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The immune system is critical in defending against infection from pathogenic
microorganisms. Individuals with weakened immune systems, such as the
elderly, are more susceptible to infections and developing autoimmune and
inflammatory diseases. The gut microbiome contains a plethora of bacteria and
other microorganisms, which collectively plays a significant role in immune
function and homeostasis. Gut microbiota are considered to be highly influential
on host health and immune function. Therefore, dysbiosis of the microbiota
could be a major contributor to the elevated incidence of multiple age-related
pathologies. While there seems to be a general consensus that the composition
of gut microbiota changes with age, very little is known about how diet and
exercise might influence the aging microbiome. Here, we examine the current
state of the literature regarding alterations to the gut microbiome as hosts age,
drawing particular attention to the knowledge gaps in addressing how diet and
exercise influence the aging microbiome. Further, we will demonstrate the need
for more controlled studies to investigate the roles that diet and exercise play
driving the composition, diversity, and function of the microbiome in an aging
population.
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Introduction

Aging is a gradual and irreversible physiological process that occurs in all biological life

forms. The aging phenotype is characterized by genomic instability, telomere attrition,

epigenetic alterations, loss of protein homeostasis (proteostasis), deregulated nutrient

sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered

intercellular communication in multicellular eukaryotic organisms (1). This definition has

been recently updated to include a focus on the dysbiosis of host microbiota (2). The

dysregulation of these physiological processes results in the development of pathological

conditions, such as cardiovascular disease, metabolic disease, neurodegenerative disease,

musculoskeletal disease, and immune system diseases (3). One factor common amidst all

of these chronic conditions is inflammation.

The immune system is key to host defense against pathogenic organisms and protecting

against disease. Immunosenescence—age-related remodeling of the immune system—leads

to a decline in the protective components of the immune system and chronic, low-grade

inflammation, termed “inflammaging” (4). Aged individuals are more susceptible to
01 frontiersin.org

http://crossmark.crossref.org/dialog/?doi=10.3389/fspor.2023.1168731&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fspor.2023.1168731
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fspor.2023.1168731/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1168731/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1168731/full
https://www.frontiersin.org/articles/10.3389/fspor.2023.1168731/full
https://www.frontiersin.org/journals/sports-and-active-living
https://doi.org/10.3389/fspor.2023.1168731
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Brooks et al. 10.3389/fspor.2023.1168731
infectious diseases and have a higher risk of developing the

noncommunicable diseases described above; therefore,

immunosenescence is a major contributor to the declining health

of the aging population. The gut microbiome is considered to be

an important factor contributing to host health, as it plays a

significant role in immune system function (5). Arguably, two of

the most influential lifestyle behaviors that promote health are

consuming a nutritious, well-balanced diet and partaking in

regular physical activity. Diet and exercise are well-known to

modulate immune function and inflammation (6); however, less

understood is the interaction between diet, exercise, and the gut

microbiome with aging. This is further exacerbated as the

interactions between diet, exercise, and the gut microbiome have

not been thoroughly studied in the context of age. This review

will discuss how the gut microbiome changes with age, the role

of the gut microbiome in immune function and inflammation,

and how diet and exercise have the potential to influence the gut

microbiome to promote health in the aging population. Lastly,

we stress the need for well-controlled investigations to study the

complex interactions between the host gut microbiota, diet, and

exercise in the aging population.
Role of the gut microbiome in health
and disease

The immune system contains barrier, recognition, elimination,

and memory functions, along with multiple cell types, and

chemical mediators to derive highly-sophisticated immune

responses. The immune system can then protect the host from

pathogenic organisms, as well as regulate the balance between

pro- and anti-inflammatory states. Individuals with weakened

immune systems are more susceptible to infections, chronic, low-

grade inflammation, and developing non-communicable diseases

(5). The human gastrointestinal (GI) tract plays a vital role in the

immune response as it contains a very complex and diverse

population of microorganisms, i.e., the gut microbiota, that can

influence health and disease of the host. The gut microbiome is

an integral factor in determining the host immune response and

dysregulation of the gut microbiota may be responsible, in part,

for chronic diseases involving the immune system (7).

The gut microbiome encodes over 3 billion genes to produce a

multitude of metabolites, whereas the human genome has been

characterized as encoding only ∼23,000 genes. This highlights

the magnitude of the “superorganism” known as the gut

microbiome and its symbiosis with the host (8). Many of the

over 2000 human-associated microbial species identified can be

classified into 12 different phyla, ∼93% belonged to

Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes (9,

10). Confounding literature within the field has made it difficult

to agree on the functions of some phyla and their influence on

host health (11). Gut microbiota vary taxonomically and

functionally, not only between individual hosts, but also in

different parts of the GI tract within the same individual host

(12). The gut microbiome is less taxonomically diverse than

some other human microbial communities, such as skin, and has
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a high degree of functional redundancy (12, 13). Moreover, the

richness and diversity of the microbiome can also be impacted

by age, environmental and behavioral factors, such as diet and

exercise (8). Microbiota richness and diversity increase drastically

from birth to age 3 and fluctuates until reaching adulthood,

when composition becomes stable and dominated by the three

bacterial phyla Firmicutes, Bacteroidetes, and Actinobacteria (8).

The gut microbial community can be influenced by the

availability of nutrients in the GI tract, such as dietary fiber (14)

and contributes to optimal digestion and absorption of nutrients.

It is responsible for the production of metabolites essential to

host health, including vitamins and short-chain fatty acids

(SCFAs) (15–17). SCFAs are highly valuable to the host, as they

provide essential substrates for intestinal cells, can improve the

gut barrier integrity, and regulate the immune system and

inflammatory responses (18). SCFAs result from saccharolytic

fermentation of carbohydrates, such as inulin and plant cell wall

polysaccharides, which otherwise would escape digestion and

absorption from the small intestine (18). The predominant

SCFAs are acetate, butyrate, and propionate and are found at a

proportion of 3:1:1 in the GI tract where they are involved in

regulating a multitude of cellular processes (19). Butyrate is the

major energy source of colonocytes (20) and also increases gut

barrier integrity (21). SCFAs may be one of the most important

gut microbial products affecting a variety of host physiological

processes, including energy utilization and host-microbe

signaling. A healthy intake of dietary fiber will stimulate

fermentation of complex carbohydrates and the production of

SCFAs, bolstering the defense of the intestinal mucosal barrier

and inhibiting pro-inflammatory signals in the gut (22). Further,

SCFAs may act as pleiotropic immunomodulators and reduce the

severity of inflammatory diseases (23).

Due to immense microbial heterogeneity, it is difficult to

clearly define the “optimal” microbiota to promote host health;

however, the richer and more diverse a microbial community,

the better it can function to ward off foreign pathogens, bolster

host immune function, maintain the structural integrity of the

gut mucosal barrier, and produce beneficial metabolites (8). The

diversity of the microbiome allows for a wide range of functions,

including the production of metabolites that can influence

multiple physiological processes in the host. Conversely, a

microbiome that lacks richness and diversity is suggestive of

dysbiosis, as it may no longer perform functions to promote host

health (24).
The aging host

Although lifespan has dramatically increased over the past

century due to significant advancements in research, medicine,

and public health, healthspan has not. In other words, the

number of relative years spent free of disease or chronic

debilitating conditions as we age has remained fairly constant

(25). Therefore, the scientific and medical communities are faced

with the urgent challenge of investigating the underlying

mechanisms that cause age-related health disorders and develop
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feasible preventions and treatments for the aging population.

Inflammaging likely contributes to a variety of age-related

conditions including atherosclerosis, heart failure, chronic

obstructive pulmonary disease, type 2 diabetes-mellitus,

sarcopenia, osteoarthritis, osteoporosis, Parkinson’s disease, and

Alzheimer’s disease (26). The presence of inflammaging leads to

immune dysfunction and suppression of immune cells, including

regulatory T and B lymphocytes and macrophages (27, 28),

which can result in an increased risk of infection and poor

response to vaccines (29).

Studies performed on long-lived people (octogenarians through

centenarians) suggest that healthy aged individuals possess the

ability the manage inflammaging with anti-inflammatory

responses (30, 31). The gut microbiome may play a large role in

this response, as the host microbiota interacts with a multitude

of host physiological systems to promote normal function and

health. While a healthy gut microbiome can help to mitigate

chronic inflammation, dysbiosis may exacerbate chronic

inflammation (8). During aging, the intestine undergoes a loss of

integrity, which enables the translocation of gut microbiota into

other bodily tissues, inducing an inflammatory response from

immune cells, such as neutrophils and Th17 lymphocytes (32).

Germ-free mice co-housed with normal old mice (18–22

months) displayed increased pro-inflammatory cytokine

production, whereas germ-free mice co-housed with normal

young mice (2–4 months) did not (33). The resulting shift in the

inflammatory state of the germ-free mice is likely due to

microbial transplant from the old mice to the germ-free mice

(via consumption of mouse droppings; “coprophagy”), thus

establishing a gut microbiome that reflects that of the co-housed

mice. The increase in systemic pro-inflammatory signals is likely

due to the microbiome composition of the aging host, as these

microbiomes are more susceptible to the invasion of pathogens,

compared to a young microbiome. These results also

demonstrate that the inflammatory state was not derived from

the host.

Further, the loss of intestinal integrity results in metabolic

endotoxemia, or the increase of lipopolysaccharides in the blood

following the ingestion of fat-rich meals, which also exacerbates

chronic inflammation (34). However, the concentration of

lipopolysaccharides in the blood has been shown to decrease

with the ingestion of probiotics containing inulin (61.5%), lactitol

(34.6%), and aloe vera gel (3.9%) (35). This result is likely due to

the action of the microbiome, as inulin is a non-digestible

carbohydrate that stimulates the activity of Bifidobacteria and

Lactobacilli (36). It is clear from this example that the host diet

can influence not only microbiome composition, but how the

microorganisms interact directly and indirectly with the host

system.
The aging microbiome

The key to understanding how external factors such as diet and

exercise might influence the gut microbiome is building an

understanding of the changes to the microbiome that occur as
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part of the aging process. From birth, the gastrointestinal tract

begins to be colonized with bacteria to form the gut microbiome.

A person’s gut microbial diversity increases with age and

exposure to changing environments, for example stress, diet, and

exercise. This emphasizes the sensitive nature of microflora

population fluctuations. There are three pivotal stages in the

development of the gut microbiome: birth, adolescence, and old-

age (15). Substantial changes occur in human gut microbiota

during the first two years of life, as the gut microbiota of

neonates shifts during development to be more similar to adult

microbiota by 24 months of age (37) and is continuing to

increase in communal diversity by five years of age (38). Gut

microbiome diversity appears to be relatively constant from

adolescence through adulthood; however, alterations in the

microbiome have been observed between the 60–80 year-old-

and >80 year-old-individuals (32). Typically, a “resilient”

microbial community, one which is unlikely to be invaded by

novel taxa, is considered one with the greatest diversity (39, 40).

In the context of the gut microbiome, this has often led

researchers to define “healthy” microbiomes as those that are the

most diverse (41, 42). Furthermore, many previous investigations

place importance on the ratio of Firmicutes to Bacteroidetes for

health status since these phyla constitute large proportions of

bacterial content in the gut microbiome (43); however,

conflicting findings from the many cross-sectional studies with

aged populations make it difficult to determine the functional

significance of the Firmicutes:Bacteroidetes ratio in the context of

aging (44–47).

In Japanese subjects, gut microbiome diversity increased

between ages 0–10 years, plateaued from 10 to 50 years,

increased from 50 to 80 years, and then decreased from 80 to

100. Interestingly, there was a positive correlation between age

(0–100 years) and the genera Bacteroides and Eubacterium, as

well as a negative correlation with age to the genus

Bifidobacterium (48). In adults from the Western hemisphere, the

most abundant organisms found in fecal samples are known fiber

degraders, including Eubacterium spp., Roseburia spp., and

Subdoligranulum variabile from the phylum Firmicutes (49). In

the case of Bifidobacterium, there is evidence that an increase in

ingestion (e.g., probiotics) can bolster immune tolerance (50) and

help with age-related maladies such as constipation (51).

Eubacterium abundance was found to be correlated with host

immune response in cross-sectional cohorts aged 20–40, 60–80,

and 100+, while Eubacterium limosum content was found to

increase in centenarians (44). Eubacterium limosum has

previously been found to produce butyrate, acetate, and

propionate, which decreased IL-6 production in T84 cell cultures

(52). A chow diet supplemented with Eubacterium limosum also

decreased colonic damage and shrinkage from dextran sulfate

sodium-induced colitis in BALB/C mice (52). These mouse

results likely translate well to the human model, as Eubacterium

are one of the few genera where the average relative abundance

is incredibly similar between mouse and human guts (53). These

results indicate that the long-life phenotype in hosts may be

connected to not just bulk diversity of the gut microbiome, but

also to key functions those taxon perform. A limitation common
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to many cross-sectional studies in the literature is being able to

determine whether the changes in microbiome diversity observed

in elderly cohorts is a benefit or detriment to host health. To the

best of our knowledge, longitudinal studies on the microbiome

with aging do not exist, emphasizing a major limitation of the

current literature. Therefore, there is a great need for controlled,

longitudinal studies that track the progression of alterations to

the gut microbiome with aging.

While a focus on microbial presence, absence, and relative

abundance has helped to characterize the periods of change in

gut microbiomes with aging, it may also serve investigators well

to focus on bacterial functions carried out in the aging host.

Studies have revealed that transcriptomic profiles are much more

variable across individuals, whereas genomic profiles can remain

relatively constant (54, 55). Therefore, multi-omic approaches

that characterize not only the metagenomic (microbiome

content), but also the metatranscriptomic (gene expression),

metaproteomic (protein content), and metabolomic (metabolic

products) profiles, provide a far more comprehensive assessment

of the diversity and function of the microbiome, compared to

any single analysis alone (56).
Influence of diet on the aging
microbiome

Diet is considered one of the most influential factors for the

establishment of the gut microbiome. Regional communities with

distinct diets can have very different gut microbial communities.

Immigration to the United States from non-western nations has

been associated with a loss of overall microbial diversity, a loss of

Prevotella strains, a decrease of fiber-degrading enzymes, and an

increase in Bacteriodes (40). Dietary changes can also drive

rapid alteration of the composition of the gut microbiota (57).

Human diets are composed of macronutrients, which provide

energy and micronutrients, aiding with essential functions in the

body. Adequate nutrition is necessary for proper cellular

function, including immune cells, with certain micronutrients

like vitamins and zinc having specific roles in maintaining the

immune system and reducing inflammation (16). Chronic

low-grade inflammation and malnutrition can present long-term

health issues, such as leaky gut syndrome (58). Maintaining

gut microbiome homeostasis promotes healthy intestinal

permeability and preventing further bacterial and nutrient loss

(59). Conversely, additions to the diet from compounds like

dietary emulsifiers have been demonstrated to alter the

composition of the microbiota which, in turn, induced low-grade

inflammation (60).

Many metabolic processes occur throughout the GI tract,

where nutrients are digested and metabolites absorbed across the

intestinal mucosa into the bloodstream (61). Several steps in

digestion and absorption rely on a properly functioning gut

microbiome. There is irrefutable evidence that different diets

across the globe, particularly those varying in macronutrient and

fiber composition, dramatically impact health and disease, due in

part though alterations in the composition and function of the
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gut microbiome (62). Healthy, well-balanced diets, rich in fiber,

as well as calorically-restricted diets [combined with ≥20 grams

of fiber per day (63, 64)] can extend longevity; while a high-fat,

low-fiber diet can decrease longevity (65). It is recommended

that adults consume 25 and 38 grams of fiber per day for women

and men, respectively (66); however, Westernized diets that

include processed foods high in fat, sugar, and salt [containing

only ∼15 g of fiber per day (67)] can lead to increased

endotoxin-producing bacteria that can potentially trigger the

immune system through pathogen-associated molecular patterns

(68). On the contrary, Mediterranean diets, those associated with

consumption of nuts, oily fish, fruits, vegetables, cereals, and red

wine [typically containing ≥30 grams of fiber per day (69)], were

linked to higher abundance of fiber-fermenting SCFA-producing

bacteria, like Roseburia and Faecalibacterium (70). Furthermore,

observing long-term dietary patterns, Bolte et al. (2021) reported

that regular consumption of legumes, breads, fish and nuts was

associated with lower abundance of opportunistic bacteria that

have been linked to inflammation and reduced inflammatory

markers overall in the stool (70).

Aging typically alters diet and nutrient intake due to changes in

appetite, food sensitivities, or access to proper nutrition. The aging

host’s diet is determined by a variety of factors, including living

situation, independence, energy expenditure, a decline in

masticatory function, and loss of smell (71). In old age, the host

may also experience a slowing in digestion time and appetite

decreases in a process known as physiologic hunger (72, 73).

This includes a significantly lower energy intake and lower

consumption of micronutrients in elderly people, compared to

younger adult populations (74). Vitamins A, E, and D intake

have all been reported to be below the recommended value in

the elderly, and are major contributors to anti-inflammatory

responses and inflammation regulation (74). Studies also

increasingly demonstrate a correlation between reduced protein

intake and aging (8, 15). In a 6-year study on protein intake in

elderly Danish populations, lean body mass and muscle retention

was found to be higher in individuals who consumed more of

the dietary amino acid leucine than in populations who

consumed less protein (75). Further, protein supplementation,

combined with controlled physical activity, resulted in increased

fat-free mass and strength and lower inflammatory markers in

elderly individuals (76). These studies highlight the seen and

unseen influences of nutrient intake on the aging population.

These shifts in diet often trend toward a sub-optimal

microbiome, leading to dysbiosis in aged individuals. This

includes a decrease in diversity and butyrate-producing microbes,

with an increase in facultative anaerobes, like Proteobacteria, that

tend to favor a more inflammatory state (50). There is also an

altered ratio of Firmicutes to Bacteroidetes as Firmicutes

populations decline with aging (77). Elderly individuals that live

in long-term care facilities have a reduced microbial diversity,

compared to community-dwellers, which is related to dietary

changes such as alterations in consumption of vegetables, fruits,

and meat (78). A few studies have examined different nutritional

interventions to improve gut microbiota health in elderly

individuals, but more are needed to target this population with
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their specific nutritional needs. Some probiotics have promoted

Bifidobacteria growth, while decreasing opportunistic pathogens

in the elderly (77). Use of prebiotic galacto-oligosaccharides have

shown efficacy in restoring the gut microbiota, including

increasing Bifidobacteria and Lactobacilli, and reducing

inflammation (79). On the contrary, there is conflicting evidence

that other probiotic supplementation did not significantly

improve inflammation or infections in elderly patients (80).

Future studies are needed to examine the impact of such

supplementation on the composition of gut microbiota.

There is a great need for well-controlled, longitudinal studies

examining diet-induced changes to the gut microbiota, especially

with age. Further analysis of how changes to the diet can

influence the diversity, composition, and function of the gut

microbiota will be critical moving forward. Additionally,

controlled studies for determining how dietary interventions may

alter the microbiota, and if the efficacy of these treatments

change with age, will be essential for improving health in aging

populations.
Influence of physical activity/exercise
on the aging microbiome

Regular physical activity/exercise not only increases

cardiorespiratory fitness, but also promotes health in a dose-

dependent manner by reducing all-cause mortality and the risk

of developing or progressing chronic diseases, such as

cardiovascular disease, certain cancers, and metabolic disease

(81, 82). Moreover, inflammaging and immunosenescence pose

significant health risks that determine morbidity and mortality in

the elderly especially since most, if not all age-related diseases

have an underlying pathogenesis involving inflammation (83).

Regular physical activity/exercise can reduce chronic, low-grade

inflammation and enhance immune function (84, 85), but our

lack of understanding on the impacts of exercise throughout the

lifespan leaves much to be desired in terms of investigating the

underlying mechanisms for how exercise provides health benefits

(86). Autophagy, the process by which cells clean out and

degrade cellular debris to maintain normal physiological function

(87), is enhanced by lifelong physical activity/long-term exercise

training (88, 89); therefore, providing more evidence to the

importance of physical activity/exercise on promoting health and

longevity. Furthermore, while the gut microbiome plays a

significant role in inflammation and host immune function to

promote health (7), it is less clear how exercise influences the gut

microbiome, particularly with aging.

Findings from both animal and human studies suggest that

exercise training alters the composition and diversity of host gut

microbiomes, although it has been difficult to determine the

exact mechanisms and degree to which exercise alters the gut

microbiome. This is due to inconsistencies controlling for diet,

age, and species, as well as the duration, intensity, and mode of

the exercise intervention. This lack of control has, in turn, led to

contradictory results among the limited number of studies

available in the literature. For example, rodent studies have
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reported that exercise increases the Firmicutes:Bacteroidetes ratio

(90–92), while others report changes in the opposite direction

(93–96), or no change at all (97–99). In one of the more

well-controlled cross-sectional animal studies, Allen et al. (2015)

reported young (6-wk-old) mice that performed six weeks of

voluntary wheel running (VWR) displayed lower gut microbiome

richness than either forced treadmill running (FTR) or sedentary

mice over the same time. Further, the overall abundance of the

phyla Bacteroidetes and Firmicutes was not altered by treatment,

but Tenericutes and Proteobacteria significantly increased in FTR

mice, compared to sedentary and VWR (100). Bacteria of these

phyla present the endotoxin lipopolysaccharide to gut epithelial

and immune cells, which could implicate a GI tract pathology in

the FTR mice (101). Within the phylum Firmicutes, the genus

Dorea increased in the FTR mice, compared to sedentary (100).

A high abundance of Dorea spp. has been associated with

negative health outcomes (102); however, no work has been done

to resolve the functions associated with Dorea spp (103). A

major take away from this study is that the type of exercise

stimulus (VWR vs. FTR) may alter gut microbial communities

differently, such that FTR is a more stressful stimulus for mice

and may be detrimental to gut microbiota homeostasis,

compared to VWR.

Additionally, when sedentary germ-free mice receive microbial

transplants from mice that previously performed 6 weeks of VWR,

exercise-induced alterations in the gut microbiome persist and

provide beneficial effects to the recipient host, such as bacterial

community colonization, reduced inflammatory responses, gut-

derived SCFAs, and protection against experimentally-induced

colitis (104). Further, exercise recipient germ-free mice display

higher butyrate to acetate ratios and butyryl CoA:acetate CoA

transferase enzyme expression, compared to control recipient

germ-free mice; suggesting that functional properties of the

newly colonized gut microbiome persist as well to promote gut

homeostasis in the recipient host (104). Similarly, Matsumoto

et al. (2008) reported that young (6-wk-old) male rats that

performed 5 weeks of VWR significantly increased butyrate:

acetate ratio in the cecum (97). Findings from animal studies

illustrate the need to better contextualize changes in microbial

community species with regards to functional characteristics,

rather than just richness and diversity properties since seemingly

minor changes to the microbial community can produce

significant alterations in the GI tract.

While human studies, by nature, are far more difficult to control

for all potential confounding variables, the existing literature

investigating the influence of exercise on the gut microbiome in

humans is even less clear than animal studies reviewed above—of

these, cross-sectional studies are predominant. Clarke et al. (2014)

observed differences in gut microbiota composition and diversity

in professional rugby athletes, compared to sedentary controls of

similar body mass indexes (BMI). Athletes displayed significantly

higher relative abundances of more than 40 taxa—specifically in

the phyla Firmicutes; and lower abundance of only 3 taxa—

specifically in the genera Lactobacillaceae, Bacteroides, and

Lactobacillus (105). Barton et al. (2018) extended these findings to

demonstrate that the functional capacity of the athlete’s microbiota
frontiersin.org

https://doi.org/10.3389/fspor.2023.1168731
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Brooks et al. 10.3389/fspor.2023.1168731
was significantly enhanced, compared to controls, such that

metabolic byproducts of amino acids and carbohydrates, along

with SCFA concentrations were elevated (106). The few other

studies in athletic populations have demonstrated varied results,

with some reporting similar changes to the gut microbiome as

above (107, 108), while other report no differences (109, 110).

From athletes to normal healthy young adults, it has been

reported that cardiorespiratory fitness level is highly correlated

with the composition and diversity of the gut microbial

community. In fact, both Estaki et al. (2016) and Durk et al.

(2018) reported that, even after accounting for other confounding

variables (such as diet and body composition), VO2peak accounted

for ∼20% of the variation in taxonomic diversity (e.g., Firmicutes

to Bacteroidetes ratio) between participants with varied fitness

levels (111, 112). Further, VO2peak directly correlated with

metagenomic functions of participants’ microbiota, with

associations to genes related to SCFA biosynthesis (specifically

butyrate), bacterial chemotaxis, and motility (112). Despite the

quality of the aforementioned studies, they are all limited by their

cross-sectional design and fail to account for variability between

individuals and treatment groups.

Mixed results have been reported in the limited number of

longitudinal studies that have used an exercise training

intervention in humans. Allen et al. (2018) conducted a study on

young, sedentary individuals with a 6-week endurance exercise

(EE) regimen, followed by 6 weeks of detraining. Lean individuals

displayed increased abundance of the genera Faecalibacterium

and Lachnospira and a decrease in Bacteroides with EE. These

results suggest that microbial composition and gut-derived SCFAs

were altered by exercise training, but returned to baseline levels

within 6 weeks; however, changes were dependent on BMI at the

start of the study (113). Conversely, only modest shifts in

microbial taxonomy and function were observed in overweight

women in response to a 6-week EE regimen, with the abundance

of several taxa appearing to differ slightly with exercise,

compared to baseline (114). Cronin et al. (2018) utilized a

combination EE and resistance exercise (RE) for 8 weeks in

healthy adults, but observed no changes in microbiome diversity

and only subtle changes in microbial community composition

and function (115). When comparing EE vs. RE exercise

modalities in young, healthy adults over an 8-week regimen,

Bycura et al. (2021) report substantial changes in gut microbiome

composition occur in the first few weeks of EE, but then regress

back to pre-exercise levels by 5 weeks into the intervention,

whereas no changes were observed in response to RE. The

authors hypothesized that this EE-sensitive change may resemble

a disturbance to the gut microbiome in response to a novel

stimulus (i.e., EE), followed by a recovery after acclimation to the

exercise stimulus (116). Smith et al. (2022) also investigated RE

alone, but contrary to the previous study, they reported that a

10-week whole-body RE regimen in healthy, young adults

increases gut microbiome diversity, but not richness (117). Lastly,

in the only study (to date) that has utilized a longitudinal design

in elderly individuals, there were only minimal changes to gut

microbial diversity and composition in Japanese men (age 62–76

years) with a 5-week EE intervention (118).
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The literature available in the realm of exercise and the gut

microbiome, particularly with aging, is scant. Taken together,

these findings, while diverse, suggest that exercise may alter the

host gut microbiome composition, diversity, and/or function, but

the degree to which these modifications can be observed depend

on the exercise intervention (modality, intensity, and duration),

host species and characteristics (sex, BMI, and age), as well as

study design (cross-sectional vs. longitudinal). Therefore, we

challenge investigators to focus on longitudinal study designs that

control for potential confounding variables and incorporate ages

from across the lifespan, especially the elderly.
Conclusions

The gut microbiome has drawn substantial attention over the

past decade for the role it plays in host health and disease. While

gut microbes have been studied for years, our understanding of

the symbiotic relationship that the gut microbiome maintains

with its host and the specific functions it performs continues to

expand exponentially. The gut microbiome develops early in life

and remains relatively stable through adulthood. The literature

suggests that age-related alterations in the gut microbiome do

exist, but the lack of well-controlled longitudinal studies make it

difficult to discern whether differences in the composition of the

gut microbiome are the result or cause of various age-related

conditions observed in both diseased and healthy elderly

populations. Future studies exploring aging should focus on

functional characteristics of the microbial community, in

addition to composition, as the host ages. Multi-omic approaches

that assess not only the gut bacterial genome, but also the

transcriptome, proteome, and metabolome, can provide a more

comprehensive view of the gut microbial community and its role

in maintaining host health.

Many different factors can alter the diversity, richness,

composition, and function of the gut microbiota. In this review,

we have discussed the potential effects of diet and exercise on the

gut microbiota. The influence of diet and/or nutrition on the gut

microbiome has been moderately investigated. The majority of

studies point to healthy, well-balanced diets, rich in fiber, favor a

diverse and well-functioning gut microbiome; while diets

containing processed foods, high in sugar and fats, lean towards

dysbiosis. Conversely, the influence of exercise on the gut

microbiome is not quite as clear. While some rodent studies have

reported a positive impact of exercise on the composition and

function of the gut microbiota, human studies have provided

conflicting results. In general, findings from the human studies

suggest that fitness level and body composition, as well as diet/

nutrition, can influence the degree to which the gut microbiota is

altered with exercise. Nonetheless, there is not yet enough

evidence to conclusively determine the effects of exercise on

altering the gut microbiota, but a multi-omics analytic approach

is warranted.

Taken together, there is some evidence that diet and exercise

can influence the gut microbiota; however, the number of studies

investigating these lifestyle factors, in combination with aging,
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are quite limited. Therefore, more longitudinal studies that control

for confounding variables are desperately needed to gain a more

comprehensive understanding of the influences that aging, diet,

and exercise may impact the gut microbiota.
Author contributions

CB, RB, and KZ: all contributed to the conception of this work.

CB, MW, OA, RB, and KZ: all contributed significantly to the

drafting of this work. CB, RB, and KZ: contributed to the

revision of this work. All authors contributed to the article and

approved the submitted version.
Acknowledgments

The authors would like to recognize the Blue Cross of North
Carolina Institute for Health and Human Services at Appalachian
Frontiers in Sports and Active Living 07
State University—Health Interdisciplinary Research Seed
Allocations (HIRSA) award for partially funding this research.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of
aging. Cell. (2013) 153(6):1194–217. doi: 10.1016/j.cell.2013.05.039

2. Bana B, Cabreiro F. The microbiome and aging. Annu Rev Genet. (2019) 53
(1):239–61. doi: 10.1146/annurev-genet-112618-043650

3. Badal VD, Vaccariello ED, Murray ER, Yu KE, Knight R, Jeste DV, et al. The gut
microbiome, aging, and longevity: a systematic review. Nutrients. (2020) 12(12):3759.
doi: 10.3390/nu12123759

4. Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and ‘garb-
aging’. Trends Endocrinol Metab. (2017) 28(3):199–212. doi: 10.1016/j.tem.2016.09.
005

5. Calder PC, Ortega EF, Meydani SN, Adkins Y, Stephensen CB, Thompson B, et al.
Nutrition, immunosenescence, and infectious disease: an overview of the scientific
evidence on micronutrients and on modulation of the gut Microbiota. Adv Nutr.
(2022) 13(5):S1–S26. doi: 10.1093/advances/nmac052

6. Guo J, Huang X, Dou L, Yan M, Shen T, Tang W, et al. Aging and aging-related
diseases: from molecular mechanisms to interventions and treatments. Signal
Transduct Target Ther. (2022) 7(1):391. doi: 10.1038/s41392-022-01251-0

7. Honda K, Littman DR. The microbiome in infectious disease and inflammation.
Annu Rev Immunol. (2012) 30:759–95. doi: 10.1146/annurev-immunol-020711-
074937

8. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A,
et al. What is the healthy gut Microbiota composition? A changing ecosystem
across age, environment, diet, and diseases. Microorganisms. (2019) 7(1):14. doi: 10.
3390/microorganisms7010014

9. Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, et al. An integrated catalog of
reference genes in the human gut microbiome. Nat Biotechnol. (2014) 32(8):834–41.
doi: 10.1038/nbt.2942

10. Hugon P, Dufour JC, Colson P, Fournier PE, Sallah K, Raoult D. A
comprehensive repertoire of prokaryotic species identified in human beings. Lancet
Infect Dis. (2015) 15(10):1211–9. doi: 10.1016/S1473-3099(15)00293-5

11. Huang Y, Shi X, Li Z, Shen Y, Shi X, Wang L, et al. Possible association of
Firmicutes in the gut microbiota of patients with major depressive disorder.
Neuropsychiatr Dis Treat. (2018) 14:3329–37. doi: 10.2147/NDT.S188340

12. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. Bacterial
community variation in human body habitats across space and time. Science. (2009)
326(5960):1694–7. doi: 10.1126/science.1177486

13. Zhou Y, Mihindukulasuriya KA, Gao H, La Rosa PS, Wylie KM, Martin JC, et al.
Exploration of bacterial community classes in major human habitats. Genome Biol.
(2014) 15(5):R66. doi: 10.1186/gb-2014-15-5-r66

14. Dingeo G, Brito A, Samouda H, Iddir M, La Frano MR, Bohn T. Phytochemicals
as modifiers of gut microbial communities. Food Funct. (2020) 11(10):8444–71.
doi: 10.1039/d0fo01483d
15. Salazar N, González S, Nogacka AM, Rios-Covián D, Arboleya S, Gueimonde M,
et al. Microbiome: effects of ageing and diet. Curr Issues Mol Biol. (2020) 36(1):33–62.
doi: 10.21775/cimb.036.033

16. Childs CE, Calder PC, Miles EA. Diet and immune function. Nutrients. (2019)
11(8):1933. doi: 10.3390/nu11081933

17. Mathewson SL, Azevedo PS, Gordon AL, Phillips BE, Greig CA. Overcoming
protein-energy malnutrition in older adults in the residential care setting: a
narrative review of causes and interventions. Ageing Res Rev. (2021) 70:101401.
doi: 10.1016/j.arr.2021.101401

18. Nogal A, Valdes AM, Menni C. The role of short-chain fatty acids in the
interplay between gut microbiota and diet in cardio-metabolic health. Gut Microbes.
(2021) 13(1):1897212. doi: 10.1080/19490976.2021.1897212

19. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and
colorectal cancer. Nat Rev Microbiol. (2014) 12(10):661–72. doi: 10.1038/nrmicro3344

20. Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production.
Proc Nutr Soc. (2003) 62(1):67–72. doi: 10.1079/PNS2002207

21. Comalada M, Bailón E, de Haro O, Lara-Villoslada F, Xaus J, Zarzuelo A, et al.
The effects of short-chain fatty acids on colon epithelial proliferation and survival
depend on the cellular phenotype. J Cancer Res Clin Oncol. (2006) 132(8):487–97.
doi: 10.1007/s00432-006-0092-x

22. Ramos Meyers G, Samouda H, Bohn T. Short chain fatty acid metabolism in
relation to gut microbiota and genetic variability. Nutrients. (2022) 14(24):5361.
doi: 10.3390/nu14245361

23. Gill PA, van Zelm MC, Muir JG, Gibson PR. Review article: short chain fatty
acids as potential therapeutic agents in human gastrointestinal and inflammatory
disorders. Aliment Pharmacol Ther. (2018) 48(1):15–34. doi: 10.1111/apt.14689

24. Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J. (2017)
474(11):1823–36. doi: 10.1042/BCJ20160510

25. Crimmins EM. Lifespan and healthspan: past, present, and promise.
Gerontologist. (2015) 55(6):901–11. doi: 10.1093/geront/gnv130

26. Brüünsgaard H, Pedersen BK. Age-related inflammatory cytokines and disease.
Immunol Allergy Clin. (2003) 23(1):15–39. doi: 10.1016/S0889-8561(02)00056-5

27. Hagen M, Derudder E. Inflammation and the alteration of B-cell physiology in
aging. Gerontology. (2020) 66(2):105–13. doi: 10.1159/000501963

28. Salminen A. Increased immunosuppression impairs tissue homeostasis with
aging and age-related diseases. J Mol Med (Berl). (2021) 99(1):1–20. doi: 10.1007/
s00109-020-01988-7

29. Bulut O, Kilic G, Domínguez-Andrés J. Immune memory in aging: a wide
perspective covering microbiota, brain, metabolism, and epigenetics. Clin Rev
Allergy Immunol. (2022) 63(3):499–529. doi: 10.1007/s12016-021-08905-x

30. Olivieri F, Prattichizzo F, Lattanzio F, Bonfigli AR, Spazzafumo L. Antifragility
and antiinflammaging: can they play a role for a healthy longevity? Ageing Res Rev.
(2023) 84:101836. doi: 10.1016/j.arr.2022.101836
frontiersin.org

https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1146/annurev-genet-112618-043650
https://doi.org/10.3390/nu12123759
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1093/advances/nmac052
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.1146/annurev-immunol-020711-074937
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1038/nbt.2942
https://doi.org/10.1016/S1473-3099(15)00293-5
https://doi.org/10.2147/NDT.S188340
https://doi.org/10.1126/science.1177486
https://doi.org/10.1186/gb-2014-15-5-r66
https://doi.org/10.1039/d0fo01483d
https://doi.org/10.21775/cimb.036.033
https://doi.org/10.3390/nu11081933
https://doi.org/10.1016/j.arr.2021.101401
https://doi.org/10.1080/19490976.2021.1897212
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1079/PNS2002207
https://doi.org/10.1007/s00432-006-0092-x
https://doi.org/10.3390/nu14245361
https://doi.org/10.1111/apt.14689
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1093/geront/gnv130
https://doi.org/10.1016/S0889-8561(02)00056-5
https://doi.org/10.1159/000501963
https://doi.org/10.1007/s00109-020-01988-7
https://doi.org/10.1007/s00109-020-01988-7
https://doi.org/10.1007/s12016-021-08905-x
https://doi.org/10.1016/j.arr.2022.101836
https://doi.org/10.3389/fspor.2023.1168731
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Brooks et al. 10.3389/fspor.2023.1168731
31. Franceschi C, Capri M, Monti D, Giunta S, Olivieri F, Sevini F, et al.
Inflammaging and anti-inflammaging: a systemic perspective on aging and
longevity emerged from studies in humans. Mech Ageing Dev. (2007) 128
(1):92–105. doi: 10.1016/j.mad.2006.11.016

32. Popkes M, Valenzano DR. Microbiota–host interactions shape ageing dynamics.
Philos Trans R Soc B. (2020) 375(1808):20190596. doi: 10.1098/rstb.2019.0596

33. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor CP, et al.
Age-Associated microbial dysbiosis promotes intestinal permeability, systemic
inflammation, and macrophage dysfunction. Cell Host Microbe. (2017) 21
(4):455–66.e4. doi: 10.1016/j.chom.2017.03.002

34. André P, Laugerette F, Féart C. Metabolic endotoxemia: a potential underlying
mechanism of the relationship between dietary fat intake and risk for cognitive
impairments in humans? Nutrients. (2019) 11(8):1887. doi: 10.3390/nu11081887

35. Chu JR, Kang S-Y, Kim S-E, Lee S-J, Lee Y-C, Sung M-K. Prebiotic UG1601
mitigates constipation-related events in association with gut microbiota: a
randomized placebo-controlled intervention study. World J Gastroenterol. (2019) 25
(40):6129–144. doi: 10.3748/wjg.v25.i40.6129

36. Shoaib M, Shehzad A, Omar M, Rakha A, Raza H, Sharif HR, et al. Inulin:
properties, health benefits and food applications. Carbohydr Polym. (2016)
147:444–54. doi: 10.1016/j.carbpol.2016.04.020

37. Wernroth ML, Peura S, Hedman AM, Hetty S, Vicenzi S, Kennedy B, et al.
Development of gut microbiota during the first 2 years of life. Sci Rep. (2022) 12
(1):9080. doi: 10.1038/s41598-022-13009-3

38. Roswall J, Olsson LM, Kovatcheva-Datchary P, Nilsson S, Tremaroli V, Simon
M-C, et al. Developmental trajectory of the healthy human gut microbiota during
the first 5 years of life. Cell Host Microbe. (2021) 29(5):765–76.e3. doi: 10.1016/j.
chom.2021.02.021

39. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The first
microbial colonizers of the human gut: composition, activities, and health implications
of the infant gut Microbiota. Microbiol Mol Biol Rev. (2017) 81(4). doi: 10.1128/
MMBR.00036-17

40. Vangay P, Johnson AJ, Ward TL, Al-Ghalith GA, Shields-Cutler RR, Hillmann
BM, et al. US Immigration westernizes the human gut microbiome. Cell. (2018) 175
(4):962–72.e10. doi: 10.1016/j.cell.2018.10.029

41. Hughes PA, Zola H, Penttila IA, Blackshaw LA, Andrews JM, Krumbiegel D.
Immune activation in irritable bowel syndrome: can neuroimmune interactions
explain symptoms? Am J Gastroenterol. (2013) 108(7):1066–74. doi: 10.1038/ajg.
2013.120

42. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al.
A core gut microbiome in obese and lean twins. Nature. (2009) 457(7228):480–4.
doi: 10.1038/nature07540

43. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut
microbes associated with obesity. Nature. (2006) 444(7122):1022–3. doi: 10.1038/
4441022a

44. Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through ageing,
and beyond: gut microbiota and inflammatory Status in seniors and centenarians.
PLoS One. (2010) 5(5):e10667. doi: 10.1371/journal.pone.0010667

45. Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H, Dore J, et al. The
Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC
Microbiol. (2009) 9:123. doi: 10.1186/1471-2180-9-123

46. Baek C, Kim WJ, Moon J, Moon SY, Kim W, Hu HJ, et al. Differences in the gut
microbiome composition of Korean children and adult samples based on different
DNA isolation kits. PLoS One. (2022) 17(3):e0264291. doi: 10.1371/journal.pone.
0264291

47. Ghare S, Singhal R, Bryant V, Gautam S, Tirumala CC, Srisailam PK, et al. Age-
Associated gut dysbiosis, marked by loss of butyrogenic potential, correlates with
altered plasma tryptophan metabolites in older people living with HIV. J Acquir
Immune Defic Syndr. (2022) 89(Suppl 1):S56–64. doi: 10.1097/QAI.
0000000000002866

48. Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao JZ, et al. Age-
related changes in gut microbiota composition from newborn to centenarian: a cross-
sectional study. BMC Microbiol. (2016) 16:90. doi: 10.1186/s12866-016-0708-5

49. Korpela K. Diet, Microbiota, and metabolic health: trade-off between
saccharolytic and proteolytic fermentation. Annu Rev Food Sci Technol. (2018) 9
(1):65–84. doi: 10.1146/annurev-food-030117-012830

50. Maneerat S, Lehtinen MJ, Childs CE, Forssten SD, Alhoniemi E, Tiphaine M,
et al. Consumption of Bifidobacterium lactis bi-07 by healthy elderly adults
enhances phagocytic activity of monocytes and granulocytes. J Nutr Sci. (2013) 2:
e44. doi: 10.1017/jns.2013.31

51. Pitkala KH, Strandberg TE, Finne Soveri UH, Ouwehand AC, Poussa T,
Salminen S. Fermented cereal with specific bifidobacteria normalizes bowel
movements in elderly nursing home residents. A randomized, controlled trial.
J Nutr Health Aging. (2007) 11(4):305–11. PMID: 17653486.

52. Kanauchi O, Fukuda M, Matsumoto Y, Ishii S, Ozawa T, Shimizu M, et al.
Eubacterium limosum ameliorates experimental colitis and metabolite of microbe
Frontiers in Sports and Active Living 08
attenuates colonic inflammatory action with increase of mucosal integrity. World
J Gastroenterol. (2006) 12(7):1071–7. doi: 10.3748/wjg.v12.i7.1071

53. Nguyen TLA, Vieira-Silva S, Liston A, Raes J. How informative is the mouse for
human gut microbiota research? Dis Model Mech. (2015) 8(1):1–16. doi: 10.1242/
dmm.017400

54. Franzosa EA, Morgan XC, Segata N, Waldron L, Reyes J, Earl AM, et al. Relating
the metatranscriptome and metagenome of the human gut. Proc Natl Acad Sci U S A.
(2014) 111(22):E2329–38. doi: 10.1073/pnas.1319284111

55. Heintz-Buschart A, May P, Laczny CC, Lebrun LA, Bellora C, Krishna A, et al.
Integrated multi-omics of the human gut microbiome in a case study of familial type 1
diabetes. Nat Microbiol. (2016) 2:16180. doi: 10.1038/nmicrobiol.2016.180

56. Heintz-Buschart A, Wilmes P. Human gut microbiome: function matters. Trends
Microbiol. (2018) 26(7):563–74. doi: 10.1016/j.tim.2017.11.002

57. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature.
(2014) 505(7484):559–63. doi: 10.1038/nature12820

58. Kinashi Y, Hase K. Partners in leaky gut syndrome: intestinal dysbiosis and
autoimmunity. Front Immunol. (2021) 12:673708. doi: 10.3389/fimmu.2021.673708

59. Kong S, Zhang YH, Zhang W. Regulation of intestinal epithelial cells properties
and functions by amino acids. Biomed Res Int. (2018) 2018:2819154. doi: 10.1155/
2018/2819154

60. Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S, Ley RE, et al.
Dietary emulsifiers impact the mouse gut microbiota promoting colitis and
metabolic syndrome. Nature. (2015) 519(7541):92–6. doi: 10.1038/nature14232

61. Vernocchi P, Del Chierico F, Putignani L. Gut Microbiota profiling:
metabolomics based approach to unravel compounds affecting human health. Front
Microbiol. (2016) 7:1144. doi: 10.3389/fmicb.2016.01144

62. Wilson AS, Koller KR, Ramaboli MC, Nesengani LT, Ocvirk S, Chen C, et al.
Diet and the human gut microbiome: an international review. Dig Dis Sci. (2020)
65(3):723–40. doi: 10.1007/s10620-020-06112-w

63. Miketinas DC, Bray GA, Beyl RA, Ryan DH, Sacks FM, Champagne CM. Fiber
intake predicts weight loss and dietary adherence in adults consuming calorie-
restricted diets: the POUNDS lost (preventing overweight using novel dietary
strategies) study. J Nutr. (2019) 149(10):1742–8. doi: 10.1093/jn/nxz117

64. Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD, et al. Comparison
of weight-loss diets with different compositions of fat, protein, and carbohydrates.
N Engl J Med. (2009) 360(9):859–73. doi: 10.1056/NEJMoa0804748

65. Redman LM, Smith SR, Burton JH, Martin CK, Il’yasova D, Ravussin E.
Metabolic slowing and reduced oxidative damage with sustained caloric restriction
support the rate of living and oxidative damage theories of aging. Cell Metab.
(2018) 27(4):805–15.e4. doi: 10.1016/j.cmet.2018.02.019

66. Dietary guidelines for Americans, 2020-2025. In: editors.
U.S._department_of_agriculture, U.S._department_of_health_and_human_services.
Washington DC. (2020).

67. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA, et al.
Origins and evolution of the western diet: health implications for the 21st century.
Am J Clin Nutr. (2005) 81(2):341–54. doi: 10.1093/ajcn.81.2.341

68. Zinocker MK, Lindseth IA. The western diet-microbiome-host interaction and
its role in metabolic disease. Nutrients. (2018) 10(3):365. doi: 10.3390/nu10030365

69. Davis C, Bryan J, Hodgson J, Murphy K. Definition of the mediterranean diet; a
literature review. Nutrients. (2015) 7(11):9139–53. doi: 10.3390/nu7115459

70. Bolte LA, Vich Vila A, Imhann F, Collij V, Gacesa R, Peters V, et al. Long-term
dietary patterns are associated with pro-inflammatory and anti-inflammatory features
of the gut microbiome. Gut. (2021) 70(7):1287–98. doi: 10.1136/gutjnl-2020-322670

71. Schimmel M, Katsoulis J, Genton L, Müller F. Masticatory function and
nutrition in old age. Swiss Dent. (2015) 125(4):449–54. PMID: 26169366.

72. Austin J, Marks D. Hormonal regulators of appetite. Int J Pediatr Endocrinol.
(2008) 2009(1):141753. doi: 10.1155/2009/141753

73. Pitchumoni CS, Chaudhari R. Anorexia, appetite, hunger, and satiety in older
adults. In: Pitchumoni CS, Dharmarajan TS, editors. Geriatric gastroenterology.
Cham: Springer International Publishing (2020). p. 1–29.

74. Salazar N, Lopez P, Valdes L, Margolles A, Suarez A, Patterson AM, et al.
Microbial targets for the development of functional foods accordingly with
nutritional and immune parameters altered in the elderly. J Am Coll Nutr. (2013)
32(6):399–406. doi: 10.1080/07315724.2013.827047

75. McDonald CK, Ankarfeldt MZ, Capra S, Bauer J, Raymond K, Heitmann BL.
Lean body mass change over 6 years is associated with dietary leucine intake in an
older danish population. Br J Nutr. (2016) 115(9):1556–62. doi: 10.1017/
S0007114516000611

76. Rondanelli M, Klersy C, Terracol G, Talluri J, Maugeri R, Guido D, et al. Whey
protein, amino acids, and vitamin D supplementation with physical activity increases
fat-free mass and strength, functionality, and quality of life and decreases
inflammation in sarcopenic elderly. Am J Clin Nutr. (2016) 103(3):830–40. doi: 10.
3945/ajcn.115.113357
frontiersin.org

https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1098/rstb.2019.0596
https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.3390/nu11081887
https://doi.org/10.3748/wjg.v25.i40.6129
https://doi.org/10.1016/j.carbpol.2016.04.020
https://doi.org/10.1038/s41598-022-13009-3
https://doi.org/10.1016/j.chom.2021.02.021
https://doi.org/10.1016/j.chom.2021.02.021
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1016/j.cell.2018.10.029
https://doi.org/10.1038/ajg.2013.120
https://doi.org/10.1038/ajg.2013.120
https://doi.org/10.1038/nature07540
https://doi.org/10.1038/4441022a
https://doi.org/10.1038/4441022a
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1186/1471-2180-9-123
https://doi.org/10.1371/journal.pone.0264291
https://doi.org/10.1371/journal.pone.0264291
https://doi.org/10.1097/QAI.0000000000002866
https://doi.org/10.1097/QAI.0000000000002866
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1146/annurev-food-030117-012830
https://doi.org/10.1017/jns.2013.31
https://pubmed.ncbi.nlm.nih.gov/17653486
https://doi.org/10.3748/wjg.v12.i7.1071
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1073/pnas.1319284111
https://doi.org/10.1038/nmicrobiol.2016.180
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.1038/nature12820
https://doi.org/10.3389/fimmu.2021.673708
https://doi.org/10.1155/2018/2819154
https://doi.org/10.1155/2018/2819154
https://doi.org/10.1038/nature14232
https://doi.org/10.3389/fmicb.2016.01144
https://doi.org/10.1007/s10620-020-06112-w
https://doi.org/10.1093/jn/nxz117
https://doi.org/10.1056/NEJMoa0804748
https://doi.org/10.1016/j.cmet.2018.02.019
https://doi.org/10.1093/ajcn.81.2.341
https://doi.org/10.3390/nu10030365
https://doi.org/10.3390/nu7115459
https://doi.org/10.1136/gutjnl-2020-322670
https://pubmed.ncbi.nlm.nih.gov/26169366
https://doi.org/10.1155/2009/141753
https://doi.org/10.1080/07315724.2013.827047
https://doi.org/10.1017/S0007114516000611
https://doi.org/10.1017/S0007114516000611
https://doi.org/10.3945/ajcn.115.113357
https://doi.org/10.3945/ajcn.115.113357
https://doi.org/10.3389/fspor.2023.1168731
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Brooks et al. 10.3389/fspor.2023.1168731
77. Salazar N, Valdés-Varela L, González S, Gueimonde M, de los Reyes-Gavilán
CG. Nutrition and the gut microbiome in the elderly. Gut Microbes. (2017) 8
(2):82–97. doi: 10.1080/19490976.2016.1256525

78. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, et al. Gut
microbiota composition correlates with diet and health in the elderly. Nature. (2012)
488(7410):178–84. doi: 10.1038/nature11319

79. Vulevic J, Juric A, Walton GE, Claus SP, Tzortzis G, Toward RE, et al. Influence
of galacto-oligosaccharide mixture (B-GOS) on gut microbiota, immune parameters
and metabonomics in elderly persons. Br J Nutr. (2015) 114(4):586–95. doi: 10.
1017/S0007114515001889

80. Orlandoni P, Jukic Peladic N, Amoruso A, Pane M, Di Rosa M, Vedruccio J,
et al. Safety and efficacy of probiotic supplementation in reducing the incidence of
infections and modulating inflammation in the elderly with feeding tubes: a pilot,
double-blind, placebo-controlled study, “IntegPRO”. Nutrients. (2021) 13(2):391.
doi: 10.3390/nu13020391

81. Dhalwani NN, O’Donovan G, Zaccardi F, Hamer M, Yates T, Davies M, et al.
Long terms trends of multimorbidity and association with physical activity in older
English population. Int J Behav Nutr Phys Act. (2016) 13:8. doi: 10.1186/s12966-
016-0330-9

82. Harber MP, Kaminsky LA, Arena R, Blair SN, Franklin BA, Myers J, et al.
Impact of cardiorespiratory fitness on all-cause and disease-specific mortality:
advances since 2009. Prog Cardiovasc Dis. (2017) 60(1):11–20. doi: 10.1016/j.pcad.
2017.03.001

83. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its potential
contribution to age-associated diseases. J Gerontol A Biol Sci Med Sci. (2014) 69(Suppl
1):S4–9. doi: 10.1093/gerona/glu057

84. de Araujo AL, Silva LC, Fernandes JR, Matias Mde S, Boas LS, Machado CM,
et al. Elderly men with moderate and intense training lifestyle present sustained
higher antibody responses to influenza vaccine. Age (Dordr). (2015) 37(6):105.
doi: 10.1007/s11357-015-9843-4

85. Duggal NA, Pollock RD, Lazarus NR, Harridge S, Lord JM. Major features of
immunesenescence, including reduced thymic output, are ameliorated by high levels
of physical activity in adulthood. Aging Cell. (2018) 17(2):e12750. doi: 10.1111/acel.
12750

86. Koblinsky ND, Power KA, Middleton L, Ferland G, Anderson ND. The role of
the gut microbiome in diet and exercise effects on cognition: a review of the
intervention literature. J Gerontol Series A. (2022):glac166. doi: 10.1093/gerona/
glac166

87. Park C, Cuervo AM. Selective autophagy: talking with the UPS. Cell Biochem
Biophys. (2013) 67(1):3–13. doi: 10.1007/s12013-013-9623-7

88. Mancini A, Vitucci D, Randers MB, Schmidt JF, Hagman M, Andersen TR, et al.
Lifelong football training: effects on autophagy and healthy longevity promotion.
Front Physiol. (2019) 10:132. doi: 10.3389/fphys.2019.00132

89. Mohr M, Fatouros IG, Asghar M, Buono P, Nassis GP, Krustrup P. Football
training as a non-pharmacological treatment of the global aging population-A
topical review. Front Aging. (2023) 4:1146058. doi: 10.3389/fragi.2023.1146058

90. Kang SS, Jeraldo PR, Kurti A, Miller MEB, Cook MD, Whitlock K, et al. Diet and
exercise orthogonally alter the gut microbiome and reveal independent associations
with anxiety and cognition. Mol Neurodegener. (2014) 9(1):36. doi: 10.1186/1750-
1326-9-36

91. Petriz BA, Castro AP, Almeida JA, Gomes CPC, Fernandes GR, Kruger RH, et al.
Exercise induction of gut microbiota modifications in obese, non-obese and
hypertensive rats. BMC Genomics. (2014) 15(1):511. doi: 10.1186/1471-2164-15-511

92. Lambert JE, Myslicki JP, Bomhof MR, Belke DD, Shearer J, Reimer RA. Exercise
training modifies gut microbiota in normal and diabetic mice. Appl Physiol Nutr
Metab. (2014) 40(7):749–52. doi: 10.1139/apnm-2014-0452

93. Evans CC, LePard KJ, Kwak JW, Stancukas MC, Laskowski S, Dougherty J, et al.
Exercise prevents weight gain and alters the gut Microbiota in a mouse model of high
fat diet-induced obesity. PLoS One. (2014) 9(3):e92193. doi: 10.1371/journal.pone.
0092193

94. Queipo-Ortuño MI, Seoane LM, Murri M, Pardo M, Gomez-Zumaquero JM,
Cardona F, et al. Gut Microbiota composition in male rat models under different
nutritional Status and physical activity and its association with Serum leptin and
ghrelin levels. PLoS One. (2013) 8(5):e65465. doi: 10.1371/journal.pone.0065465

95. Denou E, Marcinko K, Surette MG, Steinberg GR, Schertzer JD. High-intensity
exercise training increases the diversity and metabolic capacity of the mouse distal gut
microbiota during diet-induced obesity. Am J Physiol Endocrinol Metab. (2016) 310
(11):E982–E93. doi: 10.1152/ajpendo.00537.2015

96. Mika A, Van Treuren W, González A, Herrera JJ, Knight R, Fleshner M. Exercise
is more effective at altering gut microbial composition and producing stable changes
in lean mass in juvenile versus adult male F344 rats. PLoS One. (2015) 10(5):e0125889.
doi: 10.1371/journal.pone.0125889

97. Matsumoto M, Inoue R, Tsukahara T, Ushida K, Chiji H, Matsubara N, et al.
Voluntary running exercise alters Microbiota composition and increases n-butyrate
concentration in the rat cecum. Biosci Biotechnol Biochem. (2008) 72(2):572–6.
doi: 10.1271/bbb.70474
Frontiers in Sports and Active Living 09
98. Campbell SC, Wisniewski PJ, Noji M, McGuinness LR, Häggblom MM,
Lightfoot SA, et al. The effect of diet and exercise on intestinal integrity and
microbial diversity in mice. PLoS One. (2016) 11(3):e0150502. doi: 10.1371/journal.
pone.0150502

99. Aoki T, Oyanagi E, Watanabe C, Kobiki N, Miura S, Yokogawa Y, et al. The
effect of voluntary exercise on gut Microbiota in partially hydrolyzed guar gum
intake mice under high-fat diet feeding. Nutrients. (2020) 12(9):2508. doi: 10.3390/
nu12092508

100. Allen JM, Berg Miller ME, Pence BD, Whitlock K, Nehra V, Gaskins HR, et al.
Voluntary and forced exercise differentially alters the gut microbiome in C57BL/6J
mice. J Appl Physiol. (2015) 118(8):1059–66. doi: 10.1152/japplphysiol.01077.2014

101. Carvalho FA, Koren O, Goodrich JK, Johansson ME, Nalbantoglu I, Aitken JD,
et al. Transient inability to manage proteobacteria promotes chronic gut inflammation
in TLR5-deficient mice. Cell Host Microbe. (2012) 12(2):139–52. doi: 10.1016/j.chom.
2012.07.004

102. Wang P, Shang R, Ma Y, Wang D, Zhao W, Chen F, et al. Targeting
microbiota-host interactions with resveratrol on cancer: effects and potential
mechanisms of action. Crit Rev Food Sci Nutr. (2022):1–23. doi: 10.1080/10408398.
2022.2106180

103. Li F, Han Y, Cai X, Gu M, Sun J, Qi C, et al. Dietary resveratrol attenuated
colitis and modulated gut microbiota in dextran sulfate sodium-treated mice. Food
Funct. (2020) 11(1):1063–73. doi: 10.1039/C9FO01519A

104. Allen JM, Mailing LJ, Cohrs J, Salmonson C, Fryer JD, Nehra V, et al. Exercise
training-induced modification of the gut microbiota persists after microbiota
colonization and attenuates the response to chemically-induced colitis in
gnotobiotic mice. Gut Microbes. (2018) 9(2):115–30. doi: 10.1080/19490976.2017.
1372077

105. Clarke SF, Murphy EF, O’Sullivan O, Lucey AJ, Humphreys M, Hogan A, et al.
Exercise and associated dietary extremes impact on gut microbial diversity. Gut.
(2014) 63(12):1913–20. doi: 10.1136/gutjnl-2013-306541

106. Barton W, Penney NC, Cronin O, Garcia-Perez I, Molloy MG, Holmes E, et al.
The microbiome of professional athletes differs from that of more sedentary subjects
in composition and particularly at the functional metabolic level. Gut. (2018) 67
(4):625–33. doi: 10.1136/gutjnl-2016-313627

107. Morkl S, Lackner S, Muller W, Gorkiewicz G, Kashofer K, Oberascher A, et al.
Gut microbiota and body composition in anorexia nervosa inpatients in comparison
to athletes, overweight, obese, and normal weight controls. Int J Eat Disord. (2017) 50
(12):1421–31. doi: 10.1002/eat.22801

108. Kulecka M, Fraczek B, Balabas A, Czarnowski P, Zeber-Lubecka N, Zapala B,
et al. Characteristics of the gut microbiome in esports players compared with those in
physical education students and professional athletes. Front Nutr. (2022) 9:1092846.
doi: 10.3389/fnut.2022.1092846

109. Petersen LM, Bautista EJ, Nguyen H, Hanson BM, Chen L, Lek SH, et al.
Community characteristics of the gut microbiomes of competitive cyclists.
Microbiome. (2017) 5(1):98. doi: 10.1186/s40168-017-0320-4

110. Jang LG, Choi G, Kim SW, Kim BY, Lee S, Park H. The combination of sport
and sport-specific diet is associated with characteristics of gut microbiota: an
observational study. J Int Soc Sports Nutr. (2019) 16(1):21. doi: 10.1186/s12970-019-
0290-y

111. Durk RP, Castillo E, Márquez-Magaña L, Grosicki GJ, Bolter ND, Lee CM, et al.
Gut microbiota composition is related to cardiorespiratory fitness in healthy young
adults. Int J Sport Nutr Exerc Metab. (2019) 29(3):249–53. doi: 10.1123/ijsnem.
2018-0024

112. Estaki M, Pither J, Baumeister P, Little JP, Gill SK, Ghosh S, et al.
Cardiorespiratory fitness as a predictor of intestinal microbial diversity and distinct
metagenomic functions. Microbiome. (2016) 4(1):42. doi: 10.1186/s40168-016-0189-7

113. Allen JM, Mailing LJ, Niemiro GM, Moore R, Cook MD, White BA, et al.
Exercise alters gut microbiota composition and function in lean and obese humans.
Med Sci Sports Exercise. (2018) 50(4):747–57. doi: 10.1249/MSS.0000000000001495

114. Munukka E, Ahtiainen JP, Puigbó P, Jalkanen S, Pahkala K, Keskitalo A, et al.
Six-week endurance exercise alters gut metagenome that is not reflected in systemic
metabolism in over-weight women. Front Microbiol. (2018) 9:1–16. doi: 10.3389/
fmicb.2018.02323

115. Cronin O, Barton W, Skuse P, Penney Nicholas C, Garcia-Perez I, Murphy
Eileen F, et al. A prospective metagenomic and metabolomic analysis of the impact
of exercise and/or whey protein supplementation on the gut microbiome of
sedentary adults. mSystems. (2018) 3(3):e00044–18. doi: 10.1128/mSystems.00044-18

116. Bycura D, Santos AC, Shiffer A, Kyman S, Winfree K, Sutliffe J, et al. Impact of
different exercise modalities on the human gut microbiome. Sports. (2021) 9(2):14.
doi: 10.3390/sports9020014

117. Smith KS, Morris MM, Morrow CD, Novak JR, Roberts MD, Fruge AD.
Associations between changes in fat-free mass, fecal microbe diversity, and mood
disturbance in young adults after 10-weeks of resistance training. Microorganisms.
(2022) 10(12):2344. doi: 10.3390/microorganisms10122344

118. Taniguchi H, Tanisawa K, Sun X, Kubo T, Hoshino Y, Hosokawa M, et al.
Effects of short-term endurance exercise on gut microbiota in elderly men. Physiol
Rep. (2018) 6(23):e13935. doi: 10.14814/phy2.13935
frontiersin.org

https://doi.org/10.1080/19490976.2016.1256525
https://doi.org/10.1038/nature11319
https://doi.org/10.1017/S0007114515001889
https://doi.org/10.1017/S0007114515001889
https://doi.org/10.3390/nu13020391
https://doi.org/10.1186/s12966-016-0330-9
https://doi.org/10.1186/s12966-016-0330-9
https://doi.org/10.1016/j.pcad.2017.03.001
https://doi.org/10.1016/j.pcad.2017.03.001
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1007/s11357-015-9843-4
https://doi.org/10.1111/acel.12750
https://doi.org/10.1111/acel.12750
https://doi.org/10.1093/gerona/glac166
https://doi.org/10.1093/gerona/glac166
https://doi.org/10.1007/s12013-013-9623-7
https://doi.org/10.3389/fphys.2019.00132
https://doi.org/10.3389/fragi.2023.1146058
https://doi.org/10.1186/1750-1326-9-36
https://doi.org/10.1186/1750-1326-9-36
https://doi.org/10.1186/1471-2164-15-511
https://doi.org/10.1139/apnm-2014-0452
https://doi.org/10.1371/journal.pone.0092193
https://doi.org/10.1371/journal.pone.0092193
https://doi.org/10.1371/journal.pone.0065465
https://doi.org/10.1152/ajpendo.00537.2015
https://doi.org/10.1371/journal.pone.0125889
https://doi.org/10.1271/bbb.70474
https://doi.org/10.1371/journal.pone.0150502
https://doi.org/10.1371/journal.pone.0150502
https://doi.org/10.3390/nu12092508
https://doi.org/10.3390/nu12092508
https://doi.org/10.1152/japplphysiol.01077.2014
https://doi.org/10.1016/j.chom.2012.07.004
https://doi.org/10.1016/j.chom.2012.07.004
https://doi.org/10.1080/10408398.2022.2106180
https://doi.org/10.1080/10408398.2022.2106180
https://doi.org/10.1039/C9FO01519A
https://doi.org/10.1080/19490976.2017.1372077
https://doi.org/10.1080/19490976.2017.1372077
https://doi.org/10.1136/gutjnl-2013-306541
https://doi.org/10.1136/gutjnl-2016-313627
https://doi.org/10.1002/eat.22801
https://doi.org/10.3389/fnut.2022.1092846
https://doi.org/10.1186/s40168-017-0320-4
https://doi.org/10.1186/s12970-019-0290-y
https://doi.org/10.1186/s12970-019-0290-y
https://doi.org/10.1123/ijsnem.2018-0024
https://doi.org/10.1123/ijsnem.2018-0024
https://doi.org/10.1186/s40168-016-0189-7
https://doi.org/10.1249/MSS.0000000000001495
https://doi.org/10.3389/fmicb.2018.02323
https://doi.org/10.3389/fmicb.2018.02323
https://doi.org/10.1128/mSystems.00044-18
https://doi.org/10.3390/sports9020014
https://doi.org/10.3390/microorganisms10122344
https://doi.org/10.14814/phy2.13935
https://doi.org/10.3389/fspor.2023.1168731
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Growing old together: What we know about the influence of diet and exercise on the aging host's gut microbiome
	Introduction
	Role of the gut microbiome in health and disease
	The aging host
	The aging microbiome
	Influence of diet on the aging microbiome
	Influence of physical activity/exercise on the aging microbiome
	Conclusions
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


