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Abstract
Themicro-organismswhich inhabit the human gut (i.e. the intestinal microbiota) influence numerous human biochemical pathways and physio-
logical functions. The present review focuses on two questions, ‘Are intestinal microbiota effects measurable and meaningful?’ and ‘What
research methods and variables are influenced by intestinal microbiota effects?’. These questions are considered with respect to doubly labelled
water measurements of energy expenditure, heat balance calculations and models, measurements of RMR via indirect calorimetry, and diet-
induced energy expenditure. Several lines of evidence suggest that the intestinal microbiota introduces measurement variability and measure-
ment errors which have been overlooked in research studies involving nutrition, bioenergetics, physiology and temperature regulation.
Therefore, we recommend that present conceptual models and research techniques be updated via future experiments, to account for the met-
abolic processes and regulatory influences of the intestinal microbiota.

Key words: Bacteria: Fermentation: Energy expenditure: Doubly labelled water: RMR

Introduction

The human intestinal microbiota (IM) contains a diverse array
of micro-organisms that inhabit the surface and contents of
the gastrointestinal tract(1). Among more than 1000 species(2),
Bacteroidetes (genera Bacteroides and Prevotella) and
the Firmicutes (genera Clostridium, Eubacterium and
Ruminococcus) account for more than 90 % of the IM popula-
tion(3). The collective genome of this diverse gut ecosystem(4–6)

contains at least 9·8 × 106 genes and is>490 times larger than the
20 000 protein-coding genes in the human genome(4). The IM
communicates with the host, consumes, stores and redistributes
energy and nutrients, mediates important chemical transforma-
tions, and replicates to maintain and repair itself. Indeed, host–
IM interactions have important evolutionary significance(7)

because natural selection acts upon the integrated host–IM
organism known as the holobiont (i.e. consisting of interactive
biomolecular networks), and its collective genome known as
the hologenome (i.e. consisting of the nuclear genome, organ-
elles andmicrobiome). Microbesmay be acquired from the envi-
ronment, can be constant or inconstant in the host, and holobiont
phenotypes can change in time and space asmicrobesmove into
and out of the holobiont(8). Considering the numerous IM–host
interactions, the primary purpose of the present review is to
describe research methods that may be influenced by the IM,
during measurements of metabolism, energy expenditure and
temperature regulation. It is relevant that some of these IM
effects are sufficiently large to have a measurable impact on

physiological responses and research data. Because few pub-
lished investigations have considered or acknowledged these
effects, the IM represents an uncontrolled, unmeasured factor
in the design of many human experiments.

Host and intestinal microbiota co-metabolism

Along approximately 200m2 of intestinal surface area(9), the
metabolic processes of the IM vary, depending on dietary sub-
strates and intermediate metabolites formed(10,11). For example,
10–20 % of dietary carbohydrates are resistant to digestion in the
human small intestine, including forms of resistant starch and
NSP (i.e. cereals, raw banana, potato, pectin, cellulose) that
are not degraded by amylase (i.e. present in saliva and produced
by the pancreas). These carbohydrates pass to the colon, where
bacterial fermentation converts them to SCFA (for example,
acetate, propionate, butyrate), lactate, and gases such as CO2,
H2 and CH4

(12). Proteins are degraded to peptides and amino
acids, whose fermentation also results in the formation of
SCFA, CO2 and H2

(13). In addition to SCFA, microbes produce
other metabolites including secondary bile acids, amino acid
derivatives and vitamins(14). Via these products, the gut micro-
biota can influence host whole-body metabolism(15,16); inflam-
mation and gene expression(17); diurnal rhythms of the
host(18,19); absorption of electrolytes andminerals(20); adipose tis-
sue(21); as well as the renal, cardiovascular(22), musculoskele-
tal(23) and neuroendocrine(24,25) systems.

Abbreviations: DEE, diet-induced energy expenditure; DLW, doubly labelled water; IM, intestinal microbiota; rCO2, rate of CO2 production.
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Evidence also suggests that interactions occur between the IM
and host energy balance, nutrient absorption(26–28) and process-
ing of carbohydrates(29) and complex dietary lipids(30). Three
research studies exemplify these interactions. First, an in-patient
energy balance study demonstrated that altered nutrient load
(2400 v. 3400 kcal (10 042 v. 14 225 kJ) diets) induced rapid
changes in the bacterial composition of the human gut micro-
biota, and that these changes correlated well with the stool
energy loss of lean individuals(31). Increased Firmicutes and
reduced Bacteroidetes counts were associated with an increased
energy harvest of about 150 kcal (628 kJ) per 3 d. Second, Vrieze
et al.(32) conducted a randomised clinical trial to study the effects
of infusing IM (i.e. from lean donors into nine male recipients
with the metabolic syndrome) on glucose metabolism and IM
composition. At 6 weeks after the faecal transplant, insulin sen-
sitivity of the recipients increased (glucose disappearance
before, 26·2 v. post, 45·3 mol/kg per min; P<0·05), as did the
abundance of butyrate-producing IM (Roseburia intestinalis in
faecal samples and Eubacterium hallii in intestinal biopsy
samples). Because butyrate is produced both in the large and
small intestines for energy and signalling purposes, and because
orally administrated butyrate has direct effects onglucosemetabo-
lism, these findings suggest a regulating role for butyrate that is
derived from gutmicrobial metabolism, leading to improved insu-
lin sensitivity. Third, to investigate the effects of cold air exposure
on energy homeostasis, Chevalier et al.(33) transplanted faecal
microbiota from cold-exposed or control mice into germ-free ani-
mals. Following cold air exposure, comparison of phylum-level
proportions in faeces showed that Firmicutes abundance
increased (18·6 to 60·5 %) and Bacteroidetes decreased (72·6 to
35·2 %). Interestingly, both processes (i.e. cold air exposure at
6°C for 30 d and transplantation of faecal matter from cold-
exposed mice into germ-free mice) increased insulin sensitivity
and caused browning of white adipose tissue. This suggested that
infusing the IMof cold-exposedmicewas sufficient to transfer part
of this phenotype, including increased energy expenditure and
lower body fat content(33).

Levenson et al.(34) reported that small animal metabolic rate
increased following administration of selected strains of intes-
tinal bacteria. Fig. 1 illustrates the changes of O2 consumption
(litres O2/kg) and faecal bacterial counts across 50 d, during
sequential oral feedings of heat-killed Escherichia coli (faculta-
tive anaerobes), live Bacteroides (obligate anaerobes), live E.
coli and live Proteus (facultative anaerobes). Also, after addition
of the antibiotic neomycin to rat drinking water (0·7 mg/ml; day
42 in Fig. 1), the number of live organisms per g of faeces
dropped 5–7 d later, concurrent with a decrease in O2 consump-
tion and CO2 production. Levenson et al.(35) believed that intes-
tinal facultative anaerobes, such as those described in Table 1,
were responsible for the increased O2 consumption (day 28 to
day 43 in Fig. 1), probably because the rapid rate of increase fol-
lowing administration of live E. coli (day 28 to 32 in Fig. 1) sug-
gested an exponential bacterial growth phase(36,37). Employing a
different research design(35), the overnight fasting O2 uptake of
both conventionalised rats (i.e. littermates of the germ-free rats
contaminated with caecal contents of open-animal-room rats on
the day after weaning) and germ-free animals receiving faecal
transplants was 15–20 % greater than that of germ-free counter-
parts, with no between-group difference of RQ (VCO2/VO2).
However, neither immune responses nor macrophage metabo-
lism/growth curves were measured in either of these studies(34,35).
This is important because, during controlled laboratory incuba-
tions, theO2 consumption rate of isolated humanbronchialmacro-
phage cells was 0·49 μmol O2/5× 106 cells per h(38); similar values
(0·17–0·20 μmolO2/106 cells per h)were reported for rabbit alveo-
lar macrophages(39) and isolated IM bacteria (Table 2). Thus, the
increased energetic cost of an inflammatory response (i.e. follow-
ing oral intake or faecal transplant) may include the sum of bacte-
rial metabolism (Table 2), the metabolism of macrophages and
other innate immune cells, plus host adaptive immune bioener-
getic responses (see the section below titled ‘Indirect calorimetry
of RMR’). Until new methods allow measurement of the in vivo
energy metabolism of innate and adaptive immune cells, the pre-
cise contribution of macrophage cells will remain unknown.

Doubly labelled water measurements of energy
expenditure

Tables 1 and 2 demonstrate that IM bacteria utilise aerobic and/or
anaerobic metabolism, along the course of the human intestine.
We propose that the metabolic processes of the IM influence
the doubly labelled water (DLW) method of measuring energy
expenditure; however, no mention of IM effects appear in the
human scientific literature. The DLW method is theoretically
based on the differential turnover kinetics of the stable isotopes
of oxygen (18O) and hydrogen (2H). After drinking a knownmass
of DLW (2H2

18O), 2H is eliminated from body water as H2O
whereas 18O is eliminated as H2O and CO2

(40). The difference
between these two elimination rates is proportional to the rate
of CO2 production (rCO2) over time, and therefore energy
expenditure. This non-invasive technique, utilised when direct
calorimetry measurements are not possible or feasible (i.e. field
studies, across weeks), is considered by many investigators to
be the most accurate available(41–43). However, the assumptions

Fig. 1. Oxygen consumption of germ-free rats during sequential feedings of
heat-killed Escherichia coli and Bacteroides, followed by feedings of live E. coli
and Proteus (both Gram-negative bacteria). Neomycin (0·7 mg/ml drinking
water per 24 h) was administered for 7 d. Faecal counts are expressed as viable
bacteria per g of faeces. B.W., body weight. Reprinted with permission from
Levenson et al.(34).
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inherent in the DLW method have been challenged by multiple
authors(44–49), using various lines of reasoning, without mention-
ing gut bacteria.

We propose that the characteristics and metabolism of the
human IM directly influence DLW measurements of energy
expenditure in three ways. First, as noted above, the DLW
method relies on the elimination of 2H and 18O isotopes as
water(40). However, numerous IM metabolic reactions produce
water, in addition to the water shown in equation 1(50–53). This
synthesised water may or may not alter the calculation of

rCO2, depending on whether IM bacteria have internalised 2H
and 18O isotopes; evidence(54) demonstrates that bacteria
assimilate heavy water (deuterium oxide, D2O), but the rate
of uptake depends on the phase of growth or maintenance
and the distinctive functional or genomic characteristics of each
bacterial species. Second, direct measurements of colonic
gases suggest that significant amounts of CO2 and H2 exist in
the colon(55,56). As these gases combine, they form CH4 plus
water(57):

4H2 þ CO2 ! CH4 þ 2H2O (1)

Because the DLW method relies on the differential kinetics
of 2H and 18O (see above), the bacterial biosynthesis of CH4

in the colon influences accuracy, via the loss of 2H as C2H4.
Recognising that this biochemical conversion causes underesti-
mation of rCO2 (the error in ruminants ranged from –3·27 to
–6·54 %), Midwood et al.(47) recommended that the calculation
of rCO2 include a factor that corrects for IM CH4 production dur-
ing fermentation. Interestingly, the incidence of CH4 production
in healthy Scandinavian adults, determined by a single midday
breath sample, was reported to be 41 %(58) and 44 %(59), respec-
tively, of those who participated in separate investigations. This
suggests that humans may be either methanogenic or non-
methanogenic, depending on the existence of H2-utilising gut

bacteria. Relevant to this, Bjørneklett & Jenssen(59) reported that
breath testing of methanogenic adults typically showed either
high excretion of H2 and low excretion of CH4 or vice versa, sug-
gesting an inverse relationship between H2S and CH4 produc-
tion. Other relevant biochemical reactions may include H2

production and acetogenesis which utilises CO2 to produce
acetate and acts as an H sink, depending on the abundance of
specific IM species, diet composition, and the amount and type
of resistant or undigested carbohydrates consumed(60). The com-
plex interactions of these factors are difficult to unravel in vivo
and with present-day research methods; thus the magnitude
of effects due to one or all pathways are unknown in humans.
Third, the DLW model assumes that the stable isotopes 2H
and 18O exist in pools which are homogeneous and
constant(45,61). To the contrary, the growth and biosynthetic reac-
tions of IM bacteria cause fractionation of stable isotopes in the
gut(62); this affects the relative abundance of isotopes (1H/2H and
16O/18O) within bacterial cells, in relation to the total body water
pool. For example, up to 70 % of intracellular water in growth-
phase E. coli can be derived from metabolism, and can
be isotopically distinct from the 2H and 18O isotope dilution
spaces(63). This probably occurs because the metabolic produc-
tion of water exceeds the rate of isotopic equilibrium across cell
membranes(64). This bacterial pool, which consists of trillions of
bacterial cells in the human intestine(6), influences, in unknown
ways, the ingested DLW dose (2H2

18O) during water absorption
from the intestine into blood. This perspective of the human
intestine (i.e. that IM cells constitute an unmeasured isotope dilu-
tion space) supports a published model(64) which proposes that
the isotopic composition of body water may represent a hetero-
geneous mosaic of local body water pools. Although the influ-
ence of bacterial fractionation probably is small, we are not
aware of any published research that acknowledges this effect
as part of DLW models or data analyses.

Table 1. Number of obligate anaerobic, facultative anaerobic and obligate aerobic bacteria in the human intestine

Anatomical site
Obligate

anaerobes*
Facultative
anaerobes†

Obligate
aerobes‡

Number of subjects
or samples Reference

Jejunum 5–6§ 4–5§ ‖ 7 Nelson & Mata(152)

Colon 6·4–8·0§ 7·3–8·5§ 5·5–8·0§ 6
Jejunum 3·7–4·3§ 2·3–3·8§ 3·3–3·8§ 4 Peach et al.(153)

Terminal ileum 2·6–3·7§ 0·6–4·9§ 2·4–4·9§ 10
Colon 3·1–6·3§ 3·4–6·0§ 4·9–6·0§ 6
Rectum 6·0–6·2§ 3·0–5·7§ 5·6–5·8§ 2
Caecum 7·2–8·3¶ <2·9–6·1¶ 4·0–7·4¶ 4 Croucher et al.(154)

Ascending colon 7·0–8·4¶ 2·8–6·3¶ 3·6–6·5¶ 4
Transverse colon 6·2–8·2¶ <2·8–5·9¶ 3·6–6·6¶ 4
Sigmoid colon 6·5–8·1¶ <2·9–7·3¶ 3·8–7·6¶ 3 or 4
Large intestine** 7·8†† 2·2–6·6†† 4·9†† 6 Langlands et al.(155)

Rectum‡‡ 2·3–7·0§§ 1·9–6·5§§ ‖ 10 Macfarlane et al.(156)

* These bacteria are poisoned by O2 and metabolise energy via anaerobic respiration or fermentation.
† Grow with and without O2.
‡ Require O2 because they cannot perform anaerobic fermentation or respiration.
§ Log10 organisms per g of biopsied tissue.
‖ None was observed, not reported.
¶ Log10 organisms per g wet weight of colon wall, sudden death cadaver dissection.
** Colonoscopy biopsies sampled at the caecum, transverse colon, descending colon and rectum.
†† Mean log10 colony-forming units observed on agar.
‡‡ Endoscopy biopsies sampled at the rectum.
§§ Log10 organisms per cm2 of biopsied tissue.
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The average mass of faecal contents in the human colon is
285 g wet weight, at a single point in time(65). We calculate that
the mass of faecal bacteria contains 46 g DM (see section below
titled ‘Intestinal microbiota habitats’) and 112 g water(66). Thus,
the water in faecal bacteria is small (<1 %) relative to the total
body water of a 70 kg male (43 litres). In the section below,
we also note that bacteria inhabiting the intestinal mucosa re-
present an unknown and underappreciated factor in microbial
biology. Future research that clarifies their number and biomass
also will allow calculation of their effect on the DLW technique.
However, even if the total mucosal bacteria biomass and water
content equals, or exceeds that of faecal bacteria by 2- to 4-fold,
the overall effect of the IM on DLWmeasurements probably will
be small.

Models of human heat balance

Heat is an inevitable by-product of bacterial growth and the
formation of intermediate metabolites(67). Utilising enclosed lab-
oratory apparatus, investigators have observed that bacterial O2

consumption and CO2 production are directly proportional to
heat production(36,37,68). However, the rate of heat production
varies (Table 3), depending on the bacterial species, concentra-
tion and pulsing of substrates(37,69,70), and intestinal transit
time(31). Because estimates of the total number of bacterial cells
in a 70 kg reference adult range from 1013 to 1014(6,71), and
because micro-organisms produce more heat per unit of mass
than any other organism(72), it is relevant to ask, ‘What is themag-
nitude of heat production by the human IM?’, ‘Does this quantity
influence experimental measurements of human heat balance
and temperature regulation?’ and ‘What is the inter-individual
variation in heat balance?’.

In the text below, we estimate that the dry weight of faecal
bacteria in the human colon is 46 g (see section titled
‘Intestinal microbiota inhabitants’). In Table 3, we present the
median heat production of Lactobacillus helveticus(73) during
anaerobic fermentation of glucose (800 mW/g dry weight)
as an example. Calculating the product of these two values,

we estimate that the rate of IM heat production in the human
colon is 32 kcal/h (134 kJ/h) for faecal, but not mucosal, bacteria.
This rate of IM heat production is considerable, when com-
pared with both the resting energy expenditure of men
(42 % of 76 kcal/h (318 kJ/h)) and women (52 % of 62 kcal/h
(259 kJ/h)), as well as the total energy expenditure of men (23 %
of 140 kcal/h (586 kJ/h)) and women (34 % of 94 kcal/h
(393 kJ/h))(74). Also in the text below, we describe the bacterial
inhabitants of the intestinal mucosa and note that their numbers,
biomass and metabolic heat production may approach or equal
the bacteria that inhabit faecal samples; this IM contribution has
not been acknowledged in previous publications (see section
below titled ‘Heat balance calculations’). Thus, we believe that
thermal balance research which does not consider the IM
(Table 3) has omitted, or incorrectly attributed (for example,
to the metabolic heat produced by host tissues), an important
component of heat balance. Two animal investigations, con-
ducted at the University of MichiganMedical School, support this
proposition. These studies demonstrated that the presence of
Gram-negative andGram-positive bacteria in the gastrointestinal
tract of rats and mice caused a continuous low-grade elevation
(0·4–0·9°C) of the thermoregulatory set point without influenc-
ing the normal circadian rhythm of body temperature(75), that
non-absorbable antibiotics (i.e. which remained in the intestine)
lowered resting body temperature, and that these effects occurred
during day and night hours independent of activity level(76).

In the human colon, fermentation is the predominant meta-
bolic process(77), due to the fact that the partial pressure of O2

in the intestinal lumen progressively decreases from the gastric
fundus (77 mmHg) to the sigmoid colon (39 mmHg) and rectum
(<1 mmHg)(78). This type of anaerobic energy metabolism is
similar to that which occurs in the rumen and colon of goats,
sheep and cows(79). The exact contribution of fermentation to
the overall energy balance of an organism is unknown, but fer-
mentative energy which evolves as heat in the colon has been
calculated as 7 %(79) to 10 %(80) of normal daily energy metabo-
lism (i.e. RMR plus energy expenditure during activities) in
human subjects, and 5–6 % in sheep(81–83). This percentage of

Table 2. Oxygen consumption (mmol oxygen/l culture medium per h) and carbon dioxide evolution (mmol carbon dioxide/l culture medium per h) rates of
intestinal bacteria, measured during controlled laboratory incubations

Bacterial species* Median Maximum Duration (h)

Bacterial cell
count (per litre
culture medium)

Culture
medium

Incubation
conditions Reference

O2 consumed†
Escherichia coli 22 ml O2/min per ml‡ 24 ml O2/min per ml‡ 3·5–4·3 4·2 × 109 § 37·5°C, pH 7·5 Martin(36)

E. coli 42‡ 52‡ ‖ ‖ ¶ 37°C, pH 7·0 Cooney et al.(68)

Bacillus subtilis 48‡ 64‡ ‖ ‖ ¶ 37°C, pH 7·0 Cooney et al.(68)

E. coli 20‡ 83‡ 10–16 1–8 g DW ** 37°C, pH 7·0 Luong & Volesky(37)

CO2 produced†
E. coli 40‡ 68‡ ‖ ‖ ¶ 37°C, pH 7·0 Cooney et al.(68)

B. subtilis 35‡ 82‡ ‖ ‖ ¶ 37°C, pH 7·0 Cooney et al.(68)

DW, dry weight of bacterial mass; IM, intestinal microbiome.
* All are facultative anaerobes which reside in the human IM.
† Dependent on species, metabolic substrate in culture medium, temperature, pH and incubation apparatus employed in each investigation.
‡ Data derived from a graph in the original publication.
§ Peptone water þ 0·5 % NaCl.
‖ Not reported.
¶ Glucose þ trace mixed salt solution.
** Glucose þ lactose.
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daily energymetabolism is likely to be greater among individuals
who consume only plant-based diets (for example, 100 g/d of
fermentable carbohydrate(84)) because the metabolism of 1 g
of plant material generates 2·8–3·7 kcal (11·7–15·5 kJ) of heat(85).

Under certain conditions, the composition of dietary nutrients
in the gut causes the rate of bacterial heat production to increase
greatly. Known as bacterial spilling or futile cycling, this process
involves uncoupling of bacterial respiration from ATP synthesis,
during which excess ATP energy is dissipated as heat(86). This
metabolic inefficiency (i.e. wasting ATP) was measured via calo-
rimetry to be 24 %(87) and 39 %(70) in two separate studies. Both
the type (for example, glucose, citrate, K, SCFA) and the avail-
ability (for example, limited v. excessive glucose) of substrate
influence the degree of inefficiency and the amount of heat pro-
duced by the mixed microbial community of the intestine.
Present models of human heat balance do not acknowledge
energy utilisation, energy spilling or heat production by the IM.

Heat balance calculations

In studies of human and animal temperature regulation, the cal-
culation of Ereq (required evaporative heat loss to offset meta-
bolic heat production) involves the following equation(88):

Ereq ¼ M�Wð Þ�HD; (2)

where M is the rate of transformation of chemical energy to heat
within the body (metabolic rate measured via indirect calorim-
etry), W is externally released energy in the form of external
work, the quantity (M – W) represents human metabolic heat
production, and the term HD refers to the rate of dry heat loss
from skin. All terms in this equation are expressed as watts(89).
Regarding the calculation of Ereq (equation 2), we recommend
that future research recognise the heat produced by the IM,
by adding an additional factor (MIM), and representing human
metabolic heat production (metabolic rate measured via indirect
calorimetry) with the term MH:

Ereq¼ MH þ MIM �Wð Þ�HD (3)

We also recommend modifying the widely recognised heat
balance equation similarly:

S ¼ MH þ MIMð Þ�W� C� K� R � E; (4)

where S is the storage of heat within the human body, MH and
MIM are described in equation 3, W is the work rate (useful
mechanical power) accomplished, C is convective heat loss to
the environment, K is conductive heat loss to the environment,
R is radiant heat loss to the environment, and E is evaporative
heat loss from skin to the environment(89). Since the IM contrib-
utes to heat production, future research should seek to identify
mechanisms by which the IM dissipates heat into the body, as
well as the inter-individual differences in IM and host heat bal-
ance interaction(90). To our knowledge, no previous publication
has acknowledged IM heat production in human heat balance
calculations, or proposed modifications to present models and
techniques that account for the influence of metabolic heat gen-
erated by the IM.

Assuming that IM heat production represents 47 % of RMR
(based on the 46 g dry weight of faecal bacteria in the human
colon, IM median heat production of 800 mW/g dry weight,
and resting whole-body energy expenditure of 76 kcal/h (318
kJ/h) for men; see above), Table 4 illustrates the potential mag-
nitude of differences that could result from introducing bacterial
heat production into heat balance calculations. These data sug-
gest that Ereq (equation 3) and S (equation 4) are not altered by
introducing the term MIM (see Table 4), regardless of the exper-
imental protocol or the ambient temperature. However, mea-
surements of human metabolic heat production (MH) could be
altered greatly by introducing the termMIM. Further, Table 4 sug-
gests that resting experimental protocols (47 % difference; see
Table 4) will be affected more than those protocols involving
exercise. This results from the fact that indirect calorimetry does
not distinguish between human and IM heat production or
energy expenditure, and because the total human energy
expenditure is smaller during resting protocols.

Indirect calorimetry measurements of RMR

Dietitians utilise empirically based formulas to determine RMR
(also known as resting energy expenditure), energy needs,
and protein requirements of healthy and ill adults(91,92). These
prediction formulas incorporate personal characteristics such

Table 3. Metabolic heat production of intestinal bacteria, measured during controlled calorimetry experiments

Bacterial species*

Heat produced
(per litre culture medium per h)†

Duration (h)

Bacterial
content (per litre
culture medium)

Culture
medium

Incubation
conditions ReferenceMedian/steady rate Maximum

Bacillus subtilis 6 kcal (25 kJ)‡ 9 kcal (38 kJ)‡ § § ‖ 37°C, pH 7·0 Cooney et al.(68)

Escherichia coli 6 kcal (25 kJ)‡ 8 kcal (33 kJ)‡ § § ‖ 37°C, pH 7·0 Cooney et al.(68)

E. coli 22 kJ (5 kcal)‡ 43 kJ (10 kcal)‡ 10–16 1–8 g DW ¶ 37°C, pH 7·0 Luong & Volesky(37)

Lactobacillus helveticus 800 mW/g DW‡ 1000 mW/g DW‡ 11 0·1–1·8 g DW‡ ** 42°C, pH 5·9 Liu et al.(73)

DW, dry weight of bacterial mass; IM, intestinal microbiota.
* All species are facultative anaerobes that reside in the human IM.
† Dependent on species, metabolic substrate in culture medium, temperature, pH and incubation apparatus employed in each investigation.
‡ Data derived from a graph in the original publication.
§ Not reported.
‖ (Glucose or molasses) þ trace mixed salt solution.
¶ Glucose or (glucose þ lactate).
** Glucose þ yeast þ various mineral salts.
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Table 4. Potential differences in heat balance calculations when accounting for intestinal microbiome (IM) metabolic activity (column 4)*

Equation Scenario (units) MH MIM† W HD Ereq

Difference
(%)‡

Ereq MH

(MH þ MIM – W) – HD= Ereq

(equation 3)
Semi-recumbent cycling, Tamb 25°C§

(watts/m2)

þ285 0 –105 –5 þ175 0 13þ247 þ38 –105 –5 þ175

Seated upright cycling, Tamb 30°C‖
(watts)

þ360 0 –200 –60 þ100 0 16
þ301 þ59 –200 –60 þ100

Semi-recumbent cycling, Tamb 45°C¶
(watts)

þ290 0 –90 þ200 þ400 0 20
þ231 þ59 –90 þ200 þ400

MH MIM† W (C, K, R) E S Difference
(%)‡

S MH

(MH þ MIM) – W – C – K –R – E= S
(equation 4)

At rest, Tamb 18°C**
(kcal/m2 per h)

þ40 0 0 –85 –10 –55 0 47þ21 þ19 0 –85 –10 –55

At rest, Tamb 28°C††
(kcal/m2 per h)

þ40 0 0 –15 –30 –5 0 47
þ21 þ19 0 –15 –30 –5

At rest, Tamb 48°C††
(kcal/m2 per h)

þ40 0 0 þ45 –65 þ20 0 47
þ21 þ19 0 þ45 –65 þ20

Treadmill running, Tamb 10°C‡‡
(watts/m2)

þ620 0 –30 –300 –250 þ40 0 5
þ587 þ33 –30 –300 –250 þ40

Treadmill running, Tamb 35°C‡‡
(watts/m2)

þ620 0 –30 þ75 –660 þ5 0 5
þ587 þ33 –30 þ75 –660 þ5

MH, humanmetabolic heat production; MIM, intestinal microbiome heat production; W, externally released energy, in the form of external work; HD, dry heat loss from skin via conduction, convection and radiation; Ereq, required evaporation for
thermal balance; Tamb, ambient dry bulb temperature; E, wet heat loss from skin via evaporation; (C, K, R), dry heat loss from skin via conduction, convection and radiation (equivalent to the term HD); S, heat storage in bodily organs; IM,
intestinal microbiota.

* Numerical values are representative approximations, based on six published research studies.
† Values for MIM in resting experiments are based on an IM biomass of 46 g faecal dry weight (see text) which represents 47 % of all metabolic heat produced by a 70 kg adult at rest(74,94), whereas values for MIM in exercise experiments are
estimated using a resting metabolic heat production of 70 watts/m2(157).

‡ Difference due to inclusion of MIM (column 4).
§ Cramer et al.(158).
‖ Gagnon et al.(159).
¶ Meade & Kenny(88).
** Hardy & Stolwijk(160).
†† Stolwijk & Hardy(161).
‡‡ Adams et al.(162).
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as age, height, body mass and sex. Physiologists and clinicians
measure RMR by employing a metabolic cart (i.e. indirect calo-
rimetry) to determine O2 consumption, CO2 production and
minute ventilation. RMR is typically defined as the amount of
energy expended when the individual is awake, in a post-
absorptive state, free from emotional stress, and familiar with
the apparatus(93). In contrast, BMR is usually measured in the
morning, soon after waking, after an overnight fast, with no exer-
cise or strenuous activity for the previous 24 h(94). Best practices
for the measurement of awake RMR include consuming no alco-
hol or nicotine before testing(95), and resting quietly for 10–20
min before themeasurement begins. A 10-min test duration, with
the first 5 min of data discarded, will give an accurate measure of
RMR with a CV< 10 %. Relevant to this laboratory analysis,
human nutrient processing in the gut includes the metabolic
activity of the IM(16). This colonic fermentation generates
CO2

(13,55,56), which is readily absorbed into the circulation(57,96)

and can be expired into the air. However, multiple fates for
CO2 exist, including reduction to CH4 and the production of
acetate by acetogenic bacteria(97). Thus, not all microbially pro-
duced CO2 is expired as a respiratory gas, and its volume in indi-
rect calorimetry measurements is unknown.

Similarly, the effects of bacterial O2 consumption (Tables 1
and 2) affect RMR measurements to an unknown degree.
Although previously published research studies have not consid-
ered the IM as a factor which influences RMR(98), laboratory mea-
surements of O2 consumption in closed cell culture bioreactors
allow comparisons of themetabolic activity of bacteria v. mamma-
lian cells. For example, mouse or rat hybridoma cells utilise O2 at
rates (0·1–0·3mmolO2/l per h)which are approximately 1%(99) of
the bacterial O2 consumption rates shown in Table 2(37,68).
The fact that the number of bacterial cells in the human gut
(1013–1014) is similar to the number of cells in the entire human
body(6,71) may mean that IM metabolism equals or exceeds the
resting metabolism of all human tissues and organs. However,
the following paragraph suggests otherwise. The most abundant
gut bacteria phyla (i.e. Bacteroidetes and Firmicutes) convert
primary bile acids, which initially are produced in the host
liver from cholesterol, and convert them to secondary bile
acids(14). These secondary metabolites promote the conversion
of inactive thyroxine (T4) into active thyroid hormone (T3)(100),
and regulate metabolism and heat production because RMR
is unambiguously dependent on thyroid hormones(101,102).
Although additional research is necessary to quantify these
effects on RMR, authorities have identifiedmechanisms bywhich
secondary bile acids influence thyroid gland function, energy
metabolism and O2 consumption in healthy adults(101,103–105).
These effects are accomplished by a variety of microbial
enzymes (for example, hydroxysteroid dehydrogenases) during
bile acid metabolism in the intestine and regulation of host bile
acid homeostasis(106). The bacteria Eggerthella lenta is particu-
larly relevant to RMRmeasurements because they not only affect
bile acidmetabolism but also influence CO2 andH2 dynamics(97).

The median total dietary fibre intakes of men and women
(aged 31–50 years) in the USA have been reported as 17·9
and 13·1 g/d, respectively, with 5th percentile values of 9·3 and
6·5 g/d, and 95th percentile values of 31·6 and 23·3 g/d(107).
Similar values have been published by other authors for

men(108,109) and women(110). Considerable debate exists regarding
the definition of dietary fibre and its constituents. For example,
Tungland & Meyer(111) cited twenty-two different definitions for
dietary fibre and ten analytical methods that were published
between 1953 and 2002. In the majority of publications, dietary
fibre refers to the edible parts of plants or analogous carbohy-
drates (for example, oligosaccharides, lignin, NSP such as cellu-
lose and pectin) which are resistant to digestion and absorption
in the human small intestine, but which are completely or parti-
ally fermented in the large intestine. Depending on the analytical
method used, resistant and undigested starches may or may not
be included in total fibre determinations(112). However, IM fer-
mentation in the colon utilises undigested carbohydrate that
escapes digestion in the small intestine. If we consider undi-
gested and resistant starches as the only substrate for fermenta-
tion, then about 20 g/d is metabolised in the colons of adults
eating a typical Western diet(79). At present, it is not possible
to determine precise energy values for the undigested complex
carbohydrates in all or even many foods, but general values can
be assigned. In most foods, 2–3 kcal (8–13 kJ) of energy per g of
starch becomes available via fermentation in the large intes-
tine(60,107,112,113). If we also assume 70 % digestibility for unavail-
able complex carbohydrates(60,112) (for example, apple and
mixed diets, 70 %; cabbage, 80 %), then the energy salvage from
SCFA represents only 28–42 kcal per d (117–176 kJ per d)(79),
1·4–2·1 % of a 2000 kcal (8368 kJ) diet. As a comparison, mea-
surements of resting energy expenditure average 7594 (SD 1201)
kJ/d (1815 (SD 287) kcal/d) for men aged <52 years and 6197 (SD
1000) kJ/d (1481 (SD 239) kcal/d) for women aged <52 years,
whereas total daily energy expenditure values average 14 092
(SD 2598) kJ/d (3368 (SD 621) kcal/d) for men aged <52 years
and 10 694 (SD 1900) kJ/d (2556 (SD 454) kcal/d) for women aged
<52 years(74). Based on the above values, daily IM fermentation
in the colon represents only 1·5–2·3% of resting energy expendi-
ture in men and 1·9–2·8 % in women; of a similar magnitude, IM
fermentation represents 0·8–1·2 % of total daily energy expendi-
ture in men and 1·1–1·6 % in women. The impact of these IM
energy contributions will depend on the measurement precision
and reliability required.

Although not part of the RMR in healthy individuals, bacterial
effects on host immune responses represent another means
by which the IM can influence the rates of whole-body energy
utilisation and heat production(114). The IM modulates host
innate and adaptive immune responses at the mucosal surface
of the intestinal epithelium, during infection and inflamma-
tion(115). The energetic cost of an inflammatory response is
substantial. The most striking example involves sepsis, a
whole-body inflammatory state that increases RMR 30–60 %(116).
However, even mild or subclinical immune responses can elicit
increased energy expenditure at rest. Fever, for example, re-
sults in a 10–15 % increase of RMR for every 1°C rise of internal
body temperature(117), and a respiratory tract infection with no
fever can potentiate RMR 8–14 %(118). In addition, gut microbes
produces exogenous pyrogens which can further contribute
to fever(119). Thus, it is important that investigators screen test
participants carefully for minor infections or subclinical ill-
nesses that may induce immune responses and increase RMR
unintentionally.

Intestinal microbiota influences research 211

https://doi.org/10.1017/S0954422419000076 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422419000076


Diet-induced energy expenditure

Total daily energy expenditure is partitioned into three compo-
nents: maintenance RMR (see previous section), activity-induced
energy expenditure and diet-induced energy expenditure
(DEE)(120). The latter quantity (i.e. also named the thermic effect
of foods and diet-induced thermogenesis) is defined as the
energy required for intestinal absorption of nutrients, the initial
steps of nutrient metabolism, and the storage of the absorbed
nutrients which are not immediately metabolised during the
postprandial period. The mean resting energy expenditure and
DEE of seventeen women and twenty-three men were reported
by a Dutch research team(121). Following each of three meals,
DEE caused RMR to increase during postprandial hours(122).
After the final meal of the day, for example, RMR did not return
to the morning baseline level (i.e. measured upon waking) for
approximately 8 h, because of DEE. The energy utilised and heat
produced by gut bacteria was not considered in this study(121),
but probably contributed to DEE during the hours after dinner.
For example, during controlled fermentation in a respiratory
calorimeter, Hershberger & Hartsook(81) observed that bacterial
heat production peaked at 4–5 h and continued >20 h. This sug-
gests that bacterial energy consumption in the human colon,
after one high-fibre meal, could span several hours because
average intestinal transit lasts 15·9–19·3 h(31).

Westerterp(122) summarised eleven previously published
studies (n 257) in which diets contained 15–80 % carbohydrate,
8–32 % protein, 2–67 % fat and 0–23 % alcohol (range, expressed
as the percentage of 1900–3799 kJ (454–908 kcal) energy con-
sumed during the observation period of 4·0–5·5 h). The DEE val-
ues of these men and women ranged from 4·0 to 9·0 % of total
daily energy expenditure. To our knowledge, none of these
studies attributed any portion of DEE to energy consumption
or conversion by the IM. This is noteworthy because 24 h heat
production by the IM is estimated to be 47% of all heat generated
by a 70 kgmale at rest (see section above titled ‘Models of human
heat balance’). Further, multiple controlled laboratory investiga-
tions, measuring fermentation in closed apparatus during pulsed
substrate addition, have shown that bacterial cells increase their
rate of glucose uptake rapidly (i.e.> 7-fold in 2 min(123)) across a
1 h time span, the glucose consumption rate increased 15-fold
and the bacterial growth rate increased 8-fold(124). Although this
experimental methodology may not simulate colonic metabo-
lism exactly, these data suggest that a rapid metabolic increase is
possible when substrate becomes available. Because the physio-
logical, biochemical and genetic mechanism(s) which modulate
DEE have not been clearly delineated(98,125), the rapid changes of
DEE across 2 h(121) could be, in part or in majority, due to both
host and IM metabolism(31).

Intestinal microbiota habitats

The vast majority of IM biomass and number estimates have
considered faecal bacteria but have overlooked bacteria that
inhabit the intestinal mucosa. The average mass of wet faecal
content in the human colon is 285 g at a single point in time(65),
dry faecal matter (29 % of the total mass(66)) weighs 84 g, and the
rate of excretion averages 130 g/24 h(126). To estimate themass of

unattached bacteria inhabiting faeces, most investigators have
utilised visual microscopic counts and converted these to a
weight by assuming an average mass for the bacteria. Because
recent estimates (5 pg(6)) and direct measurements (0·1
pg(127,128)) of the wet weight of a single bacterium vary greatly,
the unique method of Stephen & Cummings(66) assessed bacte-
rial mass by separating the microbial fraction from other faecal
material (i.e. three components: bacteria, undigested fibre and
soluble substances) and weighing it. Their experiments indi-
cated that bacterial weight is 55 % of faecal dry solids. Using
the 84 g weight of faecal DM (above), we calculate that the
dry mass of unattached bacteria in the human colon to be
46 g. Further, because the number of bacteria in stool samples
is 0·3–1·5 × 1010/g dry weight(129), we calculate that the total
number of faecal bacteria ranges from 13·8 to 69·0 × 1010.

Unfortunately, few published estimates of IM biomass, num-
ber or metabolic rate include organisms residing in the extensive
mucosa overlying the luminal surface of the gut. This dual-layer
mucus gel (biofilm) overlies the epithelium, contributes to struc-
tural and functional stability, and fortifies host defences(130).
Bacteria normally are not observed in the thin inner layer, but
inhabit the outer layer which is four to five times thicker (for
example, several hundred micrometres in humans)(131–133).
Adhesion of bacteria to this biofilm may be one of the factors
involved in the ability of IM organisms to colonise and per-
sist(134). Research teams have surveyed IM bacteria in tissue
specimens taken from healthy adults during colonoscopic
examinations. In one such study, Macfarlane & Macfarlane(129)

compared the number of IM bacteria in mucosal biopsies and
faecal samples of fifteen adults. Counts of aerobes and facultative
aerobes (twenty to thirty-one specimens) attached to mucosal
biofilm ranged from 4·1 to 5·8 × 1010, whereas non-adherent bac-
teria in faeces ranged from 1·0 to 5·3 × 1010/g wet weight.
Anaerobic bacteria counts (sixty-eight specimens) ranged from
1·0 to 5·6 × 1010 in mucosal gel and 1·0 to 5·4 × 1010 in faeces.
Zoetendal et al.(135) assessed bacteria in mucosal and faecal tis-
sues donated by ten healthy adults. Biopsy samples from ascend-
ing, transverse and descending colon segments contained 105 to
106 bacterial cells; faecal sample counts were at least 103 times
greater. Similarly, Hartley et al.(134) observed mucosal bacteria
across the entire length of the intestine; numbers ranging from
103 to 109 (mean, 106; fourteen healthy adults; forty-three spec-
imens) per g of biopsied wet tissue. In total, these findings sug-
gest that most published values for IM abundance and biomass
in the colon underestimate the ecosystem, perhaps by as much
as 50 %, because they were derived only from faecal sample
counts(6) and did not include microbes inhabiting the intestinal
biofilm at the luminal surface.

Summary: dynamic and complex interactions

The preceding paragraphs describe ways that gut bacteria may
introduce unrecognised variability or error into experimental
measurements of O2 consumption, CO2 production, RMR, DEE,
energy expenditure using the DLW method, and heat balance.
These IM effects are transmitted through a vast array of inter-
mediate metabolites and signalling pathways to the host gut
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epithelium, liver, muscle and brain(26,136). In addition, IM re-
search is complicated by the sheer number of bacterial species
(>1000) residing in the healthy human gut(2), the metabolic
diversity of closely related bacterial species(15,137), IM organ-
isms(27,138) other than bacteria (for example, viruses, fungi), the
vast and dynamic IM genome(3,4), temporal changes of the IM
community in response to numerous environmental and lifestyle
factors (for example, antibiotics, meals, disease(139,140)), IM diur-
nal rhythms(18,19,141), and the large inter-individual variability of
human thermal and metabolic responses(102,142–144).

We believe that the variability or error due to the IM has been
overlooked in experiments involving nutrition, physiology,
medicine, metabolism, temperature regulation, energy expendi-
ture and exercise. One published analysis assessed the variance
in BMRmeasurements(145), partitioned intowithin- and between-
subject effects (i.e. fat-free mass, fat mass, bone mineral content,
sex, age, plasma leptin and plasma thyroid hormones). Only
2 % of the observed variance in BMR was attributable to within-
subject effects, of which 0·5 % was analytic error. Of the remain-
ing variance, which reflected between-subject effects, 63 % was
explained by fat-freemass, 6%by fat mass and 2%by age. A total
of 26 % of BMR variance remained unexplained, yet no mention
was made of the possible variance due to the gut microbiota.
Until methods are developed to control IM influences during
the conduct of human experiments, researchers should ac-
knowledge this as a research limitation. Researchers also
should control those factors which strongly and rapidly affect
the IM community (for example, exercise, antibiotics, probiot-
ics(136)). Not surprisingly, diet exerts a great influence(146).
Altered nutrient load induces measurable, readily reversible(147)

and rapid changes of IM species diversity and functions(31,147);
these changes occur within 24 h of initiating high-fat/low-fibre
or low-fat/high-fibre diets(148). Therefore, at a minimum, we rec-
ommend that strict dietary controls be implemented in future IM
studies which measure O2 consumption, CO2 production, DEE,
RMR, DLW energy expenditure and heat balance. We also rec-
ommend that in vitro incubations of known IM abundance
(as shown in Tables 2 and 3) and controlled nutrient concentra-
tions be observed and compared with human whole-body
values (as performed in the section above titled ‘Indirect calorim-
etry measurements of RMR’), to determine the magnitudes and
relative contributions of the IM. It is unlikely that profiling the
faecal microbiota will be informative, considering the large taxo-
nomic and metabolic variation of the faecal community(3,149).

During the period 1855–1870, yeasts were established as
microbes and responsible for alcoholic fermentation; this led
to the study of bacterial pathogenicity. The subsequent research
of Pasteur, Koch, Schwann, Fischer and Metchnikoff laid the
foundation for our present understanding of IM–host inter-
actions(150,151). Indeed, the publications indexed in the PubMed
online database (United States National Library of Medicine,
National Institutes of Health) demonstrate a resurgence of inter-
est that began less than 20 years ago but now is widespread.
Using the search term ‘intestinal microbiota’, we identified the
following publication totals: 2000–2004, 163; 2005–2009, 956;
2010–2014, 4537; and 2015–2018 (4 years), 12 889. This expo-
nential 21st-century growth has been encouraged by tech-
nological advances (for example, high-throughput sequencing

techniques in medical research) which allow us to study the
IM more effectively and efficiently. Concurrently, news media
reports regarding the profound influences which the IM eco-
system has on long-term health prospects(30) stimulate public
interest(138). This awareness generates new perceptions about
ourselves and carries new expectations. Therefore, we believe
that the time is right for physiologists, nutritionists, microbiolo-
gists and clinicians to explore the premises of this article.
Specifically, investigators should ask, ‘Are IM effects measurable
and meaningful?’ and ‘What research methods and variables are
influenced by IM effects?’ because the present review has dem-
onstrated that IM effects are measurable and that some methods
are affected. Details regarding ways to modify conceptual mod-
els and laboratory techniques await future investigation, to
account for IM metabolic processes and regulatory influences.
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33. Chevalier C, Stojanović O, Colin DJ, et al. (2015) Gut micro-
biota orchestrates energy homeostasis during cold. Cell
163, 1360–1374.

34. Levenson SM, Doft F & Lev M (1969) Influence of microorgan-
isms on oxygen consumption, carbon dioxide production and
colonic temperature of rats. J Nutr 97, 542–552.

35. Levenson SM (1978) The influence of the indigenous micro-
flora on mammalian metabolism and nutrition. JPEN J
Parenter Enteral Nutr 2, 78–107.

36. Martin DS (1932) The oxygen consumption of Escherichia coli
during the lag and logarithmic phases of growth. J Gen Physiol
15, 691–708.

37. Luong JH & Volesky B (1980) Determination of the heat of
some aerobic fermentations. Can J Chem Eng 58, 497–504.

38. Hoidal JR, Beall GD & Repine JE (1979) Production of
hydroxyl radical by human alveolar macrophages. Infect
Immun 26, 1088–1092.

39. Rossouw FM (1979) The effect of paraquat on the aerobic
metabolism of rabbit alveolar macrophages and lung fibro-
blasts. S Afr Med J 55, 20–23.

40. Racette SB, Schoeller DA, Luke AH, et al. (1994) Relative dilu-
tion spaces of 2H-and 18O-labeled water in humans. Am J
Physiol Endocrinol Metab 267, E585–E590.

41. Bratteby LE, Sandhagen B, Fan H, et al. (1997) A 7-day activity
diary for assessment of daily energy expenditure validated by
the doubly labelled water method in adolescents. Eur J Clin
Nutr 51, 585–591.

42. Fuller Z, Horgan G, O’Reilly LM, et al. (2008) Compa-
ring different measures of energy expenditure in human
subjects resident in a metabolic facility. Eur J Clin Nutr 62,
560–569.

43. Ndahimana D & Kim EK (2017) Measurement methods for
physical activity and energy expenditure: a review. Clin Nutr
Res 6, 68–80.

44. Jequier E, Acheson K & Schutz Y (1987) Assessment of energy
expenditure and fuel utilization in man. Annu Rev Nutr 7,
187–208.

45. Schoeller DA (1988) Measurement of energy expenditure in
free-living humans by using doubly labeled water. J Nutr
118, 1278–1289.

46. Tatner P (1988) A model of the natural abundance of oxygen-
18 and deuterium in the body water of animals. J Theor Biol
133, 267–280.

47. Midwood AJ, Haggarty PA & McGaw BA (1989) Methane pro-
duction in ruminants: its effect on the doubly labeled water
method. Am J Physiol Regul Integr Comp Physiol 257,
R1488–R1495.

48. Butler PJ, Green JA, Boyd IL, et al. (2004)Measuringmetabolic
rate in the field: the pros and cons of the doubly labelled water
and heart rate methods. Funct Ecol 18, 168–183.

49. Midwood AJ, Haggarty PA & McGaw BA (1993) The doubly
labeled water method: errors due to deuterium exchange
and sequestration in ruminants. Am J Physiol Regul Integr
Comp Physiol 264, R561–R567.

50. Bryant JD & Froelich PN (1995) A model of oxygen isotope
fractionation in body water of large mammals. Geochim
Cosmochim Acta 59, 4523–4537.

51. Gretebeck RJ, Schoeller DA, Socki RA, et al. (1997)
Adaptation of the doubly labeled water method for subjects
consuming isotopically enriched water. J Appl Physiol 82,
563–570.

52. Moritz GL, Fourie N, Yeakel JD, et al. (2012) Baboons, water,
and the ecology of oxygen stable isotopes in an arid hybrid
zone. Physiol Biochem Zool 85, 421–430.

53. Podlesak DW, Torregrossa AM, Ehleringer JR, et al. (2008)
Turnover of oxygen and hydrogen isotopes in the bodywater,

214 L. E. Armstrong et al.

https://doi.org/10.1017/S0954422419000076 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422419000076


CO2, hair, and enamel of a small mammal. Geochim
Cosmochim Acta 72, 19–35.

54. Berry D, Mader E, Lee TK, et al. (2015) Tracking heavy water
(D2O) incorporation for identifying and sorting active micro-
bial cells. Proc Natl Acad Sci U S A 112, E194–E203.

55. Levitt MD (1971) Volume and composition of human intestinal
gas determined by means of an intestinal washout technic. N
Engl J Med 284, 1394–1398.

56. Carbonero F, Benefiel AC & Gaskins HR (2012) Contributions
of the microbial hydrogen economy to colonic homeostasis.
Nat Rev Gastroenterol Hepatol 9, 504–518.

57. Rotbart A, Yao CK, HaN, et al. (2017)Designing an in-vitro gas
profiling system for human faecal samples. Sens Actuators B
Chem 238, 754–764.

58. Pitt PA, De Bruijn KM, Beeching MF, et al. (1980) Studies on
breath methane: the effect of ethnic origins and lactulose. Gut
21, 951–954.

59. Bjørneklett A & Jenssen E (1982) Relationships between
hydrogen (H2) and methane (CH4) production in man.
Scand J Gastroenterol 17, 985–992.

60. Livesey G (1992) The energy values of dietary fibre and sugar
alcohols for man. Nutr Res Rev 5, 61–84.

61. Lifson N & McClintock R (1966) Theory of use of the turnover
rates of body water for measuring energy and material bal-
ance. J Theor Biol 12, 46–74.

62. Zhang X, Gillespie AL, Sessions AL (2009) Large D/H varia-
tions in bacterial lipids reflect central metabolic pathways.
Proc Natl Acad Sci U S A 106, 12580–12586.

63. Kreuzer-Martin HW, Lott MJ & Dorigan J (2003) Microbe for-
ensics: oxygen and hydrogen stable isotope ratios in Bacillus
subtilis cells and spores. ProcNatl Acad Sci U S A 100, 815–819.

64. Vander Zanden HB, Soto DX, Bowen GJ, et al. (2016)
Expanding the isotopic toolbox: applications of hydrogen
and oxygen stable isotope ratios to food web studies. Front
Ecol Evol (epublication 16 March 2016).

65. Eve IS (1966) A review of the physiology of the gastrointestinal
tract in relation to radiation doses from radioactive materials.
Health Phys 12, 131–161.

66. Stephen AM & Cummings JH (1980) The microbial contribu-
tion to human fecal mass. J Med Microbiol 13, 45–56.

67. Maskow T & Paufler S (2015) What does calorimetry and
thermodynamics of living cells tell us? Methods 76, 3–10.

68. Cooney CL, Wang DI & Mateles RI (1969) Measurement of
heat evolution and correlation with oxygen consumption dur-
ing microbial growth. Biotechnol Bioeng 11, 269–281.

69. Russell JB (1986) Heat production by ruminal bacteria in con-
tinuous culture and its relationship to maintenance energy.
J Bacteriol 168, 694–701.

70. Hackmann TJ, Diese LE & Firkins JL (2013) Quantifying the
responses of mixed rumen microbes to excess carbohydrate.
Appl Environ Microbiol 79, 3786–3795.

71. Lepage P, Leclerc MC, Joossens M, et al. (2012) A metage-
nomic insight into our gut’s microbiome. Gut 62, 146–158.

72. Czerkawski JW (1980) A novel estimate of the magnitude of
heat produced in the rumen. Br J Nutr 43, 239–243.

73. Liu J-S, Marison I & Von Stockar U (1999) Anaerobic calorim-
etry of the growth of Lactobacillus helveticus using a highly
sensitive Bio-RCl. J Therm Anal Calorim 3, 1191–1195.

74. Speakman JR & Westerterp KR (2010) Associations between
energy demands, physical activity, and body composition in
adult humans between 18 and 96 y of age. Am J Clin Nutr
92, 826–834.

75. Conn CA, Franklin BR, Freter RO, et al. (1991) Role of Gram-
negative and Gram-positive gastrointestinal flora in tempera-
ture regulation of mice. Am J Physiol Regul Integr Comp
Physiol 261, R1358–R1363.

76. Kluger MJ, Conn CA, Franklin BR, et al. (1990) Effect of gas-
trointestinal flora on body temperature of rats and mice. Am
J Physiol Regul Integr Comp Physiol 258, R552–R557.

77. Moore WEC, Cato EP & Holdeman LV (1978) Some current
concepts in intestinal bacteriology. Am J Clin Nutr 31,
Suppl. 10, S33–S42.

78. Espey MG (2013) Role of oxygen gradients in shaping redox
relationships between the human intestine and its microbiota.
Free Radic Biol Med 55, 130–140.

79. Cummings JH (1981) Short chain fatty acids in the human
colon. Gut 22, 763–769.

80. McNeil NI (1984) The contribution of the large intestine to
energy supplies in man. Am J Clin Nutr 39, 338–342.

81. Hershberger TV&Hartsook EW (1970) In vitro rumen fermen-
tation of alfalfa hay. Carbon dioxide, methane, VFA and heat
production. J Anim Sci 30, 257–261.

82. Thomas PC & Clapperton JL (1972) Significance to the host of
changes in fermentation activity. Proc Nutr Soc 31, 165–170.

83. Webster AJF (1978) Measurement and prediction of methane
production, fermentation heat and metabolism in the tissues
of the ruminant gut. In Ruminant Digestion and Feed
Evaluation, pp. 8.1–8.10 [DF Osbourn, DE Beever and DJ
Thomson, editors]. London: Agricultural Research Council.

84. Bingham S & Cummings JH (1980) Sources and intakes of
dietary fiber in man. In Medical Aspects of Dietary Fiber,
pp. 261–284 [GA Spiller and R McPherson Kay, editors].
Boston, MA: Springer.

85. Marston HR (1948) The fermentation of cellulose in vitro by
organisms from the rumen of sheep. Biochem J 42, 564–574.

86. Russell JB & Cook GM (1995) Energetics of bacterial growth:
balance of anabolic and catabolic reactions. Microbiol Rev
59, 48–62.

87. Westerhoff HV, Hellingwerf KJ & Van Dam K (1983)
Thermodynamic efficiency of microbial growth is low but
optimal for maximal growth rate. Proc Natl Acad Sci U S A
80, 305–309.

88. Meade RD & Kenny GP (2017) Are all heat loads created
equal? Med Sci Sports Exerc 49, 1796–1804.

89. Blatteis C, Boulant J, Cabanac M, et al. (2001) Glossary of
terms for thermal physiology. Jpn J Physiol 51, 245–280.

90. Schirmer M, Smeekens SP, Vlamakis H, et al. (2016) Linking
the human gut microbiome to inflammatory cytokine produc-
tion capacity. Cell 167, 1125–1136.

91. Mifflin MD, St Jeor ST & Hill LA (1990) A new predictive equa-
tion for resting energy expenditure in healthy individuals. Am
J Clin Nutr 51, 241–247.

92. Weijs PJM (2008) Validity of predictive equations for resting
energy expenditure in US and Dutch overweight and obese
class I and II adults aged 18–65 y. Am J Clin Nutr 88,
959–970.

93. McMurray RG, Soares J & Caspersen CJ (2014) Examining var-
iations of resting metabolic rate of adults: a public health per-
spective. Med Sci Sports Exerc 46, 1352–1358.

94. Henry CJ (2005) Basal metabolic rate studies in humans:
measurement and development of new equations. Public
Health Nutr 8, 1133–1152.

95. Compher C, Frankenfield D, Keim N, et al. (2006) Best
practice methods to apply to measurement of resting meta-
bolic rate in adults: a systematic review. J Am Diet Assoc
106, 881–903.

96. Ou JZ, Yao CK, Rotbart A, et al. (2015) Human intestinal gas
measurement systems: in vitro fermentation and gas capsules.
Trends Biotechnol 33, 208–213.

97. Hylemon PB, Harris SC & Ridlon JM (2018) Metabolism of
hydrogen gases and bile acids in the gut microbiome. FEBS
Lett 592, 2070–2082.

Intestinal microbiota influences research 215

https://doi.org/10.1017/S0954422419000076 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422419000076
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