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Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans1–3

Reiner Jumpertz, Duc Son Le, Peter J Turnbaugh, Cathy Trinidad, Clifton Bogardus, Jeffrey I Gordon, and Jonathan Krakoff

ABSTRACT
Background: Studies in mice indicate that the gut microbiome
influences both sides of the energy-balance equation by contributing
to nutrient absorption and regulating host genes that affect adipos-
ity. However, it remains uncertain as to what extent gut microbiota
are an important regulator of nutrient absorption in humans.
Objective: With the use of a carefully monitored inpatient study
cohort, we tested how gut bacterial community structure is affected
by altering the nutrient load in lean and obese individuals and
whether their microbiota are correlated with the efficiency of dietary
energy harvest.
Design: We investigated dynamic changes of gut microbiota
during diets that varied in caloric content (2400 compared with
3400 kcal/d) by pyrosequencing bacterial 16S ribosomal RNA
(rRNA) genes present in the feces of 12 lean and 9 obese individ-
uals and by measuring ingested and stool calories with the use of
bomb calorimetry.
Results: The alteration of the nutrient load induced rapid changes in
the gut microbiota. These changes were directly correlated with stool
energy loss in lean individuals such that a 20% increase in Firmicutes
and a corresponding decrease in Bacteroidetes were associated with
an increased energy harvest of ’150 kcal. A high degree of over-
feeding in lean individuals was accompanied by a greater fractional
decrease in stool energy loss.
Conclusions: These results show that the nutrient load is a key vari-
able that can influence the gut (fecal) bacterial community structure
over short time scales. Furthermore, the observed associations be-
tween gut microbes and nutrient absorption indicate a possible role
of the human gut microbiota in the regulation of the nutrient harvest.
This trial was registered at clinicaltrials.gov as NCT00414063. Am
J Clin Nutr 2011;94:58–65.

INTRODUCTION

The alteration of the energy-balance equation, which is defined
by the equilibrium of energy intake and energy expenditure (1–5),
leads to weight gain. One less-extensively-studied component of
the energy-balance equation is energy loss in stools and urine.
Previous studies of healthy adults showed that ’5% of ingested
calories were lost in stools and urine (6). Individuals who con-
sume high-fiber diets exhibit a higher fecal energy loss than
individuals who consume low-fiber diets with an equivalent
energy content (7, 8). Webb and Annis (9) studied stool energy
loss in 4 lean and 4 obese individuals and showed a tendency to
lower the fecal energy excretion in obese compared with lean
study participants.

Recent studies in mice have indicated an interrelation between
energy balance, diet, and the composition of the gut microbial
community and its pool of genes (10–14). Gut-microbiota trans-
plants into germ-free mouse recipients indicated that associations
between the gut microbial ecology and obesity may be causal
rather than casual (13, 14), which was underscored by the finding
that the transplantation of a gut microbiome from obese donors
into germ-free recipients resulted in a greater increase in recipient
adiposity than did transplants from lean donors (13). Accord-
ingly, the microbiota influences nutrient partitioning by modu-
lating the expression of host genes (eg, studies in genetically
engineered mice indicated that the microbiota-directed sup-
pression of the intestinal expression of a circulating lipoprotein
lipase inhibitor produced in the gut epithelium was one mech-
anism by which the gut community could increase adiposity)
(10). The mouse gut microbiota is also responsive to reduced
caloric intake, with an increased representation of Bacteroidetes
and reduced representation of Firmicutes, which are the 2 dom-
inant bacterial phyla (15). Recent results of humanized gnoto-
biotic mice have provided direct evidence of the rapid adaptations
that gut microbiota make to changes in the nutrient load in ro-
dents (16). For translation into human physiology, one of the
major challenges is the difficulty in adequately controlling and/or
monitoring energy intake and expenditure.

Recent data in humans have shown a correlation between
obesity and the gut microbial community structure (17, 18) and
the abundance of genes in the microbiome involved in processing
components of the diet (19). Comparable results have been
obtained from studies of a small cohort of individuals studied
before and after a gastric bypass (20), whereas reciprocal changes
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(increases in Bacteroidetes and reductions in Firmicutes) have
been documented with weight loss (17, 21, 22). The interrelation
between the microbial community structure, dietary nutrient load,
and host adiposity has to be further investigated in humans.
Therefore, we performed an inpatient study to carefully measure
the energy intake and loss in lean and obese individuals as they
consumed 2 calorically distinct diets for brief periods of time
while simultaneously monitoring the microbial community struc-
ture by using culture-independent metagenomic methods.

SUBJECTS AND METHODS

Research volunteers

Twelve lean [body mass index (in kg/m2) .18.5 and,25] and
9 obese (body mass index � 30) adult white men participated in
this study. Volunteers were nonsmokers and healthy according to
medical histories (including acute and chronic diseases that in-
volve the gastrointestinal tract), physical examinations, and lab-
oratory tests. Antacids and laxatives were discontinued for �3 wk
before admission. The use of antibiotics or probiotics in�3 mo of
the study entry was an exclusion criterion. Study participants
were also screened for occult blood in their feces (by using stool
guaiac testing on 2 occasions), ova, and parasites (on 2 occasions)
and celiac disease (by using total immunoglobulin A and anti-
tissue transglutaminase antibodies) to rule out subclinical gastro-
intestinal conditions that might have affected nutrient absorption.
All volunteers provided written and informed consent before
participation in this study. The protocol and consent form were
approved by the Institutional Review Board of the National In-
stitute of Diabetes and Digestive and Kidney Disease.

Study design

Volunteers were admitted to our clinical research unit and
consumed a weight-maintaining diet for 3 consecutive days
[calories for the weight-maintaining diet were calculated on the
basis of specific formulas derived in our study unit as body weight
(kg) · 0.5 + 1973] (23).

On day 3 after an overnight fast, a 75-g oral-glucose-tolerance
test was administered. Tominimize effects of fluid consumption on
colonic transit time, each volunteer was allowed to drink �2000
mL carbonated, noncaffeinated, noncaloric beverages or water
plus the fluids brought with each meal. On day 3, the liquid drink
for the oral-glucose-tolerance test was not counted toward the
2000 mL of daily fluid. The following day, in a random crossover
fashion, volunteers consumed either a 2400- or 3400-kcal/d diet
for the next 3 d, each diet followed by a 3-d washout period with
a weight-maintaining diet. These diets were chosen on the basis
of the intention to directly compare absolute stool calories, rather
than stool calories as a percentage of energy intake, between lean
and obese individuals when they were fed identical diets. We
chose 2 different caloric diets to investigate the response to al-
tering the amount of total calories. However, direct measurements
of ingested calories by bomb calorimetry of duplicated meals
revealed that the calorie content of each diet was higher and more
varied than indicated by the food labels (Figure 1), which meant
that we had to express the calorie loss as a percentage of ingested
calories. All diets had a similar macronutrient profile (24% pro-
tein, 16% fat, and 60% carbohydrates ) and fiber content (see

supplemental Tables S1–S6 under “Supplemental data” in the
online issue for a complete list of daily food items and macro-
nutrient profiles of the experimental diets). A nonabsorbable dye
marker (FD&C blue) was used to determine the beginning and
end of the period of the 2400- or 3400-kcal/d diet (see Sample
collection, storage, and preparation). Thereafter, the energy con-
tent of stool and urine samples was analyzed by using bomb
calorimetry. Stools for culture-independent metagenomic studies
of the microbiota were collected and stored at 270�C; samples
were obtained on day 2 of admission and as close to the midpoint
of each diet as feasible.

Sample collection, storage, and preparation

The blue-dye marker was administered at breakfast at the start
of the 2400- or 3400-kcal/d diets and again at breakfast on the first
day of return to the weight-maintaining diet. Stools were collected
from the appearance of the first marker until the appearance of the
second marker. Urine was collected after the start of the 2400- or
3400-kcal/d diet until the beginning of breakfast with the weight-
maintaining diet (Figure 2). Stool samples for calorimetry were
stored at220�C, and after the 3-d collection period, the samplewas
weighed, and distilled water equal to the weight of the stool was
added. Samples were subsequently homogenized and followed
by lyophilization of the feces-water slurry (24). Likewise, food
samples were blended and 200 g distilled water was added before

FIGURE 1. Mean (6SD) food energy content: product label compared
with bomb calorimetry. Open columns represent food calories as shown on
the product label. Closed columns represent food calories of duplicated
meals measured by bomb calorimetry. ***P , 0.0001 (Student’s t test).

FIGURE 2. Study design. Numbers below diet boxes represent study
days. WMD, weight-maintaining diet; EXD1, experimental diet 1 representing
either 2400 or 3400 kcal/d; EXD2, experimental diet 2 representing either 2400 or
3400 kcal/d; Dye 1, administration of dye 1 (FD&C blue) with food; Dye 2,
administration of dye 2 (FD&C blue) with food; Dye 1 in stool, appearance of
dye 1 in stool; Dye 2 in stool, appearance of dye 2 in stool; Coll., collection.
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lyophilization of the food-water slurry. Daily urine collec-
tions underwent direct lyophilization. Lyophilization was per-
formed at 277�C with a Freezemobile 12XL instrument (Virtis,
Gardiner, NY). After completion of the drying process, the
sample was weighed, and ’1-g pellets of dried food, feces, or
urine were produced with a pellet press (PARR Instrument Co,
Moline, IL).

Calorie content of food

During the time that they were assigned 2400- or 3400-kcal/d
diets, volunteers ate under supervision and were asked to con-
sume all of the food provided with each experimental meal. For
each meal, 2 identical trays were prepared; one tray was selected
at random and given to the volunteer, and the other tray was used
to assess the calorie content of the diet. Unconsumed food was
returned, and its caloric content was measured by bomb calo-
rimetry. These calories were subtracted from those measured for
the meals for that day [one individual consumed ’260 kcal
(’11.5%) and ’472 kcal (’13.6%) less with the 2400- and
3400-kcal/d diets, respectively]. Because of the need to calcu-
late the relative nutrient load that volunteers consumed with the
2 diets, the percentage of weight-maintenance energy needs
was calculated for each volunteer who consumed each diet as
follows

1003 ðdirectly measured calories with the 24002 or 3400

2 kcal=d dietÞ=(calories with the weight-maintaining diet)

ð1Þ

Bomb calorimetry

To measure the energy content of each biological sample,
a pellet (see Sample collection, storage, and preparation) was
bombed with an Isoperibol Calorimeter 6200 instrument with
a model 1108 oxygen bomb (Parr Instrument Co, Moline, IL).
Details about this method have been described elsewhere (25).
Briefly, after preparation, the pellet was weighed and placed in
a model 1108 oxygen bomb with contact to a 10-cm fuse wire
connected to a 2901EB ignition unit (Parr Instrument Co). The
bomb was placed in a bomb cylinder surrounded by 2000 mL
distilled water. The heat produced at the combustion of the pellet
was sensed as a rise of water temperature. Bombs were cali-
brated by using benzoic acid before use. To give the energy
equivalent (W) per change in water temperature (DT), benzoic
acid standards were run once every 10 burns. The energy content
of the pellet (ES) was calculated as follows:

ES ¼ W 3DT=the exact weight of the pellet ð2Þ

Each sample was run in duplicate (2 pellets were burned) with
a CVof 2.1% with the 2400-kcal/d diet and 2.2% with the 3400-
kcal/d diet. The total number of calories in the sample was cal-
culated on the basis of weights of the sample, slurry, and lyophilized
material.

Community DNA preparation

A fecal sample was collected on day 3 of admission while the
subject was consuming the weight-maintaining diet. During the

2400- and 3400-kcal/d diets, a stool samplewas collected as close
to the midpoint of each diet as feasible. Fecal samples were stored
at 270�C before processing. DNA was extracted by bead beat-
ing followed by phenol-chloroform extraction, as previously
described (18).

Sequencing of 16S ribosomal RNA gene amplicons

The variable region 2 (V2) of bacterial 16S ribosomal RNA
(rRNA) genes present in fecal community DNAwas targeted for
polymerase chain reaction amplification by using primers 8F and
338R (error-correcting, sample-specific barcodes were incor-
porated into the reverse primer; see supplemental Table S7 under
“Supplemental data” in the online issue). Bar-coded amplicons
from the various fecal samples were subjected to multiplex py-
rosequencing (454 FLX Standard method) (18). Sequencing data
ofV2 16S rRNAgeneswere subsequently preprocessed to remove
sequences with low-quality scores, sequences with ambiguous
characters, and sequences outside the length bounds (200–300
nucleotides). Reads were binned according to their sample-
specific, error-correcting barcode. Similar sequences were iden-
tified with the cd-hit program (26) with the following variables:
a minimum coverage of 99% and minimum pairwise identity of
97% [see references 18 and 27 for more information about phy-
lotype binning (operational taxonomic unit picking), UniFrac-
based clustering, taxonomic assignment, and tree building (http://
bmf.colorado.edu/unifrac)].

Statistical analyses

Statistical data analyses were carried out with SAS Enterprise
Guide application (version 4.1; Cary, NC). Group comparisons
were analyzed by using Student’s t test for normally distributed
variables. Wilcoxon’s rank test was used for skewed variables.
Pearson’s correlations were used to test associations between
variables with normal distributions; otherwise, Spearman’s rank
test was used. To fit linear regression models, skewed variables
were log transformed to approach a normal distribution. The
paired t test was used to analyze the change in stool calories while
subjects consumed the 2 diets.Mixedmodelswere used to account
for multiple measurements in the same individual. Gaussian-
distributed variables are shown as means6 SDs. awas set at P,
0.05.

RESULTS

Subject characteristics are shown in Table 1. Subjects did not
differ by age, glucose-regulation status, or nutrient transit time
when consuming either experimental diet (2400 and 3400 kcal/d,
in random order), but by design, subjects differed by adiposity.

Human gut microbiota

Members of 2 bacterial phyla, Bacteroidetes and Firmicutes,
accounted for’97% of pyrosequencing reads of 16S rRNA genes
(see supplemental Table S7 under “Supplemental data” in the
online issue). UniFrac clustering of the microbial community
structure showed that fecal samples taken from the same in-
dividual, regardless of the current diet, were more similar to
each other than were samples obtained from different individ-
uals (Figure 3), which underscored the relatively high level of
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interpersonal variation noted in other human studies (28, 29).With
the initial weight-maintaining diet, we observed no statistically
significant difference in the relative abundance of the 3 dominant
bacterial phyla between lean and obese individuals as assessed by
the sequencing of amplicons derived from V2 of bacterial 16S
rRNAgenes [22.366 11.58% (lean) comparedwith 18.776 15.93%
(obese) of 16S rRNA gene sequences for Bacteroidetes (P =
0.56), 74.85 6 12.05% (lean) compared with 78.69 6 17.05%
(obese) of 16S rRNA gene sequences for Firmicutes (P = 0.55),
and 0.27% (0.17–0.40%) compared with 0.78% (0.28–0.91%) of
16S rRNA gene sequences for Actinobacteria (P = 0.28)]. Data
are shown as median (25th to 75th percentile) due to skewed
distribution.

Gut microbiota and nutrient load

We initially made the observation that the nutrient load (ie, the
precisely determined calorie content of meals by using bomb
calorimetry) with both experimental diets was consistently higher
than anticipated from calories listed on the food labels (Figure 1).
We calculated the relative nutrient load consumed as

ðActual calories ingested=weight-maintaining caloriesÞ
3 100 ð%WMENÞ ð3Þ

for each volunteer while consuming the 2400- and 3400-kcal/d diets
and examined its association with the change in the proportional
representation of the 2 dominant bacterial phyla.

On the 2400-kcal/d diet, %WMENwas associated with changes
in gut microbial communities compared with those with the
weight-maintaining diet (Firmicutes: r = 0.43, P = 0.06; Bacter-
oidetes: r = 20.43, P = 0.06; Figure 4, A and B). With the 3400-
kcal/d diet, in which the percentage of overfeeding was relatively
greater, the change in composition of the microbiota was signif-
icantly associated with %WMEN (Firmicutes: r = 0.47, P = 0.04;
Bacteroidetes: r = 20.47, P = 0.04; Figure 4, C and D). Whether
volunteers received the 2400- or 3400-kcal/d diet first was ran-
domized. However, there appeared to be a possible effect of the

diet order in our results such that, when we examined the as-
sociation between %WMEN and changes in the proportional
representation of Firmicutes and Bacteroidetes for the first ex-
perimental diet given, the results were consistent with those seen
with the 2400- and 3400-kcal/d diets [r = 0.42, P = 0.06 (Fir-
micutes); r = 20.39, P = 0.09 (Bacteroidetes)], although the
same analysis for the second diet was not consistent [r = 0.04,
P = 0.87 (Firmicutes); r =20.03, P = 0.89 (Bacteroidetes)]. One
potential confounding effect was the increased time between the
initial prediet measurement of the fecal bacterial community
structure and the measurement during the first diet relative to
during the second diet. However, even after the diet order was
controlled for, we observed similar associations between %
WMEN and changes in proportional representation of Firmi-
cutes and Bacteroidetes for the 2400-kcal/d diet (P = 0.11 and
P = 0.11) and 3400-kcal/d diet (P = 0.03 and P = 0.03).

The dominant class-level representatives of the Bacteroidetes
and Firmicutes phyla were Bacteroidetes and Clostridia, irre-
spectiveof the experimental diet (2400-kcal diet: 15.4%+76.4%=
91.8%; 3400-kcal diet: 17.3% + 75.5% = 92.8%). The dominant
order-level representatives were Bacteroidales and Clostridiales
with either experimental diet (2400-kcal diet: 14.7% + 74.2% =
88.9%; 3400-kcal diet: 16.9% + 73.7% = 90.6%).

Changes in the proportional representation (relative abundance)
of the class-level taxa Bacteroidetes and Clostridia with either
experimental diet relative to the weight-maintaining diet were
variably associated with %WMEN, with decreases in relative
abundance noted in the case of Bacteroidetes and increases doc-
umented for Clostridia [ie, with the 2400-kcal diet, r =20.44 and
P = 0.05 (0.10 adjusted for diet order) for Bacteroidetes and r =
0.33 and P = 0.15 (0.25) for Clostridia; with the 3400-kcal diet,
r = 20.47 and P = 0.04 (0.03) for Bacteroidetes and r = 0.29 and
P = 0.22 (0.14) for Clostridia (see supplemental Figure S1 under
“Supplemental data” in the online issue)]. Similar observations
were made for the order-level taxa Bacteroidales and Clostridiales
[with the 2400-kcal diet: r = 20.44, P = 0.05 (0.10) and r = 0.33,
P = 0.15 (0.25), respectively; with the 3400-kcal diet: r = 20.47,
P = 0.04 (0.03) and r = 0.29, P = 0.21 (0.13), respectively (see

TABLE 1

Study-group characteristics

Lean1 Obese P

n 12 9 —

Age (y) 32.8 6 9.22 35.8 6 10.6 0.4

BMI (kg/m2) 23.4 6 1.7 40.4 6 4.6 ,0.001

Body fat (%) 17.7 6 6.6 37.6 6 3.2 ,0.001

Fasting plasma glucose (mg/dL)3 91.9 6 5.4 91.9 6 3.6 0.87

2-h plasma glucose (mg/dL)3 109.9 6 32.4 124.3 6 30.6 0.28

Fasting plasma insulin (lIU/mL)4 6.6 6 0.4 10.3 6 4.5 0.007

2-h plasma insulin (lIU/mL)4 25.9 6 24.0 70.3 6 37.5 0.009

Weight-maintaining calories (kcal)5 2672 6 44 3127 6 185 ,0.001

Transit time with 2400-kcal/d diet (min)6 1139 6 391 951 6 407 0.33

Transit time with 3400-kcal/d diet (min)6 1158 6 601 1126 6 340 0.89

1 One overweight subject with a BMI (in kg/m2) of 26.1 was included in the lean group.
2 Mean 6 SD (all such values).
3 Conversion factor to the International System of Units is 0.0555 (mg/dL to mmol/L).
4 Conversion factor to the International System of Units is 6.945 (lIU/mL to pmol/L).
5 The following equation was used to calculate individual weight-maintaining calories while in the inpatient clinical

research unit: body weight · 9.5 + 1973 (for derivation of equation, see reference 23).
6 Time between diet ingestion (including the nonabsorbable dye marker) and excretion of the dye marker in stools.
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supplemental Figure S2 under “Supplemental data” in the online
issue)].

Gut microbiota and stool energy loss

The rapid changes in the gut microbiota observed after only 3 d
led us to further explore a possible dynamic link between the
microbial community configuration and nutrient absorption. In
lean subjects, phylum-level changes in the fecal microbiota from
prediet to the 2400- and 3400-kcal diets were significantly asso-
ciated with calories in stools [Bacteroidetes: r = 0.52, P = 0.01
(0.03), derived from mixed-model accounting for multiple mea-
surements and diet order; Firmicutes: r = 20.50, P = 0.02 (0.03)]
(Figure 5). Similar results were seen for class-level taxa (Bac-
teroidetes and Clostridia) relative to the weight-maintaining diet
and percentage of stool calories [r = 0.53, P = 0.009 (0.03) and
r = 20.57, P = 0.005 (0.02), respectively]. This was also true for
order-level taxa [Bacteriodales and Clostridiales: r = 0.52, P =
0.01 (0.03) and r = 20.53, P = 0.009 (0.03) (see supplemental
Figure S3 under “Supplemental data” in the online issue)].

A 20% increase in the proportional representation of Firmicutes
was associated with an increase in nutrient absorption of ’150
kcal, whereas a 20% increase inBacteroideteswas associatedwith
a decrease in absorption (’150 kcal). The change in relative

abundance ranged from 28% to 34% in Firmicutes and 235%
to 8% in Bacteroidetes. However, under the conditions used for
this clinical study, the association between changes in the gut
microbial community structure and nutrient absorption was not
observed in obese subjects [Bacteroidetes: P = 0.14 (0.59);
Firmicutes: P = 0.15 (0.67)]. In the whole group, the interaction
term with body weight status was significant for both changes in
Bacteroidetes and Firmicutes (P = 0.02 and P = 0.02). There was
also no association between stool calories as a percentage of in-
gested calories and the degree of over- or underfeeding in the
whole group (r = 20.21, P = 0.20). These differences might
suggest that obese and lean individuals respond differently to
differences in nutrition or that the observed effect was dependent
on the degree of over- and underfeeding relative to a weight-
maintaining diet.

Caloric content of feces and urine

The individual difference in stool energy loss with the 3400-
kcal/d diet compared with that with the 2400-kcal/d diet was
significant in the case of lean individuals but not for obese in-
dividuals [21.36 1.9% (P = 0.04) and20.26 1.2% (P = 0.59),
respectively; P values derive from paired t tests]. As shown in
Figure 6, lean individuals lost relatively less energy in stools

FIGURE 3. UniFrac analysis of the fecal microbiota of lean and obese individuals fed a 2400- or 3400-kcal/d diet. Unweighted UniFrac clustering was used
to measure shared phylogenetic diversity. A radial tree was constructed with FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Black bars indicate samples
taken from the same individual; colors indicate samples taken from lean (red) or obese (blue) individuals. Purple represents a sample from an individual with
a BMI (in kg/m2) of 26.1 who was included in the lean group in Table 1. Black circles on the nodes indicate a confidence level �0.7 (jackknife resampling was
used to determine a confidence between 0 and 1). Southwestern diet label (SWDL) numbers represent samples collected during different diets (see
supplemental Table S7 under “Supplemental data” in the online issue).
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with the 3400-kcal/d diet than with the 2400-kcal/d diet. No sig-
nificant difference was shown in energy excretion in stools be-
tween lean and obese subjects who consumed the 2400-kcal/d
diet [134.3 6 48.9 kcal/d (lean) compared with 133.2 6 44.8
kcal/d (obese) (P = 0.96); 4.96 1.8% compared with 4.86 1.4%
(P = 0.87), respectively] or 3400-kcal/d diet [145.1 6 42.7 kcal/
d (lean) compared with 173.7 6 65.0 kcal/d (obese) (P = 0.21);
3.86 1.1% compared with 4.66 1.8% (P = 0.240), respectively].
However, there was a large interindividual range for the per-
centage of calories lost in stools (2400-kcal/d diet: 2.1–9.2%;
3400-kcal/d diet: 1.6–7.6%). The gastrointestinal transit time was
not significantly different between lean and obese subjects who

consumed the 2400- and 3400-kcal/d diets [1139 6 391 min
(lean) compared with 951 6 407 min (obese) (P = 0.33) and
1158 6 601 min compared with 1126 6 340 min (P = 0.89)]
and between diets for the whole cohort [1144 6 489 min (2400
kcal/d) compared with 1055 6 398 min (3400 kcal/d); P =
0.56]. Moreover, there was no association between the transit
time and stool calories with either diet (2400 kcal/d: r = 0.21,
P = 0.38; 3400 kcal/d: r = 0.02, P = 0.94).

The change in the percentage of urine calories between the
2400- and 3400-kcal/d diets was not different in either lean or
obese subjects [20.5 6 0.5% (P = 0.34) and 20.6 6 0.5% (P =
0.15)]. In addition, calories in urine were not different between

FIGURE 5. Associations between nutrient absorption (stool calories) and phylum-level changes in the fecal bacterial community structure. Changes in
Firmicutes (A) and Bacteroidetes (B) between the first weight-maintaining diet and either the 2400- or 3400-kcal/d diet were associated with nutrient
absorption on either experimental diet (2400 or 3400 kcal/d) [n = 12, with 2 data points (diamonds) for each individual]. For one individual, data for
only the 2400-kcal/d diet were available. P and r values were derived from Spearman’s correlations; P values in parentheses were derived from mixed models
to account for repeated measures and were adjusted for diet order.

FIGURE 4. Associations between the relative abundance of the 2 dominant bacterial phyla in the distal gut and nutrient load. Associations are shown
between changes in the relative abundance of Firmicutes and Bacteroidetes from a weight-maintaining diet (WMD) and food energy content as a percentage of
individual [n = 20 (diamonds)] weight-maintaining energy needs (%WMEN) with each experimental diet [2400-kcal/d diet (A and B); 3400-kcal/d diet (C and
D)]. For 2 individuals, data for only one experimental diet were available. P and r values were derived from Pearson correlations; P values in parentheses were
derived from multiple regression models adjusted for diet order.
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lean and obese subjects when expressed as total calories or as
the percentage of ingested calories with either the 2400-kcal/d
diet [88.4 6 30.8 kcal/d (lean) compared with 99.3 6 31.2 kcal/
d (obese) (P = 0.48) and 3.26 1.1% (lean) compared with 3.56
1.1% (obese) (P = 0.56)] or the 3400-kcal/d diet [106.0 6 34.1
kcal/d compared with 112.6 6 28.4 kcal/d (P = 0.64) and 2.8 6
0.9% compared with 2.9 6 0.7% (P = 0.72)]. The total urine
mass (freeze-dried mass expressed in grams) was slightly, but
not significantly, lower in lean than in obese individuals who
consumed the 2400-kcal/d diet [43.1 6 14.7 g (lean) compared
with 53.3 6 14.7 g (obese); P = 0.13]; similarly, no significant
differences were observed with the 3400-kcal/d diet [51.7 6
18.3 g (lean) compared with 55.1 6 15.5 g (obese); P = 0.66].

DISCUSSION

In this inpatient study, we showed that an altered nutrient load
induced rapid changes in the bacterial composition of the human
gut microbiota. Moreover, these changes in the gut microbiota
were directly associated with stool energy loss in lean individuals
such that a 20% increase in Firmicutes and a corresponding
decrease in Bacteroidetes was associated with an increased en-
ergy harvest of’150 kcal. We also showed that a high degree of
overfeeding in lean individuals was associated with a greater
fractional decrease in stool energy loss, which indicated that the
degree of overnutrition relative to individual weight-maintaining
energy needs may have played a role in the determination of the
efficiency of nutrient absorption, and may potentially explain the
observation of clearer associations in lean compared with obese
subjects enrolled in this study.

With the initial weight-maintaining diet, no differences in
bacterial abundance between lean and obese individuals were
observed. This result was somewhat unexpected because previous
reportswere able detect a reduced abundance of Bacteroidetes and
increased abundance of Firmicutes in obese individuals compared
with in their lean counterparts (17, 18). The failure to detect dif-
ferences in the bacterial abundance at baseline could be due to the
relatively small study group or because stools were collected after
volunteers were fed a weight-maintaining diet on our unit. There

are conflictingdata concerning the linkbetween thegutmicrobiota
and adiposity in humans (19, 20, 22, 30, 31), and inmice, forwhich
reports have either shown that the absence of a microbiota does
protect or does not protect against diet-induced obesity (11, 32).
Several independent studieshavedocumentedhowswitchingmice
with a mouse microbiota or gnotobiotic mice with a transplanted
human gut microbiota from plant polysaccharide-rich feed pellets
low in fat to a caloricallymore-dense high-fat, high-sugarWestern
diet resulted in an increase in the proportional representation of
membersofFirmicutesandadecrease inBacteroidetes (14,16,33).
These findings were consistent with our observation of an asso-
ciation between the relative abundance of members of these
bacterial phyla and relative over- or underfeeding. Although we
attributed the relative changes in the proportional representationof
the major phyla to a higher caloric load, we could not determine
whether it was the increased total fat in the diet (as was the case for
the 3400-kcal/d diet; see supplemental Tables S1–S6 under
“Supplemental data” in the online issue) that could have led to
these observed shifts. Future studies with variations in the mac-
ronutrient content at the same caloric level in humans will help to
elucidate this question.

Nevertheless, our findings offered a possible explanation for the
previously reported results of changes in these phyla with weight
loss after an extended diet intervention (17). Diet-induced weight
loss is a state of a chronic negative-energy balance in which
individuals consume much less than their weight-maintenance
needs. Thus, our results were consistent with the hypothesis that
the association between changes in the gut bacterial community
structure and weight loss is a reflection of the effects of a reduced
nutrient load rather than actual weight loss. This raised new
questions about the relation between the microbiota and the host.
Indeed, such changes may have even altered the baseline bacterial
populations in fecal samples collected while subjects were con-
suming the weight-maintaining diet. If, for example, the obese
individuals were in a state of a chronic positive-energy balance
before admission (ie, were overeating), the weight-maintaining
diet before testing might, itself, have induced changes in the
microbiota because the nutrient load would have changed from the
free-living condition.

Ourfindings raise thepossibility that thegut senses alterations in
nutrient availability and subsequently modulated the nutrient
absorption. Specifically, the observed association between the gut
microbiota and relative stool calories indicates a possible direct
role of gut bacteria in calorie absorption. This is in agreement with
a previous study that showed the potential of thegutmicrobiome to
regulate nutrient absorption (13). Whether gut bacteria simply act
as a sensor to detect changes in the nutrient load with subsequent
feedback to other host components represented in the intestine or
located at extraintestinal sites or are more directly involved in the
absorption process remains to be determined.

This study is limited by the relatively low number of subjects,
and it must be acknowledged that quantification of stool calories
may have been an indirect measure of nutrient absorption.
However, we believe that bomb calorimetry of duplicate meals
and corresponding dyed stool portions represents a unique and
accurate technique to assess calorie loss as a percentage of energy
consumed, and, thus allows for assumptions to be made on actual
nutrient absorption. The failure to detect differences in nutrient
absorption between lean and obese individuals at baseline could,
in part, be attributed to the similar distribution in the relative

FIGURE 6. Mean (6SD) changes in energy content in feces between
experimental diets. Changes in energy content in feces are shown between
the 3400- and 2400-kcal/d diets in lean (n = 11) and obese individuals (n =
8). *P, 0.05 (paired t test). For one lean individual and one obese individual,
data were available for only one of the experimental diets; thus, these
individuals were excluded from this analysis.
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bacterial abundances between lean and obese subjects. However,
we did not find differences in the mass and calorie content of the
urine between these groups who consumed either diet. This could
have been due to the sample size, or alternatively it could have
represented a bias on the basis of the timing of the urine col-
lections because wewere not able to mark the caloric excretion in
the urine (as was done in stools). Nonetheless, we believe this
effect is minimal, especially because we did not see a difference
in the transit time (which indicates a differential rate of calorie
absorption) between lean and obese individuals.

The identification of a dynamic interrelation between the nutrient
load, absorption, and gut microbiota was facilitated because our
study design allowed for interval collections of samples from
humans who were living under highly monitored conditions; such
associations would likely have beenmissed in a less well-controlled
cohort. These studies provided a template that could be applied to
future studies in which a wider range of under- and overfeeding of
lean and obese individuals is achieved, controlled manipulations of
the nutrient and xenobiotic composition of each diet are performed,
deliberate alterations of the microbial community structure are
attempted, and analyses, not only of the structure but also direct tests
of the functions of the resulting gut microbiomes, are undertaken.
Together with animal models, these analyses provided new op-
portunities, to our knowledge, for translational medicine, and
a more mechanistic understanding of the role that the gut microbial
community plays in defining and responding to the energetic value
of the foods we consume.
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