Gut microbiota and cardiometabolic outcomes: influence of dietary
patterns and their associated components1–4
Julia MW Wong

INTRODUCTION

A shift toward emphasizing dietary patterns has occurred in
recent years for chronic disease risk reduction rather than the traditional approach that focuses on specific nutrients or foods, which
has occupied much of the history of dietary guidelines that originate
from a model for the prevention of nutrient deficiencies (1, 2). The
human gut is home to trillions of microbes, and recent advances in
sequencing techniques for characterizing the human gut microbial
communities have accelerated our ability to understand how dietary
patterns may modulate the gut microbiota and, most importantly, its
effect on human health. The purpose of this presentation at the Sixth
International Congress on Vegetarian Nutrition was to provide an
overview of the link between dietary patterns, cardiometabolic
health, and the gut microbiota. A comprehensive review of this topic
area is beyond the scope of this article.
DIETARY PATTERNS AND CARDIOMETABOLIC
HEALTH

Many dietary patterns have been associated with a reduction in
cardiometabolic risk. A commonality between these dietary

patterns is the emphasis on plant-based foods including higher
intakes of fruit, vegetables, and whole grains that are naturally
high in fiber with minimal processing. Large prospective cohort
studies, the Nurses’ Health Study and the Health Professionals
Follow-Up Study, identified the emergence of 2 major dietary
patterns: “prudent” and “Western.” The “prudent” dietary pattern (higher intakes of fruit, vegetables, whole grains, legumes,
fish, and poultry) has been shown to be significantly associated
with a reduced risk of cardiovascular disease (CVD)5 (3–5), type
2 diabetes (T2D) (6, 7), and all-cause mortality (5). In contrast,
the “Western” dietary pattern (higher intakes of red meats, processed meats, refined grains, sweets and desserts, and French
fries) was significantly associated with increased risk of these
diseases (3–7), in addition to increased cancer mortality (5). Intakes of low-carbohydrate diets that were higher in plant-based
sources of proteins and oils rather than animal-based sources were
also associated with reduced coronary heart disease (CHD) events
and incidence of T2D (8–10) In an analysis of 3 large prospective
cohort studies on the relation between changes in diet components
and weight, the consumption of plant-based foods, such as vegetables, nuts, whole grains, and fruit, was inversely associated
with weight gain (11). Similarly, greater disease risk reduction
was observed in cohort studies of “traditional” dietary patterns
around the world, including those of the Mediterranean, Asia, and
Nordic populations, which have a greater emphasis on plantbased rather than animal-based foods (12–18).
Cohort studies in vegetarians and vegans provide further evidence of the benefits of dietary patterns that emphasize plantbased foods. A pooled analysis of 5 prospective cohort studies in
vegetarians and nonvegetarians observed a 24% reduction in
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ABSTRACT
Many dietary patterns have been associated with cardiometabolic risk
reduction. A commonality between these dietary patterns is the emphasis on plant-based foods. Studies in individuals who consume vegetarian and vegan diets have shown a reduced risk of cardiovascular
events and incidence of diabetes. Plant-based dietary patterns may promote a more favorable gut microbial profile. Such diets are high in
dietary fiber and fermentable substrate (ie, nondigestible or undigested
carbohydrates), which are sources of metabolic fuel for gut microbial
fermentation and, in turn, result in end products that may be used by
the host (eg, short-chain fatty acids). These end products may have
direct or indirect effects on modulating the health of their host. Modulation of the gut microbiota is an area of growing interest, and it has
been suggested to have the potential to reduce risk factors associated
with chronic diseases. Examples of dietary components that alter the
gut microbial composition include prebiotics and resistant starches.
Emerging evidence also suggests a potential link between interindividual
differences in the gut microbiota and variations in physiology or predisposition to certain chronic disease risk factors. Alterations in the gut
microbiota may also stimulate certain populations and may assist in biotransformation of bioactive components found in plant foods. Strategies
to modify microbial communities may therefore provide a novel approach in the treatment and management of chronic diseases.
Am J Clin Nutr 2014;100(suppl):369S–77S.
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guidelines. Data from NHANES identify that the majority of
Americans do not meet the recommended intake for food group
servings of fruit, vegetable, legumes, and dairy. Although .50%
do meet the recommended servings for total grains, almost all do
not meet the whole-grain serving recommendations, which indicates that the consumption is primarily from refined grains
(32). This is clearly evident in the low estimated average fiber
intake/d of w16 g (33), which is far from the recommendation
of 25–38 g/d or 14 g/1000 kcal (34). This has a major impact on
the gut microbiota because of the significant reduction in the
availability of fermentable substrates used as metabolic fuel.
HUMAN GUT MICROBIOTA

Recent advances in both sequencing techniques (ie, cultureindependent methods: 16S ribosomal DNA sequencing, wholegenome shotgun or metagenomic sequencing) and bioinformatics
(ie, computational tools to analyze such data) have accelerated
our understanding of the gut microbiota (microbial communities
present) and the gut microbiome (genes of the microbiota). This
has given us the ability to identify and characterize microbial
species that were previously uncultured because of the shortcomings of traditional or conventional microbiological techniques. Significant strides have been made in unraveling the
composition of the gut microbiota and its associated microbiome;
more importantly, this opens the door to the next crucial step of
understanding the symbiotic relation between the gut microbiota
and its associated microbiome on metabolic and physiologic
outcomes of the host (ie, metagenomics, metatranscriptomics,
and metabolomics). This is evident in the emergence of largescale multimillion-dollar projects around the world including the
NIH-funded Human Microbiome Project Consortium and the
European Commission’s MetaHIT (Metagenomics of the Human Intestinal Tract) project (35, 36). The Human Microbiome
Project Consortium has generated comprehensive details of the
microbial communities in the human body (airways, skin, oral
cavity, gut, and vagina) and their relations with their host (37)
and has produced reference genomes (viral, bacterial, and eukaryotic) from “healthy” adults, which provide a framework for
subsequent metagenomic analysis (38). The MetaHIT project
focuses on understanding the associations between the human
gut microbiome and a wide range of health statuses and physiologic conditions including inflammatory bowel disease and
obesity (39). This research is still in its infancy, but it holds
tremendous promise in unraveling complex relations because the
gut is host to a diverse population of trillions of microbes.
The clustering of 16S ribosomal RNA sequencing into relatedness groups on the basis of the percentage of sequence
identity is often used to characterize the gut composition by
categorizing the microbes by taxonomic level (40). Five bacterial phyla dominate the human gut microbiota (Firmicutes,
Bacteriodetes, Actinobacteria, Proteobacteria, and Verrucomicrobia)
and one Archaea (Euryarchaeota) (41). Bacteroidetes and Firmicutes appear to dominate the adult gut microbiota, but it appears that their relative proportions and the species present within
these phyla vary greatly between individuals (42–44). For
example, the relative abundance of these 2 dominant phyla has
been associated with phenotypical differences, as observed in
lean compared with obese individuals (45). Relevant genera in
the Firmicutes phylum include Ruminoccoccus, Clostridum, and
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mortality from CHD in vegetarians compared with nonvegetarians (death rate ratio: 0.76; 95% CI: 0.62, 0.94) (19).
Vegetarian dietary patterns were also associated with an increase
in longevity and decreases in all-cause mortality, T2D, and
obesity (20–22). In a cross-sectional analysis of the Adventist
Health Study 2, BMI and risk of T2D were greatest among
nonvegetarians and lowest among vegans, where an inverse
gradient was observed according to the extent of animal products excluded (23).
Clinical trials in individuals consuming vegan or vegetarian
diets were shown to reduce the progression of CHD and improve
glycemic control. A low-fat vegetarian diet, along with other
lifestyle modifications, significantly reduced serum lipids and the
progression of coronary artery lesions after 1 y (assessed by
coronary angiography) (24). In contrast, coronary artery lesions
continued to increase in the control group. In a longer-term
clinical trial of diabetes management with a low-fat vegan diet
compared with a conventional therapeutic diet, both diets resulted
in reductions in weight and plasma lipid concentrations (25).
After medication changes were controlled for, the low-fat vegan
diet improved glycemic control (as assessed by glycated hemoglobin) and plasma lipids in comparison to the conventional
diet. In the recently published Prevención con Dieta Mediterránea (PREDIMED) trial on the primary prevention of CVD,
the RR of cardiovascular events decreased by w30% in those
adhering to Mediterranean diets (emphasizing plant-based foods
along with increases in fish and decreases in red meat consumption) supplemented with either extra-virgin olive oil (HR:
0.70; 95% CI: 0.54, 0.92) or mixed nuts (HR: 0.72; 95% CI:
0.54, 0.96) compared with the control diet (advice to reduce
dietary fat) (26). Other shorter-term studies that focused on reducing CHD risk factors also support the findings from epidemiologic and longer-term clinical studies. Diets that emphasize
low-fat dairy (ie, approaching a lactoovovegetarian diet) or plant
protein foods with higher intakes of fruit and vegetables (ie,
approaching a vegetarian diet), such as the Dietary Approaches
to Stop Hypertension (DASH) and Optimal Macronutrient Intake Trial to Prevent Heart Disease (OMNIHeart) diets, were
shown to improve blood pressure (27) and blood lipids (28, 29).
Those who followed a vegan diet using a dietary portfolio approach (based on fruit, leafy vegetables, plant sterols, soy, and
nuts) in a metabolically controlled feeding study had reductions
in LDL cholesterol of 29% and in C-reactive protein of 28%
(30). This effect was equivalent to a first-generation statin when
provided along with a diet very low in saturated fat in which the
reductions in LDL cholesterol and C-reactive protein were 31%
and 33%, respectively (30). A similar plant-based dietary approach following a calorie-reduced low-carbohydrate diet also
showed significant improvements in serum lipids compared with
a high-carbohydrate, low-fat lactoovovegetarian diet, despite
similar weight loss on both diets (31). The observed beneficial
effects of plant-based foods are likely attributed to the presence
of an array of active components, which include vegetable
proteins, vegetable oils, sterols, fibers, and other nondigestible
carbohydrates, antioxidants, vitamins, minerals, and phytochemicals.
Despite the strong evidence from both epidemiologic and
clinical studies of the benefits of plant-based dietary patterns, the
current dietary intake of such foods by most Americans is far
below the recommended servings based on national dietary

GUT MICROBIOTA AND CARDIOMETABOLIC HEALTH

DIETARY PATTERNS AND ASSOCIATIONS WITH GUT
MICROBIOTA

Variations in dietary patterns appear to be a key contributing
factor to the diversity of the human gut microbiota. This diversity
is likely to have evolved in parallel with the dietary pattern of our
evolutionary ancestors in which a symbiotic relation exists.
Analyses of fecal microbial communities of 106 individual
mammals showed a clustering by dietary pattern—herbivore,
omnivore, and carnivore (44). Furthermore, the phylogenetic
diversity was related in the following stepwise fashion: herbivore . omnivore . carnivore (44). Fecal samples from
“healthy” humans show a clustering with other omnivores with
respect to microbial composition (44). As mentioned previously,
increased microbial diversity may be advantageous for maintaining functional diversity. This suggests that adhering to
a plant-based dietary pattern may confer greater resilience or
adaptability to change.
There is interest in the concept of classifying individuals on the
basis of enterotypes—a classification based on the notion that
the gut microbiome congregates in a relatively stable composition over time (52). In turn, responses to a specific intervention
can then be predicted on the basis of an individual’s enterotype.
This can be seen as an extension of personalized medicine or
nutrition but specific to an individual’s gut microbiome. Analysis of the gut microbiome across different populations showed

the emergence of distinct clustering (enterotypes) on the basis of
the relative abundance of each of the genera: Bacteroides,
Prevotella, and Ruminocuccus (52). Other studies showed that
the clustering is driven primarily more by the ratio of 2 dominant genera: Prevotella and Bacteroides (43, 48, 53). It has been
suggested that the ratio between Bacteroides and Prevotella is
influenced by different dietary patterns (43, 48, 53, 54). The
Bacteroides enterotype was associated with animal protein,
a variety of amino acids, and saturated fats, whereas the Prevotella enterotype was associated with higher carbohydrates and
simple sugars (48). Other studies support these findings showing
the association between dietary patterns and these 2 enterotypes
(54, 55).
The characterization of the gut microbial communities from
stool samples was performed in 531 individuals (151 families)
representing populations from diverse geographical regions and
cultural traditions, which included individuals from the Guahibo
Amerindians, Malawi, and the United States (53). The main
contributors to gut microbial communities were age (early
infancy compared with adulthood) and geography or cultural
traditions. Interestingly, there were pronounced differences in the
phylogenetic composition of the fecal microbiota, with a distinct
separation between the gut communities of those from the United
States and those from Malawi and Amerindians. Furthermore, the
fecal microbiota of US adults was the least diverse of the
3 populations, which was already evident in children $3 y of age
(53).
Many environmental, genetic, and cultural factors are likely to
be responsible for the separation of Western and non-Western
individuals’ gut communities; however, differences in dietary
patterns may play a significant role. Amounts of Prevotella were
greater in those from Malawi and Amerindians, where the dietary pattern is dominated by corn and cassava (plant-based
polysaccharides). In contrast, amounts of Bacteroides were
greater in those from the United States, where the typical dietary
pattern is rich in protein (mostly animal protein) (53). Analysis
of the fecal microbiota, with the use of traditional cultural
techniques, of self-reported vegetarians (n = 144) and vegans
(n = 105) showed a significantly lower presence of Bacteroides
in vegetarians and vegans compared with matched controls who
consumed an omnivore diet (55). Similarly, children living in
a village of rural Africa following their traditional dietary pattern showed a higher abundance of Prevotella, whereas children
from Western Europe adhering to a typical Western dietary
pattern had a higher abundance of Bacteroides (54). The traditional rural African diet was primarily vegetarian (mainly made
up of cereals, legumes, and vegetables), which was low in fat
and animal protein and rich in starch, fiber, and plant polysaccharides. In contrast, the Western dietary pattern of the
children from Western Europe was high in animal protein, sugar,
starch, and fat and low in fiber (54). Furthermore, analyses
showed that the fecal samples of the children in rural Africa
were significantly higher in short-chain fatty acids (SCFAs),
primarily from propionic and butyric acids, with greater microbial diversity, suggesting a strong influence of dietary patterns that are rich in fermentable substrates. What still needs
further investigation is the understanding of the health implication of these enterotypes (ie, causal relation or a marker of
dietary patterns), whether individuals can switch between enterotypes through modulation of the dietary pattern, and if this
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Lactobacillus (contains probiotic strains) and the butyrate producers Eubacterium, Faecalibacterium, and Roseburia. In the
Bacteriodetes phylum, relevant genera include Bacteriodes,
Prevotella, and Xylanibacter and in the Actinobacteria phylum
these include Bifidobacterium (contains probiotic strains) (41).
The diversity of microbes within the gut microbiota can be
defined as the number and abundance distribution of distinct
types of organisms (36), where lower diversity has been observed
in obesity, inflammatory bowel disease, and meat-based dietary
patterns (44, 46, 47). Furthermore, interindividual variations in
microbial diversity over time were consistently greater than
intraindividual variations (36, 44, 46, 48). The uniqueness of an
individual’s microbial composition may therefore be a key
contributor to variations in physiology or predisposition to certain risk factors associated with metabolic disorders, but this is
yet to be confirmed. Emerging research supports such a potential
link.
Evidence has shown that there is a lesser degree of functional
diversity (metagenomics, which refers to the techniques and tools
used to isolate and sequence genomes from an environment
linking both functional and phylogenetic information) (49, 50)
than microbial diversity, and there appears to be functional redundancy (ie, a number of microbes perform similar functions)
(36, 43, 51). A suggested advantage of having greater microbial
diversity may be to ensure that key metabolic functions are
unaffected by changes in the microbial composition. In other
words, different microbes with similar functions can substitute
for one another when the microbial composition is more diverse,
resulting in the host potentially being more resilient in response
to stress or change. This further suggests that key metabolic
functions (ie, functionality) carried out by the gut microbiome
may be more important than the specific microbes’ presence (ie,
phylogeny).

371S

372S

WONG

can be altered in the long term [not shown in short-term feeding
(48)] and ultimately influence health outcomes of the host.
GUT MICROBIOTA AND CARDIOMETABOLIC HEALTH
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Modulation of the gut microbiota has gained tremendous interest in recent years in part attributable to the observation that the
human gut microbial communities may play a much greater role
in human health than previously thought: for example, the
emerging evidence for a link between the gut microbiota and
obesity. Both human and animal data support the notion that
obesity is associated with a shift in the relative abundance of the
2 main phyla: Bacteroidetes and Firmicutes. Genetically obese
mice have significantly less Bacteroidetes and more Firmicutes
relative to their lean counterparts (56). Furthermore, there also
appears to be a greater capacity of the genetically obese mice to
harvest energy from the diet, as assessed by bomb calorimetry of
fecal matter (57). Interestingly, germ-free mice are protected
against diet-induced obesity, and the lean and obese phenotypic
traits are transmissible by transplantation of cecal microbiotas
into these mice (57). Suggested mechanisms include AMPactivated protein kinase– and fasting-induced adipose factor–
associated pathways (58, 59). More recently, successful
transplantation of human fresh or frozen fecal microbial communities into germ-free mice resulted in microbial diversity in
the humanized gnotobiotic mice that closely resembled that of
the host (60). This gnotobiotic mouse model holds tremendous
promise as an approach to understanding the role of microbial
and functional diversity and its effect on human health. There
are many advantages to such a model: mice that are raised in
germ-free environments, without any exposure to microbes, can
be subsequently colonized with different microbial communities
from an array of individuals who are healthy or have a particular
disease of interest. Furthermore, this model also allows for
control of host phenotype, microbial community composition,
and housing conditions (60). Most recently, the gut microbiota
from a mouse model of gastric bypass surgery was transferred to
gnotobiotic mice, resulting in weight loss and decreased fat
mass (61). The authors suggested that this may be a consequence of altered microbial production of SCFAs. This is an
example of the valuable insights that can be generated from
gnotobotic mice in exploring such relations to generate preliminary data before launching into costly epidemiologic and
clinical trials.
The observed difference in the abundance of Bacteroidetes and
Firmicutes in animal studies was also observed in a year-long
weight-loss study in 12 obese individuals (45). Participants were
randomly assigned to follow 1 of 2 low-calorie diets that differed
in macronutrient composition (ie, fat- or carbohydraterestricted). Irrespective of which of the 2 diets individuals were
randomly assigned to receive, both diets were associated with an
increase in the abundance of Bacteroidetes and a decrease in the
abundance in Firmicutes. Furthermore, the increased abundance
of Bacteroidetes correlated with the percentage loss of body
weight and not with the caloric content of the diet. The greater
abundance of Bacteroidetes and lower abundance of Firmicutes
was also observed in children of rural Africa consuming a traditional plant-based dietary pattern compared with children in
Western Europe consuming a typical Western diet (54). There is
also evidence from gnotobiotic mice that links the influence of

dietary patterns to gut microbial communities where the obesity
phenotype can be induced by switching mice to a Western-type
diet compared with a low-fat plant polysaccharide–rich diet (60,
62). As mentioned previously, there is also decreased phylogenetic diversity in obese individuals compared with lean individuals (46). This again suggests that obese individuals may
be less resilient to change in their microbial communities with
regard to preserving functional diversity.
Recent studies suggested a potential role of the gut microbiome in the pathogenesis of atherosclerosis. Trimethylaminecontaining compounds (eg, choline, phosphatidylcholine, and
carnitine) are metabolized by the gut microbiota to trimethylamine, which is then converted by hepatic flavin-containing
monooxygenases to trimethylamine-N-oxide (TMAO), a proatherogenic metabolite (63, 64). Major dietary sources of phosphatidylcholine include many animal-based foods such as liver,
eggs, and red meat (63, 65). Both animal and human studies
provide evidence to support the role of gut microbial biotransformation in the formation of TMAO. After a carnitine or
choline challenge, germ-free mice showed no detectable amounts
of TMAO (63, 64). However, after conventionalization (germfree mice are placed in conventional cages to allow for microbial
colonization), the germ-free mice acquired the ability to produce
TMAO (63, 64). In humans, short-term use of oral broad-spectrum
antibiotics (for 1 wk) resulted in the suppression of TMAO
production after a phosphatidylcholine or L-carnitine challenge
(64, 65). TMAO was detectable after a subsequent rechallenge
several weeks after the discontinuation of antibiotics. Long-term
dietary patterns appear to influence the capacity to produce
TMAO. Individuals adhering to vegan and vegetarian diets have
lower fasting TMAO concentrations and produce significantly
less TMAO after a carnitine challenge compared with omnivores
(64). Individuals were further classified by enterotype, which
showed that those with a relative abundance of Prevotella had
higher plasma TMAO than those with a relative abundance of
Bacteriodes (64). This contrasts with previous studies in which
dietary patterns rich in animal protein had a greater abundance
of Bacteroides (48, 54, 55). This observation suggests that different species within these genera may be responsible for the
formation of TMAO and that classification at the genus level
may not reflect these differences. In a cohort of .4000 individuals who underwent elective diagnostic cardiac catheterization, those who had major cardiovascular events (defined as
death, myocardial infarction, or stroke) during a 3-y follow-up
period had higher baseline concentrations of TMAO than those
who did not have cardiovascular events, even after traditional
risk factors were adjusted for (65). Furthermore, those individuals in the highest quartile of TMAO concentrations were
at greater risk of a major cardiovascular event compared with
those in the lowest quartile (HR: 2.54; 95% CI: 1.96, 3.28) (65).
The proposed mechanisms of action of TMAO in promoting
atherosclerosis include the suppression of reverse cholesterol
transport (64) and upregulation of proatherogenic scavenger
receptors (63). Collectively, these data may provide a further
clue to explain the positive association between red meat consumption and CVD risk.
The gut microbiome has also been suggested to play a role in
T2D. A small study in men with or without T2D showed a lower
abundance of Firmicutes and the class Clostridia as well as
a nonsignificant increase in Bacteroidetes and Proteobacteria in
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those with T2D (66). Furthermore, the ratio of Bacteroidetes to
Firmicutes was positively associated with plasma glucose concentrations. A larger metagenome-wide association study in
Chinese individuals with T2D reported differences in the gut
microbiota relative to controls, with a decrease in the number of
butyrate-producing bacteria and an increase in the number of
opportunistic pathogens (47) Similarly, this shift in the gut
microbiota was also observed in a European cohort with T2D
(67).
Future studies are needed to differentiate whether changes in
the gut microbiome are related to cause or effect and how the
associated changes and end products (eg, SCFAs, TMAO) affect
metabolic functions of the host within different populations.
Results of such studies may pave the way for strategies to
modify the gut microbial profile and thereby provide novel
approaches in the treatment and management of metabolic
diseases.

Various dietary interventions have been examined in clinical
trials that showed modulation or association with the gut
microbiota. A few examples will be briefly discussed including
dietary prebiotics, resistant starch, and interindividual differences
in the metabolism of polyphenols (eg, soy isoflavones).
Undigested or nondigestible carbohydrates, such as dietary
prebiotics and resistant starches, are primary substrates that
escape digestion in appreciable amounts. These substrates subsequently become available for the gut microbiota for colonic
fermentation. Many factors may influence the digestion of carbohydrates in the small intestine, including rate of digestion (68,
69), the food form (physical form and particle size) (70), type of
preparation (cooking method and processing) (70–73), type of
starch (amylose or amylopectin) (70, 74), presence of antinutrients such as a-amylase inhibitors (75, 76), transit time (77),
and amount of fiber, fat, and proteins (78, 79). Gut microbial
fermentation of undigested or nondigestible carbohydrates
results in major end products including SCFAs (acetic, butyric,
and propionic acids), gases (CO2, CH4, and H2), heat, and
bacterial cell mass (80, 81). Specific SCFAs have been associated with reducing the risk of developing gastrointestinal
disorders, cancer, and CVD; now more recently, evidence
is emerging that suggests an obesogenic role as discussed
previously (82).
The term “prebiotics” was originally coined by Gibson and
Roberfroid (83) who have since expanded their original definition. The prebiotic concept (“prebiotic effect”) is defined as “the
selective stimulation of growth and/or activity(ies) of one or
a limited number of microbial genus(era)/species in the gut
microbiota that confer(s) health benefits to the host” (84). To
date, much of the interest in prebiotics has been focused on
nondigestible oligosaccharides, specifically inulin-type fructans
(eg, inulin and oligofructose) and galactans (eg, galactooligosaccharides, trans galacto-oligosaccharides), which have
been consistently shown to selectively stimulate the growth of
bifidobacteria and in some cases lactobacilli, resulting in a significant change in the gut microbiota composition and, in turn,
metabolic effects in the host (84–88). Inulin-type fructans are
oligo- or polymers of D-fructose joined by b(2/1) bonds with

an a-(1/2)–linked D-glucose at the terminal end. Oligofructose
refers to those fructans with degrees of polymerization between
3 and 10, and inulin are those with a degree of polymerization
between 10 and 65 (89).
Gibson et al (90) showed that intakes of 15 g of oligofructose
or inulin/d by participants for 15 d resulted in a significant increase in bifidobacteria from 8.8 to 9.5 log10/g stool and from 9.2
to 10.1 log10/g stool, respectively. The total bacterial counts
remained unchanged, indicating that the increase in bifidobacteria resulted in a shift in the balance of microflora in the large
intestine, where decreases in bacteriodes, clostridia, and fusobacteria were observed. Numerous other human studies with
varying dose, substrate, duration, and subject population also
resulted in similar outcomes of increased fermentation and
bifidobacteria (90–97). Furthermore, increases in breath hydrogen excretion, as an indirect marker of colonic fermentation,
were also observed with intakes of oligofructose and inulin
(90, 98, 99). It has been suggested that a prebiotic intake of
w5–20 g/d is sufficient to induce a significant increase in
colonic microbiota (100–102).
Resistant starches are a major source of fermentable carbohydrates (81, 103). Studies using resistant starch have been
consistent in showing increased fecal butyrate amounts (104–
107). Studies have shown that the Ruminococcus bromii species
of Firmicutes is the key primary degrader (“keystone species”)
of resistant starch within the microbial community of the human
colon (108, 109). Butyrate has been suggested to be an important factor in maintaining gut health, with particular relevance to
colon cancer and inflammatory bowel disease (82). Butyrate is
not only the preferred fuel of the colonic epithelial cells, where
up to 70–90% of butyrate is metabolized by colonocytes (110), it
also plays a role in regulation of epithelial cell proliferation and
differentiation (80, 102, 111, 112).
The gut microbiota has the ability to biotransform an array of
phytochemicals to more bioactive derivatives (113). Soy isoflavones are a family of plant-derived polyphenolic compounds
with similar structure and properties to mammalian estrogen and
they possess weak estrogenic activity; hence, they are commonly
known as phytoestrogens. On ingestion of soy isoflavones, which
are primarily found as b-glucosides, there is a need for biotransformation by the gut microbiota into bioactive metabolites
(114, 115). Specifically, colonic biotransformation of soy isoflavones into more bioactive cholesterol-lowering selective estrogen receptor modulators was suggested as a mechanism by
which the gut microbiota may enhance the hypocholesterolemic
effect of soy (116). In a study in hyperlipidemic individuals, the
consumption of soy alone resulted in a nonsignificant (w3%)
reduction in LDL cholesterol, whereas when soy was taken with
a prebiotic, a significant (w5%) reduction in LDL cholesterol
was observed (117). The observed cholesterol-lowering may
have been a result of a combination of both increased colonic
biotransformation of soy isoflavones into more bioactive metabolites and/or increased colonic production of the SCFA propionate. However, other studies that examined the combination
of soy with prebiotic or probiotic on lipid profile yielded mixed
results (118, 119).
The emergence of the “equol hypothesis” has renewed interest
in the cholesterol-lowering potential of soy, suggesting that
those individuals who have a gut microbiota capable of biotransforming daidzein to equol (ie, daidzein-metabolizing
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CONCLUSIONS

Dietary patterns that favorably alter the gut microbiota, specifically those that emphasize plant-based foods, may have
significant implications to human health. To further understand
the link between such dietary patterns and the gut microbiota,
future studies are needed to examine the relation between the
changes in both the microbial composition and the end products
on metabolic functions in the host. In turn, such studies will
provide evidence to support effective strategies for modulating
the gut microbial profile, thereby providing novel approaches in
the treatment and management of metabolic disorders.
The author had no conflicts of interest.
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Würsch P, Del Vedovo S, Koellreutter B. Cell structure and starch
nature as key determinants of the digestion rate of starch in legume.
Am J Clin Nutr 1986;43:25–9.
Isaksson G, Lundquist I, Ihse I. Effect of dietary fiber on pancreatic
enzyme activity in vitro. Gastroenterology 1982;82:918–24.
Yoon JH, Thompson LU, Jenkins DJ. The effect of phytic acid on in
vitro rate of starch digestibility and blood glucose response. Am J
Clin Nutr 1983;38:835–42.
Englyst HN, Kingman SM, Cummings JH. Classification and measurement of nutritionally important starch fractions. Eur J Clin Nutr
1992;46(suppl 2):S33–50.
Krezowski PA, Nuttall FQ, Gannon MC, Bartosh NH. The effect of
protein ingestion on the metabolic response to oral glucose in normal
individuals. Am J Clin Nutr 1986;44:847–56.
Thorne MJ, Thompson LU, Jenkins DJ. Factors affecting starch digestibility and the glycemic response with special reference to legumes. Am J Clin Nutr 1983;38:481–8.
Topping DL, Clifton PM. Short-chain fatty acids and human colonic
function: roles of resistant starch and nonstarch polysaccharides.
Physiol Rev 2001;81:1031–64.
Cummings JH. Short chain fatty acids in the human colon. Gut 1981;
22:763–79.
Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ. Colonic
health: fermentation and short chain fatty acids. J Clin Gastroenterol
2006;40:235–43.
Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: introducing the concept of prebiotics. J Nutr 1995;
125:1401–12.
Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall R,
Rowland I, Wolvers D, Watzl B, Szajewska H, Stahl B, et al. Prebiotic
effects: metabolic and health benefits. Br J Nutr 2010;104(suppl 2):
S1–63.
Roberfroid M. Prebiotics: the concept revisited. J Nutr 2007;137
(suppl 2):830S–7S.
Macfarlane S, Macfarlane GT, Cummings JH. Review article: prebiotics in the gastrointestinal tract. Aliment Pharmacol Ther 2006;24:
701–14.
Pereira DI, Gibson GR. Effects of consumption of probiotics and
prebiotics on serum lipid levels in humans. Crit Rev Biochem Mol
Biol 2002;37:259–81.
Delzenne NM, Williams CM. Prebiotics and lipid metabolism. Curr
Opin Lipidol 2002;13:61–7.
Kolida S, Gibson GR. Prebiotic capacity of inulin-type fructans.
J Nutr 2007;137(suppl):2503S–6S.
Gibson GR, Beatty ER, Wang X, Cummings JH. Selective stimulation
of bifidobacteria in the human colon by oligofructose and Inulin.
Gastroenterology 1995;108:975–82.
Bouhnik Y, Flourie B, Riottot M, Bisetti N, Gailing MF, Guibert A,
Bornet F, Rambaud JC. Effects of fructo-oligosaccharides ingestion

92.

93.

94.
95.

96.
97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.
111.
112.
113.
114.

on fecal bifidobacteria and selected metabolic indexes of colon carcinogenesis in healthy humans. Nutr Cancer 1996;26:21–9.
Buddington RK, Williams CH, Chen SC, Witherly SA. Dietary supplement of neosugar alters the fecal flora and decreases activities of
some reductive enzymes in human subjects. Am J Clin Nutr 1996;63:
709–16.
Kleessen B, Sykura B, Zunft HJ, Blaut M. Effects of inulin and
lactose on fecal microflora, microbial activity, and bowel habit in
elderly constipated persons. Am J Clin Nutr 1997;65:1397–402.
Kruse HP, Kleessen B, Blaut M. Effects of inulin on faecal bifidobacteria in human subjects. Br J Nutr 1999;82:375–82.
Bouhnik Y, Vahedi K, Achour L, Attar A, Salfati J, Pochart P, Marteau P,
Flourie B, Bornet F, Rambaud JC. Short-chain fructo-oligosaccharide
administration dose-dependently increases fecal bifidobacteria in healthy
humans. J Nutr 1999;129:113–6.
Rao AV. The prebiotic properties of oligofructose at low intake levels.
Nutr Res 2001;21:843–8.
Tuohy KM, Kolida S, Lustenberger AM, Gibson GR. The prebiotic
effects of biscuits containing partially hydrolysed guar gum and
fructo-oligosaccharides—a human volunteer study. Br J Nutr 2001;
86:341–8.
Alles MS, Hautvast JG, Nagengast FM, Hartemink R, Van Laere KM,
Jansen JB. Fate of fructo-oligosaccharides in the human intestine. Br J
Nutr 1996;76:211–21.
Brighenti F, Casiraghi MC, Canzi E, Ferrari A. Effect of consumption
of a ready-to-eat breakfast cereal containing inulin on the intestinal
milieu and blood lipids in healthy male volunteers. Eur J Clin Nutr
1999;53:726–33.
Tuohy KM, Probert HM, Smejkal CW, Gibson GR. Using probiotics
and prebiotics to improve gut health. Drug Discov Today 2003;8:692–
700.
Gibson GR, Probert HM, Van Loo JAE, Roberfroid MB. Dietary
modulation of the human colonic microbiota: updating the concept of
prebiotics. Nutr Res Rev 2004;17:259–75.
Roberfroid MB. Inulin-type fructans: functional food ingredients.
Boca Raton, FL: CRC Press, 2005.
Cummings JH, Branch WJ. Fermentation and the production of short
chain fatty acids in the human large intestine. In: Vahonny GV,
Kritchevsky D, eds. Dietary fiber: basic and clinical aspects. New
York, NY: Plenum Press, 1986:131–49.
Jenkins DJ, Vuksan V, Kendall CW, Wursch P, Jeffcoat R, Waring S,
Mehling CC, Vidgen E, Augustin LS, Wong E. Physiological effects
of resistant starches on fecal bulk, short chain fatty acids, blood lipids
and glycemic index. J Am Coll Nutr 1998;17:609–16.
van Munster IP, Tangerman A, Nagengast FM. Effect of resistant
starch on colonic fermentation, bile acid metabolism, and mucosal
proliferation. Dig Dis Sci 1994;39:834–42.
Noakes M, Clifton PM, Nestel PJ, Le Leu R, McIntosh G. Effect of
high-amylose starch and oat bran on metabolic variables and bowel
function in subjects with hypertriglyceridemia. Am J Clin Nutr 1996;
64:944–51.
Phillips J, Muir JG, Birkett A, Lu ZX, Jones GP, O’Dea K, Young GP.
Effect of resistant starch on fecal bulk and fermentation-dependent
events in humans. Am J Clin Nutr 1995;62:121–30.
Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X,
Brown D, Stares MD, Scott P, Bergerat A, et al. Dominant and dietresponsive groups of bacteria within the human colonic microbiota.
ISME J 2011;5:220–30.
Ze X, Duncan SH, Louis P, Flint HJ. Ruminococcus bromii is a keystone species for the degradation of resistant starch in the human
colon. ISME J 2012;6:1535–43.
Cook SI, Sellin JH. Review article: short chain fatty acids in health
and disease. Aliment Pharmacol Ther 1998;12:499–507.
Roediger WE. Role of anaerobic bacteria in the metabolic welfare of
the colonic mucosa in man. Gut 1980;21:793–8.
Roediger WE. Utilization of nutrients by isolated epithelial cells of
the rat colon. Gastroenterology 1982;83:424–9.
Lampe JW, Chang JL. Interindividual differences in phytochemical
metabolism and disposition. Semin Cancer Biol 2007;17:347–53.
Setchell KD, Brown NM, Zimmer-Nechemias L, Brashear WT, Wolfe BE,
Kirschner AS, Heubi JE. Evidence for lack of absorption of soy
isoflavone glycosides in humans, supporting the crucial role of intestinal metabolism for bioavailability. Am J Clin Nutr 2002;76:447–
53.

Downloaded from ajcn.nutrition.org by Carlos Solis on August 3, 2015

74.

WONG

GUT MICROBIOTA AND CARDIOMETABOLIC HEALTH

125. Rowland IR, Wiseman H, Sanders TA, Adlercreutz H, Bowey EA.
Interindividual variation in metabolism of soy isoflavones and lignans: influence of habitual diet on equol production by the gut microflora. Nutr Cancer 2000;36:27–32.
126. Meyer BJ, Larkin TA, Owen AJ, Astheimer LB, Tapsell LC, Howe
PR. Limited lipid-lowering effects of regular consumption of whole
soybean foods. Ann Nutr Metab 2004;48:67–78.
127. Arai Y, Uehara M, Sato Y, Kimira M, Eboshida A, Adlercreutz H,
Watanabe S. Comparison of isoflavones among dietary intake, plasma
concentration and urinary excretion for accurate estimation of phytoestrogen intake. J Epidemiol 2000;10:127–35.
128. Akaza H, Miyanaga N, Takashima N, Naito S, Hirao Y, Tsukamoto T,
Fujioka T, Mori M, Kim WJ, Song JM, et al. Comparisons of percent
equol producers between prostate cancer patients and controls: casecontrolled studies of isoflavones in Japanese, Korean and American
residents. Jpn J Clin Oncol 2004;34:86–9.
129. Morton MS, Arisaka O, Miyake N, Morgan LD, Evans BA. Phytoestrogen concentrations in serum from Japanese men and women
over forty years of age. J Nutr 2002;132:3168–71.
130. Setchell KD, Cole SJ. Method of defining equol-producer status and
its frequency among vegetarians. J Nutr 2006;136:2188–93.
131. Clerici C, Setchell KD, Battezzati PM, Pirro M, Giuliano V, Asciutti
S, Castellani D, Nardi E, Sabatino G, Orlandi S, et al. Pasta naturally
enriched with isoflavone aglycons from soy germ reduces serum
lipids and improves markers of cardiovascular risk. J Nutr 2007;137:
2270–8.
132. Gardner CD, Messina M, Kiazand A, Morris JL, Franke AA. Effect of
two types of soy milk and dairy milk on plasma lipids in hypercholesterolemic adults: a randomized trial. J Am Coll Nutr 2007;26:669–
77.
133. Wong JM, Kendall CW, Marchie A, Liu Z, Vidgen E, Holmes C,
Jackson CJ, Josse RG, Pencharz PB, Rao AV, et al. Equol status and
blood lipid profile in hyperlipidemia after consumption of diets
containing soy foods. Am J Clin Nutr 2012;95:564–71.
134. Bowey E, Adlercreutz H, Rowland I. Metabolism of isoflavones and
lignans by the gut microflora: a study in germ-free and human flora
associated rats. Food Chem Toxicol 2003;41:631–6.

Downloaded from ajcn.nutrition.org by Carlos Solis on August 3, 2015

115. Izumi T, Piskula MK, Osawa S, Obata A, Tobe K, Saito M, Kataoka S,
Kubota Y, Kikuchi M. Soy isoflavone aglycones are absorbed faster and
in higher amounts than their glucosides in humans. J Nutr 2000;130:
1695–9.
116. Setchell KD. Soy isoflavones—benefits and risks from nature’s selective estrogen receptor modulators (SERMs). J Am Coll Nutr 2001;
20(5 suppl):354S–62S; discussion 81S–3S.
117. Wong JM, Kendall CW, de Souza R, Emam A, Marchie A, Vidgen E,
Holmes C, Jenkins DJ. The effect on the blood lipid profile of soy
foods combined with a prebiotic: a randomized controlled trial. Metabolism 2010;59:1331–40.
118. Greany KA, Nettleton JA, Wangen KE, Thomas W, Kurzer MS.
Probiotic consumption does not enhance the cholesterol-lowering
effect of soy in postmenopausal women. J Nutr 2004;134:3277–83.
119. Larkin TA, Astheimer LB, Price WE. Dietary combination of soy
with a probiotic or prebiotic food significantly reduces total and LDL
cholesterol in mildly hypercholesterolaemic subjects. Eur J Clin Nutr
2009;63:238–45.
120. Setchell KD, Brown NM, Lydeking-Olsen E. The clinical importance
of the metabolite equol-a clue to the effectiveness of soy and its
isoflavones. J Nutr 2002;132:3577–84.
121. Thorp AA, Howe PR, Mori TA, Coates AM, Buckley JD, Hodgson J,
Mansour J, Meyer BJ. Soy food consumption does not lower LDL
cholesterol in either equol or nonequol producers. Am J Clin Nutr
2008;88:298–304.
122. Setchell KD, Faughnan MS, Avades T, Zimmer-Nechemias L, Brown
NM, Wolfe BE, Brashear WT, Desai P, Oldfield MF, Botting NP, et al.
Comparing the pharmacokinetics of daidzein and genistein with the
use of 13C-labeled tracers in premenopausal women. Am J Clin Nutr
2003;77:411–9.
123. Hall WL, Vafeiadou K, Hallund J, Bugel S, Reimann M, Koebnick C,
Zunft HJ, Ferrari M, Branca F, Dadd T, et al. Soy-isoflavone-enriched
foods and markers of lipid and glucose metabolism in postmenopausal
women: interactions with genotype and equol production. Am J Clin
Nutr 2006;83:592–600.
124. Lampe JW, Karr SC, Hutchins AM, Slavin JL. Urinary equol excretion with a soy challenge: influence of habitual diet. Proc Soc Exp
Biol Med 1998;217:335–9.

377S

