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ABSTRACT The gut microbiome, composed of the colonic microbiota and their host
environment, is important for many aspects of human health. A gut microbiome
imbalance (gut dysbiosis) is associated with major causes of human morbidity and
mortality. Despite the central part our gut microbiome plays in health and disease,
mechanisms that maintain homeostasis and properties that demarcate dysbiosis remain
largely undefined. Here we discuss that sorting taxa into meaningful ecological units
reveals that the availability of respiratory electron acceptors, such as oxygen, in the host
environment has a dominant influence on gut microbiome health. During homeosta-
sis, host functions that limit the diffusion of oxygen into the colonic lumen shelter a
microbial community dominated by primary fermenters from atmospheric oxygen. In
turn, primary fermenters break down unabsorbed nutrients into fermentation products
that support host nutrition. This symbiotic relationship is disrupted when host functions
that limit the luminal availability of host-derived electron acceptors become weakened.
The resulting changes in the host environment drive alterations in the microbiota
composition, which feature an elevated abundance of facultatively anaerobic microbes.
Thus, the part of the gut microbiome that becomes imbalanced during dysbiosis is the
host environment, whereas changes in the microbiota composition are secondary to this
underlying cause. This shift in our understanding of dysbiosis provides a novel starting
point for therapeutic strategies to restore microbiome health. Such strategies can either
target the microbes through metabolism-based editing or strengthen the host functions
that control their environment.

KEYWORDS gut microbiome, gut microbiota, dysbiosis, ecological guilds

dvances in high-throughput sequencing in the first decade of the 21st century

kicked off studies on host-associated microbial communities (the microbiota) using
culture-independent approaches. By providing detailed insights into the microbiota
composition, this methodology launched a new discipline focused on exploring the
human microbiome during health and disease (1). Microbiome research touches many
aspects of human health since changes in the fecal microbiota composition suggest
that a microbiome imbalance (dysbiosis) is associated with major causes of morbidity
and mortality (2), ranging from cardiovascular disease (3) to colorectal cancer (4, 5),
diabetes (6), chronic kidney disease (7), chronic liver disease (8), and even neurological
disorders(9) (Fig. 1). Changes in the fecal microbiota are relevant because they reflect
alterations in the composition of the colonic microbiota, which is by far the largest
community inhabiting our body (10) and an important source of microbial metabolites
that affect human health (11). Therefore, understanding the mechanisms that maintain
gut homeostasis and the ecological causes for its disruption during gut dysbiosis is
essential to answer central questions in human microbiome research.
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Mortality in the United States in 2022 Select diseases linked to an imbalance in the gut
microbiome

Heart Disease: 702,880

Cancer: 608,372

Accidents: 227,039

COVID-19: 186,552

Stroke: 265,393

Chronic lower respiratory disease: 147,382
Alzheimer's disease: 120,122

Diabetes: 101,209

Nephritis/nephrosis: 57,937

Chronic liver disease: 54,803
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FIG 1 A gut microbiome imbalance is associated with major causes of human morbidity and mortality. Left panel: Leading causes of human mortality in the

United States reported by the centers for disease control and prevention (2). Numbers indicate deaths recorded in 2022. Right panel: Select diseases linked to a

change in the fecal microbiota composition.

INTO DARKNESS

Studies performed prior to the advent of modern microbiome research had revealed that
host-associated microbial communities of invertebrates contain abundant core species
that are characteristic for a homeostatic host-associated microbial community. Perhaps,
the most striking example is the light organ of the bobtail squid, which selects for a
single bacterial species, Vibrio fisheri (12). These observations gave rise to the idea that
a first step in defining a “healthy” colonic microbiota is the identification of abundant
core species that we all share (13). Dysbiosis could then be defined as a change in the
core species content, commonly featuring a decrease in microbial diversity, an absence
of beneficial microbes or the presence of potentially harmful microorganisms (14).

However, this vision collapsed when the analysis of fecal microbiota from volunteers
revealed marked interpersonal differences in bacterial species content (15, 16). Unlike
invertebrates, where the same bacterial species are associated with hosts collected from
different geographical locations (17), the fecal microbiota of individuals from different
households exhibits only 2%-3% overlap at the species level, which makes it impossible
to identify abundant core species that are common to the colonic microbiota of humans
(15, 16). A selection of abundant core species by the host no longer seemed to be
a concept relevant for the human gut microbiota, thus upending the species-based
definitions of gut homeostasis and gut dysbiosis. In the absence of abundant core
species, gut homeostasis could no longer be defined by determining the microbial
species composition of the colonic microbiota. Consequently, gut dysbiosis could no
longer be defined as a change in the species composition either (18, 19). Since the terms
could not be defined, it was questioned whether homeostasis and dysbiosis even existed
(18, 20).

With a theoretical framework becoming more elusive, the microbiome field
turned to discovery-driven research to develop concepts about gut homeostasis
(21). The development of more advanced approaches, such as metagenomics,
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metatranscriptomics, and metabolomics, nourished the hope that a possible way out
of the conceptual crisis would be to scale up discovery-driven research because by
generating enough data, hypotheses about what constitutes gut homeostasis would
emerge eventually (22). This approach was embraced by the human microbiome project,
which generated 42 terabytes of multi-omics data by 2019 (23, 24). But even this
large-scale nation-wide effort did not reveal which features in microbiota data sets
define gut homeostasis or the disruption thereof (25).

The fact that scientists still do not agree on what constitutes a healthy microbiome
or how to define an impaired one (25) has plunged microbiome theory into darkness.
If the outcome of the human microbiome project is any indication, continuing down
the path of scaling up discovery-driven research to produce ever larger data sets is not
likely to succeed in establishing a conceptual framework for microbiome research. One
cannot help but think that the sole reliance on discovery-driven research has steered the
microbiome ship off course.

DISTILLING MICROBIOTA COMPLEXITY DOWN TO ITS ECOLOGICAL ESSENCE

To explore where human microbiome research strayed off course, let us first scrutinize
the premise that discovery-driven research is necessary because a theoretical framework
is largely still lacking in microbiome studies (21). The dominant influence the host exerts
on the microbiota composition is obvious in invertebrate models (26), where the host
epithelium selects for abundant core species (17, 27, 28). This concept was rejected as
a theoretical framework relevant for human microbiome research because the human
colonic microbiota does not contain abundant core species (15, 16). But what if the goal
is not to select for core species in the colonic microbiota but for ecological guilds, which
are groups of microorganisms that exploit environmental resources in a similar way (29)?
An ecological guild groups together microbial species that significantly overlap in their
niche requirements without regard to their taxonomic position. Therefore, a selection
for ecological guilds is not expected to result in a selection for abundant core species
common to the human colonic microbiota.

Microbiologists traditionally define ecological guilds based on their energy metab-
olism (30). This property is relevant for understanding the composition of microbial
consortia because microorganisms that produce the largest amount of energy have the
shortest generation times (31) and come to dominate microbial communities. Energy
is produced in redox reactions where the transfer of electrons from a carbon-based
donor, such as glucose, to an electron acceptor, such as oxygen (O,), is captured
in form of adenosine triphosphate (ATP) through either substrate level phosphoryla-
tion or oxidative phosphorylation. The amount of ATP generated from an organic
compound (i.e., from a carbon-based donor) increases with the redox potential of the
electron acceptor, which is highest for oxygen. This thermodynamic hierarchy of electron
acceptors dictates that microbes that use oxygen dominate microbial communities
under oxic conditions (32, 33). These microorganisms belong to one of two ecological
guilds: (i) the aerobic microbes, which cannot grow in the absence of oxygen, or (ii) the
facultatively anaerobic microbes, which can also grow under anaerobic conditions (34,
35). In contrast, nutrient-rich anoxic environments are dominated by an ecological guild
termed the primary fermenters (36). Primary fermenters break down organic compounds
into fermentation products using endogenous electron acceptors, such as pyruvate
or phosphoenolpyruvate. These fermentation products are broken down further by
secondary fermenters (37), sulfate-reducing bacteria (38), iron-reducing bacteria (39),
and methanogens (40, 41), but representatives of these ecological guilds are minority
species within nutrient-rich anoxic environments. The theorem that a hierarchy of
electron acceptor utilization governs the abundance of ecological guilds in microbial
communities is known as the microbial redox tower.

The use of ecological guilds allows for comparative studies among the fecal
microbiota from different individuals even when there is no direct overlap in species
composition. During homeostasis, the colonic microbiota is dominated by bacterial
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species belonging to the class Actinomycetia in breast-fed infants (42), whereas members
of the classes Bacteroidia and Clostridia dominate in adults (1). The class-level change
in the colonic microbiota composition during weaning is driven by an abrupt shift in
the dietary input. Bifidobacterium longum subspecies infantis (B. infantis), a member
of the Actinomycetia, is a primary fermenter that specializes in catabolizing human
milk oligosaccharides, a component of breast milk (43). Human milk oligosaccharides
are poorly absorbed in the ileum and reach the colon, where they drive intestinal
domination of B. infantis in breast-fed infants (42). After weaning, fermentable carbohy-
drates in the diet select for primary fermenters that display a taxonomic affinity for the
classes Bacteroidia and Clostridia. In a first approximation, poorly absorbed fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAPs) present in
the diet are preferentially fermented by Clostridia species (44, 45), whereas Bacteroidia
species specialize in breaking down undigested complex carbohydrates (i.e., fiber) into
fermentation products (46). Importantly, despite marked changes in taxonomic identity,
the colonic microbiota of breast-fed infants and of healthy adults are both homeostatic
communities dominated by the same ecological guild: the primary fermenters. Other
ecological guilds that are present exhibit a low abundance, which includes secondary
fermenters belonging to the class Clostridia (47), sulfate-reducing bacteria belonging to
the class Deltaproteobacteria (48), methanogens belonging to the domain Archaea (49),
as well as iron-reducing bacteria and facultatively anaerobic bacteria belonging to the
classes Bacilli (50, 51) and Gammaproteobacteria (52).

In short, although homeostasis can feature marked shifts in abundant taxonomic
groups within the colonic microbiota, the ecological guild composition remains
dominated by primary fermenters that best suit the host’s dietary input (Fig. 2). Thus,
whereas dietary input can rapidly and reproducibly change the taxonomic composition
of the gut microbiota (53), homeostasis is maintained so long as primary fermenters
continue to dominate.

HIDING IN PLAIN SIGHT: A THEORETICAL FRAMEWORK FOR HUMAN GUT
MICROBIOME RESEARCH

In contrast to gut homeostasis, the dominance of primary fermenters is challenged in
impaired colonic microbial communities by facultatively anaerobic microbes (54, 55), an
ecological guild that represents less than 1% of the fecal microbiota during homeostasis
(1) (Fig. 2). An elevated relative abundance of facultatively anaerobic Bacillus and/or
Gammaproteobacteria species is seen in patients with cardiovascular disease (3),
colorectal cancer (5), cancer-associated cachexia (56), radiation enteritis during radio-
therapy (57), Alzheimer’s disease (58), type 1 diabetes (59), chronic kidney disease (7),
chronic liver disease (60), inflammatory bowel disease (61), graft vs host disease (62),
severe malnutrition (63), and chronic inflammation during aging (64). This increased
abundance of facultatively anaerobic bacteria is one of the most consistent and robust
ecological patterns observed in the fecal microbiota of patients with chronic human
diseases (54, 65) (Fig. 1). Thus, a guild-based comparison of homeostatic and impaired
microbial communities reveals a shift in abundant ecological guilds.

In summary, by focusing on trophic strategies, the ecological guild conceptual
framework offers a different perspective on the composition of the colonic microbiota
than metrics based on species richness or taxonomic identity. The concept of ecological
guilds is attractive because it provides a way to distill taxonomically complex communi-
ties, such as the gut microbiota, into more manageable ecological units. Even though the
human colonic microbiota does not contain abundant core species (15, 16), sorting
species into ecological guilds reveals that disruption of gut homeostasis is characterized
by a shift from a community dominated by primary fermenters to intestinal domination
by facultatively anaerobic bacteria. Such a change in abundant ecological guilds can be
explained by the microbial redox tower (66, 67), a microbiological concept that rests on
aggregated scientific knowledge accumulated since the 1960s. This raises the question
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FIG 2 The gut microbiome in health and disease. Comparison of the healthy colon (bottom left) and the inflamed colon (bottom right). The area of

magnification shows a schematic of the ecological guild composition characteristic of the normal colon (left) and the inflamed colon (right). The pie charts below

indicate the abundance of ecological guilds during homeostasis (left) or in individuals with the indicated diseases (right). O,, oxygen; Hy, hydrogen; CO,, carbon

dioxide; CHg4, methane; Fe*, ferric iron; Fe**, ferrous iron; H,S, hydrogen sulfide; SCFA, short-chain fatty acids; NO, nitric oxide; Arg, arginine; Cit, citrulline; O,

superoxide; HyO,, hydrogen peroxide, H,0, water; NO3”, nitrate; NO,, nitrite; N»O, nitrous oxide; N3, nitrogen; NH4, ammonium; SOD, superoxide dismutase; CAT,

catalase; iNOS, inducible nitric oxide synthase; NOX2, phagocyte NADPH oxidase.

whether the elusive theoretical framework for gut microbiome sciences (21, 68) is an
already well-established microbiological theorem that is hiding in plain sight.

GUT HOMEOSTASIS AND THE ECOLOGICAL CAUSES FOR ITS DISRUPTION

Let us first explore whether the concept of the microbial redox tower helps explain
how the host maintains gut homeostasis. Sorting species into ecologically meaningful
categories suggests that homeostasis in the colon is characterized by a dominance
of primary fermenters, an ecological guild composition that is typical for nutrient-rich
anoxic environments (69). This observation would suggest that the host maintains
gut homeostasis by actively sheltering primary fermenters from atmospheric oxygen.
Consistent with this idea, a comparison of cecal environments in conventional and
germ-free mice reveals that both luminal environments feature anaerobic conditions,
suggesting that anaerobiosis is maintained by the host independently of the microbiota
(70). The underlying mechanism is high mitochondrial oxygen consumption in the
epithelium of the large intestine that renders the mucosal surface hypoxic (<1% O,)
(71), thereby limiting the diffusion of oxygen into the intestinal lumen (72, 73). In
turn, the anaerobic conditions maintained in the intestinal lumen through epithelial
hypoxia promote the growth of primary fermenters best suited for breaking down those
components of our diet that escape digestion and absorption by host enzymes in the
small intestine (42-46). Fermentation products produced by primary fermenters are then
absorbed by the host for nutrition (74). Providing shelter from atmospheric oxygen,
so that unabsorbed components of our diet can be broken down into fermentation
products that aid host nutrition, represents an ancient agreement between us and
primary fermenters in our colon. This mutually beneficial arrangement represents a state
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of gut homeostasis that is preserved by host functions involved in upholding epithelial
hypoxia in the large intestine (75-77).

Homeostasis becomes disrupted when the dominance of primary fermenters in the
colonic microbiota is challenged by facultatively anaerobic bacteria (54), a change
in the ecological guild composition that more closely resembles oxic environments
(34). The theorem of the microbial redox tower predicts that such a change in the
ecological guild composition involves thermodynamic filtering by electron acceptors,
such as oxygen. Oxygen can become available when the colonic epithelium shifts its
energy metabolism from high oxygen consumption through oxidative phosphorylation
in the mitochondria to a conversion of glucose into lactate (aerobic glycolysis) (72). A
shift from mitochondrial oxygen consumption to aerobic glycolysis elevates epithelial
oxygenation, which enhances the diffusion of oxygen into the intestinal lumen (75). This
metabolic reprogramming of epithelial cells is observed during high-fat diet (78, 79),
infectious colitis (80, 81), chemical-induced colitis (82), in mouse models of colorectal
cancer (83), graft vs host disease (84), as well as after antibiotic treatment (72, 85).
In turn, increased diffusion of oxygen into the lumen (73) fuels the growth of faculta-
tively anaerobic microbes in the large intestine through aerobic respiration (72, 80-83),
thereby increasing the abundance of this ecological guild (Fig. 2).

Oxygen can also become available through the detoxification of reactive oxy-
gen species that are generated when phagocytes migrate into the intestinal lumen
during conditions of intestinal inflammation (86). The phagocyte nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase initially depletes oxygen to generate reactive
oxygen species (O + NADPH — O,~ NADP*), which produces microenvironmental
hypoxia at sites of inflammation (87). However, detoxification of superoxide radicals (O57)
by superoxide dismutase (20,” + 2H* = H,0; + O5) and of hydrogen peroxide (H,0;)
by catalase (2H,0; — O; + 2H,0) liberates oxygen to drive an increase in the luminal
abundance of facultatively anaerobic bacteria through aerobic respiration (86).

A second respiratory electron acceptor contributing to thermodynamic filtering in
oxic environments is nitrate (NO37), which has a redox potential that is second only to
oxygen (35). Nitrate becomes available in the colonic environment when homeostasis is
disrupted by inflammatory responses. Colonic inflammation is accompanied by elevated
synthesis of inducible nitric oxide synthase (iNOS), a host enzyme producing nitric oxide
(NO), which reacts with superoxide radicals (O,7) generated by NADPH oxidases to form
host-derived nitrate in the intestinal lumen (88-91). Elevated luminal concentrations
of host-derived nitrate in the colon (92-94) increase the abundance of facultatively
anaerobic bacteria through anaerobic nitrate respiration in mouse models of infectious
colitis (92, 93), ulcerative colitis (95), high-fat diet (78), antibiotic treatment (72, 96),
cancer-associated cachexia (56), and colorectal cancer (97).

Although the host is the source of oxygen and nitrate present in the colonic lumen,
the availability of these electron acceptors is modulated by diet and the microbiota.
High fat intake, for instance, can increase epithelial oxygenation in the colon by reducing
mitochondrial activity (78). Similarly, the depletion of short-chain fatty acid-producing
microbes results in the loss of epithelial hypoxia by reducing mitochondrial oxygen
consumption (71, 72). Furthermore, when a facultatively anaerobic microbe enters the
ecosystem, the availability of respiratory electron acceptors is shaped by competition
with resident members of this ecological guild (85, 98-100).

Collectively, these data support the idea that colonic homeostasis is disrupted
when host functions that shelter primary fermenters from oxic environments become
weakened. The resulting shift from an anoxic to an oxic environment sets the stage for
colonic domination by facultatively anaerobic microorganisms (75-77, 101-103) (Fig. 2),
a hallmark of the compositional changes in the fecal microbiota that are linked to many
chronic human illnesses (3-9) (Fig. 1). These insights suggest that it would be timely to
incorporate the ecological guild concept into pipelines for analyzing metagenomic or
metatranscriptomic data sets, e.g., by flagging changes in the abundance of respiratory
genes (44, 104).
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DYSBIOSIS: TO BE OR NOT TO BE, THAT IS THE QUESTION

Although a disruption of colonic homeostasis features a change in the ecological guild
composition, it is not warranted to revive the concept that dysbiosis can be defined by
compositional changes in the gut microbiota. The focus on compositional changes is
rooted in a microbe-centric view of the term microbiome, which was originally defined
as the collection of all microbes and their genes (105). This narrow definition of the
microbiome limits definitions of dysbiosis to microbial features (14), which remains
controversial (18, 19). Furthermore, the absence of abundant core species in the gut
microbiota deprives us of a unit of measurement to quantify health. The question is
whether the term dysbiosis should be rejected (18, 19) or whether its definition should
be revisited after correcting the actual problem, which is defining the term microbiome
too narrowly (106).

There is a growing consensus that microbes and their genes comprise only one
part of our microbiome, which is defined ecologically as the microbiota and its host
environment (107, 108). Broadening the definition of the term microbiome is not mere
semantics. Including the host environment in the definition introduces the idea that
a microbiome imbalance might not be triggered by changes in the microbiota com-
position, but by an underlying change in the host environment (106). In the colon,
for instance, homeostasis is maintained by host functions that limit the availability of
oxygen and nitrate to create an anoxic environment favoring the growth of primary
fermenters that are best suited for the host’s dietary input (66, 109, 110). A weaken-
ing of these host functions results in an increased availability of host-derived electron
acceptors in the colonic lumen, which represents a shift toward an oxic environment (77,
106, 109). The transition from primary fermenters to facultatively anaerobic microbes is a
useful biomarker for an underlying weakening of host functions involved in maintaining
homeostasis (65). Based on an ecological microbiome definition (107, 108), these host
functions, along with the environmental parameters they control, are an integral part of
the microbiome. Importantly, the part of the microbiome that triggers a disruption of
gut homeostasis is a change in the host environment, whereas changes in the microbiota
composition merely serve as a biomarker for this underlying cause (65, 75). Thus, it
has been proposed that dysbiosis should not be defined based on species richness or
taxonomic identity, but that it generally represents a state of weakened host control over
the microbial environment (77, 101, 103, 106, 109). This ecological definition of dysbiosis
is no longer subject to the fatal limitations that haunt classifications based on taxonomic
composition (18, 19). Furthermore, parameters such as the luminal concentration of
oxygen or nitrate in the colon can be measured, at least in theory, to determine a normal
range in healthy individuals and diagnose gut dysbiosis in individuals in whom these
concentrations rise above the normal range.

TOWARD TRANSLATING MICROBIOME RESEARCH INTO CLINICAL INTERVEN-
TIONS

The picture emerging from this analysis is that adopting the microbial redox tower
as a theoretical framework goes a long way in helping to understand what consti-
tutes a healthy gut microbiome and how to define gut dysbiosis (77). This theorem
suggests that increased luminal concentrations of oxygen and nitrate, a hallmark of
dysbiosis in the colon, drive changes in the microbiota composition, which, in turn, can
exacerbate the disease (103). Whereas thermodynamic filtering by respiratory electron
acceptors is a common driver for changes in the fecal microbiota composition associ-
ated with numerous important human illnesses (Fig. 1), the causative effects these
compositional changes have on disease progression differ for each condition. Increased
luminal concentrations of nitrate, for example, can boost the production of uremic
toxins by facultatively anaerobic Enterobacteriaceae (78), which exacerbates cardiovascu-
lar disease (111, 112). In mouse models of colorectal cancer, increased luminal concen-
trations of oxygen or nitrate can accelerate polyp formation by driving a bloom of
facultatively anaerobic Escherichia coli strains that produce the toxin colibactin (83, 97). In
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immunocompromised individuals, increased oxygen availability induced by prophylactic
antibiotics sets the stage for intestinal domination by facultatively anaerobic opportun-
istic pathogens, such as Enterobacteriaceae (72) or Candida albicans (85), which is a
common cause of invasive bloodstream infections in these patients (113, 114).

With a framework of aggregated scientific knowledge now at hand, discovery-driven
research can be replaced by formulating and testing meaningful hypotheses. An obvious
hypothesis to test is the idea that the negative consequences of dysbiosis on health can
be mitigated by either blocking microbial respiratory pathways that drive compositional
changes or strengthening host functions that limit access to oxygen and nitrate in the
lumen. Below, we describe recent work testing this hypothesis using mouse models.

Respiratory pathways that drive a dominance of facultatively anaerobic bacteria
during dysbiosis in the colon employ several enzymes that contain a molybdenum
(Mo)-containing cofactor (molybdopterin) in their active site (115). Tungsten (W) can
replace molybdenum in molybdopterin, resulting in the inactivation of the cofactor in
Gammaproteobacteria (116), a taxon that has been implicated in exacerbating intestinal
inflammation in mouse colitis models (117, 118). A contribution of microbes to intestinal
inflammation is relevant for ulcerative colitis, where genetic risk factors and environmen-
tal risk factors cooperate to generate inappropriate mucosal immune responses that
are driven by the microbiota (119). The fecal microbiota composition in patients with
ulcerative colitis features an elevated abundance of facultatively anaerobic bacteria,
including Gammaproteobacteria (61). In mouse models of ulcerative colitis, sodium
tungstate (Na,WO,) administration selectively blunts an expansion of Gammaproteobac-
teria by blocking their respiratory metabolism, which in turn reduces intestinal inflamma-
tion (118).

The gut microbiota is among the environmental factors implicated in the patho-
genesis of colorectal cancer (120), the third most diagnosed cancer worldwide (121).
One of the pathobionts implicated in causing colorectal cancer in a mouse model
are colibactin-producing E. coli, a facultatively anaerobic bacterium that exhibits an
elevated fecal abundance in patients with colorectal cancer (5). Metabolism-based
editing of the microbiota with sodium tungstate blocks a bloom of colibactin-producing
E. coli in a mouse model of colorectal cancer, thereby reducing polyp formation (97).
These examples illustrate that negative consequences of gut dysbiosis on host health
can be mitigated by blocking microbial respiratory pathways that drive a dominance
of facultative anaerobic bacteria in the colon and should be explored as potential
therapeutic interventions.

An alternative to targeting microbes with metabolism-based interventions is to
devise therapeutic strategies that activate host functions to limit microbial access to
oxygen. One host pathway involved in maintaining epithelial hypoxia in the colon
is epithelial peroxisome proliferator-activated receptor gamma (PPAR-y) signaling (72).
During homeostasis, the microbiota-derived short-chain fatty acid butyrate activates
epithelial PPAR-y signaling to maintain high mitochondrial oxygen consumption in the
colonic epithelium, which, in turn, preserves epithelial hypoxia (71, 72). Conversely, an
increase in epithelial oxygenation features a reduction in epithelial PPAR-y signaling and
decreased mitochondrial oxygen consumption (72). Epithelial hypoxia can be restored
by treatment with 5-amino salicylic acid (5-ASA), a PPAR-y agonist (122) that is poorly
absorbed in the small intestine (123) and acts on the colonic epithelium (82). By reducing
the bioavailability of oxygen in the lumen, treatment with 5-ASA blocks excessive
growth of colibactin-producing E. coli in the colon, thereby preventing colorectal cancer
formation in a mouse model (83).

Anaerobiosis in the colon also limits the growth of facultatively anaerobic fungi.
Increased epithelial oxygenation during antibiotic treatment (71, 72) sets the stage for a
bloom of the facultatively anaerobic Candida albicans, an opportunistic fungal patho-
gen. An intestinal bloom of C. albicans during antibiotic therapy is the most common
etiology of candidemia in patients with hematologic malignancies (114), which carries a
high mortality rate (124-127). Treatment with 5-ASA restores epithelial hypoxia during
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antibiotic treatment, thereby restoring anaerobiosis to limit an intestinal bloom of the
facultatively anaerobic C. albicans in a mouse model (85). Thus, a strengthening of host
functions that limit access to oxygen in the colonic lumen can alleviate some of the
negative consequences linked to a colonic bloom of facultatively anaerobic microbes,
such as colibactin-producing E. coli or C. albicans.

Metabolic reprogramming of the colonic epithelium has also been linked to the
production of uremic toxins (78). Uremic toxins are metabolites exclusively produced by
the gut microbiota, which have been implicated in the pathogenesis of chronic kidney
disease (128, 129) and cardiovascular disease (111, 112). One of these uremic toxins
is trimethylamine-N-oxide (TMAO), which is produced in the liver through oxidation
of microbiota-derived trimethylamine (TMA) by flavin monooxygenases (130). TMA is
produced by the gut microbiota from carnitine or choline present in red meat (112).
TMAO is elevated in the plasma of patients with cardiovascular disease (111, 112, 131),
chronic kidney disease (132), and type 2 diabetes (133). The latter is a common cause
of chronic kidney disease (134). The fecal microbiota of patients diagnosed with these
conditions commonly feature an elevated abundance of Gammaproteobacteria species,
such as E. coli (3, 6, 7, 135). Mice on a high fat diet, which is a risk factor for type 2
diabetes and cardiovascular disease (136), exhibit an elevated E. coli abundance in the
feces (137) and an increased luminal concentration of host-derived nitrate generated
by low-grade mucosal inflammation (78). In the presence of host-derived nitrate, E.
coli becomes a prominent producer of TMA within the gut microbiota because nitrate
stimulates choline catabolism (78). However, an increase in the TMAO serum levels in
mice receiving a high-fat diet supplemented with choline can be prevented by blocking
nitrate production with aminoguanidine (78), a chemical inhibitor of the host enzyme
iNOS (138). This work suggests that therapeutic interventions that limit the availability
of host-derived nitrate in the colonic lumen can prevent the production of harmful
metabolites during gut dysbiosis.

Adverse consequences of gut dysbiosis are not limited to an increased abundance of
facultatively anaerobic microbes but can also be associated with a reduced abundance
of primary fermenters. For example, a low abundance of Clostridia species in the fecal
microbiota can result from impaired microbiota recovery after antibiotic treatment
when anaerobiosis is disrupted because a diet rich in saturated fatty acids reduces
epithelial PPAR-y signaling (79). Clostridia species are the main source in the colonic
microbiota of sorbitol dehydrogenase, the enzyme catalyzing the first step in sorbitol
catabolism (44). Sorbitol is an alcoholic sugar that is poorly absorbed by the small
intestine, resulting in a low caloric content that makes it suitable as a low-calorie
sweetener in “sugar-free” foods (139). When Clostridia species are depleted, sorbitol
accumulates in the intestinal lumen (45), resulting in osmotic diarrhea (140). Through this
mechanism, a high-fat diet-induced impairment of microbiota recovery after antibiotic
treatment produces sorbitol intolerance (44), the third most common cause of carbo-
hydrate intolerance (141). Activation of epithelial PPAR-y signaling by treatment with
5-ASA restores epithelial hypoxia even in the face of high fat intake, thereby promoting
microbiota recovery after antibiotic treatment to prevent the development of prolonged
sorbitol intolerance in a mouse model (44). In short, a strengthening of host functions
that limit access to oxygen in the colonic lumen helps erase some of the adverse effects
on host health that are linked to a reduced abundance of primary fermenters during gut
dysbiosis.

In conclusion, by shining light on the ecological causes of gut dysbiosis, the theorem
of the microbial redox tower opens a new chapter in the development of intervention
strategies, which can target either microbial energy metabolism or host functions that
limit access to electron acceptors. Mouse models suggest that these strategies could be
adapted to a wide spectrum of conditions, such as colorectal cancer (83, 97), chronic
kidney disease (78), cardiovascular disease (78), sorbitol intolerance (44), opportunistic
Candida infections (85), ulcerative colitis (118), and perhaps many others. More work is
needed to translate these preclinical data into clinical interventions, which will require
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microbiome researchers to embrace the microbial redox tower and its implications
for understanding gut homeostasis and gut dysbiosis. Given the importance of the
colonic microbiota for human health, the development of these intervention strategies
represents an impactful sector within the field of human microbiome research.

ACKNOWLEDGMENTS

Work in A.J.Bs laboratory was supported by project NNFSA210073688 from the Novo
Nordisk Foundation, and by Public Health Service Grants DK138912, Al096528, Al112949,
and Al112445. AJB. and J.-Y.L. are supported by award 20230029 from the Kenneth
Rainin Foundation. AJ.B. and D.J.B. are supported by a UC Davis School of Medicine
Cultivating Team Science Award. H.PS. was supported by Al161850. H.PS. and D.J.B.
were supported by the National Center for Advancing Translational Sciences award TL1
TR000133 (H.P.S.) and UL1 TR001860 (D.J.B.).

AUTHOR AFFILIATIONS

'Department of Medical Microbiology and Immunology, School of Medicine, University
of California Davis, Davis, California, USA

’Department of Internal Medicine, Division of Infectious Diseases, School of Medicine,
University of California Davis, Sacramento, California, USA

*Department of Pathology Microbiology and Immunology, School of Veterinary
Medicine, University of California Davis, Davis, California, USA

AUTHOR ORCIDs

Andreas J. Baumler (2 http://orcid.org/0000-0001-9152-7809

FUNDING

Funder Grant(s) Author(s)

Infection and Immunity

HHS | National Institutes ~ DK138912,A1096528,A1112949,A1112445 Andreas J. Baumler
of Health (NIH)

Kenneth Rainin Founda- 20230029
tion (KRF)

Jee-Yon Lee
Andreas J. Baumler

AUTHOR CONTRIBUTIONS

Jee-Yon Lee, Writing — original draft | Derek J. Bays, Writing - original draft | Hannah P.

Savage, Writing — original draft | Andreas J. Baumler, Writing — original draft

REFERENCES

1.

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M,
Gill SR, Nelson KE, Relman DA. 2005. Diversity of the human intestinal
microbial flora. Science 308:1635-1638. https://doi.org/10.1126/
science.1110591

Ahmad FB, Cisewski JA, Xu J, Anderson RN. 2023. Provisional mortality
data — United States, 2022. MMWR Morb Mortal Wkly Rep 72:488-492.
https://doi.org/10.15585/mmwr.mm7218a3

Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, Petranovic D,
Béckhed F, Nielsen J. 2012. Symptomatic atherosclerosis is associated
with an altered gut metagenome. Nat Commun 3:1245. https://doi.org/
10.1038/ncomms2266

Wu S, Rhee KJ, Albesiano E, Rabizadeh S, Wu X, Yen HR, Huso DL,
Brancati FL, Wick E, McAllister F, Housseau F, Pardoll DM, Sears CL. 2009.
A human colonic commensal promotes colon tumorigenesis via
activation of T helper type 17 T cell responses. Nat Med 15:1016-1022.
https://doi.org/10.1038/nm.2015

Arthur JC, Perez-Chanona E, Mihlbauer M, Tomkovich S, Uronis JM, Fan
T-J, Campbell BJ, Abujamel T, Dogan B, Rogers AB, Rhodes JM, Stintzi A,
Simpson KW, Hansen JJ, Keku TO, Fodor AA, Jobin C. 2012. Intestinal

November 2024 Volume 92 Issue 11

inflammation targets cancer-inducing activity of the microbiota.
Science 338:120-123. https://doi.org/10.1126/science.1224820

QinJ, LiY,Cai Z, LiS, Zhu J, Zhang F, Liang S, Zhang W, Guan Y, Shen D,
et al. 2012. A metagenome-wide association study of gut microbiota in
type 2 diabetes. Nature New Biol 490:55-60. https://doi.org/10.1038/
nature11450

Hida M, Aiba Y, Sawamura S, Suzuki N, Satoh T, Koga Y. 1996. Inhibition
of the accumulation of uremic toxins in the blood and their precursors
in the feces after oral administration of Lebenin, a lactic acid bacteria
preparation, to uremic patients undergoing hemodialysis. Nephron
74:349-355. https://doi.org/10.1159/000189334

Sabino J, Vieira-Silva S, Machiels K, Joossens M, Falony G, Ballet V,
Ferrante M, Van Assche G, Van der Merwe S, Vermeire S, Raes J. 2016.
Primary sclerosing cholangitis is characterised by intestinal dysbiosis
independent from IBD. Gut 65:1681-1689. https://doi.org/10.1136/
gutjnl-2015-311004

Zhang L, Wang Y, Xiayu X, Shi C, Chen W, Song N, Fu X, Zhou R, Xu YF,
Huang L, Zhu H, Han Y, Qin C. 2017. Altered gut microbiota in a mouse

10.1128/iai.00302-24 10


https://doi.org/10.1126/science.1110591
https://doi.org/10.15585/mmwr.mm7218a3
https://doi.org/10.1038/ncomms2266
https://doi.org/10.1038/nm.2015
https://doi.org/10.1126/science.1224820
https://doi.org/10.1038/nature11450
https://doi.org/10.1159/000189334
https://doi.org/10.1136/gutjnl-2015-311004
https://doi.org/10.1128/iai.00302-24

Minireview

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

November 2024 Volume 92

model of Alzheimer’s Disease. J Alzheimers Dis 60:1241-1257. https://
doi.org/10.3233/JAD-170020

Sender R, Fuchs S, Milo R. 2016. Revised estimates for the number of
human and bacteria cells in the body. PLoS Biol 14:e1002533. https://
doi.org/10.1371/journal.pbio.1002533

Levy M, Blacher E, Elinav E. 2017. Microbiome, metabolites and host
immunity. Curr Opin Microbiol 35:8-15. https://doi.org/10.1016/j.mib.
2016.10.003

Ruby EG. 1996. Lessons from a cooperative, bacterial-animal associa-
tion: the Vibrio fischeri-Euprymna scolopes light organ symbiosis. Annu
Rev Microbiol 50:591-624. https://doi.org/10.1146/annurev.micro.50.1.
591

Shade A, Handelsman J. 2012. Beyond the Venn diagram: the hunt for a
core microbiome. Environ Microbiol 14:4-12. https://doi.org/10.1111/j.
1462-2920.2011.02585.x

Petersen C, Round JL. 2014. Defining dysbiosis and its influence on host
immunity and disease. Cell Microbiol 16:1024-1033. https://doi.org/10.
1111/cmi.12308

Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet J-P, Ugarte E,
Munoz-Tamayo R, Paslier DLE, Nalin R, Dore J, Leclerc M. 2009. Towards
the human intestinal microbiota phylogenetic core. Environ Microbiol
11:2574-2584. https://doi.org/10.1111/j.1462-2920.2009.01982.x
Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE,
Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M, Henrissat B, Heath
AC, Knight R, Gordon JI. 2009. A core gut microbiome in obese and lean
twins. Nat New Biol 457:480-484. https://doi.org/10.1038/nature07540
Franzenburg S, Walter J, Kiinzel S, Wang J, Baines JF, Bosch TCG, Fraune
S. 2013. Distinct antimicrobial peptide expression determines host
species-specific bacterial associations. Proc Natl Acad Sci U S A
110:E3730-E3738. https://doi.org/10.1073/pnas.1304960110

Olesen SW, Alm EJ. 2016. Dysbiosis is not an answer. Nat Microbiol
1:16228. https://doi.org/10.1038/nmicrobiol.2016.228

Walker AW, Hoyles L. 2023. Human microbiome myths and misconcep-
tions. Nat Microbiol 8:1392-1396. https://doi.org/10.1038/s41564-023-
01426-7

Yong E. 2014. There is no “healthy” microbiome. New York The New
York Times

Tripathi A, Marotz C, Gonzalez A, Vazquez-Baeza Y, Song SJ, Bouslimani
A, McDonald D, Zhu Q, Sanders JG, Smarr L, Dorrestein PC, Knight R.
2018. Are microbiome studies ready for hypothesis-driven research?
Curr Opin Microbiol 44:61-69. https://doi.org/10.1016/j.mib.2018.07.
002

Mazzocchi F. 2015. Could big data be the end of theory in science? A
few remarks on the epistemology of data-driven science. EMBO Rep
16:1250-1255. https://doi.org/10.15252/embr.201541001

Human Microbiome Project C. 2012. Structure, function and diversity of
the healthy human microbiome. Nature New Biol 486:207-214. https://
doi.org/10.1038/nature11234

Integrative H. 2019. The integrative human microbiome project. Nat
New Biol 569:641-648. https://doi.org/10.1038/s41586-019-1238-8
Proctor L. 2019. Priorities for the next 10 years of human microbiome
research. Nature New Biol 569:623-625. https://doi.org/10.1038/
d41586-019-01654-0

Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S. 2017. The evolution
of the host microbiome as an ecosystem on a leash. Nature New Biol
548:43-51. https://doi.org/10.1038/nature23292

Fraune S, Abe Y, Bosch TCG. 2009. Disturbing epithelial homeostasis in
the metazoan Hydra leads to drastic changes in associated microbiota.
Environ Microbiol 11:2361-2369. https://doi.org/10.1111/j.1462-2920.
2009.01963.x

Fraune S, Bosch TCG. 2007. Long-term maintenance of species-specific
bacterial microbiota in the basal metazoan Hydra. Proc Natl Acad Sci U
S A 104:13146-13151. https://doi.org/10.1073/pnas.0703375104
Simberloff D, Dayan T. 1991. The guild concept and the structure of
ecological communities. Annu Rev Ecol Syst 22:115-143. https://doi.
org/10.1146/annurev.es.22.110191.000555

Wu G, Zhao N, Zhang C, Lam YY, Zhao L. 2021. Guild-based analysis for
understanding gut microbiome in human health and diseases. Genome
Med 13:22. https://doi.org/10.1186/s13073-021-00840-y

Issue 11

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Infection and Immunity

Stouthamer AH. 1973. A theoretical study on the amount of ATP
required for synthesis of microbial cell material. Antonie Van Leeuwen-
hoek 39:545-565. https://doi.org/10.1007/BF02578899

Stams AJM, Plugge CM. 2009. Electron transfer in syntrophic communi-
ties of anaerobic bacteria and archaea. Nat Rev Microbiol 7:568-577.
https://doi.org/10.1038/nrmicro2166

Schmitz RA, Daniel R, Deppenmeier U, Gottschalk G. 2006. The
anaerobic way of life, p 86-101. In Dworkin M (ed), Prokaryotes: a
handbook on the biology of bacteria, 3rd ed. Springer.

Stahl DA, Hullar M, Davidson S. 2006. The structure and function of
microbial communities, p 299-327. In Prokaryotes: a handbook on the
biology of bacteria, 3rd. Springer.

Nealson KH, Stahl DA. 1997. Microorganisms and biogeochemical
cycles: what can we learn from layered microbial communities. Geo
Inter Micro Min 35:5-34. https://doi.org/10.1515/9781501509247-003
Puertollano E, Kolida S, Yaqoob P. 2014. Biological significance of short-
chain fatty acid metabolism by the intestinal microbiome. Curr Opin
Clin Nutr Metab Care 17:139-144. https://doi.org/10.1097/MCO.
0000000000000025

Ragsdale SW, Pierce E. 2008. Acetogenesis and the Wood-Ljungdahl
pathway of CO2 fixation. Biochim Biophys Acta 1784:1873-1898. https:/
/doi.org/10.1016/j.bbapap.2008.08.012

Muyzer G, Stams AJM. 2008. The ecology and biotechnology of
sulphate-reducing bacteria. Nat Rev Microbiol 6:441-454. https://doi.
org/10.1038/nrmicro1892

Karimian N, Johnston SG, Burton ED. 2018. Iron and sulfur cycling in
acid sulfate soil wetlands under dynamic redox conditions: a review.
Chemosphere 197:803-816. https://doi.org/10.1016/j.chemosphere.
2018.01.096

Blaut M. 1994. Metabolism of methanogens. Antonie Van Leeuwenhoek
66:187-208. https://doi.org/10.1007/BF00871639

Liu'Y, Beer LL, Whitman WB. 2012. Methanogens: a window into ancient
sulfur metabolism. Trends Microbiol 20:251-258. https://doi.org/10.
1016/j.tim.2012.02.002

Roger LC, Costabile A, Holland DT, Hoyles L, McCartney AL. 2010.
Examination of faecal Bifidobacterium populations in breast- and
formula-fed infants during the first 18 months of life. Microbiology
(Reading) 156:3329-3341. https://doi.org/10.1099/mic.0.043224-0

Sela DA, Chapman J, Adeuya A, Kim JH, Chen F, Whitehead TR, Lapidus
A, Rokhsar DS, Lebrilla CB, German JB, Price NP, Richardson PM, Mills
DA. 2008. The genome sequence of Bifidobacterium longum subsp.
infantis reveals adaptations for milk utilization within the infant
microbiome. Proc Natl Acad Sci U S A 105:18964-18969. https://doi.
org/10.1073/pnas.0809584105

Lee J-Y, Tiffany CR, Mahan SP, Kellom M, Rogers AWL, Nguyen H,
Stevens ET, Masson HLP, Yamazaki K, Marco ML, Eloe-Fadrosh EA,
Turnbaugh PJ, Baumler AJ. 2024. High fat intake sustains sorbitol
intolerance after antibiotic-mediated Clostridia depletion from the gut
microbiota. Cell 187:1191-1205. https://doi.org/10.1016/j.cell.2024.01.
029

Tiffany CR, Lee J-Y, Rogers AWL, Olsan EE, Morales P, Faber F, Bdumler
AJ. 2021. The metabolic footprint of Clostridia and Erysipelotrichia
reveals their role in depleting sugar alcohols in the cecum. Microbiome
9:174. https://doi.org/10.1186/s40168-021-01123-9

El Kaoutari A, Armougom F, Gordon JI, Raoult D, Henrissat B. 2013. The
abundance and variety of carbohydrate-active enzymes in the human
gut microbiota. Nat Rev Microbiol 11:497-504. https://doi.org/10.1038/
nrmicro3050

Yang CL. 2018. Acetogen communities in the gut of herbivores and
their potential role in syngas fermentation. Ferment 4:40. https://doi.
org/10.3390/fermentation4020040

Gibson GR, Macfarlane GT, Cummings JH. 1988. Occurrence of
sulphate - reducing bacteria in human faeces and the relationship of
dissimilatory sulphate reduction to methanogenesis in the large gut. J
Appl Bacteriol 65:103-111. https://doi.org/10.1111/j.1365-2672.1988.
tb01498.x

Weaver GA, Krause JA, Miller TL, Wolin MJ. 1986. Incidence of
methanogenic bacteria in a sigmoidoscopy population: an association
of methanogenic bacteria and diverticulosis. Gut 27:698-704. https://
doi.org/10.1136/gut.27.6.698

10.1128/iai.00302-24 11


https://doi.org/10.3233/JAD-170020
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1016/j.mib.2016.10.003
https://doi.org/10.1146/annurev.micro.50.1.591
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.1111/cmi.12308
https://doi.org/10.1111/j.1462-2920.2009.01982.x
https://doi.org/10.1038/nature07540
https://doi.org/10.1073/pnas.1304960110
https://doi.org/10.1038/nmicrobiol.2016.228
https://doi.org/10.1038/s41564-023-01426-7
https://doi.org/10.1016/j.mib.2018.07.002
https://doi.org/10.15252/embr.201541001
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/s41586-019-1238-8
https://doi.org/10.1038/d41586-019-01654-0
https://doi.org/10.1038/nature23292
https://doi.org/10.1111/j.1462-2920.2009.01963.x
https://doi.org/10.1073/pnas.0703375104
https://doi.org/10.1146/annurev.es.22.110191.000555
https://doi.org/10.1186/s13073-021-00840-y
https://doi.org/10.1007/BF02578899
https://doi.org/10.1038/nrmicro2166
https://doi.org/10.1515/9781501509247-003
https://doi.org/10.1097/MCO.0000000000000025
https://doi.org/10.1016/j.bbapap.2008.08.012
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.1016/j.chemosphere.2018.01.096
https://doi.org/10.1007/BF00871639
https://doi.org/10.1016/j.tim.2012.02.002
https://doi.org/10.1099/mic.0.043224-0
https://doi.org/10.1073/pnas.0809584105
https://doi.org/10.1016/j.cell.2024.01.029
https://doi.org/10.1186/s40168-021-01123-9
https://doi.org/10.1038/nrmicro3050
https://doi.org/10.3390/fermentation4020040
https://doi.org/10.1111/j.1365-2672.1988.tb01498.x
https://doi.org/10.1136/gut.27.6.698
https://doi.org/10.1128/iai.00302-24

Minireview

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

November 2024 Volume 92

Light SH, Méheust R, Ferrell JL, Cho J, Deng D, Agostoni M, lavarone AT,
Banfield JF, D'Orazio SEF, Portnoy DA. 2019. Extracellular electron
transfer powers flavinylated extracellular reductases in Gram-positive
bacteria. Proc Natl Acad Sci U S A 116:26892-26899. https://doi.org/10.
1073/pnas.1915678116

Tahernia M, Plotkin-Kaye E, Mohammadifar M, Gao Y, Oefelein MR, Cook
LC, Choi S. 2020. Characterization of electrogenic gut bacteria. ACS
Omega 5:29439-29446. https://doi.org/10.1021/acsomega.0c04362
Nealson KH, Rowe AR. 2016. Electromicrobiology: realities, grand
challenges, goals and predictions. Microb Biotechnol 9:595-600. https:/
/doi.org/10.1111/1751-7915.12400

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe
BE, Ling AV, Devlin AS, Varma Y, Fischbach MA, Biddinger SB, Dutton RJ,
Turnbaugh PJ. 2014. Diet rapidly and reproducibly alters the human gut
microbiome. Nature New Biol 505:559-563. https://doi.org/10.1038/
nature12820

Shin NR, Whon TW, Bae JW. 2015. Proteobacteria: microbial signature of
dysbiosis in gut microbiota. Trends Biotechnol 33:496-503. https://doi.
org/10.1016/j.tibtech.2015.06.011

Rizzatti G, Lopetuso LR, Gibiino G, Binda C, Gasbarrini A. 2017.
Proteobacteria: a common factor in human diseases. Biomed Res Int
2017:9351507. https://doi.org/10.1155/2017/9351507

Pétgens SA, Brossel H, Sboarina M, Catry E, Cani PD, Neyrinck AM,
Delzenne NM, Bindels LB. 2018. Klebsiella oxytoca expands in cancer
cachexia and acts as a gut pathobiont contributing to intestinal
dysfunction. Sci Rep 8:12321. https://doi.org/10.1038/s41598-018-
30569-5

Wang Z, Wang Q, Wang X, Zhu L, Chen J, Zhang B, Chen Y, Yuan Z. 2019.
Gut microbial dysbiosis is associated with development and progres-
sion of radiation enteritis during pelvic radiotherapy. J Cellular
Molecular Medi 23:3747-3756. https://doi.org/10.1111/jcmm.14289

Liu P, WuL, Peng G, Han Y, Tang R, Ge J, Zhang L, Jia L, Yue S, Zhou K, Li
L, Luo B, Wang B. 2019. Altered microbiomes distinguish Alzheimer’s
disease from amnestic mild cognitive impairment and health in a
Chinese cohort. Brain Behav Immun 80:633-643. https://doi.org/10.
1016/j.bbi.2019.05.008

Ceccarani C, Bassanini G, Montanari C, Casiraghi MC, Ottaviano E,
Morace G, Biasucci G, Paci S, Borghi E, Verduci E. 2020. Proteobacteria
overgrowth and butyrate-producing taxa depletion in the gut
microbiota of glycogen storage disease type 1 patients. Metabolites
10:133. https://doi.org/10.3390/metabo10040133

Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, Gill SR. 2013.
Characterization of gut microbiomes in nonalcoholic steatohepatitis
(NASH) patients: a connection between endogenous alcohol and
NASH. Hepatology 57:601-609. https://doi.org/10.1002/hep.26093
Frank DN, St. Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR.
2007. Molecular-phylogenetic characterization of microbial community
imbalances in human inflammatory bowel diseases. Proc Natl Acad Sci
USA 104:13780-13785. https://doi.org/10.1073/pnas.0706625104
Montassier E, Batard E, Massart S, Gastinne T, Carton T, Caillon J, Le
Fresne S, Caroff N, Hardouin JB, Moreau P, Potel G, Le Vacon F, de La
Cochetiere MF. 2014. 16S rRNA gene pyrosequencing reveals shift in
patient faecal microbiota during high-dose chemotherapy as
conditioning regimen for bone marrow transplantation. Microb Ecol
67:690-699. https://doi.org/10.1007/s00248-013-0355-4

Pham T-P-T, Tidjani Alou M, Bachar D, Levasseur A, Brah S, Alhousseini
D, Sokhna C, Diallo A, Wieringa F, Million M, Raoult D. 2019. Retracted
article: gut microbiota alteration is characterized by a proteobacteria
and fusobacteria bloom in kwashiorkor and a bacteroidetes paucity in
marasmus. Sci Rep 9:9084. https://doi.org/10.1038/541598-019-45611-3
Shintouo CM, Mets T, Beckwee D, Bautmans |, Ghogomu SM, Souopgui
J, Leemans L, Meriki HD, Njemini R. 2020. Is inflammageing influenced
by the microbiota in the aged gut? A systematic review. Exp Gerontol
141:111079. https://doi.org/10.1016/j.exger.2020.111079

Litvak Y, Byndloss MX, Tsolis RM, Baumler AJ. 2017. Dysbiotic
proteobacteria expansion: a microbial signature of epithelial
dysfunction. Curr Opin Microbiol 39:1-6. https://doi.org/10.1016/j.mib.
2017.07.003

Rivera-Chavez F, Lopez CA, Baumler AJ. 2017. Oxygen as a driver of gut
dysbiosis. Free Radic Biol Med 105:93-101. https://doi.org/10.1016/j.
freeradbiomed.2016.09.022

Issue 11

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Infection and Immunity

Rigottier-Gois L. 2013. Dysbiosis in inflammatory bowel diseases: the
oxygen hypothesis. ISME J 7:1256-1261. https://doi.org/10.1038/ismej.
2013.80

McDonald JE, Marchesi JR, Koskella B. 2020. Application of ecological
and evolutionary theory to microbiome community dynamics across
systems. Proc R Soc B 287:20202886. https://doi.org/10.1098/rspb.2020.
2886

Schink B, Stams AJM. 2006. Syntrophism among prokaryotes, p 309-
335. In Prokaryotes: a handbook on the biology of bacteria, 3rd ed
Friedman ES, Bittinger K, Esipova TV, Hou L, Chau L, Jiang J, Mesaros C,
Lund PJ, Liang X, FitzGerald GA, Goulian M, Lee D, Garcia BA, Blair IA,
Vinogradov SA, Wu GD. 2018. Microbes vs. chemistry in the origin of
the anaerobic gut lumen. Proc Natl Acad Sci U S A 115:4170-4175.
https://doi.org/10.1073/pnas.1718635115

Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC, Bayless AJ, Wilson
KE, Glover LE, Kominsky DJ, Magnuson A, Weir TL, Ehrentraut SF, Pickel
C, Kuhn KA, Lanis JM, Nguyen V, Taylor CT, Colgan SP. 2015. Crosstalk
between microbiota-derived short-chain fatty acids and intestinal
epithelial HIF augments tissue barrier function. Cell Host Microbe
17:662-671. https://doi.org/10.1016/j.chom.2015.03.005

Byndloss MX, Olsan EE, Rivera-Chavez F, Tiffany CR, Cevallos SA, Lokken
KL, Torres TP, Byndloss AJ, Faber F, Gao Y, Litvak Y, Lopez CA, Xu G,
Napoli E, Giulivi C, Tsolis RM, Revzin A, Lebrilla CB, Baumler AJ. 2017.
Microbiota-activated PPAR-y signaling inhibits dysbiotic Enterobacteria-
ceae expansion. Science 357:570-575. https://doi.org/10.1126/science.
aam9949

Zong W, Friedman ES, Allu SR, Firrman J, Tu V, Daniel SG, Bittinger K, Liu
L, Vinogradov SA, Wu GD. 2024. Disruption of intestinal oxygen balance
in acute colitis alters the gut microbiome. Gut Microbes 16:2361493.
https://doi.org/10.1080/19490976.2024.2361493

N I M. 1984. The contribution of the large intestine to energy supplies in
man. Am J Clin Nutr 39:338-342. https://doi.org/10.1093/ajcn/39.2.338
Litvak Y, Byndloss MX, Baumler AJ. 2018. Colonocyte metabolism
shapes the gut microbiota. Science 362:eaat9076. https://doi.org/10.
1126/science.aat9076

Byndloss MX, Baumler AJ. 2018. The germ-organ theory of non-
communicable diseases. Nat Rev Microbiol 16:103-110. https://doi.org/
10.1038/nrmicro.2017.158

Lee J-Y, Tsolis RM, Baumler AJ. 2022. The microbiome and gut
homeostasis. Science 377:eabp9960. https://doi.org/10.1126/science.
abp9960

Yoo W, Zieba JK, Foegeding NJ, Torres TP, Shelton CD, Shealy NG,
Byndloss AJ, Cevallos SA, Gertz E, Tiffany CR, Thomas JD, Litvak Y,
Nguyen H, Olsan EE, Bennett BJ, Rathmell JC, Major AS, Baumler AJ,
Byndloss MX. 2021. High-fat diet-induced colonocyte dysfunction
escalates microbiota-derived trimethylamine N-oxide. Science 373:813-
818. https://doi.org/10.1126/science.aba3683

Lee J-Y, Cevallos SA, Byndloss MX, Tiffany CR, Olsan EE, Butler BP, Young
BM, Rogers AWL, Nguyen H, Kim K, Choi S-W, Bae E, Lee JH, Min U-G,
Lee D-C, Baumler AJ. 2020. High-fat diet and antibiotics cooperatively
impair mitochondrial bioenergetics to trigger dysbiosis that exacer-
bates pre-inflammatory bowel disease. Cell Host Microbe 28:273-284.
https://doi.org/10.1016/j.chom.2020.06.001

Lopez CA, Miller BM, Rivera-Chévez F, Velazquez EM, Byndloss MX,
Chavez-Arroyo A, Lokken KL, Tsolis RM, Winter SE, Baumler AJ. 2016.
Virulence factors enhance Citrobacter rodentium expansion through
aerobic respiration. Science 353:1249-1253. https://doi.org/10.1126/
science.aag3042

Rivera-Chavez F, Zhang LF, Faber F, Lopez CA, Byndloss MX, Olsan EE,
Xu G, Velazquez EM, Lebrilla CB, Winter SE, Baumler AJ. 2016. Depletion
of butyrate-producing Clostridia from the gut microbiota drives an
aerobic luminal expansion of Salmonella. Cell Host Microbe 19:443-
454. https://doi.org/10.1016/j.chom.2016.03.004

Cevallos SA, Lee J-Y, Velazquez EM, Foegeding NJ, Shelton CD, Tiffany
CR, Parry BH, Stull-Lane AR, Olsan EE, Savage HP, Nguyen H, Ghanaat
SS, Byndloss AJ, Agu IO, Tsolis RM, Byndloss MX, Badumler AJ. 2021. 5-
aminosalicylic acid ameliorates colitis and checks dysbiotic Escherichia
coli expansion by activating PPAR-y signaling in the intestinal
epithelium. MBio 12:03227-20. https://doi.org/10.1128/mBi0.03227-20
Cevallos SA, Lee J-Y, Tiffany CR, Byndloss AJ, Johnston L, Byndloss MX,
Baumler AJ. 2019. Increased epithelial oxygenation links colitis to an

10.1128/iai.00302-24 12


https://doi.org/10.1073/pnas.1915678116
https://doi.org/10.1021/acsomega.0c04362
https://doi.org/10.1111/1751-7915.12400
https://doi.org/10.1038/nature12820
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1155/2017/9351507
https://doi.org/10.1038/s41598-018-30569-5
https://doi.org/10.1111/jcmm.14289
https://doi.org/10.1016/j.bbi.2019.05.008
https://doi.org/10.3390/metabo10040133
https://doi.org/10.1002/hep.26093
https://doi.org/10.1073/pnas.0706625104
https://doi.org/10.1007/s00248-013-0355-4
https://doi.org/10.1038/s41598-019-45611-3
https://doi.org/10.1016/j.exger.2020.111079
https://doi.org/10.1016/j.mib.2017.07.003
https://doi.org/10.1016/j.freeradbiomed.2016.09.022
https://doi.org/10.1038/ismej.2013.80
https://doi.org/10.1098/rspb.2020.2886
https://doi.org/10.1073/pnas.1718635115
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.1126/science.aam9949
https://doi.org/10.1080/19490976.2024.2361493
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1126/science.aat9076
https://doi.org/10.1038/nrmicro.2017.158
https://doi.org/10.1126/science.abp9960
https://doi.org/10.1126/science.aba3683
https://doi.org/10.1016/j.chom.2020.06.001
https://doi.org/10.1126/science.aag3042
https://doi.org/10.1016/j.chom.2016.03.004
https://doi.org/10.1128/mBio.03227-20
https://doi.org/10.1128/iai.00302-24

Minireview

84,

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

November 2024 Volume 92

expansion of tumorigenic bacteria. MBio 10:€02244-19. https://doi.org/
10.1128/mBi0.02244-19

Seike K, Kiledal A, Fujiwara H, Henig |, Burgos da Silva M, van den Brink
MRM, Hein R, Hoostal M, Liu C, Oravecz-Wilson K, Lauder E, Li L, Sun Y,
Schmidt TM, Shah YM, Jenq RR, Dick G, Reddy P. 2023. Ambient oxygen
levels regulate intestinal dysbiosis and GVHD severity after allogeneic
stem cell transplantation. Immunity 56:353-368. https://doi.org/10.
1016/j.immuni.2023.01.007

Savage HP, Bays DJ, Tiffany CR, Gonzalez MAF, Bejarano EJ, Carvalho TP,
Luo Z, Masson HLP, Nguyen H, Santos RL, Reagan KL, Thompson GR,
Baumler AJ. 2024. Epithelial hypoxia maintains colonization resistance
against Candida albicans. Cell Host Microbe.

Chanin RB, Winter MG, Spiga L, Hughes ER, Zhu W, Taylor SJ, Arenales A,
Gillis CC, Buttner L, Jimenez AG, Smoot MP, Santos RL, Winter SE. 2020.
Epithelial-derived reactive oxygen species enable AppBCX-mediated
aerobic respiration of Escherichia coli during intestinal Inflammation.
Cell Host Microbe 28:780-788. https://doi.org/10.1016/j.chom.2020.09.
005

Campbell EL, Bruyninckx WJ, Kelly CJ, Glover LE, McNamee EN, Bowers
BE, Bayless AJ, Scully M, Saeedi BJ, Golden-Mason L, Ehrentraut SF,
Curtis VF, Burgess A, Garvey JF, Sorensen A, Nemenoff R, Jedlicka P,
Taylor CT, Kominsky DJ, Colgan SP. 2014. Transmigrating neutrophils
shape the mucosal microenvironment through localized oxygen
depletion to influence resolution of inflammation. Immunity 40:66-77.
https://doi.org/10.1016/j.immuni.2013.11.020

Zhu L, Gunn C, Beckman JS. 1992. Bactericidal activity of peroxynitrite.
Arch Biochem Biophys 298:452-457. https://doi.org/10.1016/0003-
9861(92)90434-X

De Groote MA, Granger D, Xu Y, Campbell G, Prince R, Fang FC. 1995.
Genetic and redox determinants of nitric oxide cytotoxicity in a
Salmonella typhimurium model. Proc Natl Acad Sci U S A 92:6399-6403.
https://doi.org/10.1073/pnas.92.14.6399

Balagam B, Richardson DE. 2008. The mechanism of carbon dioxide
catalysis in the hydrogen peroxide N-oxidation of amines. Inorg Chem
47:1173-1178. https://doi.org/10.1021/ic701402h

Winter SE, Lopez CA, Baumler AJ. 2013. The dynamics of gut-associated
microbial communities during inflammation. EMBO Rep 14:319-327.
https://doi.org/10.1038/embor.2013.27

Lopez CA, Winter SE, Rivera-Chavez F, Xavier MN, Poon V, Nuccio S-P,
Tsolis RM, Baumler AJ. 2012. Phage-mediated acquisition of a type Ill
secreted effector protein boosts growth of Salmonella by nitrate
respiration. MBio 3:e00143-12. https://doi.org/10.1128/mBi0.00143-12
Lopez CA, Rivera-Chavez F, Byndloss MX, Bdaumler AJ. 2015. The
periplasmic nitrate reductase NapABC supports luminal growth of
Salmonella enterica serovar Typhimurium during colitis. Infect Immun
83:3470-3478. https://doi.org/10.1128/IA1.00351-15

Reinders Cl, Jonkers D, Jansson EA, Stockbriigger RW, Stobberingh EE,
Hellstrom PM, Lundberg JO. 2007. Rectal nitric oxide and fecal
calprotectin in inflammatory bowel disease. Scand J Gastroenterol
42:1151-1157. https://doi.org/10.1080/00365520701320505

Winter SE, Winter MG, Xavier MN, Thiennimitr P, Poon V, Keestra AM,
Laughlin RC, Gomez G, Wu J, Lawhon SD, Popova IE, Parikh SJ, Adams
LG, Tsolis RM, Stewart VJ, Baumler AJ. 2013. Host-derived nitrate boosts
growth of E. coli in the inflamed gut. Science 339:708-711. https://doi.
org/10.1126/science.1232467

Spees AM, Wangdi T, Lopez CA, Kingsbury DD, Xavier MN, Winter SE,
Tsolis RM, Bdumler AJ. 2013. Streptomycin-induced inflammation
enhances Escherichia coli gut colonization through nitrate respiration.
MBio 4:00935-19. https://doi.org/10.1128/mBio0.00430-13

Zhu W, Miyata N, Winter MG, Arenales A, Hughes ER, Spiga L, Kim J,
Sifuentes-Dominguez L, Starokadomskyy P, Gopal P, Byndloss MX,
Santos RL, Burstein E, Winter SE. 2019. Editing of the gut microbiota
reduces carcinogenesis in mouse models of colitis-associated colorectal
cancer. J Exp Med 216:2378-2393. https://doi.org/10.1084/jem.
20181939

Litvak Y, Mon KKZ, Nguyen H, Chanthavixay G, Liou M, Velazquez EM,
Kutter L, Alcantara MA, Byndloss MX, Tiffany CR, Walker GT, Faber F, Zhu
Y, Bronner DN, Byndloss AJ, Tsolis RM, Zhou H, Baumler AJ. 2019.
Commensal Enterobacteriaceae protect against Salmonella colonization
through oxygen competition. Cell Host Microbe 25:128-139. https://
doi.org/10.1016/j.chom.2018.12.003

Issue 11

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

Infection and Immunity

Velazquez EM, Nguyen H, Heasley KT, Saechao CH, Gil LM, Rogers AWL,
Miller BM, Rolston MR, Lopez CA, Litvak Y, Liou MJ, Faber F, Bronner DN,
Tiffany CR, Byndloss MX, Byndloss AJ, Baumler AJ. 2019. Endogenous
Enterobacteriaceae underlie variation in susceptibility to Salmonella
infection. Nat Microbiol 4:1057-1064. https://doi.org/10.1038/s41564-
019-0407-8

Liou MJ, Miller BM, Litvak Y, Nguyen H, Natwick DE, Savage HP, Rixon
JA, Mahan SP, Hiyoshi H, Rogers AWL, Velazquez EM, Butler BP, Collins
SR, McSorley SJ, Harshey RM, Byndloss MX, Simon SI, Bdumler AJ. 2022.
Host cells subdivide nutrient niches into discrete biogeographical
microhabitats for gut microbes. Cell Host Microbe 30:836-847. https://
doi.org/10.1016/j.chom.2022.04.012

Byndloss MX, Pernitzsch SR, Baumler AJ. 2018. Healthy hosts rule
within: ecological forces shaping the gut microbiota. Mucosal Immunol
11:1299-1305. https://doi.org/10.1038/s41385-018-0010-y

Litvak Y, Baumler AJ. 2019. Microbiota-nourishing immunity: a guide to
understanding our microbial self. Immunity 51:214-224. https://doi.
org/10.1016/j.immuni.2019.08.003

Winter SE, Baumler AJ. 2023. Gut dysbiosis: ecological causes and
causative effects on human disease. Proc Natl Acad Sci U S A
120:€2316579120. https://doi.org/10.1073/pnas.2316579120

Brugiroux S, Beutler M, Pfann C, Garzetti D, Ruscheweyh H-J, Ring D,
Diehl M, Herp S, Lotscher Y, Hussain S, Bunk B, Pukall R, Huson DH,
Minch PC, McHardy AC, McCoy KD, Macpherson AJ, Loy A, Clavel T,
Berry D, Stecher B. 2016. Genome-guided design of a defined mouse
microbiota that confers colonization resistance against Salmonella
enterica serovar Typhimurium. Nat Microbiol 2:16215. https://doi.org/
10.1038/nmicrobiol.2016.215

Hooper LV, Gordon JI. 2001. Commensal host-bacterial relationships in
the gut. Science 292:1115-1118. https://doi.org/10.1126/science.
1058709

Tiffany CR, Baumler AJ. 2019. Dysbiosis: from fiction to function. Am J
Physiol Gastrointest Liver Physiol 317:G602-G608. https://doi.org/10.
1152/ajpgi.00230.2019

Tipton L, Darcy JL, Hynson NA. 2019. A developing symbiosis: enabling
cross-talk between ecologists and microbiome scientists. Front
Microbiol 10:292. https://doi.org/10.3389/fmicb.2019.00292

Berg G, Rybakova D, Fischer D, Cernava T, Verges M-CC, Charles T, Chen
X, Cocolin L, Eversole K, Corral GH, et al. 2020. Microbiome definition re-
visited: old concepts and new challenges. Microbiome 8:103. https://
doi.org/10.1186/540168-020-00875-0

Rogers AWL, Tsolis RM, Baumler AJ. 2021. Salmonella versus the
microbiome. Microbiol Mol Biol Rev 85. https://doi.org/10.1128/mmbr.
00027-19

Tsolis RM, Baumler AJ. 2020. Gastrointestinal host-pathogen interaction
in the age of microbiome research. Curr Opin Microbiol 53:78-89. https:
//doi.org/10.1016/j.mib.2020.03.002

Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, Britt EB, Fu X,
WuY, Li L, Smith JD, DiDonato JA, Chen J, Li H, Wu GD, Lewis JD, Warrier
M, Brown JM, Krauss RM, Tang WHW, Bushman FD, Lusis AJ, Hazen SL.
2013. Intestinal microbiota metabolism of L-carnitine, a nutrient in red
meat, promotes atherosclerosis. N Med 19:576-585. https://doi.org/10.
1038/nm.3145

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, DuGar B, Feldstein
AE, Britt EB, Fu X, Chung Y-M, Wu Y, Schauer P, Smith JD, Allayee H,
Tang WHW, DiDonato JA, Lusis AJ, Hazen SL. 2011. Gut flora metabo-
lism of phosphatidylcholine promotes cardiovascular disease. Nature
New Biol 472:57-63. https://doi.org/10.1038/nature09922

Taur Y, Xavier JB, Lipuma L, Ubeda C, Goldberg J, Gobourne A, Lee YJ,
Dubin KA, Socci ND, Viale A, Perales M-A, Jenq RR, van den Brink MRM,
Pamer EG. 2012. Intestinal domination and the risk of bacteremia in
patients undergoing allogeneic hematopoietic stem cell transplanta-
tion. Clin Infect Dis 55:905-914. https://doi.org/10.1093/cid/cis580

Zhai B, Ola M, Rolling T, Tosini NL, Joshowitz S, Littmann ER, Amoretti
LA, Fontana E, Wright RJ, Miranda E, Veelken CA, Morjaria SM, Peled JU,
van den Brink MRM, Babady NE, Butler G, Taur Y, Hohl TM. 2020. High-
resolution mycobiota analysis reveals dynamic intestinal translocation
preceding invasive candidiasis. Nat Med 26:59-64. https://doi.org/10.
1038/541591-019-0709-7

Hughes ER, Winter MG, Duerkop BA, Spiga L, Furtado de Carvalho T,
Zhu W, Gillis CC, Buttner L, Smoot MP, Behrendt CL, Cherry S, Santos RL,
Hooper LV, Winter SE. 2017. Microbial respiration and formate oxidation
as metabolic signatures of inflammation-associated dysbiosis. Cell Host
Microbe 21:208-219. https://doi.org/10.1016/j.chom.2017.01.005

10.1128/iai.00302-24 13


https://doi.org/10.1128/mBio.02244-19
https://doi.org/10.1016/j.immuni.2023.01.007
https://doi.org/10.1016/j.chom.2020.09.005
https://doi.org/10.1016/j.immuni.2013.11.020
https://doi.org/10.1016/0003-9861(92)90434-X
https://doi.org/10.1073/pnas.92.14.6399
https://doi.org/10.1021/ic701402h
https://doi.org/10.1038/embor.2013.27
https://doi.org/10.1128/mBio.00143-12
https://doi.org/10.1128/IAI.00351-15
https://doi.org/10.1080/00365520701320505
https://doi.org/10.1126/science.1232467
https://doi.org/10.1128/mBio.00430-13
https://doi.org/10.1084/jem.20181939
https://doi.org/10.1016/j.chom.2018.12.003
https://doi.org/10.1038/s41564-019-0407-8
https://doi.org/10.1016/j.chom.2022.04.012
https://doi.org/10.1038/s41385-018-0010-y
https://doi.org/10.1016/j.immuni.2019.08.003
https://doi.org/10.1073/pnas.2316579120
https://doi.org/10.1038/nmicrobiol.2016.215
https://doi.org/10.1126/science.1058709
https://doi.org/10.1152/ajpgi.00230.2019
https://doi.org/10.3389/fmicb.2019.00292
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1128/mmbr.00027-19
https://doi.org/10.1016/j.mib.2020.03.002
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nature09922
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1038/s41591-019-0709-7
https://doi.org/10.1016/j.chom.2017.01.005
https://doi.org/10.1128/iai.00302-24

Minireview

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

November 2024 Volume 92

Gates AJ, Hughes RO, Sharp SR, Millington PD, Nilavongse A, Cole JA,
Leach ER, Jepson B, Richardson DJ, Butler CS. 2003. Properties of the
periplasmic nitrate reductases from Paracoccus pantotrophus and
Escherichia coli after growth in tungsten-supplemented media. FEMS
Microbiol Lett 220:261-269. https://doi.org/10.1016/S0378-
1097(03)00122-8

Garrett WS, Gallini CA, Yatsunenko T, Michaud M, DuBois A, Delaney
ML, Punit S, Karlsson M, Bry L, Glickman JN, Gordon JI, Onderdonk AB,
Glimcher LH. 2010. Enterobacteriaceae act in concert with the gut
microbiota to induce spontaneous and maternally transmitted colitis.
Cell Host Microbe 8:292-300. https://doi.org/10.1016/j.chom.2010.08.
004

Zhu W, Winter MG, Byndloss MX, Spiga L, Duerkop BA, Hughes ER,
Bittner L, de Lima Romao E, Behrendt CL, Lopez CA, Sifuentes-
Dominguez L, Huff-Hardy K, Wilson RP, Gillis CC, Tukel C, Koh AY,
Burstein E, Hooper LV, Biumler AJ, Winter SE. 2018. Precision editing of
the gut microbiota ameliorates colitis. Nat New Biol 553:208-211. https:
//doi.org/10.1038/nature25172

Podolsky DK. 2002. Inflammatory bowel disease. N Engl J Med 347:417-
429. https://doi.org/10.1056/NEJMra020831

Sears CL, Garrett WS. 2014. Microbes, microbiota, and colon cancer. Cell
Host Microbe 15:317-328. https://doi.org/10.1016/j.chom.2014.02.007
Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin
DM, Forman D, Bray F. 2015. Cancer incidence and mortality worldwide:
sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer
136:E359-86. https://doi.org/10.1002/ijc.29210

Rousseaux C, Lefebvre B, Dubuquoy L, Lefebvre P, Romano O, Auwerx J,
Metzger D, Wahli W, Desvergne B, Naccari GC, Chavatte P, Farce A,
Bulois P, Cortot A, Colombel JF, Desreumaux P. 2005. Intestinal
antiinflammatory effect of 5-aminosalicylic acid is dependent on
peroxisome proliferator-activated receptor-y. J Exp Med 201:1205-
1215. https://doi.org/10.1084/jem.20041948

Rijk MC, van Schaik A, van Tongeren JH. 1988. Disposition of 5-
aminosalicylic acid by 5-aminosalicylic acid-delivering compounds.
Scand J  Gastroenterol  23:107-112.  https://doi.org/10.3109/-
00365528809093858

Wilson LS, Reyes CM, Stolpman M, Speckman J, Allen K, Beney J. 2002.
The direct cost and incidence of systemic fungal infections. Val Health
5:26-34. https://doi.org/10.1046/j.1524-4733.2002.51108.x

Morgan J, Meltzer M, Plikaytis BD, Sofair AN, Huie-White S, Wilcox S,
Harrison LH, Seaberg EC, Hajjeh RA, Teutsch SM. 2005. Excess mortality,
hospital stay, and cost due to candidemia: a case-control study using
data from population-based candidemia surveillance. Infect Control
Hosp Epidemiol 26:540-547. https://doi.org/10.1086/502581
Gudlaugsson O, Gillespie S, Lee K, Vande Berg J, Hu J, Messer S,
Herwaldt L, Pfaller M, Diekema D. 2003. Attributable mortality of
nosocomial candidemia, revisited. Clin Infect Dis 37:1172-1177. https://
doi.org/10.1086/378745

Viscoli C, Girmenia C, Marinus A, Collette L, Martino P, Vandercam B,
Doyen C, Lebeau B, Spence D, Krcmery V, De Pauw B, Meunier F. 1999.
Candidemia in cancer patients: a prospective, multicenter surveillance
study by the invasive fungal infection group (IFIG) of the European
organization for research and treatment of cancer (EORTC). Clin Infect
Dis 28:1071-1079. https://doi.org/10.1086/514731

Xie F, Zhen X, Liu Z, Chen X, Liu Z, Zhou M, Zhou Z, Hu Z, Zhu F, Huang
Q, Zhang L, Nie J. 2022. Dietary choline, via gut microbe-generated
trimethylamine-N-oxide, aggravates chronic kidney disease-induced
cardiac dysfunction by inhibiting hypoxia-induced factor 1a. Front
Physiol 13:996166. https://doi.org/10.3389/fphys.2022.996166

Issue 11

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Infection and Immunity

Dong F, Jiang S, Tang C, Wang X, Ren X, Wei Q, Tian J, Hu W, Guo J, Fu X,
Liu L, Patzak A, Persson PB, Gao F, Lai EY, Zhao L. 2022. Trimethylamine
N-oxide promotes hyperoxaluria-induced calcium oxalate deposition
and kidney injury by activating autophagy. Free Radic Biol Med
179:288-300. https://doi.org/10.1016/j.freeradbiomed.2021.11.010
Lang DH, Yeung CK, Peter RM, Ibarra C, Gasser R, Itagaki K, Philpot RM,
Rettie AE. 1998. Isoform specificity of trimethylamine N-oxygenation by
human flavin-containing monooxygenase (FMO) and P450 enzymes:
selective catalysis by FMO3. Biochem Pharmacol 56:1005-1012. https://
doi.org/10.1016/50006-2952(98)00218-4

Tang WHW, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, Wu Y, Hazen
SL. 2013. Intestinal microbial metabolism of phosphatidylcholine and
cardiovascular risk. N Engl J Med 368:1575-1584. https://doi.org/10.
1056/NEJMoa1109400

Rhee EP, Clish CB, Ghorbani A, Larson MG, Elmariah S, McCabe E, Yang
Q, Cheng S, Pierce K, Deik A, Souza AL, Farrell L, Domos C, Yeh RW,
Palacios I, Rosenfield K, Vasan RS, Florez JC, Wang TJ, Fox CS, Gerszten
RE. 2013. A combined epidemiologic and metabolomic approach
improves CKD prediction. J Am Soc Nephrol 24:1330-1338. https://doi.
org/10.1681/ASN.2012101006

LiuW, Wang C, Xia Y, Xia W, Liu G, Ren C, Gu Y, Li X, Lu P. 2021. Elevated
plasma trimethylamine-N-oxide levels are associated with diabetic
retinopathy. Acta Diabetol 58:221-229. https://doi.org/10.1007/500592-
020-01610-9

Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss NS, de Boer
IH. 2016. Clinical Manifestations of kidney disease among US adults
with diabetes, 1988-2014. JAMA 316:602. https://doi.org/10.1001/jama.
2016.10924

Xu KY, Xia GH, Lu JQ, Chen MX, Zhen X, Wang S, You C, Nie J, Zhou HW,
Yin J. 2017. Impaired renal function and dysbiosis of gut microbiota
contribute to increased trimethylamine-N-oxide in chronic kidney
disease patients. Sci Rep 7:1445. https://doi.org/10.1038/541598-017-
01387-y

Schwab U, Lauritzen L, Tholstrup T, Haldorssoni T, Riserus U, Uusitupa
M, Becker W. 2014. Effect of the amount and type of dietary fat on
cardiometabolic risk factors and risk of developing type 2 diabetes,
cardiovascular diseases, and cancer: a systematic review. Food Nutr Res
58:25145. https://doi.org/10.3402/fnr.v58.25145

Anitha M, Reichardt F, Tabatabavakili S, Nezami BG, Chassaing B,
Mwangi S, Vijay-Kumar M, Gewirtz A, Srinivasan S. 2016. Intestinal
dysbiosis contributes to the delayed gastrointestinal transit in high-fat
diet fed mice. Cell Mol Gastroenterol Hepatol 2:328-339. https://doi.
0rg/10.1016/j.jcmgh.2015.12.008

Glyan'ko AK. 2013. Initiation of nitric oxide (NO) synthesis in roots of
etiolated seedlings of pea (Pisum sativum L.) under the influence of
nitrogen-containing compounds. Biochemistry (Mosc) 78:471-476.
https://doi.org/10.1134/50006297913050052

Lenhart A, Chey WD. 2017. A systematic review of the effects of polyols
on gastrointestinal health and irritable bowel syndrome. Adv Nutr
8:587-596. https://doi.org/10.3945/an.117.015560

Hattori K, Akiyama M, Seki N, Yakabe K, Hase K, Kim YG. 2021. Gut
microbiota prevents sugar alcohol-induced diarrhea. Nutrients 13:2029.
https://doi.org/10.3390/nu13062029

Born P. 2007. Carbohydrate malabsorption in patients with non-specific
abdominal complaints. World J Gastroenterol 13:5687-5691. https://
doi.org/10.3748/wjg.v13.i43.5687

10.1128/iai.00302-24 14


https://doi.org/10.1016/S0378-1097(03)00122-8
https://doi.org/10.1016/j.chom.2010.08.004
https://doi.org/10.1038/nature25172
https://doi.org/10.1056/NEJMra020831
https://doi.org/10.1016/j.chom.2014.02.007
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1084/jem.20041948
https://doi.org/10.3109/00365528809093858
https://doi.org/10.1046/j.1524-4733.2002.51108.x
https://doi.org/10.1086/502581
https://doi.org/10.1086/378745
https://doi.org/10.1086/514731
https://doi.org/10.3389/fphys.2022.996166
https://doi.org/10.1016/j.freeradbiomed.2021.11.010
https://doi.org/10.1016/s0006-2952(98)00218-4
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1681/ASN.2012101006
https://doi.org/10.1007/s00592-020-01610-9
https://doi.org/10.1001/jama.2016.10924
https://doi.org/10.1038/s41598-017-01387-y
https://doi.org/10.3402/fnr.v58.25145
https://doi.org/10.1016/j.jcmgh.2015.12.008
https://doi.org/10.1134/S0006297913050052
https://doi.org/10.3945/an.117.015560
https://doi.org/10.3390/nu13062029
https://doi.org/10.3748/wjg.v13.i43.5687
https://doi.org/10.1128/iai.00302-24

	The human gut microbiome in health and disease: time for a new chapter?
	INTO DARKNESS
	DISTILLING MICROBIOTA COMPLEXITY DOWN TO ITS ECOLOGICAL ESSENCE
	HIDING IN PLAIN SIGHT: A THEORETICAL FRAMEWORK FOR HUMAN GUT MICROBIOME RESEARCH
	GUT HOMEOSTASIS AND THE ECOLOGICAL CAUSES FOR ITS DISRUPTION
	DYSBIOSIS: TO BE OR NOT TO BE, THAT IS THE QUESTION
	TOWARD TRANSLATING MICROBIOME RESEARCH INTO CLINICAL INTERVENTIONS




