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ABSTRACT

Diet and exercise have been established as contributors to human health, but less is known about

how they interact to impact the gut microbiota. Based on scientific literature and evolutionary evidence, a

combination of a minimally-processed fiber-rich diet and regular physical activity can benefit almost

everyone. Diet and exercise affect one another; eating fiber-rich foods may increase the efficiency of

physical activity and performing physical activity alters hormones that regulate food intake. This review

explores the mechanisms by which diet and exercise affect one another as well as how they affect SCFA

production, gut microbial diversity, and gut barrier integrity.

key words: gut microbiota, short-chain fatty acid, gut microbial diversity, highly microbiota-accessible

carbohydrates, gut barrier, dysbiosis, fiber-rich diet

INTRODUCTION

It is widely known and accepted that conditions like obesity and metabolic syndrome are closely

connected to lifestyle-related factors like diet and exercise (1). However, simply knowing this is not

enough, as these conditions continue to remain highly prevalent in America; the overall obesity rate is

now 42.4% (2). In recent years, research about the relationship between the human gut microbiota and

these lifestyle-related factors has gained momentum. The gut microbiota is composed of trillions of

microbes in the colon, most of which are harmless or beneficial to the host. The microbiota is the

community of microbes themselves, while the microbiome consists of all the genes expressed by the

microbiota. The gut microbiome functions as an extension of the host genome and fulfills important

functions for the host, such as producing metabolites (i.e. SCFAs) that influence the host’s immune

system, metabolism, and thus, overall health (3). There is compelling evidence that individuals who

consume a fiber rich diet or regularly exercise tend to have a particular type of gut physiology: increased

microbial diversity, greater abundance of obligate anaerobes, and higher levels of microbially-generated



SCFA production. The need for this review emerged from the observation that the majority of studies

investigating gut microbiota composition and its connection to either diet or exercise appear to focus on

either diet or exercise. However, it is also important to understand how diet and exercise interact to

influence the gut microbiota and host metabolism. Findings from such studies may motivate individuals

to implement both a healthy diet and frequent exercise in their lifestyles as well as encourage medical and

public health professionals to emphasize the potential synergy of optimizing both diet and exercise. In

order to understand the existing research about diet, exercise, and the gut microbiota, it is necessary to

first understand the role of SCFAs, gut microbial diversity, and the gut barrier in metabolic health.

SCFAs represent the major carbon flux from the diet through the gut microbiota to the host (4).

There is a growing body of evidence that SCFAs play a regulatory role in local, intermediary, and

peripheral metabolism. The discovery of receptors that bind to SCFAs across a range of cell and tissue

types has led to increased interest in SCFAs as signaling molecules between the gut microbiota and the

host (4). One of the major functions of the gut microbiota is to ferment non-digestible substrates like

dietary fibers. The fermentation of dietary fibers to SCFAs is what allows for the growth of SCFA

producers that in turn, act as responders when the host consumes dietary fibers in the future. The major

SCFAs include acetate, propionate, and butyrate, each of which play essential roles in metabolism,

immunity, glucose tolerance, and other health parameters. It is important to differentiate between the three

main SCFAs because they act differently from one another in the body. Of the three major SCFAs,

butyrate is the preferred fuel source for colonocytes (6). The importance of butyrate is illustrated in the

research by the associations between the abundance of butyrate producers and improved metabolic

parameters. The same cannot be said about acetate and propionate; for example, individuals with

dysbiosis, which is a condition featuring gut microbial imbalance, tend to have higher acetate production.

This was also observed in mice fed a high-fat diet (7). These results imply that although acetate has some

beneficial functions, it may not be helpful in a dysbiotic gut. Thus, it is especially important for the host’s

microbiota to house an abundance of butyrate producers.



The production of these critical SCFAs depends not only on gut microbiota composition, but also

on the chemical and physical environment of the gut (8). The most beneficial gut microbes (i.e. SCFA

producers) are obligate anaerobes, so they thrive in hypoxic conditions. Anything that alters metabolism

of the colonic epithelium may increase epithelial oxygenation, which drives the expansion of facultative

anaerobes that characterize a dysbiotic or diseased gut. Dysbiosis is harmful due to its effects on colonic

permeability, which is mediated by PPARγ, a nuclear receptor that is needed for colonocyte differentiation

and activates fatty acid metabolism, an oxygen-consuming process. PPARγ itself is activated by butyrate,

which allows for the maintenance of hypoxia. When butyrate is less available, there is diminished PPARγ

signaling. Since PPARγ also upregulates tight junction molecules in the epithelial cell, diminished PPARγ

signaling leads to an increase in colonic permeability, increased oxygen in the colon, expansion of

facultative anaerobes, and an increase in inflammation (8). Again, having an abundance of

SCFA-producing bacteria in the gut will contribute to the maintenance of these hypoxic conditions that

helps obligate anaerobes that are SCFA producers continue to yield beneficial metabolites.

In order to maintain an anaerobic environment that supports SCFA producers, the gut microbiota

must include a diversity of bacterial species. There have been up to 2,000 bacterial species identified as

capable of establishing themselves in the human gut microbiota, but individuals typically have 400-500

species present in their guts (5). Since different bacterial species execute different functions in the host, it

is important to have a diversity of species in the gut. When the host’s gut microbial community is “out of

balance,” this is known as intestinal dysbiosis. Dysbiosis often underlies diseases associated with the

modern Western lifestyle, such as obesity, type 2 diabetes, inflammatory bowel syndrome, and more.

Furthermore, dysbiosis creates a gut microbiota that may cause typically beneficial metabolites like

SCFAs to function as pro-inflammatory (6). To avoid dysbiosis, it is critical that the gut microbiota

function as a community. Patnode et al. demonstrates the importance of the community context, as it is

not possible to predict an organism’s response to a particular intervention without knowing the abilities of

surrounding microbial community members (9). While some species may compete with one another,

resulting in instability and exclusion over time, others may be more flexible or cross-feed with one



another, enabling growth of diverse species and increased metabolite production (10). The latter is most

possible in a diverse gut microbiota.

In the gut microbiota, alpha-diversity is a measure of how many different species are present as

well as how evenly distributed they are in the community. It is also beneficial to have a diversity of

operational taxonomic units (OTUs), which are closely related species, as different OTUs may execute

different functions (3). When the host gut microbiota has a lack of diverse OTUs, the host’s gut

microbiota is said to be dysbiotic, so it is less capable of responding to a diet or exercise intervention.

Currently, there seems to be a significantly stronger understanding of how various diet- or exercise-related

interventions affect a dysbiotic gut, but little understanding of how they affect a healthy gut. More often

than not, the results of such studies are more easily predictable, as the treatment (i.e. fiber-rich diet) group

is compared to the control (i.e. high fat diet) group, so the treatment group will likely find improvements

in metabolism and inflammation. While this research is meaningful, there are other areas of research that

have not been adequately addressed. For instance, in healthy individuals, it is unclear what the difference

is between consuming a fiber-rich diet and exercising frequently vs. only consuming a fiber-rich diet or

only exercising frequently. The mechanisms by which exercise improves gut microbiota composition and

alters subsequent food consumption also require further exploration. Through an analysis of existing

human and animal research, this review will discuss how either diet or exercise affect microbial diversity,

SCFA production, and gut barrier integrity. It will then analyze the individual effects diet and exercise

have on these factors to discuss the combined effect of diet and exercise on host health.

DIET AND DIVERSITY

Microbes are responsible for fermenting the fiber humans consume, as humans do not possess the

genes encoding the glycosidic enzymes to do it but the anaerobic microbes in the human gut do possess

such genes. The fermentation of fibers by microbes produces metabolites such as SCFAs, which are

usually highly beneficial for the host. Thus, the explanation as to why diet improves microbiota diversity

is simple: more diverse sources of fiber provides “food” for a greater variety of microbial species,



allowing for a diversity of species to flourish and cross-feed. A large number  of gut microbial species

generate SCFAs, suggesting that SCFAs are evolutionarily important.

Among the existing literature, Zhao et al. best demonstrates the need to eat not only fiber-rich

foods, but also a fiber-diverse diet. When type 2 diabetes mellitus (T2DM) patients received the usual

care (U group) or a high-fiber diet of whole grains, traditional Chinese medicinal foods, and prebiotics (W

group), the W group showed consistent improvements in several parameters, such as HbA1c, glycemic

control, body weight, and blood lipid profiles. These results were further confirmed by transplantation of

both groups’ gut microbiota to germ-free (GF) mice. The researchers found increased abundance of

specific functional genes (i.e. genes for starch and inulin degradation) only in the W group. Furthermore,

the most abundant pathway for butyric acid production increased significantly only in the W group. As a

result, when both groups were fed a high-fiber diet, the promotion of butyrate production was observed

only in the W group, as the gut microbiota had positive responders that could produce butyrate (11). Zhao

et al. shows that it is not only important to consume a fiber-rich diet, but also to consume a fiber-diverse

diet. Consuming a fiber-diverse diet allows multiple bacterial species to thrive, with these species being

those with the genetic capacity for degrading fibers and producing SCFAs. By consuming a fiber-diverse

diet, the host microbes are more likely to be able to access microbiota-accessible carbohydrates (MACs),

which improve metabolism, inflammation, and other host health-related factors.

EXERCISE AND DIVERSITY

The mechanism by which exercise improves gut microbiota diversity is lesser known compared to

the diet. However, the association between regular exercise and gut microbiota diversity has been

established. Clarke et al. studied the gut microbiota of professional rugby athletes and found that they had

a higher diversity of gut microbes, representing 22 distinct phyla (12). Estaki et al. found a similar

association through analyzing fecal microbiota of healthy participants with varying cardiorespiratory

fitness (CRF) levels. Peak oxygen uptake (VO2peak), a value that indicates CRF levels, correlated with

higher microbial diversity, decreased lipopolysaccharide biosynthesis, and increased butyrate production



that could not be accounted for by fiber consumption in the diet. Estaki et al. proposes that a combination

of intrinsic and extrinsic factors may be responsible (13). Extrinsic factors like the environment

individuals are exposed to may encourage some to follow an overall healthy lifestyle, but they do not

adequately account for the consistent association between exercise and gut microbiota diversity. Instead,

intrinsic adaptations to exercise such as decreased blood flow, tissue hypoxia, increased transit and

absorptive capacity, and changes in pH hold greater potential to explain the association.

Another possible reason for why this association exists is that exercise leads to an increased need

for calories, giving people who exercise frequently more opportunities to consume fiber-rich sources.

However, more evidence to confirm that they actually end up consuming more fiber and more

specifically, fiber-diverse food sources, is needed. Another potential explanation is that exercise leads to

changes in taste perception (i.e. increased glucose sensitivity), so regular exercisers do not crave high-fat

high-sugar foods as much as controls. Instead they crave water-bearing foods (i.e. fruits and vegetables),

which have more fiber. Research in the realm of exercise and taste sensitivity is dated, but promising.

These topics are further explored under “How Exercise Affects Diet.”

DIET AND THE GUT BARRIER

A diet high in highly microbiota-accessible carbohydrates (HMACs) can increase microbial

fermentation of fibers in the gut, leading to increased SCFA production, obligate anaerobe abundance, and

gut barrier integrity. This was demonstrated in Shi et al., where HMAC consumption provides metabolic

benefits even in conjunction with high-fat diet consumption in obese mice. Specifically, a diet high in fats

and HMACs not only improved gut microbiota diversity and composition, but also increased colonic

mucus thickness, increased tight junction protein expression, reduced endotoxemia, and reduced

inflammation (14). Just as HMACs can prevent gut permeability, nutrients like saturated fats and added

sugars can increase gut permeability. For example, hyperglycemic mice are predisposed to intestinal

barrier dysfunction and enteric infection, and this is independent of obesity or changes in leptin levels

(15). These changes to the intestinal barrier occur due to decreased expression of tight junction proteins



such as Zonula Occludens-1 (ZO-1) and Occludin, which must be dependent on the gut microbiota

because antibiotic treatment abolished diet-induced gut permeability in mice (Figure 1). Increased gut

permeability is dangerous because it allows oxygen to enter the colon and contribute to the demise of

obligate anaerobes, many of which are SCFA producers, and the rise of potentially harmful facultative

anaerobes.

Figure 1. The gut microbiota controls gut barrier function. Diet-induced obesity may arise alongside
changes to the gut microbiota. These changes may result in the downregulation of tight junction proteins
Zonula Occludens-1 (ZO-1) and Occludin, which are responsible for maintaining gut barrier integrity.
This is accompanied by an upregulation of Anandamide and CB1R expression, which are part of the
endocannabinoid (eCB) system that is responsible for the distribution of tight junction proteins. When gut
barrier integrity is compromised, oxygen and lipopolysaccharides can leak into the colon and facilitate the
expansion of harmful facultative anaerobes. Ultimately, this leads to an increase in metabolic
endotoxemia, an increase in inflammation, and a decrease in insulin sensitivity (adapted from Cani et al.,
2012 with consent).

EXERCISE AND THE GUT BARRIER

While there are fewer studies linking exercise directly to gut barrier function, the explanation

based off of basic exercise physiology makes sense. During exercise, oxygen is directed towards working

muscles, so this is suspected to promote an anaerobic environment in the colon, allowing obligate

anaerobes to thrive. This idea is supported by Estaki et al., as it was found that increased oxygen uptake



(as indicated by VO2peak) is correlated with higher SCFA production and higher SCFA production

occurs under anaerobic conditions. Interestingly, higher VO2peak was strongly correlated with butyric

acid and inversely correlated to propionic and acetic acid, which again emphasizes the increased

importance of butyrate relative to acetate and propionate (13). By contrast, a study by Allen et al. found

that all three major SCFAs increased as a result of exercise in non-obese individuals. Exercise induced

changes in microbiota metabolite production and changes in bacterial genes, but these exercise-induced

changes were reverted to baseline within six weeks of ceasing exercise training (16). Matsumoto et al.

further demonstrated that exercising rats showed a significantly higher n-butyrate concentration than the

sedentary rats, attributing this to the lower transit time (17). This adds to the notion that butyrate is the

best SCFA to indicate overall gut health, as it is produced in the largest numbers in metabolically healthy

bodies (18). Existing literature about exercise and the gut microbiota further suggests that exercise affects

key factors that help establish a healthy gut, such as the species in the gut. Clarke et al. found that

professional rugby athletes in the low BMI group had higher proportions of Akkermansia muciniphila,

which is a mucin-degrading bacteria that has been shown to prevent systemic inflammation (12, 19),

CONNECTIONS BETWEEN DIET AND EXERCISE

There are multiple factors that can contribute to the health of the gut microbiota. For example,

someone could eat well and exercise, but be under a great deal of stress. Alternatively, someone could eat

plenty of HMACs but also include pro-inflammatory ingredients in their diet, diminishing the benefits of

those HMACs (15). Thus, all of these components that have been shown time and time again to

independently affect the gut microbiota can alter the way they affect the gut microbiota based on how

they interact with other components. While there are numerous factors that affect the gut microbiota, here

this review will focus on the mechanism by which diet and exercise exert their combined influence on the

gut microbiota.



HOW DIET AFFECTS EXERCISE

Scientific evidence is not necessary to convince most people that a healthy diet boosts the effects

of exercise—the statement is obvious to people based on their own experiences or common sense.

However, there are also several sweeping statements floating around the internet, leading people to

misunderstand the combined impact of diet and exercise. A popular one is that weight loss involves 80%

nutrition and 20% exercise. There is some truth to this statement based on numerous studies that have

shown that weight loss is highly unlikely with only increased exercise and a constant diet (20). Based on

such studies, it is easy to believe that exercise is not important. However, this statement oversimplifies the

relationship between diet and exercise; it focuses on weight loss and does not acknowledge the long-term

impact on the gut microbiota, which is important to consider as the gut microbiota is closely intertwined

with metabolism and overall health. Understanding the mechanism by which a healthy diet boosts the

effects of exercise can corroborate the fact that actively engaging in both is far more important than

paying attention to one to the exclusion of the other.

What constitutes a healthy diet is another heated question, but for the purposes of establishing a

flourishing gut microbiota, it is safe to say that consuming a fiber-rich and fiber-diverse diet is especially

beneficial. This supports the notion of a mostly plant-based diet, as plant-based foods are known to be

rich in fiber. Consuming a variety of HMACs feeds the obligate anaerobes of the gut, allowing for their

expansion and increased production of short-chain fatty acids like butyrate, which helps preserve gut

barrier integrity. The mechanism by which exercise maintains anaerobiosis of the gut is more effective if

the gut barrier is strong, as oxygen will be more efficiently distributed to exercising muscles rather than

“leaking” into the gut.

Furthermore, an interesting change occurs when the body begins to produce more SCFAs. Dietary

SCFAs induce a PPARγ-dependent switch from lipid synthesis to lipid utilization, which increases energy

expenditure. This was indicated by the respiratory exchange ratio (RER) in mice fed an SCFA-treated

diet, control diet, and high-fat diet. Despite no changes in quantity of food consumption or physical

activity, the SCFA-treated mice exhibited lower RER and thus, higher energy expenditure (21). This



implies that incorporating fiber into the diet may lead to a higher metabolic rate, despite the same activity

levels. The bottom line is that a fiber-rich and fiber-diverse diet enhances the benefits of exercise.

HOW EXERCISE AFFECTS DIET

It has been established that diet affects how effective exercise can be, but exercise is necessary as

well. It is a common misconception that exercise is not as important if one is eating a healthy diet with

diverse foods that fuel the gut microbes. However, the relationship between diet and exercise goes both

ways. Exercise impacts food intake by altering taste sensitivity as well as appetite-regulating hormones;

together, this may alter food choice. People who eat an ultra-processed diet tend to consume more calories

than they would on an unprocessed diet, implying that the ultra-processed diet is simply more

calorie-dense and/or sedentary people tend to prefer an ultra-processed diet over an unprocessed diet. Hall

et al. showed that when subjects were given ad libitum access to ultra-processed and unprocessed diets for

14 days each, intake was ~500 kcal/day higher on the ultra-processed diet, even though physical activity

levels for both groups were similar and both groups’ diets were matched for calories, fat, fiber, and

macronutrients (22). Any factor that can reverse this dietary pattern and encourage consumption of

unprocessed foods that naturally tend to be more fiber-rich and fiber-diverse could be helpful.

The limited research regarding post-exercise taste sensitivity suggests that individuals tend to

consume fewer calories post-exercise, possibly due to increased taste sensitivity. An early study about the

effects of cycling or sauna on appetite in men found that exercise induced a short-term reduction in

hunger and energy intake as well as an increase in sweet taste perception (23). These results provide a

starting point as to why exercising may promote healthier dietary habits and thus, a healthier gut

microbiota. A more recent study examined the relationship between exercise training and subsequent

voluntary food intake (24). This study used data from 2,680 young adults to determine that longer periods

of exercise were associated with decreased preferences for the Western and Snacking dietary patterns.

Likewise, higher exercise intensity was linked to increased preference for the Prudent dietary pattern,

which is characterized by fruit, vegetables, lean meat, fish, and unprocessed grains (25).



One possible reason for this taste sensitivity phenomenon involves the sensory specific satiety

theory, first expressed by Rolls et al (26). According to this theory, as food is consumed, its palatability

decreases and thus, preference for that food declines. The increase in taste sensitivity that people

experience after a bout of exercise could lead to quicker termination of the meal, as there may already be

a decreased preference for that food due to decreased taste sensitivity. This theory may also imply that

active individuals consume a greater diversity of nutrient sources, as increased taste sensitivity makes

them more likely to redirect hunger to a variety of foods with different tastes. While there is currently

little evidence that this occurs, more research may help establish a link between post-exercise

consumption and the increased microbial diversity associated with exercise. Another hypothesis as to why

exercise is associated with lower preference for ultra-processed foods is that exercise may increase

preference for water and water-bearing foods (28). Based on simple exercise physiology, this could be

because exercising muscles produce heat, which the body reduces through perspiration. Therefore, the

loss of water leads to stronger cravings for water and water-bearing foods, which largely consist of

plant-based foods. This ties into the increase in taste sensitivity associated with exercise because

water-bearing foods have diluted sugar, amino acids, etc., so they may be more palatable after exercise.

A counterargument to the notion that exercise decreases food intake is that exercise may lead

people to believe they need more calories than they actually do. While this may be the case for some

individuals, exercise exerts a major influence on appetite control parameters; in mice, exercise reduced

levels of IL-6, insulin, and ghrelin and increased levels of satiety hormones (27). Human studies have

obtained similar results (26). Exercise has also been shown to impact intestinal integrity and microbial

diversity in mice, even in the presence of a high-fat diet (17, 27). However, the mechanism by which

exercise improves intestinal integrity is unclear. One hypothesis is that regular exercise reduces

postprandial lipemia, which is the rise in triglycerides following meal consumption. This may be because

of alterations in substrate use, as exercising bodies tend to preferentially use fatty acids to replenish

energy stores between workouts. Another hypothesis is that exercise reduces intestinal inflammation by

modulating enzymes, cytokines, and proteins involved in the intestinal immune response (26). Overall,



the research suggests that exercise is an important part of preventing obesity and metabolic syndrome, but

more research about the mechanisms by which exercise affects gut microbiota diversity and the gut

barrier is needed.

DISCUSSION

Although there are plenty of questions that have yet to be answered, the existing body of research

appears to favor the incorporation of a fiber-rich, fiber-diverse, and minimally-processed diet as well as

regular exercise for the purpose of maintaining a healthy gut microbiota and as a result, a healthy body. A

healthy diet and regular exercise affect the gut microbiota by different mechanisms, but these mechanisms

are tied together by the common characteristics of a healthy gut. Regardless of what individuals consume

or how intensely or regularly they exercise, a healthy gut microbiota features high microbial diversity.

This increased diversity allows the microbes to fulfill a greater variety of beneficial functions, such as

producing the short-chain fatty acids that are critical for overall health. This increased diversity also

allows the gut microbes to coexist with one another in an anaerobic environment in which they can grow

and thrive, maintain gut barrier integrity, maintain low levels of inflammation, and resist external

disturbances.

While the current research does not provide enough information to quantify exactly how much

humans should exercise and how many fiber-rich sources they should consume, there is enough

information to state that everyone should eat a variety of minimally-processed foods and move frequently.

Beyond the scientific reasoning cited in this paper, the course of human evolution supports this

recommendation. Our forebears from thousands of years ago died young due to infectious diseases, but

they were actually metabolically healthier than generations after the agricultural revolution (29).  Early

humans were frequently active while looking for food and the food they ate was predominantly

plant-based. As a result, modern chronic diseases such as obesity and heart disease were essentially

non-existent (30). After the agricultural revolution, there was a dramatic decline in the quality of human

nutrition due to the decreased variety of food available. Presently, the abundance of inexpensive,



ultra-processed, energy-dense foods creates an environment that overrides sensory-specific satiety and

allows for widespread simultaneous undernutrition and obesity (31). History and parsimony suggest that

the simple method of eating a variety of minimally processed foods and staying active will be effective

for humans today, just like it was for humans thousands of years ago.

Ultimately, several questions remain about the relationship between diet, exercise, and the gut

microbiota. There needs to be more research about the molecular mechanisms by which exercise

influences gut microbiota activity as well as research about the way diet and exercise interact to influence

metabolic health outcomes. Based on what is known, a diet of diverse minimally-processed plant-based

foods combined with frequent movement will benefit the health of our society, our planet, and our

microbes.
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