smith et al., 
2009). 

From a healthcare perspective, a longer life does not necessarily 
mean more health life-years (WHO, 2019). Unfortunately, aging often 
manifests itself negatively through frailty, defined as “a state of in-
creased vulnerability to poor resolution of homoeostasis after a stressor 
event, which increases the risk of adverse outcomes, including falls, 
delirium, and disability” (Clegg et al., 2013). Mammalian aging is a 
complex, multifactorial process, with nine hallmarks being defined and 
described relatively recently (López-Otín et al., 2013; López-Otín et al., 
2016): genomic instability, telomere attrition, epigenetic alterations, 
loss of proteostasis, deregulated nutrient-sensing, mitochondrial dys-
function, cellular senescence, stem cell exhaustion, and altered inter-
cellular communication. All these hallmarks are linked to metabolic 
perturbations (López-Otín et al., 2016), which are associated in older 
adults with irreversible declines in physical and cognitive functions, 
leading to possible combinations and clustering of chronic diseases 
(Finkel and Holbrook, 2000; Kennedy et al., 2014), and to the onset of 
frailty (Ferrucci and Fabbri, 2018). 

Recent research has suggested that aging may be also associated 
with a different gut microbiota composition (i.e. a rearrangement) and 
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with the increased presence of certain pathobionts, as compared to 
younger adults (Biagi et al., 2010; Claesson et al., 2011; Odamaki et al., 
2016). This may be related to the heightened disease progression (and 
exposure to medication) and the decrease in immunocompetence in the 
older population (Hopkins et al., 2001). According to WHO, most de-
generative diseases (cardiovascular and cerebrovascular disease, dia-
betes, osteoporosis and cancer) are affected by our long-term dietary 
habits and lifestyle (WHO, 2019). Diet is also one of the most influential 
factors affecting our gut microbiota composition, diversity and function 
(Cotillard et al., 2013; David et al., 2014; Gibson et al., 2004;  
Sonnenburg and Bäckhed, 2016; Zmora et al., 2019). Therefore, age- 
related dietary alterations could negatively impact the gut microbiota 
health in the older adults, and, consequently, their healthy longevity 
(Clements and Carding, 2018). To counteract these negative aspects, 
dietary interventions targeting the gut microbiota of the older adults 
could be a suitable solution associated with health benefits (Cotillard 
et al., 2013; Flanagan et al., 2020; Ghosh et al., 2020; Lynch and 
Pedersen, 2016). 

How aging affects the gut microbiota, the effects of the age-related 
changes on the health status of the host, and possible therapeutic ap-
proaches to counteract the negative aspects of dysbiosis have recently 
received considerable research interest (Biagi et al., 2011; Bischoff, 
2016; Maffei et al., 2017; Marchesi et al., 2016; O'Toole and Jeffery, 
2015, 2018; Saraswati and Sitaraman, 2014; Sarkar and Pitchumoni, 
2017; Stavropoulou and Bezirtzoglou, 2019; Valle Gottlieb et al., 2018;  
Xu et al., 2019a). Although this research area has been expanding 
tremendously over the past years, there are still major gaps in our 
understanding of the functional interactions between the complex mi-
crobial community and the human host, especially at an advanced age. 
For example, which are the main factors which negatively influence our 
gut microbiota diversity and functions? Are they different in the older 
population as compared to younger adults? Are there specific micro-
biome signatures for longevity or are they rather reflective of health 
status? Are short-term effects (e.g. antibiotic exposure) as important as 
the long-term ones (e.g. food preferences), and which ones are more 
difficult to counterbalance? Are therapeutic interventions targeting the 
gut microbiota less effective or less safe in the older adults? Are these 
interventions suitable for entire populations, or should they be targeted 
individually (i.e. personalized modulation of the microbiota)? Which 
therapeutic intervention should be recommended against a certain 
condition (e.g. chronic constipation)? In this context, our narrative 
review aims to summarize the role and mechanisms of the major factors 
influencing a healthy microbiota and the most recent dietary and 
therapeutic advancements in counteracting these deleterious con-
sequences in the older adults in comparison to younger adults. 

2. The main factors affecting the gut microbiota of the older 
people 

The human gut contains 1013–1014 microorganisms (the microbiota) 
with 100–150 times more genes (the microbiome) than our own 
genome (Gill et al., 2006; Huttenhower et al., 2012; Qin et al., 2010). 
This complex ecosystem provides a remarkable enzymatic capability, 
able to break down food components that are not digested directly by 
the host, to extract nutrients and energy from them, and to produce 
metabolites (such as short-chain fatty acids; SCFAs) with important 
roles in modulating endocrine and immunologic functions (Clemente 
et al., 2012; Hooper et al., 2012; Huttenhower et al., 2012; Tremaroli 
and Bäckhed, 2012). A healthy gut microbiota also plays an essential 
role in protecting the host against opportunistic strains and pathogens 
(Nagpal et al., 2018; Sullivan, 2001). On the other hand, gut dysbiosis, 
translated as imbalances in the gut microbiota in terms of composition, 
diversity and functions, can have a serios impact on the well-being of 
the host, with consequences ranging from gastrointestinal disorders to 
cardiometabolic and neurologic conditions (Hsiao et al., 2013; Lynch 
and Pedersen, 2016; Nicholson et al., 2012; Round and Mazmanian, 

2009). Fortunately for us, research has shown that the gut microbiota is 
rather stable in individuals and can even be restored after perturbation 
(i.e. dysbiosis) (Costello et al., 2009; Lozupone et al., 2012; Seksik 
et al., 2003; Tannock et al., 2000; Wu et al., 2011). 

Population- and age-specific differences in gut microbiomes show 
unique characteristics specific to different locations and lifestyles 
(Yatsunenko et al., 2012). Landmark studies have shown that the mi-
crobiota of older adults has more inter-individual variation and that the 
composition differs as compared to younger adults (Biagi et al., 2010;  
Claesson et al., 2011; Odamaki et al., 2016). Additionally, factors such 
as infections and antibiotics, can transiently alter the stability of the gut 
microbiota and thereby have negative effects on the well-being of the 
host (Forsythe et al., 2010). An analysis of gut microbial communities 
proposed three predominant enterotypes, dominated by Bacteroides, 
Prevotella, and Ruminococcus, respectively (Arumugam et al., 2011), 
which were found to be independent of nationality, sex, age, or body 
mass index. Details on the taxonomic gut microbiota composition are 
given in Supplementary Table 1. Besides, 12 genes that significantly 
correlate with age were identified (Arumugam et al., 2011). Starch 
degradation enzymes were found to increase with age (as a possible 
response to a decline in the host breakdown of dietary carbohydrates), 
while gut stress response was shown to decrease (possibly related to 
immunosenescence) (Franceschi et al., 2000). 

Two studies from 2010 to 2011, investigating the age-related 
changes in the gut microbiota, found a lower Firmicutes to 
Bacteroidetes (F:B) ratio in the older adults as compared to younger 
adults, and a reduction in species producing SCFAs, and in particular 
butyrate (Clostridium clusters) (Biagi et al., 2010; Claesson et al., 2011), 
reflecting a maladaptive remodeling of the gut microbiota with age 
(Santoro et al., 2018). The microbiota remodeling was confirmed in 
2015, by the results of a study depicting the evolution of the gut mi-
crobiota composition from birth to extreme aging (i.e. over 100 yr) in a 
large Japanese cohort (N = 367) (Odamaki et al., 2016). 

The consequences of microbiota remodeling (e.g. changes in F:B 
ratio) are not fully understood, but animal and human studies have 
indicated that a lower relative abundance of Bacteroidetes and higher 
relative abundance of Firmicutes can influence energy balance (Ley 
et al., 2005; Ley et al., 2006; Schwiertz et al., 2010; Turnbaugh et al., 
2008). A mutualistic host–microbe relationship (both partners benefit) 
was shown to promote more efficient energy extraction from diet (e.g. 
higher monosaccharides and SCFA production from complex poly-
saccharides) and higher energy storage in adipocytes (Bäckhed et al., 
2004; Bäckhed et al., 2005; Ley et al., 2005; Turnbaugh et al., 2006). 
Additionally, some human studies have also shown a correlation with 
diabetes (Larsen et al., 2010; Murri et al., 2013), carbohydrate con-
sumption (Duncan et al., 2007), and SCFA production (Fernandes et al., 
2014; Schwiertz et al., 2010). SCFAs have key roles in gut homeostasis 
(promoting the expansion and differentiation of regulatory T cells) 
(Lathrop et al., 2011), acting as energy sources, and inflammation and 
signaling modulators (Rios-Covian et al., 2016; Skelly et al., 2019;  
Smith et al., 2013). 

Alterations in the microbiota composition were also associated with 
frailty in a small cohort of older adults (N = 23; range: 73–100 yr) from 
a single residence location in The Netherlands (Van Tongeren et al., 
2005). The impact of microbiota composition on immunosenescence 
and frailty across the community was later confirmed in 2 large Irish 
cohorts of older adults by Claesson et al. (N = 178; age range 
64–102 yr) and Jeffery et al. (N = 371; age range 64–102 yr) (Claesson 
et al., 2012; Jeffery et al., 2016). 

In the study from 2012, Claesson et al. showed a significant dif-
ference in gut microbiota structure between long-stay care and com-
munity-dwelling older adults in terms of bacterial diversity, correlating 
with long-stay-associated frailty and poorer health (Claesson et al., 
2012). The community dwellers had a higher similarity with healthy 
young adults, showing the important effect of diet and lifestyle on the 
gut microbiota composition (Claesson et al., 2012). Dietary analysis 

V. Coman and D.C. Vodnar   Experimental Gerontology 141 (2020) 111095

2



revealed significant differences between the two groups: participants in 
the community had a ‘low–moderate fat/high fiber’ diet, while a ma-
jority of participants (83%) from long-stay care homes had a ‘moder-
ate–high fat/low fiber’ diet; these differences correlated with their 
structural changes in gut microbiota ecology (Claesson et al., 2012). 

In the later analysis from 2016, Jeffery et al. showed that fraily- 
related changes in bacterial populations were gradual (for at least 
18 months) in older adults from long term residential care and that 
individuals with low initial microbiota diversity were prone to larger 
changes (Jeffery et al., 2016). The authors suggest that this timescale 
should be taken into consideration in intervention studies to accurately 
assess the effects of the intervention versus normal background 
changes. 

In general, the diversity and stability of the adult gut microbiota 
declines with age, in connection to frequent comorbidities and de-
creased immunocompetence (Lynch and Pedersen, 2016). However, 
there are exceptions to this, namely in the healthy and active cen-
tenarians (Biagi et al., 2017; Cătoi et al., 2020; O'Toole and Jeffery, 
2018; Santoro et al., 2018), underlying the importance of stratifying 
populations by health status in studies related to microbiome compo-
sition and aging. Several studies published in 2015–2017 enrolled ex-
ceptionally old people from Guangxi, China (8 participants; 
100–108 yr) (Wang et al., 2015), Sichuan, China (67 participants; 
90–102 yr) (Kong et al., 2016), and Emilia Romagna, Italy (15 parti-
cipants; 99–104 yr) (Biagi et al., 2016). These studies showed that 
healthy centenarians are a special population showing high diversity in 
terms of species composition and an increased occurrence of butyrate- 
producing bacteria (e.g. Roseburia of Clostridium cluster XIVa) (Kong 
et al., 2016; Wang et al., 2015). Butyrate was found to play important 
roles in human health, such as establishing immunologic homeostasis in 
the gut (Furusawa et al., 2013). Additionally, butyrate producers such 
as Faecalibacterium and Coprococcus have been recently associated with 
higher quality of life indicators (Valles-Colomer et al., 2019). 

Another recent study from Jiangsu, China, including 198 healthy, 
active centenarians (94 yr and above), showed that age-related fecal 
microbiota dysbiosis is mitigated in this group; the overall composition 
of their gut microbiota showed no significant difference from that of 
middle-age adults (30–50 yr), suggesting an active involvement of the 
gut microbiota in healthy aging (Bian et al., 2017). Of note, all these 
centenarian populations were recruited from small, homogeneous 
geographical areas (i.e. from the same village, city, or province). They 
also lived with families in the same place all their life, had a high 
quality of life, and enjoyed daily activities. 

The critical importance of changing the geographical environment 
and diet on the health of our gut microbiota has been once again de-
monstrated by two recent studies (Jha et al., 2018; Vangay et al., 2018). 
The first one, conducted in four rural villages in Nepal, investigated 
how the gut community changes in response to shifts in traditional 
human lifestyles, i.e. living on a gradient from foraging to farming, and 
showed that the shifts in microbiota composition are more pronounced 
in the population that switched to farming two-three centuries ago and 
that the higher abundance of taxa was maintained in the population 
that kept foraging lifestyle aspects (Jha et al., 2018). In the second 
study, Vangay et al. (2018) showed that immigrating from a Thai re-
fugee camp to the USA was associated with profound changes in the gut 
microbiota composition and diversity (loss of native strains, loss of fiber 
degradation capabilities), including shifts from Prevotella to Bacter-
oides dominance (Vangay et al., 2018). 

Having surveyed the relevant literature in the field, we can assume 
that some the most influential factors which can modulate the com-
position and overall health of the human gut microbiota (and especially 
of the older adults) are: genetics and geographical environment, diet 
and exercise, and concomitant disease and medication. These factors 
are treated comprehensively in terms of impact and mechanism of ac-
tion in the following subsections. 

2.1. Genetic makeup versus environmental influence on the gut microbiota 

Based on the fact that family members were shown to have more 
similar microbiotas than unrelated individuals (Turnbaugh et al., 
2009a; Yatsunenko et al., 2012), and that direct relationships were 
established between metabolic disease and both the gut microbiome 
(Ley et al., 2005; Turnbaugh et al., 2006) and variation in host genetics 
(Barroso and McCarthy, 2019; Frazer et al., 2009), previous studies in 
twins and first-degree relatives have identified a substantial role of 
genetics in modulating the gut microbiota composition, with several 
heritable taxa (e.g., the family Christensenellaceae and the methanogen 
Methanobrevibacter smithii) (Goodrich et al., 2016; Goodrich et al., 2014;  
Turpin et al., 2016). However, a more recent study from 2018 argues 
that host genetics have only a minor role in determining our micro-
biome composition and that environmental factors such as diet, life-
style, and drug interactions are the main influencers (Rothschild et al., 
2018). This study was conducted in 1046 healthy Israeli individuals of 
several different ancestral origins and found that diet and lifestyle may 
be responsible for over 20% of the variance in our microbiome β-di-
versity (Rothschild et al., 2018). The same researchers also estimated 
the genetic influence on the gut microbiome taxa of 2252 twins from a 
previously studied UK cohort (Goodrich et al., 2016), and found that 
the average heritability can be as low as 2% (Rothschild et al., 2018). 
These findings suggest that therapeutic interventions targeting micro-
biome alterations could be carried out across various populations, ir-
respective of their genetic background. 

Our living environment can have profound influences on our life 
quality, and our gut microbiota composition (Mueller et al., 2006). A 
very recent study has even shown correlations between yard vegetation 
in the living area and the abundance of some beneficial bacterial taxa 
(e.g. increased F:B ratio) (Parajuli et al., 2020). Hospitalization is an-
other important factor in altering the gut microbiota of the older adults. 
A marked reduction in the Bacteroides-Prevotella group and an increase 
in Enterobacteria were observed following hospitalization as compared 
to healthy older volunteers living in the local community (Bartosch 
et al., 2004). Claesson et al. (2012) have also shown that people from 
long-stay care homes have a significantly less diverse microbiota than 
those living in a community, and this translates into increased frailty, 
reduced muscle mass, and poorer mental activity (Claesson et al., 
2012). 

Future large-scale studies should continue to elucidate the exact role 
of genetics in our gut microbiome composition and consequences for 
human health. Although environment appears to be the main con-
tributor in shaping our gut microbiota, host genotype could also in-
fluence microbiome composition indirectly via gene-diet interactions 
(food preference), as shown in the case of regulation of Bifidobacterium 
abundance in individuals with lactose intolerance (Bonder et al., 2016). 
Additionally, epigenetic mechanisms (e.g. DNA methylation, histone 
modification, small RNAs) may play a role in transmitting to children 
behaviors acquired by parents via adverse exposure to external factors 
(e.g. stress, toxins, over- or under-nutrition, obesity, diabetes) (Barrès 
and Zierath, 2016; Sales et al., 2017). 

2.2. Dietary habits, physical activity, and the gut microbiota 

Based on current scientific evidence, diet is one of the most im-
portant determining factors of gut microbiota community composition, 
diversity and function (Cotillard et al., 2013; Gibson et al., 2004;  
Sonnenburg and Bäckhed, 2016; Zmora et al., 2019). Therefore, var-
iations among individuals in terms of relative abundance of gut mi-
croorganisms and enterotype partitioning can derive from different 
long-term dietary habits (Cordain et al., 2005; Wu et al., 2011). 
Therefore, if there is a direct link between an enterotype and disease, 
long-term dietary interventions may be essential to modulate a certain 
enterotype to improve health. Short-term changes can be significant 
and rapid, but a healthy microbiome can rapidly adapt and restore 
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perturbations (David et al., 2014; Wu et al., 2011). However, this 
ability decreases with increased age, as some gastrointestinal disorders 
become more prevalent in the older population (Nagpal et al., 2018;  
Saffrey, 2014). 

The influence of transgenerational dietary habits on the gut mi-
crobiota composition was clearly demonstrated 10 years ago by a study 
comparing the fecal microbiota of western European and African chil-
dren from a village in Burkina Faso (De Filippo et al., 2010). The diet of 
the 14 healthy children from Africa was rich in fiber (10.0 g/d [2.26%] 
in 1–2 yr and 14.2 g/d [3.19%] in 2–6 yr), similar to that of ancient 
populations living mainly from agriculture (Cordain et al., 2005), while 
the 15 Italian children had a typical western diet, high in animal pro-
tein, sugar, starch, and fat and low in fiber (5.6 g/d [0.67%] in 1–2 yr 
and 8.4 g/d [0.9%] in 2–6 yr). Using 16S rDNA sequencing and bio-
chemical analyses, the study found significant differences between the 
two study groups in terms of gut microbiota composition: African 
children had more Bacteroidetes and less Firmicutes (p  <  0.001), 
many bacterial genes for cellulose and xylan hydrolysis from the genera 
Xylanibacter, Prevotella, Butyrivibrio, and Treponema (absent in the 
European children), and more SCFAs (p  <  0.001); European children 
had significantly more Enterobacteriaceae (Shigella and Escherichia). 
These findings suggested that the gut microbiota of the African children 
evolved to maximize energy intake from their polysaccharide diet and 
to protect them from inflammations and non-infectious colonic dis-
eases. The study results have suggested that diet has a major role in 
shaping the gut microbiota, surpassing in importance variables such as 
ethnicity, sanitation, hygiene, geography, and climate. Additionally, 
the authors hypothesized that a diet rich in plant polysaccharides and 
low in sugar and fat could increase the proportion of SCFA-producing 
bacteria (De Filippo et al., 2010). In 2018, Zhao et al. used successfully 
a high-fiber diet (84 days) for a targeted restoration of SCFA producers 
to improve hemoglobin A1c levels in type 2 diabetes patients (Zhao 
et al., 2018a). 

A later study from 2012, has shown similar differences between 
healthy Amerindians from the Amazonas of Venezuela, residents of 
rural Malawian communities, and inhabitants of USA metropolitan 
areas (Yatsunenko et al., 2012). The included individuals covered a 
broad age range (0–70 yr). The first finding of this study was that in all 
three populations, it took 3 years from birth for the phylogenetic 
composition of the microbiota to evolve towards an adult-like config-
uration. In comparison, an earlier study has suggested that the micro-
bial ecosystem may have the characteristics of the adult gastrointestinal 
tract within a year after birth (Palmer et al., 2007). Second, the study 
found more pronounced differences between children from the different 
populations than between adults (Yatsunenko et al., 2012). Third, there 
was a clear separation across ages in the phylogenetic composition of 

fecal microbiota between USA compared to Malawian and Amerindian 
gut communities. Finally, the bacterial diversity increased with age in 
all populations, but the fecal microbiota of the USA adults was the least 
diverse when compared to the other populations (Yatsunenko et al., 
2012). 

Further insights have been given by studies of the gut microbiota of 
the Hadza hunter–gatherers from Tanzania (Fragiadakis et al., 2019;  
Rampelli et al., 2015; Schnorr et al., 2014; Smits et al., 2017). These 
studies showed a high degree of bacterial diversity as compared to in-
dustrialized populations, and a unique enrichment in metabolic path-
ways and seasonal cycling of species. The seasonal cycling was adapted 
to seasonal diet: complex polysaccharides (fiber-rich tubers and 
baobab) during the wet season and meat from hunting during the dry 
season (Fragiadakis et al., 2019; Smits et al., 2017). Having considered 
the data from the aforementioned studies and several more examples 
reviewed by (Moeller, 2017), we have summarized the main differences 
between the traditional microbiota (i.e. hunter gatherers, remote rural 
populations) and the westernized/industrialized microbiota in Table 1. 

Data from these studies suggest that the significant changes in diet 
and living conditions promoted especially by industrial advances (e.g. 
processed foods, antibiotics, sanitized environments) have negatively 
altered our gut microbiota in terms of diversity and functions, with 
profound implications for the current prevalence of chronic diseases in 
the Western civilization (Cordain et al., 2005; Sonnenburg and 
Sonnenburg, 2019a; Sonnenburg and Sonnenburg, 2019b). 

The seasonal dynamics seem to be lost within our ‘industrialized’ 
microbiota, together with a significant reduction in dietary fiber di-
gestibility, which can occur in a relatively short time post significant 
changes in diet or geographical location (Vangay et al., 2018). How-
ever, an enhanced human dietary flexibility was shown in young adults 
(21–33 yr) in a study conducted in the USA showing that a short-term 
(i.e. five days) consumption of diets composed entirely of animal or 
plant products can alter significantly the microbial community struc-
ture (David et al., 2014). 

In the older adults, optimal dietary requirements may be hindered 
by several additional factors on top of gastrointestinal disorders 
(Nagpal et al., 2018; Saffrey, 2014). For example, deficient oral health 
could negatively influence nutritional status via a lower desire and 
ability to eat solid foods, for example (Razak et al., 2014). Missing and/ 
or painful teeth can lead to chewing and swallowing deficiencies, which 
in turn may also contribute to malnutrition (Mann et al., 2013; Salazar 
et al., 2017). The prevalence of oral bacterial transition to the gut may 
be higher in older people than in younger adults (Iwauchi et al., 2019); 
this could be influenced by long-term exposure to proton pump in-
hibitors (Imhann et al., 2016; Jackson et al., 2016). Aging is also fre-
quently associated with chronic constipation, possibly due to 

Table 1 
Comparison between traditional and modern (industrialized) microbiotas.      

Parameter Traditional microbiota Industrialized microbiota References  

Diet Low fat, low sugar, high fiber 
Low added salt (low NaeK ratio) 
Low ratio of n-6 to n-3 polyunsaturated fatty 
acids (3:1) 

High fat, high sugar, low fiber 
High added salt (high NaeK ratio) 
High ratio of n-6 to n-3 polyunsaturated 
fatty acids (10:1) 

(Cordain et al., 2005; De Filippo et al., 2010; Sonnenburg and 
Sonnenburg, 2019a; Sonnenburg and Sonnenburg, 2019b;  
Vangay et al., 2018; Yatsunenko et al., 2012) 

Diversity High microbial richness and biodiversity Low microbial richness and biodiversity (De Filippo et al., 2010; Moeller, 2017; Sonnenburg and 
Sonnenburg, 2019a; Sonnenburg and Sonnenburg, 2019b;  
Vangay et al., 2018; Yatsunenko et al., 2012) 

Functions Increased fiber degraders and SCFA 
producers 

Increased mucus degraders and antibiotic- 
resistant strains 

(De Filippo et al., 2010; Sonnenburg and Sonnenburg, 2019a;  
Vangay et al., 2018) 

Composition Higher relative abundance of Prevotella, 
reduction of Bacteroides 

Higher relative abundance of A. 
muciniphila, increased Bacteroides 

(De Filippo et al., 2010; Fragiadakis et al., 2019; Schnorr et al., 
2014; Vangay et al., 2018) 

Significant presence (30% of taxa) of 
Prevotellaceae, Spirochaetaceae and 
Succinivibrionaceae 

Low presence (3% of taxa) of 
Prevotellaceae, Spirochaetaceae and 
Succinivibrionaceae 

(Fragiadakis et al., 2019; Schnorr et al., 2014) 

Flexibility Seasonal dynamics No seasonal dynamics (Fragiadakis et al., 2019; Smits et al., 2017) 
Disease incidence Low incidence of non-communicable chronic 

diseases 
High incidence of non-communicable 
chronic diseases 

(Cordain et al., 2005; Moeller, 2017; Schnorr et al., 2014;  
Sonnenburg and Sonnenburg, 2019a) 
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suboptimal intake of dietary fiber, poor fluid intake and prolonged 
exposure to medication (Gallegos-Orozco et al., 2012). 

Regular exercise and physical activity have been associated with a 
better quality of life and better health for decades (Penedo and Dahn, 
2005). Physical exercise was also shown to positively impact the gut 
microbiota, by restoring the F:B ratio, improving SCFA production, and 
boosting intestinal mucosal immunity (Clarke et al., 2014; Mach and 
Fuster-Botella, 2017; Mailing et al., 2019; Monda et al., 2017). Animal 
studies have shown that exercise can induce alterations in the gut mi-
crobiota at the genus level, which are different from the dietary effects 
(Evans et al., 2014; Matsumoto et al., 2008; Petriz et al., 2014; Queipo- 
Ortuno et al., 2013). Older adults (human) data on the possible effects 
of exercise on the gut microbiota are scarce, but some examples have 
been published recently (Taniguchi et al., 2018; Zhu et al., 2020). 

The first study (Taniguchi et al., 2018), a randomized crossover trial 
conducted in Japan with 33 older men (62–76 yr), evaluated the short- 
term (5 weeks) endurance exercise effects, and found very little impact 
on diversity and composition on the gut microbiota (e.g. reduced re-
lative abundance of Clostridium difficile, positively correlated with 
changes in the visceral fat area). In comparison, data collected in a 
study involving younger athletes (31.3  ±  6.1 yr) has revealed more 
evident metabolic changes (i.e., increased species richness, increased 
organic acids, decreased nucleic acids) in the gut environment after 
running a half-marathon (Zhao et al., 2018b). 

The second recent study, evaluated the impact of exercise frequency 
on gut microbiota health of 897 older adults (> 61 yr) as compared to 
younger adults (18–60 yr) (Zhu et al., 2020). The analysis revealed 
significant age-related differences both at the phylum and family levels. 
At the phylum level, Proteobacteria was higher, while Actinobacteria 
was lower in the older group; the F:B ratio was not significantly dif-
ferent between the two groups. At the family level, Desulfovibrionaceae 
and Enterobacteriaceae were significantly increased, while Bifido-
bacteriaceae was significantly decreased in the older adults. Some of 
these differences were alleviated in the daily exercise older group: 
Actinobacteria increased while Cyanobacteria gradually decreased, 
reaching comparable values to the younger adults. Additionally, dif-
ferences in gut composition were found between normal weight and 
overweight older adults (increased F:B ratio and decreased variety in 
the overweight individuals). Regular (daily) exercise had a positive role 
in maintaining the stability of the gut microbiota especially in the 
overweight group (Zhu et al., 2020). 

2.3. Concomitant disease and medication 

Aging generally increases the prevalence of chronic disease and 
disability (Vos et al., 2017). The management of these conditions often 
requires multiple medications, and their long-term use has been fre-
quently associated with an increased risk for negative health outcomes 
(Maher et al., 2014). In the gut, the interaction between different 
medications and the microbiota impacts both the therapeutic effect of 
the drug and the composition and metabolic functionality of the mi-
crobial ecosystem. Our gut microbiota was shown to contribute to the 
metabolism of many medical drugs, which may partially explain the 
interindividual variability in responses (efficacy and safety) 
(Zimmermann et al., 2019). For example, gut microbiota composition 
was shown to affect the response of melanoma patients to im-
munotherapy (Gopalakrishnan et al., 2018; Matson et al., 2018; Routy 
et al., 2018). Recently, exposure to pharmaceuticals targeting human 
cells and not bacteria (antibiotics) (Blaser, 2016), such proton pump 
inhibitors (Imhann et al., 2016; Jackson et al., 2016), antidiabetics (i.e. 
metformin) (Forslund et al., 2015), laxatives (Vich Vila et al., 2020), 
nonsteroidal anti-inflammatory drugs (Rogers and Aronoff, 2016), and 
atypical antipsychotics (Flowers et al., 2017), was shown to affect the 
gut microbiota composition. Many non-antibiotics were shown to have 
antibiotic-like effects by inhibiting the growth of certain bacterial 
strains, increasing the risk of antibiotic resistance (Maier et al., 2018). 

2.3.1. Medication exposure causing dysbiosis (antibiotics and proton pump 
inhibitors) 
2.3.1.1. Antibiotics. The discovery, development and use of effective 
antibiotics over the past 80 years have revolutionized medicine, saving 
countless human lives. However, the widespread use (and often 
overuse) of broad-spectrum antibiotics (WHO, 2018), not only in 
medical settings but also in agriculture (Chang et al., 2015), has 
generated two main problems in terms of human microbial ecology: 
antibiotic resistance (Davies and Davies, 2010; Laxminarayan et al., 
2013), and reduced diversity of microbial species within our 
‘industrialized’ microbiota (Blaser and Falkow, 2009; Sonnenburg and 
Sonnenburg, 2019b) – as compared to more traditional rural 
populations (Martínez et al., 2015; O'Keefe et al., 2015; Pasolli et al., 
2019). 

In our gut, the number and variety of antibiotic resistance genes 
were shown to vary depending on the country where we live in (mainly 
driven by antibiotic overuse) (Forslund et al., 2013; Hu et al., 2013) and 
the antibiotic administration route (oral vs intravenous injection) 
(Zhang et al., 2013). Given its enormous density of bacterial cells and 
diversity of species, the human gut can be a significant reservoir of 
antibiotic resistant genes (Francino, 2015; Sommer et al., 2009), which 
can also promote lateral (horizontal) gene transfer events (Ochman 
et al., 2000) and thus spread antibiotic resistance traits to non-resistant 
bacteria. 

While a healthy microbiota possesses colonization resistance (pro-
tection against opportunistic strains and pathogens) (Nagpal et al., 
2018; Sullivan, 2001), a microbiota affected by antibiotics in terms of 
reduced numbers and species can promote the proliferation of oppor-
tunistic species such as Enterococcus faecalis (Bartosch et al., 2004), and 
even increase the risk of infection with C. difficile (Kwok et al., 2012). In 
the older adults, antibiotic exposure was also shown to lower the pro-
duction SCFAs (Woodmansey et al., 2004), the main metabolites of 
bacterial fermentation, which are thought to be key biological media-
tors that modulate immunologic and inflammatory responses 
(Chambers et al., 2018; Rios-Covian et al., 2016; Sanna et al., 2019), 
and even influence psychological responses. However, the pathways 
and mechanisms by which SCFAs may influence affective and cognitive 
process in humans are not fully elucidated (Dalile et al., 2019). 

Since antibiotic treatments are crucial in many situations, better 
management of the antibiotic use and the prescription of narrow- 
spectrum antibiotics would possibly have less severe dysbiotic effects 
on our gut microbiota. More research focus is also needed in the di-
rection of correcting the negative effects of antibiotics post-treatment, 
by using suitable combinations of pre- and probiotics, especially in the 
older population (Vemuri et al., 2017). 

2.3.1.2. Proton-pump inhibitors. Proton-pump inhibitors are used 
frequently to treat gastrointestinal disorders such as gastroesophageal 
reflux disease and peptic ulcers (Olbe et al., 2003). Being considered 
low-risk, they are among the most commonly used medications. 
However, recent studies have found an association with an increased 
risk of enteric infections, and especially C. difficile (Kwok et al., 2012;  
McDonald et al., 2015). Larger studies have shown that long-term use of 
proton-pump inhibitors can alter the gut microbiome (Imhann et al., 
2016; Jackson et al., 2016), with more prominent impact than that of 
antibiotics or other commonly used medications (Imhann et al., 2016). 
These studies also found an increased presence in the gut of oral and 
pharyngeal commensals (e.g. Streptococcaceae) and other possible 
pathogens. Regarding older adults, a recent review paper evaluated 
the potential adverse effects of long-term use of proton-pump inhibitors 
and found associations with osteoporotic-related fractures, C. difficile 
infection, community-acquired pneumonia, vitamin B12 deficiency, 
kidney disease, and dementia (Maes et al., 2017). 

2.3.2. Diabetes and therapeutic role of metformin 
Metformin is a first line agent for the treatment of type 2 diabetes 
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(T2D). Metformin lowers blood-glucose mainly by exerting an anti-
gluconeogenic effect in the liver (Pernicova and Korbonits, 2014). Two 
previous metagenomic analyses of the gut microbial content in T2D 
patients with microbial dysbiosis yielded divergent conclusions, namely 
that the discriminant metagenomic markers for T2D differed between 
populations (European vs Chinese) (Karlsson et al., 2013; Qin et al., 
2012). However, these two studies were unstratified for treatment, and 
a later analysis showed that a unified signature of gut microbiome shifts 
in T2D with depletion of butyrate-producing taxa can be revealed when 
controlling for the microbial mediated effects of metformin (Forslund 
et al., 2015). Metformin has strong effects on the gut microbiome of the 
T2D patients by increasing the abundance of Akkermansia muciniphila 
and other SCFA producers (de la Cuesta-Zuluaga et al., 2017; Wu et al., 
2017). Thus, metformin has a beneficial health effect not only in the 
T2D patients but it has also been shown to decrease all-cause mortality 
and incidence of age-related diseases (Campbell et al., 2017; Pascale 
et al., 2019). 

2.3.3. Chronic constipation, laxatives and dysbiosis 
Chronic constipation is a frequent gastrointestinal disorder in the 

general population, and especially in the older adults, with a prevalence 
of about 20% in adults over 65 and 30% of adults over 84 (significantly 
higher percentages in women) (Gallegos-Orozco et al., 2012). Stool 
consistency itself which affects colon transit times, was shown to cor-
relate strongly with major microbiome markers (species diversity, F:B 
ratio, and abundance of Akkermansia and Methanobrevibacter) 
(Vandeputte et al., 2016). 

Laxatives are usually used to treat the symptoms of constipation 
(Ford and Suares, 2011). However, a short course of some laxatives can 
have long-lasting effects on the gut microbiome, as recently shown in a 
study on mice (Tropini et al., 2018). The researchers treated mice for 
six days with polyethylene glycol (a common component of many 
laxatives) and observed a reduction in the diversity of their gut mi-
crobiome even at two weeks after the treatment was stopped (Tropini 
et al., 2018). Although the long-term effect in humans has not yet been 
described, laxatives were found to exhibit one of the strongest asso-
ciations with the microbiome in a recent Dutch cohort study in-
vestigating the effect of multiple medications on the composition and 
metabolic function of the gut microbiota (Vich Vila et al., 2020). 

Increased intake of fibers or fiber supplementation was also shown 
to have a moderate positive effect in chronic constipation, increasing 
stool frequency and softening stool consistency (Christodoulides et al., 
2016; Rao et al., 2015). Some adverse events such as bloating, disten-
sion, flatulence, and cramping may occur, especially if the increases in 
fiber intake are sudden, and therefore, they should be introduced gra-
dually (Ford et al., 2014a). 

2.3.4. Obesity and dysbiosis 
The prevalence of obesity and its associated comorbidities has been 

continually increasing around the world over the past decades (WHO, 
2020), including within the older age groups (Han et al., 2011; Mathus- 
Vliegen and Obesity Management Task Force of the European 
Association for the Study of, 2012). Although the key driver of obesity 
is the excess energy intake versus expenditure (San-Cristobal et al., 
2020), the additional effects of a host-bacterial mutualistic relationship 
promoting better energy harvest from diet and storage were shown in 
murine models (Bäckhed et al., 2005; Ley et al., 2005; Turnbaugh et al., 
2006). This mutualism contributes significantly to the pathophysiology 
of obesity using a complex bidirectional communication system, 
namely the gut-brain axis (Bliss and Whiteside, 2018). At the gut level, 
obesity translates into reduced bacterial diversity and genes, altered 
metabolism and functions, and phylum-level changes in the relative 
abundance of the two dominant bacterial divisions, i.e. Bacteroidetes 
and Firmicutes; and these characteristics can be transmitted via mi-
crobiota transplantation in mice (Ridaura et al., 2013a; Turnbaugh 
et al., 2009a). In turn, changes in gut microbiota can increase intestinal 

permeability while affecting metabolic endotoxemia, inflammation, 
and insulin sensitivity (Cani et al., 2007; Cani et al., 2008). Metabolic 
endotoxemia refers to the presence in obese individuals of high con-
centrations of systemic lipopolysaccharides, the major components of 
the outer cell membrane of gram-negative bacteria (Cani et al., 2007). 
Lipopolysaccharides have been thought to initiate the occurrence of 
chronic low-grade inflammation (Cani et al., 2007; Cani et al., 2008), 
which is the primary hallmark of obesity (Gregor and Hotamisligil, 
2011). This low grade inflammation is also a key triggering factor in 
diabetes, cardiovascular disease and some cancers (Cani and Jordan, 
2018). 

Overall, these results have indicated that the human gut micro-
biome may be used as a biomarker and a new therapeutic target for 
obesity (Villanueva-Millán et al., 2015). However, the solution may not 
be straightforward, as more recent meta analyses have shown that 
previously reported signatures of obesity (e.g. reduced diversity and F:B 
ratio) may not be consistent between multiple studies and could not be 
generalized to large human populations (Finucane et al., 2014; Sze and 
Schloss, 2016; Walters et al., 2014). A possible explanation may be that 
many associations found in individual studies may not be disease-spe-
cific, but rather part of a more complex response to disease in general 
(Duvallet et al., 2017). Nevertheless, the gut microbiota has become an 
exciting new research area into metabolic health over the past decade 
(Boulange et al., 2016; Sonnenburg and Bäckhed, 2016). 

One area of high interest has been the promising use of probiotics 
and prebiotics in modulating the gut microbiota and, therefore, act 
against obesity and related metabolic diseases (Abenavoli et al., 2019;  
Delzenne et al., 2011; Kobyliak et al., 2016). Additionally, numerous 
preclinical and clinical studies have shown positive effects of various 
plant polyphenols (e.g. hydroxycinnamic acids) in reducing obesity- 
related dysbiosis (Coman and Vodnar, 2020). A more recent research 
direction has been the investigation of fecal microbiota transplantation 
(FMT), which has been successfully used to treat recurrent or refractory 
C. difficile infection (Cammarota et al., 2015; Kelly et al., 2016; Lee 
et al., 2016; Van Nood et al., 2013; Youngster et al., 2014), as a possible 
future therapeutic option for obesity and diabetes (Aron-Wisnewsky 
et al., 2019; Lee et al., 2019; Zhang et al., 2019). 

3. Therapeutic interventions targeting the gut microbiota in the 
older adults 

Since gut microbiota deviations from a healthy state (i.e. dysbiosis) 
have been associated with numerous human diseases (from metabolic 
to neurological disorders) (Cryan and Dinan, 2012; Round and 
Mazmanian, 2009; Sarkar et al., 2020; Zmora et al., 2019), a tre-
mendous research effort has been channeled in investigating ap-
proaches to restore a healthy microbiota with hopes to improve certain 
health outcomes. In terms of links with disease, human-microbiota as-
sociated (HMA) (Arrieta et al., 2016) rodents have been used ex-
tensively in microbiome research, and the results of these studies have 
been extrapolated to establish causal relationships in humans (Britton 
et al., 2019; Ridaura et al., 2013b; Turnbaugh et al., 2009b). However, 
some concern has arisen very recently related to this extensive extra-
polation from animal studies to humans due to the limitations of this 
approach (e.g., metabolic differences, replication of ecological factors 
driving the dysbiosis event in humans) (Walter et al., 2020). The au-
thors of this leading-edge perspective paper launch a warning about the 
possibility of overstating the role of the gut microbiota in human dis-
ease and “advocate for a more rigorous and critical approach for in-
ferring causality to avoid false concepts and prevent unrealistic ex-
pectations that may undermine the credibility of microbiome science 
and delay its translation” (Walter et al., 2020). 

3.1. Pre-, pro- and synbiotic interventions 

Over the past two decades, numerous randomized clinical trials 
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have been conducted in various target populations, including the older 
adults, to investigate the effectiveness of several therapeutic ap-
proaches impacting out gut microbiota and improving our health. 
Among these, supplementation of the human diet with beneficial mi-
croorganisms (probiotics), substrates to promote the proliferation of 
these beneficial microbes (prebiotics), or a combination of both (syn-
biotics) represent the most investigated health interventions. 

To provide a more comprehensive picture of the evaluated out-
comes in randomized clinical trials (RCTs), we analyzed several recent 
studies in older populations with prebiotics (Chung et al., 2007; Scheid 
et al., 2014; Vulevic et al., 2015), probiotics (Lefevre et al., 2015; Moro- 
Garcia et al., 2013; Ouwehand et al., 2008; Valentini et al., 2015), and 
synbiotics (Bartosch et al., 2005; Bjorklund et al., 2012; Cicero et al., 
2020; Costabile et al., 2017; Macfarlane et al., 2013; Maneerat et al., 
2013; Neto et al., 2013; Ouwehand et al., 2009), and their main find-
ings are given in Table 2. Most of the studies were conducted in a single 
center, having a small number of included individuals, and mostly 
evaluated changes in microbiota composition, but also in inflammatory 
and immunologic responses, and in blood and biochemical parameters. 
Of note, direct comparisons between individual studies are exceedingly 
difficult, as study settings and parameters differ significantly. More-
over, several technical and methodological issues (e.g. sample collec-
tion and storage, DNA extraction and amplification, different methods 
for detection and quantification of microbiota from stool samples, 
quality control, sequence alignment) could introduce errors and biases 
in the results (Fiedorova et al., 2019; Panek et al., 2018). 

3.1.1. Prebiotics 
For interventions with prebiotics, defined as “a selectively fer-

mented ingredient that allows specific changes, both in the composition 
and/or activity in the gastrointestinal microflora that confers benefits 
upon host wellbeing and health” (Gibson et al., 2004), we analyzed 
comparatively three studies with different nondigestible oligosacchar-
ides: xylo-oligosaccharides (XOS) (Chung et al., 2007), galacto-oligo-
saccharides (GOS) (Vulevic et al., 2015), and fructo-oligosaccharides 
(FOS) (Scheid et al., 2014). XOS are made-up of xylose subunits and 
have important food-related applications (Vázquez et al., 2000), and 
significant prebiotic potential (Aachary and Prapulla, 2011). GOS 
consist of β-linked galactose subunits (with galactose or glucose at the 
reducing end), and are important prebiotic components of functional 
foods (Sangwan et al., 2011; Torres et al., 2010). FOS consist of linear 
chains of fructose linked by β (2–1) bonds, and are used consistently in 
foods due to prebiotic effects (Sabater-Molina et al., 2009; Sangeetha 
et al., 2005). 

In the first analyzed study (Chung et al., 2007), conducted in 
Taiwan mostly in middle-old healthy individuals, the treatment group 
(N = 13) received a supplement of XOS at 4 g/d for 3 weeks, while the 
control group (N = 9) received sucrose (4 g/d). As the main outcome, 
XOS consumption was shown to significantly increase the fecal bifido-
bacteria counts within the 3-week supplementation (+2.2 log10 CFU/g 
feces vs baseline), increase the fecal moisture and decrease fecal pH; 
however, these proved to be short-term benefits – as the parameters 
were found to decrease to baseline levels after a 3-week washout period 
post-intervention. Bifidobacteria are known to be able to degrade a 
large variety of oligo- and polysaccharides within the human gut 
(Pokusaeva et al., 2011), and to have a beneficial impact on human 
health (O'Callaghan and van Sinderen, 2016). No adverse effects on 
gastrointestinal (GI) health, blood parameters or nutrient intake were 
observed during the study (Chung et al., 2007). The duration of the 
intervention is an important factor for sustained effects, as also sug-
gested by a recent meta-analysis (23 RCTs) evaluating the role of 
symbiotic consumption on lipid profiles (Hadi et al., 2020). This ana-
lysis has shown that the expected effects are more pronounced in case 
of interventions longer than 8 weeks. 

In the second study (randomized, cross-over study with 40 older 
adults, conducted in the UK) (Vulevic et al., 2015), the intervention 

consisted of GOS at 5.5 g/d for 10 weeks (vs maltodextrin), while 
evaluating the effects on the fecal microbiota and immunosenescence 
(i.e. the deterioration of immune responses in the older adults (Shaw 
et al., 2010)). Here, a bifidogenic effect was also observed, as well as 
some immunomodulatory effects reflected in the increased production 
of IL-10 (an anti-inflammatory cytokine (Couper et al., 2008)) and a 
significant increase in the activity of NK cells (lymphocytes with a 
major role against viral infections and some malignancies). The bifi-
dogenic effect seems to be very common in prebiotic interventions in 
adults, as shown by a recent meta-analysis of 64 RCTs (So et al., 2018). 
The authors of this study also highlight the importance of the prebiotic 
source and of the enzymes used in its production, aspects that can 
crucially impact its selectivity towards bifidobacteria (Vulevic et al., 
2015). 

Finally, the third study conducted in Brazil, evaluated the effects of 
FOS supplementation (7.4 g/d for 9 weeks) vs placebo (maltodextrin) 
on the blood parameters (glucose, lipids) and intestinal transit of 
healthy and relatively young older adults (60–75 years old) (Scheid 
et al., 2014). The intervention resulted in a significant decrease in 
serum glucose as compared to placebo, but no effect of FOS was seen on 
serum lipids or intestinal transit. No adverse events such as bloating, 
flatulence or intestinal discomfort were observed. The effect on the 
glycemic response is also supported by the findings of a recent meta- 
analysis of 33 RCTs, which shows that supplementation with fructans 
reduces significantly four glycemic indicators (i.e. fasting blood glu-
cose, glycosylated hemoglobin, fasting insulin, and insulin resistance), 
especially in prediabetic and type 2 diabetic populations (Wang et al., 
2019). 

3.1.2. Probiotics 
Probiotics are “live microorganisms that, when administered in 

adequate amounts, confer a health benefit on the host” (Hill et al., 
2014). Recent meta-analyses of RCTs in adult populations have shown 
that probiotics could have beneficial effects in treatment and preven-
tion of gastrointestinal diseases in general (74 RCTs) (Ritchie and 
Romanuk, 2012), irritable bowel syndrome (IBS) (43 RCTs) (Ford et al., 
2014b), blood pressure (9 RCTs) (Khalesi et al., 2014), and depressive 
symptoms (10 RCTs) (Wallace and Milev, 2017). Pre- and probiotics 
have been also associated with a positive role in modulating immune 
responses to respiratory viruses, resulting, for example, in an increase in 
seroconversion and seroprotection rates in adults (and especially in 
healthy older adults) vaccinated against influenza (Lei et al., 2017). 
Based on such results, several authors have recently hypothesized that 
diet supplementation with pre- and probiotics may be beneficial in the 
current context of the severe acute respiratory syndrome coronavirus 2 
(Sars-CoV-2) pandemic (Baud et al., 2020; Dhar and Mohanty, 2020;  
Infusino et al., 2020), especially for older adults, who are at a higher 
risk for developing more serious complications from COVID-19 illness 
(Bialek et al., 2020; Wu et al., 2020a). However, rigorous RCTs need to 
be carried out to confirm any positive results in the current pandemic, 
especially since there are also many conflicting results published, which 
did not find any positive effects of probiotic supplementation. This may 
be due to many parameters needing to be controlled both from the 
probiotic and host sides. For the probiotic, the choice of strain(s), do-
sage (adequate amount) and duration of intervention can strongly in-
fluence the beneficial outcome. Host factors that could influence the 
success of the intervention are diet and lifestyle, age, concomitant 
disease, antibiotic exposure, and baseline microbiota composition and 
function (Suez et al., 2020). 

Studies in the older population are a fraction of the total numbers, 
but sufficient findings have been made public to allow for the successful 
publication of several systematic reviews and meta-analyses (Gui et al., 
2020; Jafarnejad et al., 2016; Martinez-Martinez et al., 2017; Miller 
et al., 2017, 2019; Qu et al., 2019). In terms of finding, one meta- 
analysis found that probiotics did not reduce the risk of antibiotic-as-
sociated diarrhea in the older adults (> 65 years) (Jafarnejad et al., 
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2016), while another found a positive effect of probiotics on constipa-
tion (10–40% improvement compared with controls) (Martinez- 
Martinez et al., 2017). An improvement of cellular immune function in 
terms of polymorphonuclear cell phagocytic capacity or natural killer 
(NK) cell tumoricidal activity was found in an analysis of 17 studies 
with short-term administration of probiotics (Miller et al., 2019); this is 
consistent with a previous meta-analysis of a smaller number of clinical 
trials (N = 4) investigating the effect of B. lactis HN019 supplementa-
tion on cellular immune activity in healthy older participants (Miller 
et al., 2017). Another very recent meta-analysis of 6 RCTs found that 
probiotics (mainly Lactobacillus interventions) significantly increased 
(P  <  0.05) NK cell activity in healthy older individuals (Gui et al., 
2020). Finally, one recent meta-analysis analyzing 10 RCTs found no 
significant benefit of microbiota-driven therapy (pre-, pro-, and syn-
biotics) on inflammatory responses in older individuals (Qu et al., 
2019). 

However, most of these meta-analyses have been usually limited by 
the reduced number of included studies and the heterogeneity of the 
original studies in terms of study design, population, and risk of bias, 
and their authors acknowledge that high-quality, large scale, RCTs with 
long-term follow-up are further needed to provide convincing evidence 
for clear associations between interventions and health outcomes. 
Although systematic reviews and meta-analyses are known to reduce 
methodological and analytical limitations of individual studies, and to 
reveal general trends, the inclusion of outlier studies or grouping stu-
dies evaluating non-related probiotics for the same outcome, may lead 
to conflicting findings between meta-analyses evaluating the same 
outcome (Suez et al., 2019). 

Several recent individual studies with probiotic interventions were 
conducted in connection with inflamm-aging in the older adults 
(Lefevre et al., 2015; Moro-Garcia et al., 2013; Ouwehand et al., 2008;  
Valentini et al., 2015), evaluating the inflammatory status and cytokine 
production as compared to a placebo. An earlier study from 2008 was 
conducted for 6 months in two nursing homes in Finland and involved 
209 older adults (84.3  ±  0.98 yr) randomized to an intervention group 
(n = 56) – an oat-based drink supplemented with 109 CFU/day of both 
B. longum; a placebo group (n = 67) – no probiotics; and a control 
group (n = 86) – a commercial product with 109 CFU/day B. animalis 
ssp. lactis Bb-12 (Ouwehand et al., 2008). The study found that pro-
biotic supplementation can modestly influence the microbiota compo-
sition even at this advanced age, correlated with changes in the levels of 
certain cytokines (e.g. lower IL-10 levels in the intervention group vs 
placebo). 

Another study conducted in Spain showed positive effects on the 
immunologic response of older adults given 3 × 107 Lactobacillus del-
brueckii subsp. bulgaricus 8481 daily for 6 months (Moro-Garcia et al., 
2013). However, these effects disappeared 6 months after the treatment 
ended, suggesting that the probiotic did not colonize the intestinal tract. 
A stimulation of the immune response during the winter months was 
also shown by (Lefevre et al., 2015) in a French cohort receiving in-
termittently 2 × 109 B. subtilis CU1 spores daily for 4 months. The 
immunologic stimulation translated into a reduction of respiratory in-
fections in the probiotic group. Another multicentric study conducted in 
Europe showed a reduction in homocysteine concentration and an in-
crease in folate and vitamin B12 following a 8 week supplementation 
with VSL#3 (a mixture of 8 bacterial strains) (Valentini et al., 2015). 

3.1.3. Synbiotics 
A synbiotic contains both a probiotic and a prebiotic that work sy-

nergistically, i.e. the beneficial effect is higher than that of the probiotic 
alone (De Vrese and Schrezenmeir, 2008; Pandey et al., 2015;  
Schrezenmeir and De Vrese, 2001). Although numerous studies have 
been conducted to assess this synergism, the results have been modest 
so far, with no clear benefits for some conditions such as IBS (Ford 
et al., 2018), renal function (Firouzi and Haghighatdoost, 2018), or 
nonalcoholic fatty liver disease (Hadi et al., 2019); but with beneficial 

outcomes for others, such as obesity (lipid profiles) (Hadi et al., 2020), 
high fasting blood glucose (Nikbakht et al., 2018), postoperative in-
fections (Yang et al., 2017), and some inflammatory markers (Kazemi 
et al., 2020). 

As with pre- and probiotics, only a limited number of studies were 
conducted specifically in older populations. Several examples are de-
tailed in Table 2. Synbiotics have been shown to alter the composition 
of the gut microbiota in older adults, especially by inducing significant 
increases in the fecal amount of bifidobacteria and lactobacilli, which 
persisted in some cases even weeks after the treatment ended (Bartosch 
et al., 2005; Bjorklund et al., 2012; Ouwehand et al., 2009). Bartosch 
et al. (2005) investigated the effects of a synbiotic containing Bifido-
bacterium bifidum BB-02 and B. lactis BL-01 administered together with 
an inulin-based prebiotic in 18 healthy older volunteers (mean 72 yr) 
for 4 weeks vs placebo (maltooligosaccharides). Ouwehand et al. 
(2009) and Bjorklund et al. (2012) used L. acidophilus NCFM (Danisco) 
and lactitol in 47 healthy older volunteers (mean 71 yr) with regular 
use of non-steroidal anti-inflammatory drugs, for 2 weeks vs placebo 
(sucrose). 

The impact on the immune function of the older adults has been 
frequently investigated in the context of immunosenescence. Maneerat 
et al. (2013) showed an improvement in phagocytic activity of mono-
cytes and granulocytes (major mechanism in the clearance of patho-
gens) with Bifidobacterium lactis Bi-07 (109 CFU/d) for 4 × 3-week 
periods separated by 4-week wash-out periods in 36 healthy older 
adults (mean 67.2 yr). However, the results were not improved with the 
synbiotic treatment (using GOS as prebiotic) vs probiotic alone. Neto 
et al. (2013) did not see any influence on the inflammatory response or 
body composition in 9 older individuals with a risk of frailty treated 
with a synbiotic (6 g FOS and 108–109 CFU for each of: L. paracasei, L. 
rhamnosus, L. acidophilus and B. lactis) for 3 months. Macfarlane et al. 
(2013) showed a reduced pro-inflammatory cytokine TNF-α in per-
ipheral blood after 2 and 4 weeks of synbiotics (2 × 1011 B. longum and 
6 g inulin-based prebiotic) vs placebo (maltodextrose) in 43 older 
adults. Additionally, there were changes in microbiota composition 
(increased Bifidobacteria, Firmicutes and Actinobacteria vs decreased 
Proteobacteria) and an increased butyrate production. 

Finally, the effect of synbiotics on cardiovascular risk factors in the 
older adults has been investigated in a few recent studies (Cicero et al., 
2020; Costabile et al., 2017). Costabile et al. (2017) showed a reduction 
of hypercholesteremia with a synbiotic formulation (L. rhamnosus GG 
and soluble corn fiber) for 3 weeks in 40 healthy older participants 
(60–80 yr). Similarly, Cicero et al. (2020) showed marked improve-
ments in several cardiovascular risk factors and markers of insulin re-
sistance in 30 older adults treated for 2 months with a synbiotic made of 
three lactobacilli, inulin and FOS. 

Recent scientific and medical advances have shown that probiotic 
interventions may not be successful in a an entire population, the re-
sponse being driven both by host and microbiota characteristics, sug-
gesting shifting the future research avenue towards personalized nu-
trition strategies for better health, taking into consideration the specific 
host and microbiome features and their mutualistic relationship 
(Bashiardes et al., 2018; Kolodziejczyk et al., 2019; Lam et al., 2019;  
Suez et al., 2020). While host factors (e.g. age and concomitant disease) 
may not be easy to modulate, microbiota factors (diversity and com-
position, interspecies competition) (Patnode et al., 2019) may be easier 
to control with specific dietary interventions, tailored to the individual 
(Bashiardes et al., 2018). 

One relevant example for a personally tailored diet intervention is 
the work of Zeevi et al. (2015), who used artificial intelligence to 
predict postprandial glucose responses by integrating microbiome 
composition, blood tests and anthropometrics of 800 people. Another 
recent research direction aimed to take advantage of exclusive meta-
bolic niches (i.e. a food source to which a certain probiotic has ex-
clusive access) to promote a controlled probiotic colonization of the gut 
(Kearney et al., 2018; Shepherd et al., 2018). Shepherd et al. (2018) 
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used a marine polysaccharide, porphyran, and an exogenous Bacter-
oides strain harboring a rare gene cluster for porphyran utilization, and 
showed that the abundance of the strain in the gut can be fine-tuned 
over several orders of magnitude. Kearney et al. (2018) showed that co- 
introducing a bacterial commensal (i.e. Bacteroides plebeius DSM 17135) 
along with a specific resource, seaweed, enables colonization of the 
mouse gut microbiota at a median abundance between 1 and 10%. 
Alternatively, another recent report has shown the possibility to che-
mically inhibit the expansion of a specific bacterial family (i.e. En-
terobacteriaceae) and to reduce intestinal inflammation in murine 
models of colitis (Zhu et al., 2018). 

Colonization resistance is an important feature of our microbiota by 
which it protects us from pathologic infections. Simultaneously, the 
same mechanism may preclude probiotic colonization, and this colo-
nization resistance may be person-specific (Zmora et al., 2018). Pre- 
treatments with antibiotics may improve probiotic colonization (Zmora 
et al., 2018), but post-antibiotic probiotic benefits may be counteracted 
by a compromised gut mucosal recovery (Suez et al., 2018). Adhesive 
properties of probiotics (and prebiotics) are also important to be con-
sidered (Monteagudo-Mera et al., 2019), and future research may 
benefit from recent advancements in synthetic biology, opening the 
way towards engineered live bacterial therapeutics (Charbonneau et al., 
2020). 

3.2. Fecal microbiota transplantation 

Based on the results of several RCTs showing fecal microbiota 
transplantation (FMT) as a viable alternative treatment approach 
against C. difficile infection (Cammarota et al., 2015; Kelly et al., 2016;  
Lee et al., 2016; Van Nood et al., 2013; Youngster et al., 2014), current 
clinical guidelines from the USA recommend FMT for “patients with 
multiple recurrences of C. difficile infection who have failed appropriate 
antibiotic treatments (strong recommendation, moderate quality of evi-
dence)” (McDonald et al., 2018). C. difficile infection is known to affect 
the older population disproportionately (Keller and Surawicz, 2014;  
Smits et al., 2016), mainly due to immunosenescence, increased ex-
posure to healthcare settings, and frequent use of antibiotics and 
proton-pump inhibitors (Loo et al., 2011). 

Although FMT interventions against C. difficile infection are per-
formed mostly in older adults, only a limited number of large cohort 
studies have been conducted specifically in this age group (Agrawal 
et al., 2016; Luo et al., 2020). In a multicenter, long-term follow-up 
study conducted in the USA, Canada and Australia, Agrawal et al. 
(2016) investigated the long-term efficacy and safety of FMT in 146 
older patients (mean 78.6 yr) with either recurrent, severe, or compli-
cated C. difficile infection. The primary and secondary cure rates were 
82.9% (121 of 146) and 95.9% (140 of 146), respectively. Thus, FMT 
proved to be a safe and effective treatment option for C. difficile in-
fection in the older adults (Agrawal et al., 2016). Another recent long- 
term follow-up study investigated the efficacy and safety of FMT in 75 
older patients (mean 76.4 yr), out of which 34 (45.3%) were “higher- 
risk”, namely immunocompromised, with a history of inflammatory 
bowel disease, or presenting with severe or fulminant colitis (Luo et al., 
2020). In this study, the adjusted primary cure rate was only 67.2% and 
post-FMT C. difficile infection recurrence rate was 29.9%. These results 
suggest that FMT should be used early in the treatment of C. difficile 
infection to avoid disease progression and recurrence, especially in 
older patients (Agrawal, 2020). Additionally, multiple FMT interven-
tions may be needed for a good result. 

Following the success in C. difficile infection treatment, the potential 
of FMT has also been investigated against Crohn's disease (Sokol et al., 
2020), irritable bowel syndrome (Xu et al., 2019b), cirrhosis 
(Woodhouse et al., 2019), and even neurological and behavioral con-
ditions (Vendrik et al., 2020). The results are promising, but still 
modest. One important aspect in the success of FMT is the diversity and 

the composition of the stool donor, which plays an essential role in 
restoring metabolic deficits in recipients (Wilson et al., 2019). 

Although a rapidly emerging new therapy (Ooijevaar et al., 2019), 
there is a need for further larger studies and controlled clinical trials to 
assess the long-term benefits of FMT outside C. difficile infection 
treatment and any related safety issues associated with it. Sometimes, 
unintended consequences may arise from the transfer of antibiotic-re-
sistant bacteria or other unwanted phenotypes from the donor (Alang 
and Kelly, 2015; DeFilipp et al., 2019), or pathogenic viruses (Chehoud 
et al., 2016). Donor screening and sample testing are especially im-
portant to be considered in the current pandemic situation with SARS- 
CoV-2, where a potential risk of transmission by FMT may occur due to 
the documented prolonged presence of the virus in stool samples of 
infected individuals (Wang et al., 2020; Wu et al., 2020b). To address 
this issue, the FDA issued a safety alert, highlighting the additional 
precautions needed for FMT clinical use, including screening, and 
testing of donor and donor samples for SARS-CoV-2 (FDA, 2020). 

4. Concluding remarks 

Our gut microbiota is a dynamic ecosystem, which adapts con-
tinuously to changes in lifestyle, nutrition, hygiene, and exposure to 
medication. Establishing and maintaining positive interactions between 
us and our gut microbiota are essential for our health. The longer the 
exposure to certain stressors, the more significant the changes, which 
may explain why recent research has found that older populations have 
a less diverse microbiota than younger individuals, and more patho-
bionts. With advanced age, the prevalence of certain diseases increases 
as well, which can also contribute to an increased risk of frailty leading 
to microbiota dysfunctionalities, and therefore, to progression of other 
metabolic diseases. 

Our diet is the main shaping factor of our gut microbiota. Although 
the gut microbiota responds rapidly to significant short-term changes in 
diet, long-term dietary habits (e.g. transgenerational patterns) are the 
main factor in shaping the microbiota composition and diversity in 
individuals. Comparisons with populations with traditional lifestyles, 
such as remote rural populations or hunter gatherer tribes, have shown 
that our microbiota is less diverse and has lower fiber degrading cap-
abilities (and thus lower production of relevant metabolites such as 
SCFAs). These changes have been attributed mainly to modern ad-
vancements in the food industry (highly processed foods, high in fat and 
carbohydrates and low in fiber), and in the medical sector (broad range 
antibiotics and other medication affecting our microbiota composition 
and function). 

The responses to similar dietary changes may vary individually due 
to particularities of individual microbiotas, underlying the future im-
portance of personalized nutritional interventions. Clinical trials in-
volving dietary interventions and supplementation with pre-, pro- and 
synbiotics have revealed that there is no single intervention to benefit 
complex populations, mainly due to these interindividual differences. 
Future studies should consider the baseline microbiota characteristics 
of included individuals and tailor the interventions based on their 
needs. The results of such studies should provide the scientific clues for 
the rational design of food products specific to certain groups of older 
adults (e.g. those affected by chronic constipation, obese individuals). 

Regarding the older adults, and especially the residents of long-term 
care facilities, microbiota-targeted interventions should be made early 
and often, to attenuate the occurrence of critical conditions such as 
frailty. Any long-term medication exposure, and especially antibiotic 
treatments, should be followed by a microbiota restauration therapy, to 
prevent the occurrence of dangerous infections such as C. difficile and 
the proliferation of other opportunistic strains. 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.exger.2020.111095. 
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