Eur J Nutr (2013) 52:389-395
DOI 10.1007/s00394-012-0328-2

ORIGINAL CONTRIBUTION

Carbon and nitrogen isotopic ratios of urine and faeces as novel
nutritional biomarkers of meat and fish intake

Gunter G. C. Kuhnle - Annemiek M. C. P. Joosen *
Catherine J. Kneale - Tamsin C. O’Connell

Received: 12 September 2011/ Accepted: 3 February 2012 /Published online: 10 March 2012
© The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract

Purpose Meat and fish consumption are associated with
changes in the risk of chronic diseases. Intake is mainly
assessed using self-reporting, as no true quantitative
nutritional biomarker is available. The measurement of
plasma fatty acids, often used as an alternative, is expen-
sive and time-consuming. As meat and fish differ in their
stable isotope ratios, 6'°C and 5'°N have been proposed as
biomarkers. However, they have never been investigated in
controlled human dietary intervention studies.

Objective In a short-term feeding study, we investigated
the suitability of 53C and "N in blood, urine and faeces
as biomarkers of meat and fish intake.

Methods The dietary intervention study (n = 14) fol-
lowed a randomised cross-over design with three eight-day
dietary periods (meat, fish and half-meat—half-fish). In

G. G. C. Kuhnle (IX)

Department of Food and Nutritional Sciences, University of
Reading, Whiteknights, PO Box 226, Reading RG6 6AP, UK
e-mail: g.g.kuhnle@reading.ac.uk

G. G. C. Kuhnle - A. M. C. P. Joosen
MRC Dunn Human Nutrition Unit, Wellcome Trust/MRC
Building, Cambridge, UK

G. G. C. Kuhnle

MRC Centre for Nutritional Epidemiology in Cancer Prevention
and Survival, Department of Public Health and Primary Care,
University of Cambridge, Cambridge, UK

C.J. Kneale - T. C. O’Connell
McDonald Institute for Archaeological Research,
University of Cambridge, Cambridge, UK

T. C. O’Connell
Department of Archaeology and Anthropology,
University of Cambridge, Cambridge, UK

addition, 4 participants completed a vegetarian control
period. At the end of each period, 24-h urine, fasting
venous blood and faeces were collected and their 6'*C and
0'°N analysed.

Results There was a significant difference between diets
in isotope ratios in faeces and urine samples, but not in
blood samples (Kruskal-Wallis test, p < 0.0001). In pair-
wise comparisons, '°C and 6'°N were significantly higher
in urine and faecal samples following a fish diet when
compared with all other diets, and significantly lower fol-
lowing a vegetarian diet. There was no significant differ-
ence in isotope ratio between meat and half-meat—half-fish
diets for blood, urine or faecal samples.

Conclusions The results of this study show that urinary
and faecal 6'°C and 6'°N are suitable candidate biomarkers
for short-term meat and fish intake.

Keywords Stable isotope ratio - Dietary assessment -
Nutritional biomarker - Fish - Meat

Introduction

Red meat and fish consumption are both associated with
changes in the risk of chronic diseases; whereas red meat is
associated with an increased risk of cancer [30], fish con-
sumption is often associated with a reduced risk of car-
diovascular diseases [15] and diabetes [21], in particular
because of its content of n-3 polyunsaturated fatty acids,
but possibly also because of other compounds such as
selenium [35]. The investigation of associations between
disease risk and meat and fish intake in observational
studies relies on accurate dietary information; however,
most dietary assessment instruments rely to some extent on
self-reporting that is prone to systematic bias [10, 11].
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Statistical models developed to accommodate exposure
measurement errors require at least two exposure assess-
ments with unrelated measurement error, and this cannot be
achieved using methods relying on self-reporting alone.
However, nutritional biomarkers can provide such an
assessment method [24]. Although several compounds
have been proposed as candidate biomarkers for meat, for
example, methyl histidine or carnitine, a true quantitative
biomarker does not currently exist [6]. Metabolomics
techniques have also been used to assess meat consump-
tion, but these techniques require complex data analyses.
Fish consumption is often assessed using either plasma or
red blood cell (RBC) fatty acids, or environmental con-
taminants such as methyl mercury (MeHg) [35], whereas
fatty acid analyses require complex analytical procedures
and are often not suitable for large-scale epidemiological
studies, environmental contaminants depend on the fishing
area and fish species, thus introducing an additional bias.

An alternative biomarker for meat and fish intake is the
ratio of naturally occurring stable isotopes of carbon
('3C/12C ratio expressed as 513C) and nitrogen (ISN/MN
ratio expressed as 6'°N). These ratios are used extensively
for dietary assessment in archaeological and ecological
studies [26]; however, their application in nutritional epi-
demiology is very limited. The stable isotope composition
of hair has been used as a biomarker of animal protein
intake [22], and recently, O’Brien et al. have developed
0'°N in red blood cells as a surrogate marker of eicosa-
pentanoic acid (EPA) and docosahexaenoic acid (DHA)
intake in a population of Yup’ik Eskimos [20]. This study
showed a strong significant correlation between RBC 6'°N
and RBC EPA and DHA, and a weaker correlation with
self-reported intake. However, this study was limited to a
population with high habitual fish intake and relied on self-
reporting for dietary assessment.

In this study, we investigate 6'°C and 6'°N of urine and
faeces as candidate biomarkers for meat and fish intake;
furthermore, we contrast this to the effect of short-term
dietary changes on the stable isotope ratio in whole blood,
which is a slow-turnover tissue. In a carefully controlled
dietary intervention study, we have investigated associa-
tions between dietary meat and fish, and carbon and
nitrogen isotope ratios in blood, faeces and 24-h urine
samples.

Subjects and methods
Diet intervention studies
Dietary intervention studies were conducted as described

previously [13, 14]. Subjects were recruited through local
advertisement and completed a medical questionnaire
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before entering the study and only those in good health
were accepted. Subjects received verbal and written
information and signed a written consent form. All studies
were approved by the Cambridge Local Research Ethics
Committee. Fourteen volunteers (8 female, 6 male, age:
27 £+ 7 years, BMI: 24 + 5 kg/mz), free from diabetes and
bowel disease, not taking any medication affecting the
gastro-intestinal tract and not taking any nutritional sup-
plements, were included in the study.

Participants lived in the volunteer suite of the MRC
Dunn Human Nutrition Unit (Cambridge, UK), where all
food was provided and all specimens collected and pro-
cessed. Participants followed their normal daily routine but
were only allowed to consume foods and drinks prepared
by the diet technicians. Body weights were monitored
throughout the study to ensure constant weight. Daily
faecal samples were collected to determine mean transit
time [4] and check compliance. Blood, faeces and 24-h
urine for isotope ratio analysis were collected at the last
day of each dietary intervention. Fasting venous blood was
drawn into citrated blood tubes. Whole blood aliquots were
snap frozen on dry ice and stored at —80 °C until analysis.
Faecal samples were collected on dry ice, X-rayed to
measure transit time markers and stored at —20 °C until
analysis. Faecal homogenates were prepared by diluting
approximately 40 g stool with ultrapure water (ratio 1:5)
and homogenising the sample for 20 min in a stomacher
(Colworth 3500, Seward Medical, Worthing, UK). The
faecal homogenates were snap frozen on dry ice and stored
at —20 °C until analysis.

Dietary intervention studies followed a randomised
cross-over design; diets were provided as similar menus
following a 3-day rotating schedule; each intervention
lasted for at last eight days (Table 1). Duplicates of each
diet were prepared, homogenised and stored at —20 °C
until analysis. Energy intake of each participant was mat-
ched to estimated energy requirement [5] with 1-MJ
standardised increments (shortbread or a combination of
white bread, butter and marmalade) added to 8 MJ/d
(female) or 10 MJ/d (males) basal diets. Except for meat
and fish, all food ingredients were kept the same in the
meat and fish intervention diets; in the vegetarian control
diet, fat content was kept similar by exchanging protein for
carbohydrates. Energy and macronutrient composition of
the diets were calculated using DINER (Data Into Nutrients
for Epidemiological Research) [34]. All participants com-
pleted the red meat and fish intervention; however, only 13
completed the half-meat-half-fish dietary intervention. In
addition, four volunteers completed a vegetarian diet.
Urine samples were available for all dietary periods and all
participants, except for one participant on the half-meat—
half-fish diet. Blood samples were only available for 12
participants on the red meat diet, 13 participants on the fish
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Table 1 Intervention diets

Vegetarian Meat Y2 Meat/"> Fish Fish
n 4 14 14 14
Energy” 9 9 9 9
Protein® 77 (14%) 123 (23%) 117 (22%) 111 (20%)
Carbohydrates® 321 (59%) 256 (48%) 254 (47%) 253 (47%)
Fat® 79 (31%) 79 (32%) 85 (34%) 91 (36%)
SFAP 33 (12%) 38 (16%) 37 (15%) 35 (14%)
MUFA® 23 (9%) 25 (11%) 28 (12%) 31 (12%)
PUFA® 14 (6%) 6 (2%) 10 (4%) 14 (6%)
n-3 PUFA® n/d® 1 (0.4%) 4 (2%) 8 (3%)
n-6 PUFA® n/d® 5 2%) 5 2%) 5 2%)
Intervention diet (male volunteers; raw weight)
Day 1 and 3 - Roast beef (113 g)° Mackerel? (50 g); Mackerel? (100 g)
Lunch Roast beef (56 g)
Day 1 and 3 - Mince beef (213 g) Salmon (138 g); Salmon (275 g)
Dinner Mince beef (106 g)
Day 2 - Mince beef (113 g) Herring® (50 g); Herring® (100 g)
Lunch Roast beef (56 g)
Day 2 - Roast beef (213 g)° Trout (138 g); Trout (275 g)
Dinner Mince beef (106 g)

Isotope ratio’ (mean £ S.E.), %o
stc —25.7 + 0.1

SN 3.8+ 1.1 6.5 + 0.1

—26.1 £ 0.2

—25.4% —247 4+ 0.3
7.4% 83 £ 0.3

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids

* In MJ/d, ®in g/d (contribution to total energy in parentheses), © not determined, 4 from tin, rinsed, no brine, © cooked weight, f analysed from

duplicate diets, ¥ Calculated as 1:1 mixture of meat and fish diet

diet and 11 participants on the half-meat-half-fish, but
none for participants on the vegetarian diet.

Sample analysis

Duplicate diet samples were analysed as liquid homog-
enates representative of 24-h food intake for each of the
three diets. Samples were lyophilised and weighed into
tin capsules (0.8 mg per aliquot). Faecal samples were
analysed as liquid homogenates; an aliquot of the liquid
homogenate was pipetted into a tin capsule and lyophi-
lised prior to analysis. Samples were analysed separately
for carbon and nitrogen isotopic values, typically using
10-50 pl of faecal homogenate for carbon, and
30-220 pl of faecal homogenate for nitrogen isotopic
analysis.

Urine was directly pipetted into a tin capsule containing
a porous polymer adsorbent (Chromasorb®) and analysed
separately for carbon and nitrogen isotopic values, typi-
cally using 10-50 pl of urine for carbon, and 40-140 pl of
urine for nitrogen isotopic analysis. Whole blood samples
(0.5 mL) were lyophilised and then weighed into tin cap-
sules (ca. 0.8 mg). Diet, faecal and urine samples were all

isotopically analysed in duplicate, whilst blood samples
were run in triplicate.

Isotopic analyses were performed using a Costech
(Valencia, CA) automated elemental analyser coupled in
continuous-flow mode to a Thermo Finnigan MAT253
(Bremen, Germany) mass spectrometer at the Godwin
Laboratory, Department of Earth Sciences, University of
Cambridge. Stable isotope concentrations are measured as
the ratio of the heavier isotope to the lighter isotope rela-
tive to an internationally defined scale, VPDB for carbon
and AIR for nitrogen [12]. Isotopic results are reported as
values (8'2C and 6'°N) in parts per 1000 or ‘permil’ (%o)
values, where  6X = [(Rsample/Rstandara) — 11 x 1000,
where R is the ratio of heavy to light isotope (for both
nitrogen and carbon). Based on replicate analyses of
international and laboratory standards, measurement errors
are less than £0.2%o for 6'°C and §'"°N.

Statistical analysis
The sample size and distribution of data made it necessary

to use nonparametric statistic tests. Differences in 6'°C and
0'°N between different diets were analysed using the
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Wilcoxon rank-sum test and Kruskal-Wallis test; the sig-
nificance level was 0.05. As only four participants com-
pleted the vegetarian diet, these data were not included in
the Kruskal-Wallis test. Power calculations were per-
formed with G*Power 3.1.2 [8]. The sample size was
sufficient to detect differences in 6'*C and 6'°N of 2.5%
with a power (1 — f5) of 0.8 at a significance level of
o = 0.05, assuming a standard deviation of 2%. Data
analysis was conducted in Statall for Mac (Sata Corp,
College Station, Texas). Bivariate boxplots (bagplots, [28])
were prepared in R 2.12.1 [25].

Results

A summary of the results is shown in Fig. 1, and more detailed
data are shown in Table 2. No statistically significant effect of
the sequence of diets was observed. Whereas statistically
significant differences were detected for both faecal and uri-
nary 3'3C and 6N between diets (p < 0.001; Kruskal—
Wallis test), no significant differences were found for blood
samples. A pairwise comparison (Table 3) showed significant
differences for 6'*C and 6"°N in urine and faeces samples
between the vegetarian diet and all other diets, as well as
between the fish diet and all other diets; the difference in
isotope ratios in blood, faeces and urine between the half-fish—
half-meat diet and the red meat diet was not statistically sig-
nificant. There was no significant difference of §'*C and 6'°N
between men and women (Wilcoxon rank-sum test). Urinary

o |
Blood
Meat
Fish ish
Fish —
© — Faeces (Diet)

5N

Fish
Meat
Meat
© (Diet)

Vegetarian @ Meat

Urine
.
< Vegetarar:‘ Vegetarian

(Diet)

T T T T T T T T
-28 -27 -26 -25 —24 -23 -22 -21

e

Fig. 1 Isotope ratios (8"3C and 6'N) of intervention diets in faeces
(dark grey), blood (medium) and urine (light grey). Dietary data is
shown as median and inter-quartile range; data for blood, faecal
samples and urine (except for vegetarian diet where individual results
are shown) are shown as bagplot (50% of samples are within the grey
area)
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0'>N was inversely correlated with age (Spearman’s p: —0.39,
p < 0.01), weight (Spearman’s p: —0.42; p < 0.005) and
BMI (Spearman’s p: —0.50; p < 0.001).

The offset between dietary isotope ratio and isotope
ratio determined in specimens is shown in Table 4 for each
diet. Whereas urine samples had a higher d'>C and lower
0'°N than the respective diet, faecal samples showed a
lower §'3C and 8"°N for the meat and vegetarian diet, but
only a lower 8N for the fish diet. There was no significant
difference between male and female participants, but in
faecal samples, the 6'°C offset from diet was positively
correlated with BMI (Spearman’s p: 0.48; p < 0.005).

Discussion

In this study, we have investigated the feasibility of 6'°C
and 6'°N in different specimens as biomarkers for short-
term meat and fish intake. The results from this study
provide information about the validity of 5'>C and 6'°N as
nutritional biomarkers of meat and fish intake. The food-
stuffs used are commonly consumed in North—West Europe
and therefore represent typical dietary sources of meat and
fish, although the amounts of meat and fish in the inter-
vention diet were higher than the average consumption in
the UK, in particular for fish (average daily consumption
by men in the UK: 217 g (meat); 8 g (oily fish); National
Diet and Nutrition Survey 2008/9 [19]). Studies with diets
comparable to the habitual intake of meat and fish are
required for further validation of these markers.

In this study, we found significant differences in 6'°C and
5N between dietary periods in faeces and urine; however,
no significant differences in blood. This is unsurprising
given the half-life and slow turnover of the main source of
protein, red blood cells, whose half-life is considerably
longer than the time of the dietary intervention. This is also
an explanation for the observed offsets between isotope
ratios in diet and blood. The ranges of 6'°C and §'°N
determined in blood are comparable to results from 406
patients on a normal habitual diet at the Johns Hopkins
Medical Institutions (513C: clot; —16.4 to —23.4%e;
serum: —15.8 to —23.2%0; 0'°N: clot: 7.7-10.5%o; serum:
6.3-8.7%0) [16]; the 0'°N observed was also within the
range found in red blood cells of Yup’ik Eskimos [36].

Faecal samples are not routinely used as specimens for
nutritional biomarkers in current studies, whereas copro-
lites are often used to assess prehistoric diets [27], and
faecal samples are now used as isotopic markers of diet in
ecological studies [3]. The results from this study show
significant differences in carbon and nitrogen isotope ratios
between different diets, suggesting that faecal samples can
be used to determine differences in the amount of meat and
fish consumed. In all diets, faecal samples contained less
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Tabe 2 e s 07C gy n e o
urine (median and inter-quartile Blood®
range) .
Fish 13 —22.7 (—=23.0 to —22.6) 8.5 (8.4-8.6)
Meat/Fish 11 —23.0 (—23.2 to —22.6) 8.5 (8.3-8.7)
Meat 14 —22.8 (—23.1 to —22.5) 8.5 (8.3-8.7)
Vegetarian - - -
Faeces”
Fish 14 —23.2 (-23.4 to —22.9) 6.7 (6.3-6.8)
Meat/fish 13 —24.0 (—24.3 to —23.5) 5.7 (5.2-6.0)
Meat 14 —24.3 (—24.4 to —23.8) 5.6 (5.5-5.9)
Vegetarian 4 —24.8 (—25.0 to —24.5) 3.5 (3.4-3.8)
4 No signi.ﬁcant differences ; Urine®
between diets (p > 0.6 for 6 °C
and 65N, Kruskal-Wallis test) Fish 14 —25.8 (—26.2 to —25.5) 7.8 (7.3-8.1)
b Significant differences Meat/fish 13 —26.4 (—26.6 to —26.2) 7.0 (6.8-7.8)
between diets (p < 0.0005 for Meat 14 —26.5 (—26.7 to —26.3) 6.9 (6.7-7.2)
:’;jg and 0N, Kruskal-Wallis  veoetarian 4 ~27.2 (=274 to —27.0) 5.0 (4.5-5.4)
Table 3 Pairwise comparison (Wilcoxon rank-sum test) of '°C and 8'°N following different diets
Diet Specimen Fish/meat Red meat Vegetarian
s SN s SN st 5N
Fish Blood n. s. n. s. n. s. n. s. n. d.
Faeces p < 0.005 p <0.01 p < 0.0005 p < 0.0005 p < 0.005 p < 0.005
Urine p < 0.005 p <0.05 p < 0.0005 p < 0.005 p < 0.005 p < 0.005
Fish/Meat Blood n. s. n. s. n. d.
Faeces n. s. n. s. p <0.05 p < 0.005
Urine n. s. n. s. p < 0.05 p < 0.005
Red Meat Blood n. d.
Faeces p <0.05 p < 0.005
Urine p <0.05 p < 0.005
n. s.: not significant at significance level p = 0.05; n. d.: not determined
Table 4 Offset between d'°C and 6'°N in diet and specimen (median and inter-quartile range)
Blood Faeces Urine
3"3C (%) 8N (%o) 3"3C (%) 3"N (%o) 3"3C (%) 3N (%o)
Fish -2.0 -0.3 1.1 0.4 —1.5 1.6
(=2.1to —1.7) (—=0.4 to —0.1) (0.8-1.5) (0.2-1.0) (=18 to —1.3) (1.5-2.0)
Meat -33 -19 0.4 —-04 -1.8 1.0
(—3.6 to —3.0) (=2.1to —1.8) (0.2-0.6) (—0.6 to —0.1) (=22to —1.7) (0.7-1.1)
Vegetarian 1.5 —1.2 -0.9 0.3
(1.3-1.7) (—2.1to —1.8) (—1.2 to —0.8) (0.0-0.5)

Offset calculated as 0">Cgieq — 02 Copecimen and 0" Ngier — 013 Ngpecimen

13C than the diet; however, only following a fish diet faeces
were also depleted in 15N, whereas the amount of '°N was
higher following meat and in particular vegetarian diets.
This pattern of nitrogen isotopic enrichment of faeces

relative to diet has been observed in controlled feeding
studies of animals [31]. The depletion in 5N of faeces for
individuals on the fish diet might be due to the short
duration of the dietary period and the difference in fish and
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subsequently '°N intake compared with participants’
habitual diets. The observed correlation between BMI and
faecal 6'°C could be explained by the higher amount of
carbohydrates consumed by participants with a higher
energy requirement, although the data available do not
allow to investigate this further.

Quantified urinary nitrogen is commonly used as bio-
marker of protein intake [1] as most nitrogen from protein
metabolism is excreted in urine. As nutritional biomarker,
it reflects short-term intake of protein, and therefore it can
be expected that the ratio of nitrogen isotopes will also
reflect short-term dietary intake; this is confirmed by
results from this study. Previous studies have shown that
urine is depleted in '°N compared to body tissues [9, 31],
and differences between urinary and blood 6'°N in this
study confirm these results. Urinary nitrogen is also
depleted in '°N compared to diet, and this depletion is more
pronounced for diets with a high 6'°N such as fish. Con-
versely, 0'°C is significantly increased compared to diet in
all diet groups.

Meat, fish and plant based foods are not isotopically
homogenous categories. The isotopic values of meat and
fish are dependent on the animal’s diet and the location and
environment in which they live, and the isotopic values of
plants vary depending on the climate and environment in
which they are grown. Isotopic variation within and
between ecosystems has been widely documented in
archaeological and ecological studies over many years
[2, 7, 32, 33]. Thus one expects and observes inherent
isotopic variations within food sources, depending on their
origin. However, we have shown that in a population fed
on a diet of plants, meat and fish typical for North-West
Europe, significant isotopic differences in dietary intake
translate to significant differences in faecal and urinary
isotopic values even after a short-term dietary intervention.
Although the diet used in this study contained only beef
and not other types of meat, previous studies have shown
that in particular beef and pork show similar stable isotope
ratios [18, 29] and it is therefore likely that these results are
applicable to diets containing different types of meat.

In summary, we show that urinary and faecal 6'°C and
0N are suitable candidate biomarkers for short-term meat
and fish intake. The statistically significant isotopic dif-
ferences in urine and faeces between those on meat and fish
diets are sufficient to distinguish between consumers of
different diets. The results also suggest that it is possible to
identify vegetarian diets though the sample size was
insufficient to provide more accurate data. Although it was
possible to distinguish between diets containing only fish
and those containing both meat and fish, it was not possible
to distinguish between diets containing meat and diets
containing both meat and fish. This might be a limitation of
this biomarker, or of the length of time of the dietary
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intervention, but further studies are required to refine these
results. In contrast to faeces and urine, blood 83C and
0'°N did not change sufficiently between diets on the
timescale of this study to detect significant differences.
This can be explained by the half-life of red blood cells and
other major protein sources in blood, which exceeded the
time of the intervention diet, as has been observed in
previous studies [17, 23]. Whereas urinary and faecal 6'>C
and 6'°N are therefore suitable biomarkers for short-term
meat and fish intake, 6'>C and 6'°N in blood are more
suitable as biomarkers of habitual or long term intake of
meat and fish.

Urine and faecal samples are ideal specimens for dietary
assessment with biomarkers, since they can be collected non-
invasively, and their stable isotope ratios can be analysed
easily without laborious sample preparation and data pro-
cessing, in contrast to fatty acid analysis, for example. Fur-
thermore, they can be determined in stored or archived
samples, enabling comparisons with other existing data sets,
such as total N intake. Ease of sampling, storage and analysis
makes stable isotope ratio analysis in these specimens par-
ticularly useful for large-scale epidemiological studies.
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