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Abstract | Colonic gases are among the most tangible features of digestion, yet physicians are typically 
unable to offer long-term relief from clinical complaints of excessive gas. Studies characterizing colonic 
gases have linked changes in volume or composition with bowel disorders and shown hydrogen gas (H2), 
methane, hydrogen sulphide, and carbon dioxide to be by-products of the interplay between H2-producing 
fermentative bacteria and H2 consumers (reductive acetogens, methanogenic archaea and sulphate-
reducing bacteria [SRB]). Clinically, H2 and methane measured in breath can indicate lactose and glucose 
intolerance, small intestinal bacterial overgrowth and IBS. Methane levels are increased in patients with 
constipation or IBS. Hydrogen sulphide is a by-product of H2 metabolism by SRB, which are ubiquitous in the 
colonic mucosa. Although higher hydrogen sulphide and SRB levels have been detected in patients with IBD, 
and to a lesser extent in colorectal cancer, this colonic gas might have beneficial effects. Moreover, H2 has 
been shown to have antioxidant properties and, in the healthy colon, physiological H2 concentrations might 
protect the mucosa from oxidative insults, whereas an impaired H2 economy might facilitate inflammation or 
carcinogenesis. Therefore, standardized breath gas measurements combined with ever-improving molecular 
methodologies could provide novel strategies to prevent, diagnose or manage numerous colonic disorders.
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Introduction
Despite a long history of dealing with bowel gas and a 
basic accounting of its components and their origins, 
our understanding of the mechanisms by which these 
gases are produced and metabolized remains rudimen-
tary. Human colonic gases are comprised of hydrogen 
(H2), carbon dioxide (CO2), methane (CH4), nitrogen 
and oxygen as well as several odiferous trace gases. 
Nitrogen and oxygen are exclusively derived from swal-
lowed air; on the other hand—making up ~74% of the 
flatus—H2, CO2 and CH4 are produced solely by colonic 
microbes, which ferment dietary components that escape 
digestion by host enzymes and endogenous substrates 
derived from the colonic mucosa.1 Other microbial gases 
are present in flatus in trace concentrations; for example, 
hydrogen sulphide (H2S) at 1.06 μmol/l, methanethiol at 
0.21 μmol/l and dimethyl sulphide at 0.08 μmol/l in one 
study.1 Intracolonic concentrations of these trace gases 
might be substantially higher than detected in flatus, 
as H2S and methanethiol rapidly permeate the colonic 
mucosa and are detoxified.2 Marked individual differ-
ences also exist in the proportional composition of major 
colonic gases.1,3

The accumulation of gas in the colonic lumen is 
dependent on the interplay between various micro-
bial metabolic pathways and host physiology. Most 
CO2, and 30–40% of H2 and CH4, are absorbed by 
the colonic mucosa and recirculated in the blood, the 

remaining being metabolized (H2 only) or passed 
as flatus.4 H2 metabolism—reflecting the balance 
between H2-producing (hydro genogenic) bacteria 
and H2-utilizing (hydrogenotrophic) microbes—has a 
primary influence on the final composition of colonic 
gases. Here, we review the microbiology of H2 produc-
tion and utilization, and mechanisms by which these 
pathways influence colonic health and disease.

Colonic gases
Early measurements
Early attempts to measure excretion of colonic gases 
focused on total volume and composition of flatus 
gases under baseline and varying dietary conditions 
(Figure 1).5–9 Ruge is credited with the first attempts to 
collect colonic gases from humans in the 1800s, using a 
glass tube from the anus to a water displacement system 
beneath a specialized chair.10,11 In 1942, Beazell and Ivey8 
measured flatus gases from healthy individuals over a 
24 h period and determined that the daily excretion rate 
was in the range of 380–655 ml per day. Kirk demon-
strated that total flatus production increased with dietary 
fibre consumption.5 In later studies, Steggerda6 collected 
an average of 360 ml flatus per day, of which 7.4% was 
CH4 and 19.8% H2, from individuals on a baseline diet 
of foods typically considered non-flatus- producing 
(such as boiled eggs, lean beef and apple sauce), demon-
strating the microbial origin of these two gases in the 
colon.6,12 By adding varying types and amounts of 
beans to the diet over subsequent 7-day trials—whilst 
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maintaining the baseline level of fat, protein, carbo-
hydrates and calories—Steggerda also examined the 
effect of altering the type, but not overall amount, of 
dietary carbohydrate on production of flatus.6,12 He 
concluded that the low-molecular-weight fraction of 
carbohydrates (mono saccharide, disaccharide and 
oligosaccharides) were responsible for an increase in 
overall gas excretion, up to an average of 4,224 ml per 
day when a commercial pork and bean diet comprised 
57% of the diet.6 Using a constant infusion technique, 
Levitt and Ingelfinger13 measured the rate of H2 and 
CH4 production in healthy individuals directly from 
the intestinal lumen, demon strating that H2 was pro-
duced primarily in the large intestine of all individuals, 
correlated with breath excretion levels, and was almost 
completely dependent upon fermentation of dietary 
substances. Of the nine study participants, four were 
CH4 producers (producing colonic CH4 after lactose 
infusion at a rate of 0.5–0.6 ml/min); the remaining  
participants produced no detectable CH4.

13

Less than 20% of carbohydrate remains unabsorbed in 
people consuming a typical Western diet.14 Theoretically, 
with this amount of substrate available for bacterial 
fermentation and H2 production occurring at a rate of 
340 ml/g of glucose,15 the potential exists for >13 l of H2 
to be generated daily. However, Strocchi and Levitt16 
measured a mean absolute H2 production rate during 
glucose fermentation of 80 ml/g, suggesting that fermen-
tation by stool bacteria might involve metabolic path-
ways that do not liberate H2. Hammer,17 likewise, found 
H2 production in flatus after fasting to be very low and 
in the range of 50–200 ml per 6 h period after ingestion 
of 12.5 g lactulose. Indeed, H2 excretion varies markedly 
with different substrates, throughout the day and among 
individuals.6,7,17,18 Although yet to be quantitatively 
determined, such interindividual differences probably 
reflect complex interactions between host physiologi-
cal and microbial factors, including: quantity and type 
of substrate; the ability of colonic microbes to ferment 
carbohydrates; the abundance and location of different 
types of H2-producing and H2-consuming microbes; the 
efficiency of stirring of gut contents; and environmen-
tal factors such as pH and sulphate availability.11 That 
methane excretion also varies markedly demonstrates 
the key role of H2 microbial consumption in determining  
intraluminal concentrations of this gas.

Current understanding
Whole-body calorimetry demonstrated the dynamic 
relationship between flatus and breath gas excretion of 
both H2 and CH4.

4 Improvements in means of meas-
uring H2 from exhaled breath have enabled reliable, 
non invasive estimates of colonic H2 levels in a clini-
cal setting.19 Gas chromatography systems have now 
become common for detecting the somewhat low con-
centrations of H2 (1–200 parts per million) in breath.11 
Calloway20 demonstrated changes in respiratory H2 
and CH4 levels with consumption of gas-forming food 
such as beans, linking early direct measurements from 
the lumen or in flatus with levels detectable in breath. 

Key points

 ■ The colonic gases hydrogen (H2), carbon dioxide and methane (CH4) are 
end products of microbial fermentation; their concentrations depend on the 
interplay between host physiology and H2-producing (hydrogenogenic) and 
H2-using (hydrogenotrophic) microbes

 ■ Colonic H2 production is most readily measured via excretion in breath; 
clinically, breath H2 and CH4 are commonly measured to assess lactose and 
glucose intolerance and small intestinal bacterial overgrowth, and increasingly 
IBS

 ■ Improved understanding of microbial H2 metabolism and its relation to expired 
gas concentrations will reinforce the breath gas test as a widely applicable, 
easy and cost-effective diagnostic or prognostic tool

 ■ Use of breath gas tests in diagnosis could enable novel therapeutic or 
preventative measures for a wide array of colonic diseases

 ■ Although emphasis has been given to the potential inflammatory or 
carcinogenic properties of colonic gases, emerging evidence suggests these 
gases might have a beneficial effect in colonic health

Calloway and Murphy21 replicated the findings of Levitt 
and Ingelfinger—that a subgroup of individuals seem to 
produce little to no colonic CH4—using breath testing.

Although all intestinal CH4 derives from microbial 
methanogenesis, estimates of colonic production based 
on breath measurements should be interpreted with 
caution, as proportions of both H2 and CH4 excreted 
in breath are influenced by the production rates in the 
colon; 65% of the gas is excreted in breath at low pro-
duction rates (<200 ml per day) and 25% at high rates 
(>500 ml per day).4 Several studies show that breath H2 
concentrations are lower in CH4-excretors than non-
excretors.4,22–24 The clinical value of breath testing for 
colonic gases was further demonstrated by Calloway 
et al.25 and Levitt and Donaldson26 who linked an 
increase in breath H2 concentration with fermentation 
in the colon of malabsorbed lactose, suggesting breath 
H2 levels as a measure of lactose intolerance. Metz 
et al.27 compared intestinal lactase activity with symp-
toms such as abdominal pain and bloating, increases in 
blood glucose concentration, and breath H2 production 
in a group of patients with diarrhoea and found end-
expiratory breath H2 to be as reliable as blood glucose 
concentration, and better than symptoms, in the  
diagnosis of lactase deficiency.

Easy to administer, H2 breath tests (typically following a 
period of fasting and ingestion of lactulose) have become 
one of the primary means of detecting small intestinal 
bacterial overgrowth (SIBO).28 Theoretically, an early 
peak in breath H2 indicates fermentation of lactulose in 
the small intestine;11 however, conditions such as rapid 
intestinal transit, in which lactulose would reach the 
colon much earlier than is typical, can confound results. 
In addition, breath H2 peaks do not always correlate with 
results of gold-standard tests for SIBO (such as cultures 
from jejunal aspirate), and high H2 concentrations can 
be found in apparently healthy individuals with no other 
indication of SIBO.29,30 Although the value of breath 
testing in detecting SIBO—and even the importance of 
SIBO in disorders such as IBS, immunodeficiency syn-
dromes and motility disorders—is controversial, breath 
testing to detect H2 and CH4 production in the colon 
remains a valuable indicator of microbial activity. Early 
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studies by Christl confirmed the predictable relationship 
between H2 and CH4 production and breath excretion of 
these two colonic gases.4 Likewise, breath testing remains 
a validated means of determining intestinal transit time31 
and distinguishing two fairly stable phenotypes, excretors 
versus non excretors of CH4.

32

A particularly provocative finding regarding the dis-
tinction between CH4-excretors and non-CH4-excretors 
is the variation in percentages of CH4-excretors among 
different ethnic and racial populations (range 34–87%; 
summarized in Levitt et al.33). Black Africans tend to be 
highly methanogenic compared with North American 
white or Asian individuals (including those of Indian 
origin).34–36 Moreover, the percentage of a given popula-
tion that is methanogenic seems to remain stable over 
time.32,33 However, distinguishing the multifactorial 
interactions between host ethnicity, environment and 
diet is difficult. Segal et al.35 reported that the percentage 
of CH4-producers was lower in urban (72%) than rural 
black Africans (84%). Moreover, O’Keefe et al.37 found 
that the H2 and CH4 breath emission patterns of African 
Americans and white Americans—both consuming a 
typical Western diet—were more similar to each other 
than the excretion patterns of native Africans consuming 
a maize-based diet low in animal-based protein and high 
in resistant starch.

Microbial guilds in the hydrogen economy
Host colonic cells derive energy from aerobic respiration, 
in which nutrients are fully oxidized in mitochondria, 
with oxygen serving as the terminal electron acceptor. 
Similar to fermentation, the metabolic reactions involved 
in respiration are catabolic and based on redox reactions 
(that is, oxidation of one molecule coupled to the reduc-
tion of another). In fermentation—the anaerobic process 
by which most colonic microbes gain energy—nutrient 
substrates are incompletely oxidized and the reduced fer-
mentation products serve as terminal electron acceptors. 
In such cases, the amount of energy (ATP) that can be 
produced depends on the difference in redox potential 
between the substrate and the reduced end products. 
Another distinction is that in fermentation the reduced 
pyridine (NADH) and flavin (FADH) nucleotides must 
be reoxidized to maintain redox balance, a reaction that 
is the primary source of H2 in the colon (Figure 2).

Accordingly, the production of H2 by hydrogenogenic 
microbes is crucial to the efficiency of fermentation. 
However, H2 accumulation would rapidly lead to a H2 
partial pressure that would thermodynamically restrict 
further fermentation. Such an outcome typically is pre-
vented by the simultaneous oxidation of H2 by three 
groups of hydrogenotrophic (H2-utilizing) microbes that 
conserve energy through anaerobic respiration: reductive 
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Figure 1 | Milestones in the measurement of colonic gases in breath and flatus. Colonic gases in breath and flatus have 
been investigated since at least the late 1800s. The clinical utility of breath testing, however, emerged much later in the 
mid-to-late 1970s when it was demonstrated to be an accurate measurement of disaccharide malabsorption. Since then, 
the sensitivity and practicality of instrumentation has improved considerably, and the measurement of H2 and CH4 in breath 
is now generally accepted by most gastroenterologists as a reliable indicator of lactose intolerance and SIBO. Its value in 
evaluating IBS has been controversial, but might be increased by standardization of substrate, sampling frequency and 
duration and routinely including CH4 as well as H2 testing. This noninvasive tool is fairly inexpensive, easy to use and is one 
of few methods that provides real-time assessment of fermentation and colonic gas physiology. The utility of breath gas 
analysis could be expanded substantially with greater knowledge of the microbiology of gas production relative to diet or 
disease states. Abbreviations: CH4, methane; H2, hydrogen; SIBO, small intestinal bacterial overgrowth.
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acetogens, methanogenic archaea and sulphate-reducing 
bacteria (SRB; Figure 3). Microbial hydrogenotrophy—
together with excretion in flatus and breath (15–20% for 
each route)—results in efficient removal of H2, and shifts 
fermentation to more oxidized end products, hence, 
increasing the energy yield of fermentative microbes.4 
Although the existence of H2 disposal mechanisms is 
crucial to colonic fermentation, the extent to which the 
three metabolic guilds (reductive acetogens, methano-
genic archaea, SRB) co-occur in the healthy human colon 
has been the subject of debate. Reductive acetogenesis 
has been presented as a facultative H2 disposal pathway 
owing to sulphate reduction and methanogenesis being 
thermodynamically more favourable reactions for this 
requirement of fermentation.38 In addition, models of 
competitive exclusion between methanogenic archaea 
and SRB in the human colon have been suggested to 
explain the observed disparities in detectable breath 
CH4 excretion and in differential outcomes of culture- 
dependent approaches.13,39–48 Culture-based and 
molecular-based studies have demonstrated that SRB 
persistently colonize the healthy human colon.39–41,49

Of note, the colon is composed of different sites with 
various physiological and chemical characteristics, 
which have a role in shaping microbial communities.50 
Specifically, it has been suggested that the more acidic 
right colon is mainly colonized by reductive acetogens, 
whereas methanogenic archaea would thrive better in the 
more neutral pH of the distal colon.51–54 Indeed, coherent 
gradients of microbial abundance were demonstrated by 
a 2011 molecular survey,39 but all microbial communi-
ties were ubiquitous throughout the colon. However, 
this observation does not preclude regional differentia-
tion, which could also occur on a microscale, enabling 
acid-intolerant methanogens to grow in microniches  
exhibiting neutral pH, in the right colon for example.

Hydrogen gas producers
In addition to the reoxidation of reduced pyridine and 
flavin nucleotides, H2 can be produced by cleavage of 
pyruvate to formate and subsequent metab olism by 
formate hydrogen lyase, or by generation from pyruvate 
through the activity of pyruvate:ferredoxin oxidoreduc-
tase and hydrogenase (Figure 2).55 With H2 production 
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Figure 2 | Biochemical pathways of H2 production from bacterial fermentation. The primary source of H2 derives from (1) the 
reoxidation of reduced pyridine and flavin nucleotides. This pathway is inhibited by a high partial pressure of H2, whereas the 
other two pathways of H2 production are not. These two pathways are (2) the cleavage of pyruvate to formate and 
subsequent metabolism by formate hydrogen lyase (primarily Clostridia), and (3) the generation from pyruvate through the 
activity of pyruvate: ferredoxin oxidoreductase and hydrogenase (primarily Enterobacteria). These biochemical pathways were 
defined mainly from in vitro cultivation of fermentative bacteria. The availability of genomics and molecular-based methods 
provides opportunities for further metabolic characterization of colonic H2 production in situ. Abbreviations: CO2, carbon 
dioxide; H+, hydrogen ion; H2, hydrogen.
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being integral to microbial fermentation, a broad 
assemblage of hydrogenogens must exist in the human 
colon—probably most abundant in the right colon, the 
colonic region with the greatest extent of microbial fer-
mentation.50 Few studies have focused on the phylo-
genetic diversity of these microbes and the metabolic 
niches they occupy. Among abundant bacterial genera 
detected in the colon, several strains of Roseburia 
spp.56,57 and Ruminococcus spp.44,45 produce substantial 
concentrations of H2 in vitro. Other prominent colonic 
bacteria known to produce H2 include Anaerostipes 
caccae,46 Clostridium spp.47,48 Eubacterium rectale,58 
Bacteroides spp.43,59 and Victivallis vadensis.60 Conversely, 
Akkermansia muciniphila61 and Faecalibacterium praus-
nitzii 62 were clearly shown to produce no detectable 

levels of H2. Thus, it seems that colonic H2 is produced 
mainly by members of the Firmicutes and much less by 
members of the Bacteroidetes.

Commonly, H2 production has been characterized 
by breath testing; however, data indicating the extent 
to which such tests accurately reflect the abundance or 
activity of hydrogenogens in luminal or mucosal micro-
biota are scarce. A proof-of-principle description of a 
protocol for selective enrichment of hydrogenogens 
offers promise of successful culture-based approaches for 
application to the colonic environment.63 A more readily 
available approach would be the direct characterization 
and quantification of microbial H2 production by target-
ing the hydrogenase enzymes involved in H2 production 
(Figure 2). Functional gene approaches are particularly 
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Figure 3 | H2 gas is inherently produced during microbial fermentation in the human colon. The accumulation of H2 leads 
rapidly to a pH2 that thermodynamically restricts further fermentation. Accordingly, three groups of hydrogenotrophic (H2-
utilizing) microbes possess the crucial ability to simultaneously oxidize H2, which lowers pH2 enabling fermentation to 
proceed. Given the centrality of H2 production in fermentative pathways, this metabolic feature is almost certainly 
widespread among colonic bacteria. The genera depicted are among those that have been characterized in vitro for H2 
production. Hydrogenotrophic microbes include methanogenic archaea, reductive acetogens and SRB. Abbreviations: CH4, 
methane; H2, hydrogen; pH2, partial pressure of hydrogen; SCFA, short-chain fatty acids; SRB, sulphate-reducing bacteria. 
All images shown are microscopy images with the exception of a schematic representation of Desulfobacter spp. 
Ruminococcus spp. image courtesy of Harry Flint and Sylvia Duncan. Desulfovibrio spp. image courtesy of Grahame Bradley. 
Clostridium spp. and Bacteroides spp. images both courtesy of CDC. Desulfobulbus spp. image taken from Pagani, I. et al. 
Stand. Genomic Sci. 4, 100–110 (2011), which is published under an open-access license by the Genomic Standards 
Consortium. Desulfotomaculum spp. and Roseburia image used with permission from the Society for General Microbiology 
© Fardeau et al. Int. J. System. Bacteriol. 45, 218–221 (1995) and Duncan, S. H. et al. Int. J. System. Evol. Microbiol. 56, 
2437–2441 (2006), respectively. M. stadtmaniae and B. hydrogenotrophica image used with permission from Springer © 
Miller, T. L. & Wolin, M. J. Arch. Microbiol. 141, 116–122 (1985) and Bernalier et al. Arch. Microbiol. 166, 176–183 (1996), 
respectively. M. smithii image used with permission from National Academy of Sciences © Samuel, B. S. et al. Proc. Natl 
Acad. Sci. USA 104, 10643–10648 (2007). 
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useful for measuring the DNA-based abundance or the 
RNA-based activity of phylogenetically diverse metabolic 
groups such as fermentative hydrogenogens. Of the two 
main types of hydrogenases, [Fe-Fe]-hydrogenases are 
involved primarily in H2 production and can be used 
as molecular targets.64 The utility of this approach was 
demon strated for the characterization of H2 producers 
in an acidic fen65 and earthworm gut,66 and thus offers 
promise for unravelling greater detail on the extent to 
which the abundance and activities of hydrogenogens 
vary among individuals and in response to diet or disease.

Reductive acetogens 
The reductive acetogens are a group of obligately 
anaerobic bacteria that utilize the acetyl-CoA (Wood–
Ljungdhal) pathway to synthesize acetate from CO2 and 
H2.

67 Colonic acetogenesis was first demonstrated using 
slurries from human stool,68 and later cultivation-based 
studies estimated that the number of acetogens ranged 
from 1 × 102–1 × 108 colony-forming units (CFUs) 
per g wet human stool.69,70 Acetogens isolated from 
human stool were related to the genera Ruminococcus, 
Clostridium or Streptococcus.70–72 The gene sequences of 
formyl tetra hydrofolate synthetase (fhs) and acetyl-CoA 
synthase (acs) are highly conserved among acetogens 
and thus serve as useful functional gene targets.48,73,74 
Analysis of fhs sequences amplified from human stool 
identified Blautia producta (formerly Ruminococcus 
productus) as the predominant acetogen, and detected 
several fhs sequences that had not been identified previ-
ously.75 Both fhs and acs were persistently detected in 
colonic biopsies from 25 healthy individuals, with values 
ranging from 1.8 × 103 to 8.8 × 106 and from 9.8 × 103 to 
3.8 × 107 gene copy numbers per g of tissue, respectively.39 
It should be noted, however, that the presence of these 
functional genes does not necessarily correlate with  
reductive acetogenesis.

Acetogenesis has been postulated to be a less important 
hydrogenotrophic pathway in the colon than methano-
genesis and sulphate reduction4 because both the con-
version of H2 and CO2 into CH4 and sulphate reduction 
are thermodynamically more favourable than reductive 
acetogenesis.38,76 Nevertheless, a metagenomic study of 
the in vivo metabolic potential of human gut acetogens 
concluded that acetogenesis was the most prevalent 
pathway of H2 disposal in the human colon.77 This model 
is supported by a previous study that used radioisotope 
analysis to quantify the fraction of acetate derived from 
the reduction of CO2 by H2 in stool suspensions from two 
individuals.78 However, the model conflicts with the the-
oretical consideration of the thermo dynamics of H2 uti-
lization among hydrogenotrophs as well as experimental 
evidence of the relative prevalence of methanogenic 
archaea and SRB in the human colon. Without question, 
polyphyletic reductive acetogens are more metabolically 
versatile than methanogenic archaea or SRB, and defin-
ing the nature of their interactions with these two groups 
of hydrogenotrophic microbes and the extent to which 
they contribute to H2 disposal in CH4-excretors versus 
nonexcretors needs to be resolved.

Methanogenic archaea
Colonic methanogenic archaea derive all (or most) of 
their metabolic energy from methanogenesis by reducing 
CO2 or methanol to CH4 using H2 or formate as electron 
donors.79 Substantial interindividual differences exist 
in colonic methanogenesis. A threshold value of 1 × 108 
methanogens per g of stool for CH4 to be detected in 
breath was defined by Miller and Wolin80 and confirmed 
in a subsequent study in which breath CH4 excretors har-
boured an average of 1 × 109 CFU per g of methanogens 
in stool, whilst nonexcretors harboured ~1 × 104 CFU 
per g.49 Chassard et al.81 demonstrated that the struc-
ture of the cellulose-degrading bacterial community in 
individuals differs according to their CH4 status. The 
dominant cellulose degraders isolated from non-CH4-
excreting individuals belonged mainly to Bacteroidetes; 
CH4-excreting individuals harboured predominantly 
Firmicutes. Methanogens were also observed to co-
occur predominantly with members of the Clostridiales 
order (Firmicutes) in individuals harbouring abundant 
methano gens.82 This same study confirmed that host 
genotype influences methanogen carriage, as the con-
cordance rate for carriage of methanogens was markedly 
greater in monozygotic adult twin pairs than in di zygotic 
twins. However, carriage of methanogens between 
mother and daughter was discordant.82 Thus, host 
genotype and various environmental factors are among 
the potential determinants of persistent colonization  
by methanogens.

The two methanogenic species isolated from 
the human colon, Methanobrevibacter smithii and 
Methanosphaera stadtmanae, have different biochemi-
cal characteristics. M. smithii converts CO2 and H2 to 
CH4, but M. stadtmanae uses H2 to reduce methanol to 
CH4.

83,84 To date, studies (using both culture-based and 
molecular-based approaches) indicate that M. smithii is 
the predominant methanogen in the human colon;85–90 
M. stadtmanae has been isolated from the human intes-
tinal tract at a lower abundance.83 Several different 
phylo types closely related to M. smithii, M. stadtmanae, 
M. oralis or Methanosarcinales have been identified using 
molecular fingerprinting studies targeting 16S ribo-
somal DNA and functional gene coenzyme M reductase 
(mcrA).89–91 The mcrA gene was persistently detected 
with values ranging from 3.0 × 102 to 4.5 × 109 in colonic 
biopsy samples from 25 healthy individuals.39 These data 
further confirm initial observations that breath CH4 con-
centration reflects the relative abundance or activity of 
colonic methanogens, and not the presence or absence 
of this hydrogenotrophic group.

Sulphate-reducing bacteria
SRB are a diverse group sharing the ability to use sul-
phate as a terminal electron acceptor for respiration, with 
the concomitant production of H2S. Colonic SRB gener-
ally use H2 as their electron donor, but electrons can also 
be provided from the oxidation of organic compounds, 
such as lactate.92 SRB are ubiquitously present in the 
human intestinal mucosa40,41,93 and have been enumer-
ated from human stool within the range 1 × 103–1 × 1011 
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bacteria per g.34,49,94 In vitro, colonic SRB are metaboli-
cally flexible and can oxidize a variety of short-chain 
fatty acids.94,95 Detection of SRB in the stool of infants 
<1 month indicates that these bacteria are facultative H2 
utilizers.40,96 A range of nutritionally and physiologically 
distinct SRB has been detected in human stool.34,94,97,98 
The genes encoding adenosine 5'-phosphosulfate reduc-
tase (apsr1) and dissimilatory sulphite reductase (dsrAB), 
which are enzymes in the sulphate reduction pathway, 
are also useful molecular markers owing to their highly 
conserved nature and congruence with the evolutionary 
history of SRB.99–102 However, few studies have been pub-
lished that have examined the diversity or abundance of 
human colonic SRB using molecular-based techniques. 
The functional gene dsrAB was persistently detected with 
values ranging from 1.8 × 102–1.4 × 109 copy numbers in 
colonic biopsy samples from 25 healthy individuals.39 
Furthermore, in the same set of biopsy samples, four 
different SRB genera identified previously by cultur-
ing34 were consistently detected with relevant 16S rRNA  
gene probes.39

Colonic gases and human disease
Links with IBS
IBS is categorized as a functional intestinal disorder and 
afflicts ~14% of the US population;103 it is the first-listed 
diagnosis in >1.6 million individuals according to the 
National Hospital Ambulatory Medical Care Survey 
for 2004–2005.104 However, based on findings from a 
2005 survey of 5,009 individuals, Hungin et al.103 esti-
mated that >76% of IBS sufferers may go undiagnosed. 
IBS subtypes include constipation-predominant IBS 
(IBS-C), diarrhoea-predominant, and mixed or unspeci-
fied.105,106 Primary symptoms—in addition to diarrhoea 
or constipation in 30–40% of patients—include pain, 
bloating and/or abdominal distension, flatulence and 
belching.107,108 Despite its prevalence and severity, no 
confirmatory diagnostic test exists for IBS.

The role of gas byproducts of microbial fermenta-
tion has been implicated in IBS in general, and IBS-C 

in particular (Table 1).109,110 Malabsorption of carbo-
hydrates from the intestine and SIBO are commonly, but 
inconsistently, associated with IBS, and their relevance 
to the cause of the disorder has been controversial.111 
In particular, CH4 has been linked to decreased colonic 
transit time in patients with IBS-C; meanwhile H2 accu-
mulation, possibly due to a failure of colonic microbes 
to dispose of H2 produced via fermentation, has been 
postulated to account for the bloating and pain that 
often distinguish IBS-C from chronic constipation.110,112 
Using whole-body calorimetry, King et al.113 found that 
patients with IBS excreted substantially more H2 overall 
than healthy individuals. Although H2 plus CH4 excre-
tion was slightly higher in those with IBS than healthy 
controls, the difference in volume was not statistically 
significant; however, the rate of excretion of both gases 
was 400% higher in patients with IBS than controls. 
Dietary changes that improved IBS symptoms decreased 
gas excretion levels, particularly H2.

113 
Because bloating and abdominal pain are suggested 

to result from carbohydrate malabsorption and subse-
quent bacterial fermentation in the colon, clinicians and 
scientists have sought to correlate elevated breath levels 
of H2 produced by colonic bacteria during fermentation 
with IBS.114,115 Several studies have measured increases in 
breath H2 concentration in patients with IBS,116 as well 
as premature peaks in breath H2, implicating SIBO as a 
cause of abdominal pain and bloating. However, evidence 
exists that early H2 peaks associated with IBS reflect dif-
ferences in small-bowel transit time rather than SIBO.117 
Quigley118 suggests that IBS owing to SIBO might present 
a distinct category of this disorder. Nonetheless, reliable 
data verifying a link between colonic microbiota, H2 
metabolism and IBS are sparse.119

Finally, a correlation was observed between high 
breath CH4 levels and the occurrence of motility dis-
orders.120,121 As demonstrated in human and mammalian 
model systems, high levels of CH4 are correlated with 
decreased intestinal motility;121 however, it has not been 
confirmed that this increase in breath gases is associated 

Table 1 | Studies on the link between IBS and colonic H2

Study No. of participants Major findings

Levitt & Donaldson (1970)26 55 Abnormal breath H2 and CH4 in carbohydrate malabsorption

Metz et al. (1975)194 24 IBS linked with lactose intolerance

Metz et al. (1976)195 17 IBS symptoms linked to SIBO

Rhodes et al. (1979)28 64 Lactulose breath testing for SIBO

El Oufir et al. (1996)196 8 Altering intestinal transit times leads to a change in bacterial abundance 
and activity

King et al. (1998)113 12 Increased volume and rate of H2 excretion in patients with IBS

Pimentel et al. (2000)116 202 Reduction of SIBO with antibiotics reduces IBS symptoms

Pimentel et al. (2003)153 551 CH4 linked to constipation-predominant IBS

Pimentel et al. (2004)197 18 Patients with methanogenic IBS have reduced postprandial serotonin levels 
relative to patients with hydrogenogenic IBS

Dear et al. (2005)198 12 Reduction of fermentation with metronidazole or exclusion diet improves IBS 
symptoms

Abbreviations: CH4, methane; H2, hydrogen; SIBO, small intestinal bacterial overgrowth.
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with increased abundance of colonic methanogens. 
For example, increased CH4 production could result 
from increased bacterial H2 production. Global and 
deep microbial analysis of stool samples from patients 
with IBS demonstrated the presence of methanogenic 
archaea in a higher percentage of those with IBS-C 
than in healthy controls or patients with diarrhoea-
predominant or alternating IBS. However, among those 
patients harbouring methanogens, their abundance was 
fourfold greater in healthy individuals than in either the 
IBS group as a whole or those with IBS-C.122 In addi-
tion, patients with IBS who excreted CH4 produced 
lower levels of serotonin in response to glucose than 
those excreting primarily H2.

123 Serotonin in IBS has 
been linked to abnormal gut motility as well as visceral 
hypersensitivity; however, the potential success of treat-
ments capitalizing on this relationship has been hindered 
by serious adverse effects.124–127 This lack of knowledge 
on the relationship between measures of microbial abun-
dance and activities relative to breath gas concentrations 
highlights the need for more systematic investigation of 
host–microbe aspects of H2 metabolism.

H2S has been shown to modulate peripheral noci-
ceptive (pain-related) signals.128 As abdominal pain is a 
primary symptom of IBS, these data implicate a poten-
tial, direct role for colonic H2S. Indeed, a pro-nociceptive 
effect has been suggested from mouse model studies that 
could support this hypothesis.129,130 Nevertheless, anti-
nociceptive effects have also been reported,131 and, thus, 
the importance of the role of H2S in abdominal pain in 
IBS remains controversial.

Links with IBD
A role for bacterial-generated H2S in IBD aetio-
pathogenesis has support from both clinical and 
experimental studies (Table 2). H2S is highly toxic to 
colonocytes and impairs their metabolic function, espe-
cially butyrate oxidation.132,133 In aqueous solutions, H2S 
dissociates into hydrosulphide anion (pKa 7.04) and sul-
phide ion (pKa 11.96).134 Generally, sulphide exists in the 
human colon in the volatile, highly toxic undissociated 
form (H2S), which is quickly absorbed by the mucosa or 
passed as flatus.2 The majority of sulphate (>90%) dis-
appears during passage through the colon of individu-
als lacking SRB; thus, a number of colonic processes, in 
addition to sulphate reduction by resident bacteria, must 
compete for sulphate.135

Anionic sulphide concentrations were elevated in 
the colon of patients with ulcerative colitis.136 These 
patients also ingested more protein, and thereby more 
sulphur amino acids, than healthy control individuals.137 
Removing foods rich in sulphur amino acids (milk, eggs 
and cheese) has proven therapeutic benefits in those with 
ulcerative colitis.138 However, other studies examining 
SRB-related variables have not confirmed a possible link 
with IBD. These conflicting observations might reflect 
the common use of 5-aminosalicylic acid (5-ASA), 
which has a proven therapeutic value for the treatment 
of ulcerative colitis136 but also diminishes H2S production 
by colonic bacteria.139,140 Indeed, no difference in stool 

sulphide concentrations was observed between patients 
with ulcerative colitis who were treated with 5-ASA and 
noncolitic individuals,141 whereas stool sulphide concen-
trations were markedly higher, by comparison, in patients 
with ulcerative colitis who were not administered 
5-ASA.139 Aminoglycoside antibiotics also inhibit SRB 
growth and are of therapeutic benefit in active ulcerative 
colitis.136 Further supporting a role for H2S in ulcerative 
colitis is the observation that SRB were found in surgi-
cally constructed ileoanal pouches of patients with ulcer-
ative colitis but not in pouches of patients with familial 
adenomatous polyposis.141 Moreover, H2S production in 
ulcerative colitis pouches was 10 times greater than that 
in familial adenomatous polyposis pouches.142 In addi-
tion, the severity of pouchitis is positively correlated 
with stool concentrations of H2S,143 possibly reflecting  
a pathogenic role for this gas.

Early studies used culture-based approaches to 
examine colonic SRB in patients with IBD (Table 2). 
The numbers of SRB and rate of sulphidogenesis were 
greater in those with ulcerative colitis than in healthy 
controls.144,145 In another in vitro study, production of 
H2S from stool of patients with ulcerative colitis was 
3–4 times greater than that from controls.146 Molecular-
based techniques have been used to evaluate the 
prevalence and diversity of SRB species (Table 2). For 
example, Desulfovibrio piger was more abundant in 
stool of patients with IBD than in healthy individuals 
or in patients with other gastrointestinal symptoms.147 
However, Fite and coworkers40 reported that patients 
with active ulcerative colitis did not harbour more 
Desulfovibrio spp. than healthy controls in either stool 
or rectal mucosal samples (as measured by quantitative 
PCR). Thus, either increased sulphidogenic activities or 
reduced sulphide detoxification in the colonic epithelium 
might explain the increased H2S concentrations in these 
patients and their potential inflammatory impact.

Indirect support for a role of H2S and SRB in the 
aetiology of ulcerative colitis (but not Crohn’s disease) 
is the observed increased activity of mucin sulphatase, 
an enzyme that cleaves sulphate groups from mucosal 
sulphomucins.148 Additionally, in most patients, fluc-
tuations in stool sulphatase activities correspond to 
clinical disease activity.148 Therefore, a model in which 
increased sulphatase activity results in increased avail-
ability of endogenous sulphate for H2S production by 
SRB might contribute to perpetuation of the disease. 
This model is supported by the finding of an associa-
tion between the abundance of sulphomucins and the 
quantity of several SRB genera in the colonic mucosa of 
healthy individuals.149

A few, but consistent, reports indicate that the preva-
lence of the methanogenic phenotype is markedly lower 
in patients with Crohn’s disease or ulcerative colitis than 
in healthy individuals. However, these intriguing find-
ings have received limited attention, and it is not known 
whether the potentially reduced prevalence of CH4 excre-
tion in IBD is a cause or consequence of, for example, 
reduced transit time or pH. Breath CH4 was detected in 
44% of healthy white individuals but absent in patients 
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with Crohn’s ileitis.22,150 McKay et al.151 reported a 13% 
prevalence of CH4 excretion in patients with Crohn’s 
disease and 15% in those with ulcerative colitis compared 
with 54% in healthy controls. Peled and coworkers152 
found that among healthy individuals, 50% produced 
CH4, whereas breath CH4 was detected in only 6.1% of 
patients with Crohn’s disease and 31.4% of patients with 
ulcerative colitis. A 2003 study153 compared the excre-
tion of either H2 or CH4 alone to combined excretion 
of these two gases following a lactulose breath test. The 
predominant gas excreted by patients with IBD was 
H2 alone (76 of 78 individuals with Crohn’s disease or 
ulcerative colitis). By contrast, breath CH4 was detected 
as the predominant gas in only two of 78 individuals with 
IBD in this study.153 To date, only a single report, using a 
molecular-based approach, has compared the incidence 
and density of colonic methanogens in healthy individu-
als versus patients with IBD. Targeting the mcrA gene, 
Scanlan et al.90 reported that although the abundance of 
methanogens was reduced in both IBD groups relative 

to healthy controls, statistical significance was observed 
only for those with ulcerative colitis.

Links with colorectal cancer
Multiple lines of evidence for a possible association of 
both methanogens and SRB with sporadic colorectal 
cancer (CRC) have been reported (Table 3). In the 1970s 
and 1980s, numerous studies reported a higher preva-
lence of methane CH4 excretion among patients with 
CRC compared with healthy individuals and, in some 
cases, patients with other gastrointestinal disease.154–159   

However, subsequent studies did not find major dif-
ferences in CH4 status between patients with CRC and 
healthy individuals,160,161 and the use of the breath test 
was apparently abandoned as a possible CRC diagnostic 
tool. It was suggested that observations of higher breath 
CH4 levels in patients with CRC might have resulted 
from reduced transit time owing to at least partial 
obstruction by tumour tissue.154 Karlin et al.155 found 
that, among a group of 55 patients with unresected CRC 

Table 2 | Studies on the link between IBD, SRB and H2S

Study No. of 
participants 

Major findings

Gibson et al. (1991)97 30 Faecal slurries from patients with ulcerative colitis produce markedly higher rates of H2S than healthy controls

Roediger et al. (1993)132 31 H2S impairs butyrate acquisition by colonocytes

Christl et al. (1996)167 10 NaHS induces mucosal hyperproliferation

Levine et al. (1996)199 100 No difference in SRB stool carriage between populations at high risk of IBD (Ashkenazi Jews) and control 
lower-risk populations

Roediger et al. (1997)136 NA* Therapeutic value of 5-ASA for ulcerative colitis might result from SRB inhibition

Pitcher et al. (2000)139 49 5-ASA inhibits H2S production from SRB and might confound correlation between ulcerative colitis and SRB 

Zinkevich et al. (2000)41 74 SRB cultivated successfully from 92% of patients with ulcerative colitis and only 52% of noncolitic ones. 
SRB-specific PCR successful from all biopsy samples, indicating differences in abundance

Duffy et al. (2002)200 25 SRB colonize pouches formed for ulcerative colitis, but not for familial adenomatous polyposis

Kleessen et al. (2002)93 38 Biopsy samples from patients with ulcerative colitis always positive for SRB detection by FISH; only some 
patients with Crohn’s disease had positive samples

Loubinoux et al. 
(2002)147

151 Higher prevalence of cultivable SRB (68%) and Desulfovibrio piger DNA (55%) in stool from patients with IBD 
compared with healthy individuals or patients with other digestive diseases (24–37% for SRB and 12–25% for 
D. piger, respectively) 

Bullock et al. (2004)201 12 No difference in SRB abundance detected between patients with active ulcerative colitis and those in remission

Ohge et al. (2005)143 50 Stool H2S markedly higher in patients with ulcerative colitis who have a recent history of pouchitis than patients 
with ulcerative colitis who have an older or no history of pouchitis

Smith et al. (2005)202 14 SRB only colonizes ulcerative colitis pouches, but not adenomatous polyp pouches

Bambury et al. (2008)203 21 Ulcerative colitis pouches characterized by high sulphomucin expression that correlates with high SRB 
colonization

Coffey et al. (2009)204 NA* Model for ulcerative colitis pouchitis suggested in which an increase in sulphomucin production enables SRB 
development and H2S-induced inflammation

Lim et al. (2009)205 20 Two Desulfosporosinus sequences and other uncultivated Proteobacteria (potential SRB) detected only in inflamed 
colonic pouches

Rowan et al. (2010)206 39 Desulfovibrio absolute and relative abundance increased in patients with acute and chronic ulcerative colitis 
compared with healthy controls

Verma et al. (2010)207 149 SRB (and Methanobrevibacter smithii) genes more abundant in patients with ulcerative colitis and those with 
Crohn’s disease compared with healthy controls

Strauss et al. (2011)208 56 H2S-producer Fusobacterium nucleatum isolated more often from IBD biopsy samples than from healthy controls. 
F. nucleatum strains originating from inflamed biopsy tissue were more invasive in a Caco-2 invasion assay than 
strains isolated from healthy tissue

*Review article. Abbreviations: 5-ASA, 5-aminosalicylic acid; FISH, fluorescence in situ hybridization; H2S, hydrogen sulphide; NA, not applicable; NaHS, sodium hydrogen sulphide; SRB, 
sulphate-reducing bacteria.
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in varying regions of the colon and rectum, no difference 
was observed in the frequency or amount of CH4 excre-
tion for the groups; however, of those with more distal 
cancer (descending or sigmoid), the likelihood of excret-
ing breath CH4 was twice as high as for patients with 
proximal colon or rectal cancer. Holma et al.162 reported 
an extensive assessment of methanogenic status in CRC. 
Again, breath and stool CH4 levels were similar in healthy 
individuals and those with CRC. However, patients with 
right-sided CRC exhibited lower methanogenesis, lower 
stool pH and increased abdominal discomfort compared 
with patients with left-sided CRC.162

H2S can damage the intestinal epithelium leading 
to chronic inflammation,132,136,163 as well as perturbing 
the balance between cellular proliferation and apop-
tosis.164–167 At concentrations similar to those found in 
the human and mouse intestine, the H2S donor sodium 
hydrosulphide produced genomic DNA damage in 
Chinese hamster ovary and human HT29-Cl.16E 
colonic epithelial cells when DNA repair was inhibited.168 
Sodium hydrosulphide also induced DNA damage in the 
absence of cellular metabolism, and this damage was at 
least in part produced by free radicals.169 A subsequent 
study confirmed the genotoxic properties of sodium 
hydrosulphide in nontransformed human intestinal 
epithelial cells with intact DNA repair pathways, and 
demonstrated that H2S modulates the expression of 
genes involved in cell-cycle progression and triggers both 
inflammatory and DNA repair responses.170

Kanazawa171 measured higher stool H2S levels in indi-
viduals with high risk of CRC than in healthy controls. 
Ramasamy172 found that thiosulphate sulphotransferase, 
an enzyme purported to be involved in H2S detoxifica-
tion, was present in lower abundance in biopsy tissue 

from patients with CRC (and ulcerative colitis). In a 
limited study targeting only a few microbial taxa in stool 
from patients with CRC and healthy individuals, major 
differences were not observed for Desulfovibrio abun-
dance.173 In 2011, Marchesi et al.174 described a potential 
CRC tumour-associated microbiome, based on high-
throughput sequencing. Intriguingly, the highest H2 
producers belong to genera over-represented in colonic 
tumour tissue (Eubacterium and Roseburia). This study, 
as well as two subsequent reports, also consistently 
detected an enrichment of Fusobacterium spp. in colonic 
tumour tissue, a genus known to produce H2S via deg-
radation of sulphur-containing amino acids.174–176 Thus, 
it is possible that the observed association of increased 
H2S with CRC derives from cysteine fermentation rather 
than sulphate respiration.

Endogenously produced H2S has been demonstrated 
from a wide range of tissues, including the gastro-
intestinal tract,177 and this molecule is receiving a lot of 
attention as a possible intracellular ‘gaseous trans mitter’.178 
Numerous examples exist whereby the exo genous admin-
istration of H2S donors (such as sodium hydrosulphide) 
exerts anti-inflammatory effects in a wide range of in vitro 
and in vivo settings.179 However, at present, a large dis-
crepancy remains between the concentrations of H2S in 
tissue versus those needed for alteration of tissue function 
in vitro.180 One hypothesis that has not been tested is a 
direct modulation of the gut microbiota by H2S rather 
than physiological effects. H2S is known to be toxic to 
microbes in general and also to help maintain anaerobic 
status.181,182 Thus, it is possible that the suggested benefi-
cial effects of H2S might actually reflect their shaping of 
a more beneficial microbiome, possibly by inhibiting the 
growth of pathogenic facultative anaerobes.

Table 3 | Studies on the link between CRC, SRB and H2S

Study No. of study 
participants/
patient samples 

Major findings

Kanazawa et al. (1996)171 27 Higher H2S concentration in high-risk patients compared with controls

Deplancke et al. (2003)165 5 H2S induces cell-cycle entry in rat intestinal epithelial cells

Attene-Ramos et al. (2006)168 NA* Physiological H2S concentrations genotoxic to mammalian cells

Ramasamy et al. (2006)172 NA Levels of sulphide-detoxifying enzymes in the human colon decreased in 
patients with cancer

Attene-Ramos et al. (2007)169 NA* H2S induces direct radical-associated DNA damage

Balamurugan et al. (2008)173 46 No major differences in abundance of Desulfovibrio between stool from 
patients with CRC and healthy individuals

Scanlan et al. (2009)209 90 No major differences in abundance of Desulfovibrio between stool from 
patients with CRC and healthy individuals

Attene-Ramos et al. (2010)170 NA* Physiological H2S concentrations genotoxic to colonic epithelial cells

Cai et al. (2010)164 NA* H2S induces human colon cancer cell proliferation

Castellarin et al. (2011)176 99 H2S-producer Fusobacterium nucleatum DNA sequences over-represented in 
CRC tumour tissues

Kostic et al. (2011)175 95 H2S-producer Fusobacterium nucleatum sequences over-represented in 
microbial metagenomes from CRC tumour tissues

Marchesi et al. (2011)174 6 H2S-producer Fusobacterium nucleatum sequences more abundant in 16S 
pyrosequencing from CRC tumour tissues than in healthy tissue

*In vitro studies. See references for details. Abbreviations: CRC, colorectal cancer; H2S, hydrogen sulphide; NA, not applicable; SRB, sulphate-reducing bacteria.
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What is clear is that SRB are tightly associated with the 
colonic mucosa and presumably their presence provides 
a source of H2S that directly influences the colonic epi-
thelium. Hence, numerous host and microbial compo-
nents might fit multifactorial models that could explain 
gene–environment interactions that predispose to  
sporadic CRC.

Links with obesity
Obesity has been hypothesized to correlate with elevated 
levels of colonic CH4 and H2.

86 This hypothesis is based 
on the assumption that increased methanogenesis would 
improve fermentation efficiency, resulting in increased 
production of short-chain fatty acids, which potentially 
promotes adipogenesis by the host. The idea was first 
suggested by observations that methanogens were more 
abundant in homozygous ob/ob mice than in their non-
obese heterozygotic littermates and wild-type controls.183 
Subsequently, an intriguing study detected markedly 
higher numbers of methanogenic archaea in obese indi-
viduals than in normal-weight individuals or patients after 
gastric bypass.86 Alternatively, four reports demonstrate 
a reduced number of CH4 excretors among obese indi-
viduals compared with lean individuals,184 a lower level 
of M. smithii in obese individuals,185,186 and greater abun-
dance of methanogens in those with anorexia compared 
with obese and lean individuals.187 Clearly, much addi-
tional work is needed to determine the extent to which 
colonic H2 metabolism might influence the develop ment 
of obesity. Determining the relationship between colonic 
microbial populations and breath gas measurements in 
obese individuals, populations at risk of obesity, and in 
response to diet would help to clarify this matter.

Hydrogen as a therapeutic gas
Perhaps the most exciting link between H2 and human 
disease is emerging evidence that this microbial-
derived gas has potent antioxidative, antiapoptotic and 
anti-inflammatory activities in a wide range of disease 
models.188 The breakthrough in this area of research was 
the report that molecular H2 selectively reduced the levels 
of hydroxyl radicals in vitro and that H2 molecules also 
exerted therapeutic antioxidant activities in a rat model of 
middle cerebral artery occlusion.189 H2 selectively reduces 
hydroxyl radicals and peroxynitrite, which are strong 
oxidants that react indiscriminately with nucleic acids, 
lipids and proteins resulting in DNA fragmentation,  
lipid peroxidation and protein inactivation. 

Accumulating evidence suggests that H2 can protect 
various cells, tissues and organs against oxidative 
injury.190,191 Of specific interest to the field of gastro-
enterology is the demonstration that H2-enriched water 

reduced colitis (induced by dextran sodium sulphate) in 
a rat model.192 Evidence that H2-infused water and H2 gas 
exerted beneficial effects in animal models of, or patients 
suffering from, obesity, diabetes mellitus and metabolic 
syndrome expands the potential clinical relevance of the 
H2 economy.193 Thus, it would seem that the H2 endo-
genously produced by the resident microbiota might 
exert a similar protective antioxidant role in the healthy 
colon, and that decreases in the net production of H2 
might increase the risk of inflammatory or metabolic dis-
eases. It is intriguing to consider whether manipulation 
of microbial H2 metabolism, either through enhanced 
production or diminished utilization, might provide 
a novel means of regulating colonic homeostasis. At 
present, technological limitations preclude interroga-
tion of microbial H2 metabolism at temporal and spatial 
scales relevant to the colonic mucosal ecosystem.

Conclusions 
Despite long-standing evidence demonstrating the impor-
tance of microbial H2 metabolism, minimal efforts have 
been exerted to manipulate relevant host–microbe interac-
tions to affect colonic health. The few studies that demon-
strate the ease with which colonic gases can be regulated 
by dietary substrate offer promise for relatively innocu-
ous strategies to alter the balance between hydrogenogenic 
and hydrogenotrophic microbes, and thereby broaden 
preventative and therapeutic options for managing mul-
tiple colonic and possibly metabolic dis orders. However, 
for this promise to be fulfilled, additional research will 
be required to better understand the microbial and mol-
ecular bases of colonic H2 production and utilization as 
well as the effectiveness of the H2 breath test as a reliable 
readout of microbial metabolic activities. Such findings 
are expected to reveal explanations for the marked varia-
tion among individuals in both host and microbial aspects 
of H2 metabolism, thus enabling these parameters to be  
utilized for novel biomarkers of health and disease.

Review criteria

This Review is based upon data from systematic 
reviews, review papers and individual studies known to 
the authors. Other relevant studies were identified by 
MEDLINE and ISI Web of Knowledge searches of English-
language papers published up to November 2011 using 
the search terms: “acetogen”, “breath test”, “colorectal 
cancer”, “Crohn’s disease”, “hydrogen”, “hydrogen 
sulfide”, “hydrogenotroph”, “inflammatory bowel 
disorder”, “irritable bowel syndrome”, “methanogen”, 
“methane”, “obesity”, “sulfate-reducing bacteria”, 
“ulcerative colitis”, and any relevant combination of terms. 
When appropriate, the reference lists of key papers were 
checked to identify additional articles of interest.
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