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Quantity and quality of the intestinal and fecal microbiome vary considerably between

individuals and are dependent on a very large number of intrinsic and environmental

factors. Currently, only around 15% of the variance in microbiome diversity can be

explained by these factors. Although diet and individual food items have effects, other

individual parameters such as gender, age, body mass index (BMI), but also plasma

lipids and blood pressure reveal stronger associations with microbiome diversity. In

addition, gastrointestinal functions that translate into changes in stool frequency, stool

volume, and stool appearance rank very high as effectors of microbiome signatures. In

particular, the intestinal/colonic transit time is a critical factor that alters the substrate

load for bacterial growth and metabolism as it alters simultaneously stool volume, water

content, bacterial mass, and diversity. Moreover, metabolic and neurological diseases are

frequently associated with marked changes in intestinal transit time that may translate

into the reported changes in gut microbiota. This review provides scientific arguments for

a more comprehensive assessment of the individual’s intestinal phenotype in microbiome

studies to resolve the “chicken or egg” problem in these observational studies.
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INTRODUCTION

The interplay of the diet with the human gut microbiome has recently gained scientific and public
popularity like no other aspect of food and nutrition sciences and there is hardly a disease that has
not been linked to the composition of the gut microbiome. Since the diet is generally considered
a key determinant of gut microbiome diversity, it is believed that dietary maneuvers easily alter
the microbiota and thereby prevent diseases or slow disease progression. Targeted interventions to
change the microbiome however that would require that we know what characterizes a “healthy
microbiome.” But such a definition is still not available (1). Moreover, based on the huge variability
in the composition of the microbiome across individuals but even within an individual with
changes, day by day or depending on the time of sampling a “normal” microbiome is equally
difficult to define and consequently “dysbiosis,” as deviation from normal, cannot be defined either
(2). Yet, gut “dysbiosis” is often claimed as a critical factor in the susceptibility to and severity of
diet-dependent diseases.

It appears as generally accepted that high bacterial diversity is the signature of a “healthy”
microbiome although that is only based on observational evidence and is mainly derived
from studies in which fecal samples from industrialized and nonindustrialized populations
are compared. In addition to bacteria, the intestinal ecosystem harbors thousands of different
viruses/bacteriophages (3) but also yeast and nematodes (see below). Although a huge number
of variables have already been identified as contributing to microbiome diversity in populations
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from across the world and from different sociocultural and
ecological environments those currently explain all-together only
around 15% of the variance (1). It needs to be emphasized that
almost all studies published in recent years provide only relative
abundance data for the different phyla or genera of species in
a sample. Given the fact that quantitative data are of utmost
importance in all areas of biomedical and clinical research,
the work with relative abundance data seems thus unique to
microbiome science. Although various studies have assessed
bacterial densities in the stool (4–6), a more recent analysis
demonstrates that even a 10-fold difference in bacterial counts is
notmirrored in relative abundance profiles (7). In addition, many
variables affect the quality of analysis of stool samples (8) and
the same sample analyzed by different laboratories can produce
quite large differences in microbiome signatures (9). Given
these caveats, caution should guide our recommendations to
consumers interested in their microbiota. Here it will be critically
assessed what influences bacterial density and diversity in stool
samples and what diet effects have been observed in intervention
studies. In addition, the question of whether the microbiome
follows alterations in host physiology when moving into disease
states or whether the microbiome is in a causative manner
involved in disease initiation or progression will be discussed.

DETERMINANTS OF HUMAN GUT
MICROBIOME DIVERSITY

Hundreds of population studies have meanwhile assessed
microbiome profiles in stool samples and hundreds of parameters
significantly associated with the diversity of microorganisms
in the samples have been identified. Most interestingly, host
genetics has only small effects with an inheritance of microbiota
diversity accounting for around 2–9% (10, 11). As the most
consistent finding in studies on host genetics and loci linked
to the microbiome has the lactase gene been identified (12).
Many other factors such as geographical origin or occupational
state of the person rank also high among the key drivers of
microbiome diversity.

Since stool samples from nonindustrialized communities but
also paleosamples often display a wider range of bacterial species,
these more diverse microbiomes are currently considered as
a goal by dietary interventions. However, whether the highest
diversity is the ultimate measure of a “healthy microbiome” has
also been questioned (2). A very recent analysis of prehistoric
stool samples (5,000–8,000 years old) from sites in the mid-west
of the United States and Mexico (13) concluded that the bacterial
diversity of these ancient samples is higher than that of samples
representing industrial societies. However, the article reports
as well that most paleosamples contained parasites. Another
such example is stools of bronze-age miners recovered from
salt mines in Austria with an exceptional preservation state and
here also almost all samples contained eggs of various species
of worms and other parasites (14). But even when modern
samples from rural areas are analyzed, these frequently contain
parasites and most interestingly, parasite infections associate
with higher microbiome diversity (15, 16). Moreover, in animal

studies, parasitic infections were shown to increase microbiome
diversity which declined again when the infection was over (17).
These observations ask whether high hygiene standards are also
a critical determinant for less-diverse microbiomes.

Among the factors that have the strongest association with
stool microbiome diversity are age, sex, body mass index,
and the Bristol Stool Scale (BSS) that classifies color and
consistency of stool (18);( Falony, 2018). Although BSS can
easily be defined based on a cartoon, it is unfortunately not
often recorded. But stool water content has been related to
microbiome diversity and the BSS contains the consistency of
stool as a key classifier (19, 20). Stool water on the other hand
is highly correlated with the gastrointestinal transit time (20)
and the underlying motility program of the gut. Mean transit
time (MTT) is highly variable and differs between men and
women and is also age dependent (21, 22). Any maneuver
that increases or decreases the gastrointestinal transit time
causes changes in feces (Figure 1) with differences in bacterial
density in stool samples and microbiome composition (23).
Bacterial mass in the stool (g/day) can be altered almost 3-
fold by MTT modifying agents and there is a close relationship
between mass and the logMTT (24). In humans, colonic transit
time measured by radio-opaque markers via x-ray correlates
with the richness as diversity markers in stool samples (23).
In a cohort of > 850 individuals in which transit time was
measured, various species revealed a significant increase in
relative abundance in stool with longer gut transit time while
Eubacterium rectale density simultaneously decreased (25). The
increased prevalence of the phylum Bacteroidetes with longer
gut transit times had been observed before and similarly also
an increase in Akkermansia muciniphila (20). In mice treated
with loperamide to slow-down transit the density of Bacteroidetes
was similarly observed (26). Along with those qualitative changes
in stool bacterial signatures there are also changes in the
bacterial counts in feces that increase by around 15% (per g dry
weight) when transit is delayed or increase by nearly 20% when
transit is increased (24). To which extent bacterial diversity is
associated with the altered number of bacteria in stool samples
is currently unclear.

Furthermore, MTT is a critical determinant for the rate
of glucose absorption in the upper small intestine and the
postprandial glucose profiles (27). By using a blue dye given
in cupcakes for measuring transit time, it was shown to highly
correlate with both, microbiome diversity and glycemic response
to a carbohydrate load (25). These two read-outs appear to
originate from a common intestinal phenotype—connected
through motility and transit time with marked intraindividual
differences. Interpretation of studies on postprandial glycemia
in association with the microbiome should also take into
account that high postprandial glucose concentrations (as found
in individuals with insulin resistance or type 2 diabetes)
can alter gastric, pancreatic, and intestinal responses to diet
and change the transit time (28) and that these may well
be factors contributing to microbiome changes reported in
these disease states. A direct proof of the hypothesis that
the MTT of the individual is a critical determinant of both,
microbiome mass and diversity, and postprandial glucose
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FIGURE 1 | Parameters in fecal samples that change upon alterations of intestinal transit time based on findings derived from observational studies or intervention

studies with agents that increase or slow-down transit time.

responses requires further studies with a comprehensive analysis
of all related parameters.

DIET AND MICROBIOME COMPOSITION

From population studies with the recording of food intake via
24-h recall or food frequency questionnaire, many food items
have been identified as significantly contributing to microbiome
diversity. That covers in essence almost all food and drink
categories with very similar but generally very small effect sizes
per item (18, 29). One of the most prominent factors that
affect the microbiome in an unexpected manner is alcohol
consumption (30) and which is prone to underreporting in
observational studies. Yet, it confirms that food and drinks are
all relevant factors among the many determinants of microbiome
compositional signatures. However, not all studies provide
convincing evidence that diet and microbiome diversity associate
strongly. For example, volunteers consuming a chemically
defined liquid diet as a meal replacement for 17 days did not
show any significant difference in microbiome signatures (tested
every day) when compared to volunteers consuming ordinary
diets (31). Moreover, when volunteers consuming diets with
average fiber content (mean fiber intake 22 g/day) were shifted
to high fiber diets (mean fiber intake > 45 g/day) neither
microbiome composition nor stool short-chain fatty acid (SCFA)
concentration showed significant alterations (32). In a study in
which volunteers consuming an entirely plant-based as compared
to an animal-product based diet for 5 consecutive days with
wash-out between the two arms, only in the animal-product-
based arm, a significant effect on ß-diversity in stool was found
(33). Intervention studies with fermentable fibers (12–15 g/day
for 4 or even 12 weeks) as substrates for bacterial metabolism
consistently report significant elevations in the abundance of
a very few species, mainly of Bifidobacteria (8, 34), whereas
overall microbiome diversity remained in almost all the studies
unchanged [for review see also (35)]. Taken together, diet and
many individual food items have been shown to associate with

microbiome diversity, but intervention studies based on discrete
diets or by providing dietary fibers of different quality and
quantity so far provided only very limited evidence for successful
steering of microbiota toward increased richness.

DIET, DISEASES, AND MICROBIOME

Many noncommunicable diseases (NCDs) have been associated
with sedentary lifestyles and dietary factors. In the Global Burden
of Disease Studies, diet quality (intake of fruits, nuts, etc.) usually
ranks high next to smoking, high blood pressure, BMI, and
lack of physical activity (36). That now the microbiome and
its diversity are brought into the health-disease trajectory is
not surprising given the fact that microbiomes can easily be
profiled these days for reasonable costs. Yet, the key question
is of whether the microbiota is a causal factor in initiating
or promoting diseases or whether changes in its composition
just serve as a “reporter” of a disease state. The evidence that
changes in the microbiome can affect disease severity or cause,
is currently very limited. The best evidence may be provided by
the outcomes of fecal microbiota transplantation (FMT) in which
a suspension of feces from a healthy donor(s) is transmitted into
a diseased person. This approach is the most successful treatment
of recurrent Clostridium difficile infections (37) and is the “new
gold” standard. Other attempts to alter disease progression or the
physical state of the patient via FMT delivered less convincing
or controversial outcomes (38). There are some trials in which
treatment with FMT for people suffering from obesity, metabolic
syndrome, or type 2 diabetes mellitus revealed some minor
improvements but the more consistent finding was that there
were no clinically significant effects (39, 40). Similarly, in patients
with metabolic syndrome and elevated plasma trimethylamine-
oxide (TMAO) levels, FMT with stool from a vegan donor
was without effect on parameters of vascular inflammation (41).
Epidemiological studies identified increased TMAO levels as
associated with various cardiovascular disease types suggesting it
to be a causative agent (42). TMAO is produced in the liver from
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FIGURE 2 | Selected physiological parameters that participate in the regulation of gastrointestinal motility and transit time and how alterations in transit time cause

changes in the colonic microbiome and in stool characteristics that all have been demonstrated to alter microbiome diversity and biomass.

trimethylamine produced in the microbiome from carnitine or
choline and related compounds provided by the food of animal
origin. Meanwhile, studies using Mendelian Randomization
Analysis suggest that elevated blood TMAO levels may be an
indicator of impaired renal clearance in these patients preselected
for cardiovascular diseases rather than directly involved in
pathogenesis (43). Taken together, changes in gut microbiota via
stool transplantation have not yet convincingly demonstrated
that metabolic health can significantly be improved. Similarly,
treatment with antibiotics that caused severe alterations in
microbiomes did also not significantly alter any of the markers
of metabolic health in volunteers with type 2 diabetes (44). Thus,
to establish that changes in microbiomes by any treatment has
beneficial effects for metabolic health in NCDs, it needs larger
trials with well-phenotyped volunteers or patients.

The intestine is a complex organ with an extensive neuronal
network organized in plexi that receives multiple inputs from
cells seeded into the mucosa from the stomach to the anus which
are equipped with a multitude of sensors (45). The neuronal
mesh underlying the mucosa acts in many ways as a mediator
and is in contact with the sympathetic ganglion chain in the
spinal cord and with the brain by which a bidirectional organ
cross-talk of intestine and brain is realized (Figure 2). The
intestine has in addition a large hormone system that produces
numerous peptide hormones and a large number of amines,
including the classical neurotransmitters, and those control in
essence every process in the gut from digestion to absorption, to
secretion and motility (46). Some of the hormones produced in
enteroendocrine cells in the gut also reach peripheral organs and

the brain and mediate satiety and metabolic control. Given these
multidimensional networks connecting brain and gut, it is not
surprising that many diseases—including neurological diseases—
secondarily affect the gastrointestinal tract and its functionality.

The motility of the intestine translates into the surrogate of
transit time and that is a critical determinant of the number
of bacteria excreted with stool and of the diversity of the
microbiome. Consequently, any alteration in transit time affects
bacterial signatures (23, 24). Similarly, stool frequency has a
significant effect on microbiome diversity (30, 47, 48) and a first
genome-wide association study on stool frequency determinants
has recently been published (49). When diseases have a
demonstrated association with altered microbiome composition,
it is thus important to assess whether intestinal functions are
altered as the underlying cause of microbiome changes and that
seems to be the case in many of the classical NCDs.

Obesity and metabolic syndrome have associated changes
in gastrointestinal physiology with constipation, diarrhea, and
fecal incontinence recognized as the most common intestinal
complications in diabetes (50). They have their origin in changes
in sensory functions with transmission into altered hormone
and neuronal responses and changes in motor-neuron activities
of the entire intestine (51). Other diseases with demonstrated
alterations in microbiome profiles are Parkinson’s disease (52)
and Alzheimer’s (53) disease, but also autism. A very recent meta-
analysis of studies in Autism (54) reports that across various
cohorts 45–85% of patients with autism have diarrhea or suffer
from obstipation while a recent study in children with autism
revealed that abnormal diet behaviors may be the prime reason
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for the changes in the microbiome and that the microbiota is
not causing/promoting the disease (55). Thus, these neurological
diseases have all associated changes in motility and motor
function of the intestine and that is likely a major contributor
to differences in bacterial density and diversity in stool samples
(56, 57).

How are these changes in intestinal transit time changing
the microbiota in stool? Alterations in transit cause changes
in substrate flow across the ileocecal valve providing different
substrate loads to the microbiota for utilization and growth.
This influx of substrates into the colon is controlled via the
“ileal break” which seems to sense the caloric load reaching
the terminal ileum followed by the release of peptide hormones
like glucagon-like peptide 1 or peptide YY that can reduce
the gastric emptying rate and intestinal motility to allow better
digestion/absorption (Figure 1). However, as shown by the use
of compounds that change transit time in patients with ileostoma,
different quantities of starch, for example, reach the colon when
50 g of potato starch are administered (58). Such maneuvers
also change substantially the mean stool weight and bacterial
mass in stool samples. A very interesting approach combined
in vivo and in-vitro experiments (59) to assess the effects of
transit time on fermentation of dietary fiber. It included the
monitoring of SCFA levels and production rates and gas released
when samples were collected from volunteers on identical diets
but taking drugs that increase transit (cisapride) or slow transit
(loperamide). Large differences in pH and SCFA concentration
in the inoculum (stool) were already seen when transit time was

altered, and fermentation in vitro also revealed major differences.
A significant inverse relationship was found between SCFA
production and the log of MTT, in analogy to previous studies

that demonstrated such an inverse relationship also for the log
MTT and the mean bacterial mass (g/day) excreted in the stool
(24). That again demonstrates the close interrelationship of gut
motility, colonic fermentation capacity, and the bacterial mass
and spectrum in the large intestine and stool.

Taken together, there is convincing evidence that alterations
in MTT occur in many diseases, and this alters the substrate
load for fermentation in the colon including major effects on
pH and SCFA concentrations associated with changes in stool
frequency, stool volume/mass, stool water content, and, in turn,
the amount and the composition of bacteria excreted. When
inspecting all determinants of microbiome diversity identified
so far, it appears that MTT is one of the most relevant factors
and should therefore be determined in all studies that assess the
links between diet, diseases, and microbiomes. There are various
methods available to determine MTT with minimal efforts (60)
including the use of colorants such as brilliant blue (E133)
or spirulina to dye food items (25). Applying those methods
would also help to overcome the “chicken or egg problem” in
microbiome science.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

REFERENCES

1. Shanahan F, Ghosh TS, O’Toole PW. Healthy Microbiome - What Is the

Definition of a Healthy Gut Microbiome? Gastroenterology. (2021) 160:483–

94. doi: 10.1053/j.gastro.2020.09.057

2. Shanahan F, Hill C. Language, numeracy and logic in microbiome science.

Nat Rev Gastroenterol Hepatol. (2019) 16:387–8. doi: 10.1038/s41575-019-

0163-5

3. Luis F, Camarillo-Guerrero LF, Almeida A, Rangel-Pineros G, Finn RD,

Lawley TD. (2021) Massive expansion of human gut bacteriophage diversity.

Cell. 184:1098–1109.e9. doi: 10.1016/j.cell.2021.01.029

4. Thiel R, Blaut M. An improved method for the automated enumeration of

fluorescently labelled bacteria in human faeces. J Microbiol Methods. (2005)

61:369–79. doi: 10.1016/j.mimet.2004.12.014

5. He T, Priebe MG, Zhong Y, Huang C, Harmsen HJM, Raangs GC, et

al. Effects of yogurt and bifidobacteria supplementation on the colonic

microbiota in lactose-intolerant subjects. J Appl Microbiol. (2008) 104:595–

604. doi: 10.1111/j.1365-2672.2007.03579.x

6. Uyeno Y, Sekiguchi Y, Kamagata Y. Impact of consumption of probiotic

lactobacilli-containing yogurt on microbial composition in human feces. Int J

Food Microbiol. (2008) 122:16–22. doi: 10.1016/j.ijfoodmicro.2007.11.042

7. Vandeputte D, Kathagen G, D’hoe K, Vieira-Silva S, Valles-Colomer M,

Sabino J, et al. Quantitative microbiome profiling links gut community

variation to microbial load. Nature. (2017) 551:507–11. doi: 10.1038/nature

24460

8. Vandeputte D, Falony G, Vieira-Silva S, Wang J, Sailer M, Theis S. Prebiotic

inulin-type fructans induce specific changes in the human gut microbiota.

Gut. (2017) 66:1968–74. doi: 10.1136/gutjnl-2016-313271

9. Hiergeist A, Reischl U, Priority Program 1656 Intestinal Microbiota

Consortium Gessner A. Multicenter quality assessment of 16S

ribosomal DNA-sequencing for microbiome analyses reveals

high inter-center variability. Int. J. Med. Microbiol. (2016)

306:334–42. doi: 10.1016/j.ijmm.2016.03.005

10. Rothschild D, Weissbrod O, Barkan E, Kurilshikov A, Korem T, Zeevi D.

Environment dominates over host genetics in shaping human gut microbiota.

Nature. (2018) 555:210–5. doi: 10.1038/nature25973

11. Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, Blekhman

R. Human genetics shape the gut microbiome. Cell. (2014) 159:789–

99. doi: 10.1016/j.cell.2014.09.053

12. Kurilshikov A, Medina-Gomez C, Bacigalupe R, Radjabzadeh D, Wang

J, Demirkan A. Large-scale association analyses identify host factors

influencing human gut microbiome composition. Nat Genet. (2021) 53:156–

65. doi: 10.1038/s41588-020-00763-1

13. Wibowo MC, Yang Z, Borry M, Hübner A, Huang KD, Tierney BT.

Reconstruction of ancient microbial genomes from the human gut. Nature.

(2021) 594:234–9. doi: 10.1038/s41586-021-03532-0

14. Aspöck H, Boenke N, Kofler W, Oeggl K, Picher O, Stöllner T. The Dürrnberg

Miners during the Iron Age – New Results by Interdisciplinary Research.

Beitrage zur Früh- und Urgeschichte Mitteleuropas. Band 47: Die unteren

Zehntausend–auf der Suche nach den Unterschichten der Eisenzeit (2007).

ISBN: 978-3-937517-74-2.

15. Rubel MA, Abbas A, Taylor LJ. Lifestyle and the presence of

helminths is associated with gut microbiome composition in

Cameroonians. Genome Biol. (2020) 21:122. doi: 10.1186/s13059-020-

02020-4

16. Toro-Londono MA, Bedoya-Urrego K, Garcia-Montoya GM, Galvan-Diaz

AL, Alzate JF. Intestinal parasitic infection alters bacterial gut microbiota in

children. PeerJ. (2019) 7:e6200. doi: 10.7717/peerj.6200

17. Afrin T, Murase K, Kounosu A, Hunt VL, Bligh M, Maeda M. Sequential

changes in the host gut microbiota during infection with the intestinal

parasitic nematode Strongyloides venezuelensis. Front Cell Infect Microbiol.

(2019) 9:217. doi: 10.3389/fcimb.2019.00217

Frontiers in Nutrition | www.frontiersin.org 5 February 2022 | Volume 8 | Article 828630

https://doi.org/10.1053/j.gastro.2020.09.057
https://doi.org/10.1038/s41575-019-0163-5
https://doi.org/10.1016/j.cell.2021.01.029
https://doi.org/10.1016/j.mimet.2004.12.014
https://doi.org/10.1111/j.1365-2672.2007.03579.x
https://doi.org/10.1016/j.ijfoodmicro.2007.11.042
https://doi.org/10.1038/nature24460
https://doi.org/10.1136/gutjnl-2016-313271
https://doi.org/10.1016/j.ijmm.2016.03.005
https://doi.org/10.1038/nature25973
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1038/s41588-020-00763-1
https://doi.org/10.1038/s41586-021-03532-0
https://doi.org/10.1186/s13059-020-02020-4
https://doi.org/10.7717/peerj.6200
https://doi.org/10.3389/fcimb.2019.00217
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Daniel Diet and Gut Microbiome

18. Zhernakova A, Kurilshikov A, Bonder JM. Population-based metagenomics

analysis reveals markers for gut microbiome composition and diversity.

Science. (2016) 2352:565–9. doi: 10.1126/science.aad3369

19. Falony G, Vieira-Silva S, Raes J. Richness and ecosystem development

across faecal snapshots of the gut microbiota. Nat Microbiol. (2018) 3:526–

8. doi: 10.1038/s41564-018-0143-5

20. Vandeputte D, Falony G, Vieira-Silva ST. Stool consistency is strongly

associated with gut microbiota richness and composition, enterotypes and

bacterial growth rates. Gut. (2016) 65:57–62. doi: 10.1136/gutjnl-2015-309618

21. Probert CS, Emmett PM, Heaton KW. Some determinants of whole-

gut transit time: a population-based study. Q J Med. (1995) 88:

311–5.

22. Arhan P, Devroede G, Jehannin BL. Segmental colonic transit time. Dis Colon

Rectum. (1981) 24:625–9. doi: 10.1007/BF02605761

23. Roager HM, Hansen LB, Bahl MI, Frandsen HL, Carvalho V, Gøbel RJ.

Colonic transit time is related to bacterial metabolism and mucosal turnover

in the gut. Nat Microbiol. (2016) 1:16093. doi: 10.1038/nmicrobiol.2016.93

24. Stephen AM, Wiggins HS, Cummings JH. Effect of changing transit

time on colonic microbial metabolism in man. Gut. (1987) 28:601–

9. doi: 10.1136/gut.28.5.601

25. Asnicar F, Leeming ER, Dimidi EM. Blue poo: impact of gut transit

time on the gut microbiome using a novel marker. Gut. (2021) 70:1665–

74. doi: 10.1136/gutjnl-2020-323877

26. Touw K, Ringus DL, Hubert N, Wang Y, Leone VA, Nadimpalli A. Mutual

reinforcement of pathophysiological host-microbe interactions in intestinal

stasis models. Physiol Rep. (2017) 5:e13182. doi: 10.14814/phy2.13182

27. Gonlachanvit S, Hsu CW, Boden GH, Knight LC, Maurer AH, Fisher

RS. Effect of altering gastric emptying on postprandial plasma glucose

concentrations following a physiologic meal in type-II diabetic patients. Dig

Dis Sci. (2003) 48:488–97. doi: 10.1023/A:1022528414264

28. Rayner CK, Samsom M, Jones KL, Horowitz M. Relationships of upper

gastrointestinal motor and sensory function with glycemic control. Diabetes

Care. (2001) 24:371–81. doi: 10.2337/diacare.24.2.371

29. Manor O, Dai CL, Kornilov SA, Smith SA, Price B, Gibbons

NDSM. Health and disease markers correlate with gut microbiome

composition across thousands of people. Nat Commun. (2020)

11:5206. doi: 10.1038/s41467-020-18871-1

30. Vujkovic-Cvijin I, Sklar J, Jiang L, Natarajan L, Knight R, Belkaid Y. Host

variables confound gut microbiota studies of human disease. Nature. (2020)

587:448–54. doi: 10.1038/s41586-020-2881-9

31. Johnson AJ, Vangay P, Al-Ghalith GA, Hillmann BJ, Ward TL,

Shields-Cutler RR. Daily sampling reveals personalized diet-

microbiome associations in humans. Cell Host Microbe. (2019)

25:789–802. doi: 10.1016/j.chom.2019.05.005

32. Oliver A, Chase AB, Weihe CO. High-fiber, whole-food dietary intervention

alters the human gut microbiome but not fecal short-chain fatty acids.

mSystems. (2021) 6:e00115–21. doi: 10.1128/mSystems.00115-21

33. David LA, Maurice CF, Carmody RNG. Diet rapidly and

reproducibly alters the human gut microbiome. Nature. (2014)

505:559–63. doi: 10.1038/nature12820

34. Canfora EE, van der Beek CM, Hermes GDAG. Supplementation of

diet with galacto-oligosaccharides increases Bifidobacteria, but not insulin

sensitivity, in obese prediabetic individuals. Gastroenterology. (2017) 153:87–

97. doi: 10.1053/j.gastro.2017.03.051

35. Portune KJ, Benítez-Páez A, Del Pulgar EMC. Gut microbiota, diet, and

obesity-related disorders-The good, the bad, and the future challenges. Mol

Nutr Food Res. (2017) 61:1. doi: 10.1002/mnfr.201600252

36. GBD 2016Disease and Injury Incidence and Prevalence Collaborators. Global,

regional, and national incidence, prevalence, and years lived with disability for

328 diseases and injuries for 195 countries, 1990-2016: a systematic analysis

for the Global Burden of Disease Study 2016. Lancet. (2017) 390:1211–

59. doi: 10.1016/S0140-6736(17)32154-2

37. Tariq R, Pardi DS, Bartlett MG, Khanna S. Low cure rates in controlled

trials of fecal microbiota transplantation for recurrent Clostridium difficile

Infection: a systematic review and meta-analysis. Clin Infect Dis. (2019)

68:1351–8. doi: 10.1093/cid/ciy721

38. Hanssen NMJ, Vos DE, Nieuwdorp WMM. Fecal microbiota transplantation

in humanmetabolic diseases: from amurky past to a bright future?Cell Metab.

(2021) 33:1098–110. doi: 10.1016/j.cmet.2021.05.005

39. Zhang Z, Mocanu V, Cai C, Dang J, Slater L, Deehan EC. Impact of

fecal microbiota transplantation on obesity and metabolic syndrome-

a systematic review. Nutrients. (2019) 11:2291. doi: 10.3390/nu

11102291

40. Yu EW, Gao L, Stastka P, Cheney MC, Mahabamunuge J, Soto

MT, et al. Fecal microbiota transplantation for the improvement of

metabolism in obesity: the FMT-TRIM double-blind placebo-controlled

pilot trial. PLoS Med. (2020) 17:e1003051. doi: 10.1371/journal.pmed.

1003051

41. Smits LP, Kootte RS, Levin E, Prodan A, Fuentes S, Zoetendal EG.

Effect of Vegan Fecal Microbiota Transplantation on carnitine-

and choline-derived trimethylamine-N-Oxide production and

vascular inflammation in patients with metabolic syndrome. J

Am Heart Assoc. (2019) 7:e008342. doi: 10.1161/JAHA.117.0

08342

42. Jia J, Dou P, Gao M, Kong X, Liu LiC. Assessment of causal direction

between gut microbiota-dependent metabolites and cardiometabolic health:

a bidirectional mendelian randomization analysis. Diabetes. (2019) 68:1747–

55. doi: 10.2337/db19-0153

43. Naghipour S, Cox AJ, Peart JN, Du Toit EF, Headrick JP.

Trimethylamine N-oxide: heart of the microbiota-CVD nexus?

Nutr. Res Rev. (2021) 34:125–46. doi: 10.1017/S09544224200

00177

44. Reijnders D, Goossens GH, Hermes GDN. Effects of gut microbiota

manipulation by antibiotics on host metabolism in obese humans: a

randomized double-blind placebo-controlled trial. Cell Metab. (2016)

24:341. doi: 10.1016/j.cmet.2016.07.008

45. Browning KN, Travagli RA. Central nervous system control of

gastrointestinal motility and secretion and modulation of gastrointestinal

functions. Compr Physiol. (2014) 4:1339–68. doi: 10.1002/cphy.

c130055

46. Gribble FM, Reimann F. Function and mechanisms of enteroendocrine

cells and gut hormones in metabolism. Nat Rev Endocrinol. (2019) 15:226–

37. doi: 10.1038/s41574-019-0168-8

47. Hadizadeh F, Walter S, Belheouane MB. Stool frequency is associated with gut

microbiota composition. Gut. (2017) 66:559–60. doi: 10.1136/gutjnl-2016-3

11935

48. Kwon HJ, Lim JH, Kang DL. Is stool frequency associated with the richness

and community composition of gut microbiota? Intest. Res. (2019) 17L419–

26. doi: 10.5217/ir.2018.00149

49. Bonfiglio F, Liu X, Smillie C, Pandit A, Kurilshikov A, Bacigalupe

R.. GWAS of stool frequency reveals genes, pathways, and cell

types relevant to human gastrointestinal motility and irritable

bowel syndrome. medRxiv. (2021). doi: 10.1101/2020.06.17.201

32555

50. Zhao M, Liao D, Zhao J. Diabetes-induced mechanophysiological changes

in the small intestine and colon. World J Diabetes. (2017) 8:249–

69. doi: 10.4239/wjd.v8.i6.249

51. Mok JKW, Makaronidis JS, Batterham RL. The role of gut

hormones in obesity. Curr Opin Endocrine Metabolic Res. (2019)

4:4–13. doi: 10.1016/j.coemr.2018.09.005

52. Gerhardt S, Mohajeri MH. Changes of colonic bacterial composition in

parkinson’s disease and other neurodegenerative diseases. Nutrients. (2018)

10:708. doi: 10.3390/nu10060708

53. Vogt NM, Kerby RL. Dill-McFarland KA. Gut microbiome alterations in

Alzheimer’s disease. Sci. Rep. (2017) 7:13537. doi: 10.1038/s41598-017-1

3601-y

54. Chernikova MA, Flores GD, Kilroy E, Labus JS, Mayer EA, Zadeh LA, (2021).

The brain-gut-microbiome system: pathways and implications for autism

spectrum disorder. Nutrients. (2021) 13:4497. doi: 10.3390/nu13124497

55. Chloe XY. Autism-related dietary preferences mediate

autism-gut microbiome associations. Cell. (2021) 184:5916–

5931.e17. doi: 10.1016/j.cell.2021.10.015

Frontiers in Nutrition | www.frontiersin.org 6 February 2022 | Volume 8 | Article 828630

https://doi.org/10.1126/science.aad3369
https://doi.org/10.1038/s41564-018-0143-5
https://doi.org/10.1136/gutjnl-2015-309618
https://doi.org/10.1007/BF02605761
https://doi.org/10.1038/nmicrobiol.2016.93
https://doi.org/10.1136/gut.28.5.601
https://doi.org/10.1136/gutjnl-2020-323877
https://doi.org/10.14814/phy2.13182
https://doi.org/10.1023/A:1022528414264
https://doi.org/10.2337/diacare.24.2.371
https://doi.org/10.1038/s41467-020-18871-1
https://doi.org/10.1038/s41586-020-2881-9
https://doi.org/10.1016/j.chom.2019.05.005
https://doi.org/10.1128/mSystems.00115-21
https://doi.org/10.1038/nature12820
https://doi.org/10.1053/j.gastro.2017.03.051
https://doi.org/10.1002/mnfr.201600252
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1093/cid/ciy721
https://doi.org/10.1016/j.cmet.2021.05.005
https://doi.org/10.3390/nu11102291
https://doi.org/10.1371/journal.pmed.1003051
https://doi.org/10.1161/JAHA.117.008342
https://doi.org/10.2337/db19-0153
https://doi.org/10.1017/S0954422420000177
https://doi.org/10.1016/j.cmet.2016.07.008
https://doi.org/10.1002/cphy.c130055
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1136/gutjnl-2016-311935
https://doi.org/10.5217/ir.2018.00149
https://doi.org/10.1101/2020.06.17.20132555
https://doi.org/10.4239/wjd.v8.i6.249
https://doi.org/10.1016/j.coemr.2018.09.005
https://doi.org/10.3390/nu10060708
https://doi.org/10.1038/s41598-017-13601-y
https://doi.org/10.3390/nu13124497
https://doi.org/10.1016/j.cell.2021.10.015
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Daniel Diet and Gut Microbiome

56. Fu P, Gao M, Yung KKL. Association of intestinal disorders with Parkinson’s

disease and alzheimer’s disease: a systematic review and meta-analysis. ACS

Chem Neurosci. (2020) 11:395–405. doi: 10.1021/acschemneuro.9b00607

57. Fröhlich H, Kollmeyer ML, Linz VL, Stuhlinger M, Groneberg D, Reigl

A. Gastrointestinal dysfunction in autism displayed by altered motility and

achalasia in Foxp1+/- mice. Proc Natl Acad Sci USA. (2019) 116:22237–

45. doi: 10.1073/pnas.1911429116

58. Chapman RW, Sillery JK, Graham MM, Saunders DR. Absorption of starch

by healthy ileostomates: effect of transit time and of carbohydrate load. Am J

Clin Nutr. (1985) 41:1244–8. doi: 10.1093/ajcn/41.6.1244

59. Oufir LE, Barry JL, Flourié B, Cherbut C, Cloarec D, Bornet F, et al.

Relationships between transit time in man and in vitro fermentation

of dietary fiber by fecal bacteria. Eur. J. Clin. Nutr. (2000) 54:603–

9. doi: 10.1038/sj.ejcn.1600687

60. Szarka LA, Camilleri M. Methods for the assessment of small

bowel and colonic transit. Semin Nucl Med. (2012) 42:113–

23. doi: 10.1053/j.semnuclmed.2011.10.004

Conflict of Interest: The author declares 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.

Copyright © 2022 Daniel. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 7 February 2022 | Volume 8 | Article 828630

https://doi.org/10.1021/acschemneuro.9b00607
https://doi.org/10.1073/pnas.1911429116
https://doi.org/10.1093/ajcn/41.6.1244
https://doi.org/10.1038/sj.ejcn.1600687
https://doi.org/10.1053/j.semnuclmed.2011.10.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Diet and Gut Microbiome and the ``Chicken or Egg'' Problem
	Introduction
	Determinants of Human Gut Microbiome Diversity
	Diet and Microbiome Composition
	Diet, Diseases, and Microbiome
	Author Contributions
	References


