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a 24-hour time period and therefore is not influenced by sampling
time and diurnal variation in metabolite concentrations (19).

We have included data on 1880 individuals (962 men and 918
women) ages 40 to 59 years from eight American population samples
in INTERMAP with a replication data set of 444 individuals (245 men
and 199 women) ages 40 to 59 years in INTERMAP UK (8) (Fig. 1).
We obtained height and weight measurements for the calculation of
BMI, extensive covariate information (for example, demographic var-
iables and medical and life-style factors), as well as data on dietary varia-
bles and energy intake from four interviewer-administered multipass
24-hour dietary recalls per person (8, 9) (table S1).

We present our results as partial correlations between BMI and
urinary metabolites along with P values to indicate the strength of as-
sociations and Q values to indicate the false discovery rate (see below).
This approach made no assumptions as to whether the observed cross-
sectional associations were causally related or were the consequence of
adiposity. Rather, our results captured the metabolic signatures of the
multitude of dietary, environmental, and other life-style characteristics
associated with the obesity epidemic. We used the eight U.S. population
samples as the discovery set and calculated the partial correlation of in-
dividual BMI against (i) each of 7100 1H NMR detected spectral variables
and (ii) the targeted set of urinary amino acids and related compounds
measured by IEC. In multiple regression analyses, we adjusted initially
for age, gender, and population sample (defined as model 1, see foot-
notes of tables and Materials and Methods) because of the known
associations of these variables with both BMI and metabolite concen-
trations (7, 15, 20, 21). For these discovery analyses, we used a Q value
www.ScienceTranslationalMedicine.org
(22) threshold of 1% based on the Storey-
Tibshirani false discovery rate (23) (ST-FDR)
to identify spectral variables significantly
associated with BMI after correction for
multiple testing (also see Materials and
Methods). For a spectral variable to be re-
tained, both the variable itself and the two
adjacent spectral variables needed to pass
the Q value threshold of 1% (to avoid spu-
rious findings based on a single data point)
in addition to the correlation with adiposity
of all three variables being in the same di-
rection (that is, the correlation is either less
than 0 or greater than 0 for all three varia-
bles). We then further adjusted for multiple
potential confounders including history of
heart disease or stroke, physical activity,
medication and dietary supplement use,
special diet, smoking, education (as an
indicator of socioeconomic status), and
total energy intake (defined as model 2,
see footnotes of tables and Materials and
Methods). Finally, we additionally adjusted
for urinary creatinine (model 3) as a mark-
er of meat intake (24, 25) and muscle
turnover (26), because BMI correlates
with muscle mass as well as fat mass
(27). BMI-metabolite associations that de-
creased or became apparent after correc-
tion could reflect a link between (skeletal)
muscle mass and metabolites.
We used a range of statistical spectroscopic tools (28, 29) and ex-
perimental analytical techniques (30) to identify structurally the me-
tabolites significantly associated with BMI (table S2). We assessed the
reproducibility of our findings using the NMR spectral data from the
second urine collection obtained from each individual in the U.S. pop-
ulation samples and then validated our findings using independent
data from the INTERMAP UK cohort. For these confirmatory analy-
ses, a threshold for the ST-FDR of 5% was used to correct for multiple
testing. Furthermore, for both the U.S. and UK data sets, we de-
termined the intraclass correlations (ICCs) (table S3) between the
24-hour metabolite excretion measured in the two urine collections to
assess the reliability of urinary excretion patterns over the, on average,
3-week period between the two sampling occasions.

We found significant metabolic associations with BMI involving an
extensive interconnected set of biochemical pathways and physiolog-
ical processes, as well as evidence for involvement of symbiotic gut
microbial–human co-metabolism. The average 1H NMR spectrum from
the discovery analysis of BMI, adjusted for age, gender, and population
sample (model 1, see footnotes of Table 1), is shown in Fig. 2A. The
significantly associated peaks, representing multiple metabolites, are
labeled in the figure with the −log10 Q values and direction of associ-
ation shown in the accompanying Manhattan plot (Fig. 2B). We struc-
turally identified 29 metabolites significantly associated with BMI,
with P values (first 24-hour urine collection) ranging from 1.46 ×
10−5 to 2.04 × 10−36 (model 1, Table 1). After adjustment for multiple
potential confounders (model 2, Table 1), associations remained signif-
icant for all identified metabolites. Table 2 shows results of the targeted
Fig. 1. Schema of study design. Individuals were recruited into the study from general and occupational
population samples in the United States and UK. Each individual made four clinic visits, the first two on

consecutive days and the second two on consecutive days 3 weeks later. At each visit, blood pressure was
measured twice, and a complete 24-hour dietary recall was obtained by trained interviewers. Data on
height, weight, and extensive questionnaire information were also obtained. A timed 24-hour urine col-
lection was commenced at the first (and third) visit and completed at the second (and fourth) visit the
following day. Each 24-hour urine collection was mixed together, and urine aliquots were obtained from
the pooled urine sample. Urinary aliquots from individuals with complete data were measured with 1H
NMR spectroscopy.
29 April 2015 Vol 7 Issue 285 285ra62 2















Fi
g
.3

.
M
ul
ti
co
m
pa

rt
m
en

ta
lm

et
ab

ol
ic
re
ac
ti
on

ne
tw

or
k
ill
us
tr
at
in
g
hu

m
an

ad
ip
os
it
y–

re
la
te
d
ur
in
ar
y
m
et
ab

ol
ic
si
gn

at
ur
es

in
th
e
U
.S
.p

op
ul
at
io
n
(n

=
18

80
).
M
et
ab
ol
ite
s
ar
e

in
cl
ud

ed
th
at

pa
ss
ed

th
e
ST
-F
D
R
th
re
sh
ol
d
of

Q
�
0.
01

fo
r
bo

th
m
od

el
s
1
an
d
2
(1
H
N
M
R

m
et
ab
ol
ite
s,
se
e
Ta
bl
e
1)

an
d
th
e
Bo

nf
er
ro
ni

th
re
sh
ol
d
of

P
�
4.
55

×
10

–4
fo
r
bo

th
m
od

el
s

1
an

d
2
(m

et
ab

ol
ite

s
de

te
ct
ed

by
IE
C,

se
e
Ta
bl
e
2)
.T

he
ba

ck
gr
ou

nd
sh
ad

in
g
ill
us
tr
at
es

di
ff
er
en

t
ty
pe

s
of

m
et
ab

ol
is
m

ba
se
d
on

cl
os
es
t
af
fin

ity
cl
as
si
fic
at
io
n.

Ta
bl
e
S1
0
lis
ts

th
e

fu
ll
na

m
es

an
d
ab

br
ev
ia
tio

ns
fo
r
th
e
m
et
ab

ol
ite

s.
Ta
bl
e
S1
1
lis
ts

th
e
cl
os
es
t
af
fin

ity
cl
as
-

si
fic
at
io
ns

fo
r
m
et
ab

ol
ite
s
sh
ow

n
in

th
is
fig

ur
e.
D
ot
te
d
lin
es

in
di
ca
te

th
e
cl
os
es
tr
el
at
ed

m
e-

ta
bo

lit
e
in

th
e
ne

tw
or
k
fo
r
m
et
ab
ol
ite
s
th
at

ar
e
no

t
lis
te
d
in

th
e
KE
G
G
da
ta
ba

se
,b

as
ed

on
av
ai
la
bl
e
lit
er
at
ur
e.

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 29 April 2015 Vol 7 Issue 285 285ra62 9

 by guest on M
ay 10, 2021

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 




