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Abstract

Objectives and study

This study aimed at measuring the effect in normal to restricted protein diets with specific
5N natural isotopic abundance (NIA) given during gestation and/or lactation on the >N NIA
of fur, liver and muscle in dams and their offspring from birth to adulthood. The secondary
aim was to study the effect of growth on the same parameters.

Methods

Female Balb/c mice were fed normal protein diet containing 22% protein or isocaloric low
protein diet containing 10% protein throughout gestation. Dam’s diets were either main-
tained or switched to the other diet until weaning at 30 days. All animals were fed standard
chow thereafter. Offspring were sacrificed at 1, 11, 30, 60, 480 days and a group of dams
at d1. Growth was modeled as an exponential function on the group followed up until 480
days. Fur, liver and muscle were sampled at sacrifice and analyzed for bulk >N NIA. Fixed
effects and interactions between fixed effects and random elements were tested by three-
way ANOVA.

Results

Higher "N NIA in the diet resulted in higher organ >N NIA. Switching from one diet to
another changed >N NIA in each organ. Although dam and offspring shared the same isoto-
pic environment during gestation, >N NIA at day 1 was higher in dams. Growth rate did not
differ between groups after 10 days and decreased between 1 and 5 months. >N NIA dif-
fered between organs and was affected by growth and gestation/lactation.
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Conclusion

Dietary "N NIA is a major determinant of the >N NIA of organs. >N NIA depended on
organ and age (i.e. growth) suggesting an effect of metabolism and/or dilution space. Post-
natal normal-protein diet of lactating dams could reverse the effect of a protein-restricted
diet during gestation on the offspring growth. Measuring "N NIA in various matrices may
open a field of application particularly useful in studying the pre- and post-natal origins of
health and disease.

Introduction

"N is a stable isotope of nitrogen present in nature, accounting for 0.4% of N in whole body
pools [1]. "N natural isotopic abundance (NIA) in body proteins is determined by the 15N val-
ues of nutrient and by N metabolism [2].

NIA values (5'°N) have been shown to be a valuable index of nutrient intake and metabo-
lism in animals [3,4]. The observed enrichment in animal’s body proteins compared to their
diet consists on the trophic effect, resulting in the cumulative isotopic effects associated in met-
abolic pathways [5]. Furthermore, a discrimination exists against heavier isotope (*°N) in urea
formation, which contributes to the trophic effect [6]. Poupin et al. provide robust arguments
for the variation in >N NIA according to protein metabolism in rats [4,7]. They modeled body
compartments involved in protein metabolism and observed that '>’N NIA depended on pro-
tein turnover. >N NIAs in tissues differed according to the protein turnover of each organ,
e.g. the liver had a higher '°N NIA than the muscle [5]. The intensity of the isotopic shift
seems to depend on the liver metabolic pathways and their activity, i.e. protein turnover,
whether modulated by dietary intake or pathological state [6,8]. Fractionation may then vary
with fluxes and protein synthesis or degradation. Variations in fluxes could result in a com-
partment change, which could modify other compartments by subsequent fluxes. During
fluxes stabilization, even if the stable state is different from the previous one, the fractionation
could return to the previous level, making this marker dynamic [9].

Epidemiological studies carried out in humans show that intrauterine environment, espe-
cially maternal nutrition, play an important role in the appearance of metabolic diseases in
adulthood. This is the concept of fetal programming, i.e. Developmental Origins of Health and
Disease (DOHaD) [10]. Protein restriction in mice during gestation and lactation induced in
offspring a hypermetabolic phenotype in adulthood with lower weight, less fat mass and
increased food intake, associated with altered methylation of the promoter region of the leptin
gene [11]. This suggests a metabolic impact of protein restriction during early life.

More than being a biomarker of food isotopic composition, '’N NIA measurement in
organs may provide a marker to assess the impact of early diet composition on protein metabo-
lism and growth, arguing for fetal programming. This study aimed at measuring the effect in
normal to restricted protein diets with specific >N NIA given to female mice during gestation
and/or lactation on the >N NIA of fur, liver and muscle in dams and their offspring from birth
to adulthood. The secondary aim was to study the effect of growth on the same parameters.

Material and methods
Study design

Animal protocols. Balb/c mice (obtained from JANVIER Labs Saint Berthevin 53941
France) were used. All animals were housed in plastic cages and subjected to a 12-h light-dark
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cycle at a temperature of 22 + 2°C. All animals had ad libitum access to food and water at all
times, unless indicated otherwise.

One hundred and forty virgin female Balb/c mice (F0) aged between 2.5 and 4 months old
were used. Pairs of female mice were mated with a single male and were allocated into 2 groups
fed either a normal protein diet (NPD) containing 22% protein or an isocaloric low protein
diet (LPD) containing 10% protein throughout gestation. After delivery, female mice were
once again randomized between diet LPD or NPD during lactation. Finally, 4 groups were
formed: NPD during gestation and lactation or NPD only during gestation then LPD during
lactation and the same thing for LPD. Seven female mice who ate pups were excluded from
analyses.

Only litters of 4-11 pups (F1) were included in subsequent experiments. Only males were
analyzed to avoid any influence of the female hormonal system on metabolism. After weaning
at 30 days of age, the male offspring were single-housed and fed a standard chow diet (A03;
Safe, Augy, France) ad libitum throughout life. The diets compositions are given in Table 1.

Growth study was performed on a separate set of animals with the same experimental pro-
cedure as above. In fact, animals had to stay alive until the end of observation i.e. 17 time
points from day 10 to month 16. Four animals were followed-up in group NPD/NPD, 6 in
group LPD/LPD, 8 in group NPD/LPD and 7 in group LPD/NPD.

Experimental procedures. Sample collection and preparation Body weights were moni-
tored at various ages throughout life for both F1 male mouse groups. Male mice of each group
were sacrificed at 1, 11, 30 60, and 480 days old (designated d1, d11, d30, d60 and d480, respec-
tively) and samples taken of fur, liver and leg muscle gastrocnemius for analyses (Fig 1). Dams
were sacrificed at d1 and same samples were taken. One and 11-day-old mice were killed by
decapitation and 1 to 16-month-old mice were sacrificed by cervical dislocation under KX
anesthesia (ketamine/xylazine solution in saline; i.p.). Liver and muscle samples were frozen
(-20° C) and lyophilized (HETO tower Dry LL1500 Freeze Dryer, Thermo Fisher Scientific,
Bremen, Germany), fur samples were transferred to a small glass bottle and washed in cyclo-
hexane (2 x 2 mL, 30 min) to remove sebum (lipids) and residues. Residual traces of solvent
were removed by evaporation at 45° C under a stream of pure nitrogen gas. The sample was
cut into small sections (1 mm or less).

Table 1. Diet compositions.

NPD LPD
Total protein (%) 22 10
A03 (%) 45 45
Colza oil (%) 2 2
Sunflower oil (%) 0.4 0.4
Groundnut oil (%) 1.6 1.6
Vitamins mix (%) 0.55 0.55
Mineral mix (%) 3.85 3.85
Sucrose (%) 8.25 8.25
Agar-agar (%) 1.65 1.65
Casein (%) 12 0
Starch (%) 24.7 36.7

Differences in bold; A03 contained: cereals 69.2%, animal proteins (fish) 6%, and vegetable proteins 20.2%. The
vitamin mixture used is UAR200 (Safe) and the mineral mixture is UAR205b (Safe) 4.6%. LPD: low protein diet (10%
protein, isocaloric), NPD: normal protein diet (22% protein).

https://doi.org/10.1371/journal.pone.0205271.t001
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Dams

Gestation LPD NPD
(n=31) (n=38)
Lactation LPD NPD LPD NPD
(n=17) (n=14) (n=19) (n=19)
(1 exclusion) (3 exclusions) (3 exclusions) 5N analyses:
5N analyses: 5N analyses: 5N analyses: d1:n=4
d1:n=5 d1:n=5 d1:n=5
Offspring LPD/LPD LPD/NPD NPD/LPD NPD/NPD
15N analyses: 5N analyses: 15N analyses: 5N analyses:
d1: n=15 d1:n=12 d1: n=16 d1:n=14
d10: n=10 d10: n=17 d10: n=11 d10: n=26
d30: n=6 d30: n=6 d30: n=8 d30: n=10
d60: n=11 d60: n=4 d60: n=8 d60: n=17
d480: n=6 d480: n=7 d480: n=8 d480: n=4

Fig 1. Experimental diagram. Exclusion reason was eating pups. Diet groups: gestation/lactation. LPD: low protein
diet (10% protein, isocaloric), NPD: normal protein diet (22% protein), d: day.

https://doi.org/10.1371/journal.pone.0205271.9001

An aliquot of each sample (~0.7 mg for fur, ~1 mg for liver, ~0.8 mg for muscle, giving
~0.08 mg N) was weighed with 107® g precision (ultra-microbalance XP6U, Mettler Toledo,
Columbus, OH, USA) into tin capsules (solids “light” 4 x 6 mm, Thermo Fisher Scientific, Bre-
men, Germany). All samples were analyzed in triplicate and considered valid if the standard
deviation between the values was less than 0.3%o.

To obtain the >N NIA of the different diets, the pellets were broken and washed extensively
with cyclohexane to remove lipids. The residual solid was dried and ground to a fine homoge-
neous powder. The measurements were carried out with 5 analyses per diet.

Isotopic analysis

The ">N/'*N (8'°N) isotope ratio was obtained by isotope ratio measurement by mass spec-
trometry (irm-MS) using a Sigma2 spectrometer (Sercon Instruments, Crewe, UK, http://
www.sercongroup.com) linked to a Sercon elemental analyzer as described previously [12].
Isotope ratio 8'°N (%o) was expressed relative to the international reference using the equa-
tion:

R

where R is the isotope ratio of the sample and Rstd the isotope ratio of the reference: atmo-
spheric N,.

Statistical analysis

The effects of time (d11, d30), gestation and lactation diets on "N NIA in fur, liver, muscle
and weight were tested for main effects and interaction using 3-way ANOVA. Post-hoc tests
were performed using Tukey test for more than two groups.
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The effect of diet during gestation groups in dams (F0) and offspring (F1) liver "’N NIA at
d1 was tested using a one factor ANOVA.

In order to take into account the shape of growth curves two models were tested: 1) a three
factors exponential model: weight = a + bee's” with a = asymptote, b = scale and ¢ = growth
rate, and t = time and 2) a four factors bi-exponential model: weight = a ses" + ¢ se"%s? with
a=scale 1, b = decay rate 1, c = scale 2, d = decay rate 2 and t = time. Best model was that with
the highest r”. The first derivative was calculated at each time point for individuals and com-
pared using two-way ANOVA for group, time and interaction.

Data were expressed as means + standard error of the mean (SEM). P values <0.05 were
considered statistically significant. All statistical analyses were computed using JMP 10.0.2

software (SAS Institute Inc. Cary. NC. USA).

Ethics

Investigations were conducted according to the guiding principles for the use and care of labo-
ratory animals and in compliance with French and European regulations on animal welfare
(Décret 2001-464, 29 May 2001 and Directive 2010/63/EU, respectively). The project as a
whole was approved by the Animal Experimentation Ethics Committee for Auvergne region
(France) C2EA-02 under the approval number 9556-2016122214418591.

Results
15N NIA of mice chows

>N NIA was higher (p<107*) in NPD (3.78+0.14%o) than in LPD (2.59+0.14%o) and A03
(2.65%0.14%o) diets, with no difference between the LPD and A03 diets.

Natural isotopic abundances in organs

We observed a significant effect of time (p<10™*) and group (p<10~*) with significant interac-
tion between the two factors (p<<10~*) on "N NIA in all organs (Fig 2A, 2B and 2C). S1 Table
and S1 Data are available as supplementary data.

>N NIA inliver. Atd1, >N NIA in the liver was higher in the offspring whose dams were
fed NPD during gestation (NPD/NPD and NPD/LPD groups) than in those fed LPD (Fig 2A).
In young mice whose dams were LPD fed during gestation and NPD fed during lactation
(LPD/NPD), the '°N NIA values rose during the first 11 days to a comparable value to that in
the former two groups, while for the NPD/LPD group the opposite trend was observed. These
relationships were still observed at the end of lactation (d30): "°N NIA in liver was higher in
the NPD/NPD and LPD/NPD groups than in the LPD/LPD and NPD/LPD groups. During
the following 30 days, with all animals consuming the A03 diet, this difference disappeared,
the values for the LPD mice rising to the same as those for the NPD mice by d60. Thereafter,
all animals showed an indistinguishable downward trend by d480.

In all groups, weaning (d30) "N NIA increased up to d60 and decreased afterwards (d480).
We did not observe any difference between groups once mice chow was identical (d60 and
d480).

"N NIA in muscle. Because dissection was too difficult in animals weighing around 1g,
samples could not be obtained at d1. However, in view of the relationship with diet observed
in the liver (Fig 2B), it is likely that the same relationship existed in 1-day-old young, with
young from NPD-fed dams having '°N NIA values greater than the LPD-fed group. At d11,
>N NIA values in muscle was higher in both NPD/NPD and LPD/NPD groups than in the
LPD/LPD and NPD/LPD groups (Fig 2B), as seen for liver (Fig 2A). By d60, following 20 days
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Fig 2. "N NIA in organs. a) Liver; b) Muscle; c) Fur. Significant effect of time (p<10™*) and group (p<10~*) with
significant interaction between the two factors (p< 107*) on '°N NIA in liver, muscle and fur. a) * P<0.05 between
NPD in gestation and LPD in gestation, ** P<0.05 >N NIA higher in the NPD/NPD and LPD/NPD groups than in the
LPD/LPD and NPD/LPD groups, *** P<0.05 In all groups, d30 '>N NIA increased up to d60  and decreased
afterwards (d480). b) *P<0.05 between both NPD/NPD—LPD/NPD groups and LPD/LPD—NPD/LPD groups. c)
*P<0.05 between both NPD/NPD—LPD/NPD groups and LPD/LPD—NPD/LPD groups. **P<0.05 between NPD/
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NPD group and the other three diet, ***P<0.05 NPD/NPD and LPD/NPD groups had higher >N NIA values,
P<0.05 between the LPD/NPD and the NPD/NPD groups, + P<0.05 between d11-d30 and d480 in the LPD/NPD
group. Diet groups: gestation/lactation. LPD: low protein diet (10% protein, isocaloric), NPD: normal protein diet
(22% protein). NPD/NPD group: d1: n = 14, d11: n = 26, d30: n = 10, d60: n = 17, d480: n = 4; LPD/NPD group: d1:
n=12,d11:n=17,d30: n = 6, d60: n = 4, d480: n = 7; LPD/LPD group: d1: n = 15, d11: n = 10, d30: n = 6, d60: n = 11,
d480: n = 6; and NPD/LPD group: d1: n = 16,d11: n =11, d30: n = 8, d60: n = 8, d480: n = 8.

https://doi.org/10.1371/journal.pone.0205271.g002

with all animals consuming the A03 diet, no differences were observed between groups, a
trend that persisted at d480.

We did not observe any difference between any time points within a same group.

I5N NIA in fur. Because mice at birth are nude, data cannot be provided at d1. Atdl1,
"N NIA in fur was higher in the NPD/NPD and LPD/NPD groups than in the LPD/LPD and
NPD/LPD groups (Fig 2C), essentially as observed for muscle and liver. In contrast, however,
by d30 only the NPD/NPD group was distinguishable from the other three diets, although at
d60 both the NPD/NPD and the LPD/NPD had higher >N NIA values. At d480, "N NIA val-
ues in fur was lower in the LPD/NPD than in the NPD/NPD groups.

We did not observe any difference with time for the LPD/LPD, NPD/LPD, NPD/NPD
groups. In the LPD/NPD group, the '°N NIA value at d480 was lower than that at d11 and
d3o.

Inter-organs >N NIA over time in F1. At d11, "°N NIA in the fur was higher than in the
muscle and in the liver. No differences between organs were observed at any other time points
(Fig 3 and S2 Table as supplementary data).

Organs'5N NIA & time

T

8-
- | iver

-——-1

«= Fur

e+ Muscle

15 N NIA (%)

! 1

0 20 40 60 470 480
Time (days)

Fig 3. Inter-organs >N NIA over time in F1 mice. * P<0.05 between the fur and both the muscle and the liver, **
P<0.05 between '°N NIA in the liver at d11 and d30, *** P<0.05, and decreased from d60 to d480,  P<0.05 between
>N NIA in the fur at d11 and d60. Number of samples in each tissue (Muscle, Fur and Liver): d1: n = 57, d11: n = 64,
d30: n = 30, d60: n = 40, d480: n = 25.

https://doi.org/10.1371/journal.pone.0205271.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0205271 October 10, 2018 7/14


https://doi.org/10.1371/journal.pone.0205271.g002
https://doi.org/10.1371/journal.pone.0205271.g003
https://doi.org/10.1371/journal.pone.0205271

o ®
@ ’ PLOS | ONE 5N natural abundance in protein restricted mice

"N NIA increased in the liver from d11 to d30, remained stable until d60 and decreased
from d60 to d480 (Fig 3 and S2 Table). In the fur, >N NIA at d11 was higher than at d60
with no differences between any other time points. No differences between time points were
observed for muscle.

Growth

Weight was measured at sacrifice only in mice at d1, d11, d30 and d60 (Table 2). Although
there was a trend toward a higher weight at d1 in mice whose dams were fed NPD during ges-
tation it did not reach significance: 1.70+0.03 g (N = 30) for NPD vs. 1.66+0.03 g (N = 26) for
LPD. Power analysis set the number of individuals to 294 to reach significance.

Weights of NPD/NPD mice were higher than of LPD/LPD mice at all subsequent time
points. When NPD gestational diet was switched after birth to LPD, the weight gain from d11
to d480 was indistinguishable from animals fed LPD/LPD. Similarly, when LPD gestational
diet was switched after birth to NPD diet, the weight gain was equivalent to that of animals fed
NPD/NPD from d11 to d480.

Weight was recorded monthly on the same mouse and for each group only in mice followed
up until d480 (Fig 4A). From this, growth was modeled (Table 3). Four-factor bi-exponential
model showed higher r* (0.964 vs. 0.955) and was chosen for calculation of first derivative i.e.
weight gain for each mouse and time point (Fig 4B).

Three-factor ANOVA showed a significant effect of lactation diet and time on weight and
weight gain without any effect of gestation diet (p<10™%).

Weight gain at d10 was lower in LPD/LPD mice (16.9+£0.48 g.month™) than in any other
group, respectively for NPD/LPD, NPD/NPD and LPD/NPD: 18.98+0.40, 19.56+0.96, and
21.80+0.56 g.month™". Weight gain of LPD/NPD was higher than in any other group. Weight
gain was similar in all groups from d30 to d480 (Fig 4B).

Effect of gestational diet on dams (F0) and offspring (F1) at d1. Atdl, liver 15N NIA
was higher in dams than in the offspring at d1 (P<10~%). Liver "’N NIA was higher in dam
and offspring fed NPD than in those fed LPD (P< 107 (Table 4). The difference FO-F1 in liver
15N NIA at d1 was not different between diet groups (P = 0.15).

Discussion

The N NIA values of organs were determined by the >N NIA values of the diet over both the
pre- and post-natal period. It differed between organs for a given diet and followed dietary
changes. For the same diet, "’N NIA changed with time during the first sixty days where

Table 2. Weight of mice at different time-points.

Diet group Days
1 11 30 60 480
NPD/NPD 1.69+0.04a 7.04+0.16b 16.3+0.39d 24.3+0.36f 34.4+0.64h
n=14 n =47 n=24 n=17 n=4
LPD/NPD 1.52+0.05a 7.24+0.12b 16.4+0.39d 23.2+0.88fg 33.4+0.53h
n=11 n=27 n=10 n=4 n=7
NPD/LPD 1.71+0.03a 5.57+0.16¢ 13.8+0.43¢ 23.1+0.391fg 30.5%0.62i
n=16 n=23 n=15 n=7 n=38
LPD/LPD 1.76£0.03a 5.03+0.14c 12.6+0.27e 21.2+0.32g 30.1+0.931
n=15 n=27 n=17 n=11 n=6

Results are Mean+SEM; values with the same letter are not statistically different (multi-way ANOVA and Tukey post-hoc test, significance level, p<0.05). Diet groups:

gestation/lactation. LPD: low protein diet (10% protein, isocaloric), NPD: normal protein diet (22% protein).

https://doi.org/10.1371/journal.pone.0205271.t1002
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Fig 4. Growth in the four groups of mice. a) Weight charts in the 4 groups of mice; b) Growth rate. a) * P<0.05
between NPD/NPD mice and LPD/LPD mice. Graphically, post-natal nutrition seems more predictive of growth than
pre-natal nutrition. b) growth rate at d10 was lower in LPD/LPD mice and higher in LPD/NPD mice than in any other
group. Diet groups: gestation/lactation. LPD: low protein diet (10% protein, isocaloric), NPD: normal protein diet
(22% protein). The number of animals is available in Table 2.

https://doi.org/10.1371/journal.pone.0205271.9004
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Table 3. Growth modelling.

Scale 1 Decay 1 Scale 2 Decay 2
NPD/NPD -29.176+1.193 0.850+0.077 29.197+0.619 -0.011+0.002
LPD/NPD 29.357+0.445 -0.009+0.001 -30.240+0.962 0.939+0.064
NPD/LPD 27.835+0.517 -0.007+0.002 -30.511+0.861 0.774+0.050
LPD/LPD 25.991+0.758 -0.006+0.002 -29.866+1.089 0.691+0.061

Weight over time modeled using a four-factors bi exponential model: weight = a ees" + ¢ o¢“4e? with a = scale 1,
b = decay rate 1, ¢ = scale 2, d = decay rate 2 and t = time. Results are means+SEM. Diet groups: gestation/lactation.
LPD: low protein diet (10% protein, isocaloric), NPD: normal protein diet (22% protein). All factors differed between

groups. Decay 2 factor differed between ND and all other groups.

https://doi.org/10.1371/journal.pone.0205271.t1003

growth was present. Post-natal normal protein diet of lactating dams could reverse the effect
of a protein restricted diet during gestation on the growth of offspring.

>N NIA of organs depends on dietary >N NIA

>N NIA was higher in NPD chow because it was made of LPD chow with added casein. Casein
had a higher 15N NIA than LPD and A03 (usual mice chow) diets, both based on the same pro-
tein source.

Whether given to the dam during gestation, or postnatally during lactation, a diet with a
higher N NIA value increased '°N NIA of organs. Moreover, switching diet from LPD to
NPD or vice versa, i.e. providing a switch in dietary '°N NIA, induced a concomitant shift in
the '°N NIA of the organ. This was most evident in the liver for which we have data at d1. This
suggest that "N NIA of dams’ diets directly affected the >N NIA of organs in the offspring.
After weaning, differences between groups of '°N NIA in the liver, the organ with the fastest
protein turnover rate [13], tended to fade away since the >N NIA in the diet was identical.

>N NIA values differed between organs

For a given diet >N NIA values differed between organs. At d11, '’N NIA was higher in the
fur than in the muscle and liver. This ranking changed with the age of the animals since '°N
NIA in the liver became higher than in the fur at d60. This suggests that organ specific meta-
bolic characteristics and/or compartmental distribution is another determinant of organ >N
NIA. The faster protein turnover rate in the liver [13] probably explains why, in the present
study, it is the organ where changes in the '’N NIA in the diet had the greatest impact on
organ'N NIA values. In contrast, in muscle the slower protein turnover rate might be
expected to have blunted the effect of diet on organ >N NIA. The fur is a special case, since
there is essentially no turnover (bar hair loss) so that keratin is not reincorporated into the
whole-body turnover rate. In this tissue, '’N NIA acts like a “tape recorder” and "’N NIA mea-
sured on the whole fur integrates the effect of metabolism and environment over the whole

Table 4. >N NIA in the liver in FO and F1 animals of the same family.

Fo F1
NPD 8.35+0.07 7.30+0.09
LPD 7.27+0.05 6.46+0.12

Results are Mean+SEM; LPD: low protein diet (10% protein, isocaloric), NPD: normal protein diet (22% protein).
LPD dyads: n = 10, NPD dyads: n = 9.

https://doi.org/10.1371/journal.pone.0205271.t1004
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time-period during which the hair has grown. In human research, this provides a helpful
index of the impact of metabolic and environmental changes on hair keratin synthesis. Some
groups have developed extensive research on isotopic compartmental shifts in the rat [9].

Effect of diets on growth rate

Animals fed NPD during gestation and lactation or whose diet was switched from LPD to
NPD during lactation had a higher adult weight. Since weight was identical between groups at
birth, different at d11, but with equal growth rate thereafter, differential growth rate must have
occurred within the first ten days. The difference of birthweight was weak and needed a larger
number of animals to reach statistical significance, so significant intrauterine growth retarda-
tion could not be shown. The apparent graphical inconsistency of weight between groups at d1
(LPD/NPD and LPD/NPD groups) is partly due to the imprecision of birth hours since weight
at d1 was only measured in the morning. However, the present model provided restricted
nitrogen intake and not a nitrogen free diet. Nevertheless, the present data suggest that post-
natal nitrogen nutrition might have the principal effect on growth, since a change in the pro-
tein content could reverse the negative impact of low protein diet during gestation on final
weight and birthweight. We failed to bring out an effect of gestational diet on post-natal weight
and weight gain using a 3-factor ANOVA (time, gestational diet, lactation diet). This result
must be taken with caution since based on the population we used for growth modeling there-
fore missing any weight change before d10. The animals in the NIA experiment show in fact a
crossing when mother diet changed from LPD to NPD or conversely. More time points during
this period would have been necessary to show more precisely such an effect. Considering the
different life spans between humans and mice, this period fits with the so-called 1000 days, a
susceptibility window to “program” health status at the adult age in humans. Environment
changes during this period may have harmful effects, such as lowering the final weight.

The "°N NIA of organs changed with age and between dams and offspring

The "N NIA of F1 organs increased from d1 to d60 in the liver and decreased over the same
period in the fur. This is even noticeable in animals fed the same diet from d1 to d30. Plotting
weight over time shows that growth occurred until the “adult” weight is reached between d60
and month 4. This suggests that growth-associated metabolic changes had a specific effect on
the '°N NIA of organs. Similarly, dam and offspring '>N NIA values in the liver differed, even
though they shared the same exogenous source of °N; that of the dam’s diet. We did not find a
different shift between F0 and F1 between diet groups, suggesting that the diet-induced alter-
ation of protein metabolism impacts the fetus. This result goes against the common belief is
that fetal metabolism is the priority. In a previous work, we observed a difference in humans
between the mother and her child [14], where "N NIA in hair was higher in F1 (child) than in
the FO generation (mother) by an average of 1%o. The relation between FO and F1 was in the
opposite way compared to the present study but the conditions were different i.e. a normal
nutritional environment and furthermore the material was different, with different kinetics,
since liver is a high-level metabolic rate organ and hair is a terminal material with no turnover
rate. Altogether, these observations suggest a differential effect of fetal and adult metabolisms
on the ">N NIA of organs.

Limitations

The main limitations of our study were the difference of >N NIA in diets and the impossibility
to analyze "N NIA in mice milk. It was technically difficult to obtain similar "’N NIAs and
same proteins in the three diets, which results in a change of the isotopic environment of the
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animals two or three times in a very short period of time. This point hardens the interpretation
of the results. >N NIA in mice milk could have allowed measuring directly the >N NIA of
what the offspring ingested but the quantity of milk was not sufficient for analysis.

This study was not designed to test the effect of hormones on '°N NIA that is seldom docu-
mented in the literature. The present study is based on that protein restricted diet induced
changes in DNA methylation and expression of leptin gene [11]. Food-intake behavior and
body composition were altered consequently. Effect on other hormones such as oxytocin, pro-
lactin or insulin but also amino acids need to be studied specifically [15,16].

Perspectives for research in nutrition and metabolism

An effect of protein restricted diet during gestation/lactation on leptin expression and
response to meal has previously been reported [11]. However, the effect of diet on protein
metabolism in dams and their offspring could not be ruled out in the absence of tracer meth-
odology. We have taken advantage of ‘>N NIA values in diet to test whether "’N NIA in organs
differed between groups. The present study provides evidence that organ '°N NIA is not solely
driven by '°N NIA in the diet. Within the same group and organ '°N NIA varied with time,
suggesting a growth-associated metabolic effect. N NIA differed between organs as a possible
consequence of organ-specific protein turnover rate and/or compartmental fluxes.

In humans, >N NIA measurements can help to discriminate healthy individuals [17,18]
from those displaying severe pathologies affecting nutrition, including anorexia nervosa [19],
liver diseases [20] and diabetes nephropathy [21]. Hair at birth is a protein matrix formed dur-
ing the fetal period that may provide a non-invasive marker, particularly useful in pediatrics at
birth and during early growth. Epidemiological studies carried out in humans show that the
intra-uterine environment, especially maternal nutrition, plays an important role in the appear-
ance of metabolic diseases in adulthood [22]. This is the concept of fetal programming, i.e.
Developmental Origins of Health and Disease (DOHaD) [10] that must be extended to the first
two years of life. The present study adds to the body of literature indicating that studying varia-
tion in '°N NIA in relation to diet and pre- and early post-natal nutrition might provide decisive
information to aid in improved nutrition during a period that determines health in later years.
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S1 Data. Data from the study. Sheet 1: FO data; Sheet 2: F1 data. 515N: ">N NIA (%o); D1: day
1; D11: day 11; D30: day 30; D60: day 60; M2 to M16: month 2 to month 16; D480: day 480;
Gest: gestation; Lact: lactation; LPD: low protein diet; NPD: Normal protein diet.

(XLS)

S$1 Table. >N NIA (%o) values in the liver, muscle and fur over time. Results are Mean
+SEM; values with the same letter are not statistically different (multi-way ANOVA and Tukey
post-hoc test, significance level, p<0.05).

(DOCX)

$2 Table. >N NIA values in different organs and at different time points for NPD/NPD
group pooled. Results are Mean+SEM; values with the same letter are not statistically different
(multi-way ANOVA and Tukey post-hoc test, significance level, p<0.05).

(DOCX)

Acknowledgments

The authors thank Anne Terrisse for animal care and technical support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205271 October 10, 2018 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205271.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205271.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205271.s003
https://doi.org/10.1371/journal.pone.0205271

@° PLOS | ONE

5N natural abundance in protein restricted mice

Author Contributions
Conceptualization: Céline Jousse, Pierre Fafournoux, Régis Hankard, Arnaud De Luca.

Data curation: Karine Bernardo, Anne-Marie Schiphorst, Mathilde Grand, Richard J. Robins,
Régis Hankard, Arnaud De Luca.

Formal analysis: Karine Bernardo, Céline Jousse, Pierre Fafournoux, Anne-Marie Schiphorst,
Mathilde Grand, Richard J. Robins, Régis Hankard, Arnaud De Luca.

Funding acquisition: Régis Hankard, Arnaud De Luca.
Investigation: Karine Bernardo, Céline Jousse, Régis Hankard, Arnaud De Luca.

Methodology: Karine Bernardo, Céline Jousse, Pierre Fafournoux, Anne-Marie Schiphorst,
Mathilde Grand, Richard J. Robins, Régis Hankard, Arnaud De Luca.

Supervision: Céline Jousse, Pierre Fafournoux, Anne-Marie Schiphorst, Richard J. Robins,
Régis Hankard, Arnaud De Luca.

Validation: Karine Bernardo, Céline Jousse, Anne-Marie Schiphorst, Mathilde Grand, Rich-
ard J. Robins, Arnaud De Luca.

Writing - original draft: Karine Bernardo, Régis Hankard, Arnaud De Luca.

Writing - review & editing: Karine Bernardo, Céline Jousse, Pierre Fafournoux, Anne-Marie
Schiphorst, Mathilde Grand, Richard J. Robins, Régis Hankard, Arnaud De Luca.

References

1. O’Brien DM. Stable Isotope Ratios as Biomarkers of Diet for Health Research. Annu Rev Nutr. 2015;
35: 565-94. https://doi.org/10.1146/annurev-nutr-071714-034511 PMID: 26048703

2. Fuller BT, Fuller JL, Sage NE, Harris DA, O’Connell TC, Hedges REM. Nitrogen balance and delta15N:
why you’re not what you eat during nutritional stress. Rapid Commun Mass Spectrom. 2005; 19: 2497—
25086. https://doi.org/10.1002/rcm.2090 PMID: 16106342

3. Schwertl M, Auerswald K, Schaufele R, Schnyder H. Carbon and nitrogen stable isotope composition of
cattle hair: ecological fingerprints of production systems? Agric Ecosyst Environ. 2005; 109: 153—165.

4. Poupin N, Huneau J-F, Mariotti F, Tomé D, Bos C, Fouillet H. Isotopic and modeling investigation of
long-term protein turnover in rat tissues. Am J Physiol Regul Integr Comp Physiol. 2013; 304: R218—
231. https://doi.org/10.1152/ajpregu.00310.2012 PMID: 23135789

5. Arneson LS, MacAvoy SE. Carbon, nitrogen, and sulfur diet-tissue discrimination in mouse tissues.
Can J Zool. 2005; 83: 989-995.

6. SickH, Roos N, Saggau E, Haas K, Meyn V, Walch B, et al. Amino acid utilization and isotope discrimi-
nation of amino nitrogen in nitrogen metabolism of rat liver in vivo. Z Fir Erndhrungswissenschaft.
1997; 36: 340-346.

7. Poupin N, Bos C, Mariotti F, Huneau J-F, Tomé D, Fouillet H. The nature of the dietary protein impacts
the tissue-to-diet 15N discrimination factors in laboratory rats. PloS One. 2011; 6: €28046. https://doi.
org/10.1371/journal.pone.0028046 PMID: 22132207

8. BraunA, Vikari A, Windisch W, Auerswald K. Transamination governs nitrogen isotope heterogeneity of
amino acids in rats. J Agric Food Chem. 2014; 62: 8008-8013. https://doi.org/10.1021/jf502295f PMID:
25036536

9. Poupin N, Mariotti F, Huneau J-F, Hermier D, Fouillet H. Natural isotopic signatures of variations in
body nitrogen fluxes: a compartmental model analysis. PLoS Comput Biol. 2014; 10: e1003865. https://
doi.org/10.1371/journal.pcbi.1003865 PMID: 25275306

10. Barker DJP. The developmental origins of chronic adult disease. Acta Paediatr. 1992 Suppl. 2004; 93:
26-33.

11.  Jousse C, Parry L, Lambert-Langlais S, Maurin A-C, Averous J, Bruhat A, et al. Perinatal undernutrition
affects the methylation and expression of the leptin gene in adults: implication for the understanding of
metabolic syndrome. FASEB J. 2011; 25: 3271-3278. https://doi.org/10.1096/fj.11-181792 PMID:
21670064

PLOS ONE | https://doi.org/10.1371/journal.pone.0205271 October 10, 2018 13/14


https://doi.org/10.1146/annurev-nutr-071714-034511
http://www.ncbi.nlm.nih.gov/pubmed/26048703
https://doi.org/10.1002/rcm.2090
http://www.ncbi.nlm.nih.gov/pubmed/16106342
https://doi.org/10.1152/ajpregu.00310.2012
http://www.ncbi.nlm.nih.gov/pubmed/23135789
https://doi.org/10.1371/journal.pone.0028046
https://doi.org/10.1371/journal.pone.0028046
http://www.ncbi.nlm.nih.gov/pubmed/22132207
https://doi.org/10.1021/jf502295f
http://www.ncbi.nlm.nih.gov/pubmed/25036536
https://doi.org/10.1371/journal.pcbi.1003865
https://doi.org/10.1371/journal.pcbi.1003865
http://www.ncbi.nlm.nih.gov/pubmed/25275306
https://doi.org/10.1096/fj.11-181792
http://www.ncbi.nlm.nih.gov/pubmed/21670064
https://doi.org/10.1371/journal.pone.0205271

@° PLOS | ONE

5N natural abundance in protein restricted mice

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Romek KM, Julien M, Frasquet-Darrieux M, Tea |, Antheaume |, Hankard R, et al. Human baby hair
amino acid natural abundance 15N-isotope values are not related to the 15N-isotope values of amino
acids in mother’s breast milk protein. Amino Acids. 2013; 45: 1365—1372. https://doi.org/10.1007/
s00726-013-1597-7 PMID: 24072506

Waterlow JC, Garlick PJ, Milward DJ. Protein Turnover in Mammalian Tissues and in the Whole Body.
Protein Turnover in Mammalian Tissues and in the Whole Body. Amsterdam: North-Holland; 1978.

de Luca A, Boisseau N, Tea |, Louvet |, Robins RJ, Forhan A, et al. 5(15)N and 5(13)C in hair from new-
born infants and their mothers: a cohort study. Pediatr Res. 2012; 71: 598—-604. https://doi.org/10.1038/
pr.2012.3 PMID: 22398698

Mantha OL, Polakof S, Huneau J-F, Mariotti F, Poupin N, Zalko D, et al. Early changes in tissue amino
acid metabolism and nutrient routing in rats fed a high-fat diet: evidence from natural isotope abun-
dances of nitrogen and carbon in tissue proteins. Br J Nutr. 2018; 119: 981-991. https://doi.org/10.
1017/S0007114518000326 PMID: 29502540

De Luca A, Hankard R, Alexandre-Gouabau M-C, Ferchaud-Roucher V, Darmaun D, Boquien C-Y.
Higher concentrations of branched-chain amino acids in breast milk of obese mothers. Nutr. 2016; 32:
1295-1298.

Huelsemann F, Flenker U, Koehler K, Schaenzer W. Effect of a controlled dietary change on carbon
and nitrogen stable isotope ratios of human hair. Rapid Commun Mass Spectrom. 2009; 23: 2448—
2454, https://doi.org/10.1002/rcm.4039 PMID: 19603471

Petzke KJ, Boeing H, Klaus S, Metges CC. Carbon and nitrogen stable isotopic composition of hair pro-
tein and amino acids can be used as biomarkers for animal-derived dietary protein intake in humans. J
Nutr. 2005; 135: 1515-1520. https://doi.org/10.1093/jn/135.6.1515 PMID: 15930462

Hatch KA, Crawford MA, Kunz AW, Thomsen SR, Eggett DL, Nelson ST, et al. An objective means of
diagnosing anorexia nervosa and bulimia nervosa using 15N/14N and 13C/12C ratios in hair. Rapid
Commun Mass Spectrom. 2006; 20: 3367-3373. https://doi.org/10.1002/rcm.2740 PMID: 17044129

Petzke KJ, Feist T, Fleig WE, Metges CC. Nitrogen isotopic composition in hair protein is differentin
liver cirrhotic patients. Rapid Commun Mass Spectrom. 2006; 20: 2973-2978. https://doi.org/10.1002/
rcm.2695 PMID: 16955536

De Luca A, Laugier S, Tea |, Robins RJ, Saulnier P-J, Torremocha F, et al. Impact on bulk 15N natural
isotopic abundance in hair of kidney function in type 2 diabetic nephropathy. E-SPEN J. 2014; 9: e204—
e209.

Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and death from ischae-
mic heart disease. Lancet. 1989; 2: 577-580. PMID: 2570282

PLOS ONE | https://doi.org/10.1371/journal.pone.0205271 October 10, 2018 14/14


https://doi.org/10.1007/s00726-013-1597-7
https://doi.org/10.1007/s00726-013-1597-7
http://www.ncbi.nlm.nih.gov/pubmed/24072506
https://doi.org/10.1038/pr.2012.3
https://doi.org/10.1038/pr.2012.3
http://www.ncbi.nlm.nih.gov/pubmed/22398698
https://doi.org/10.1017/S0007114518000326
https://doi.org/10.1017/S0007114518000326
http://www.ncbi.nlm.nih.gov/pubmed/29502540
https://doi.org/10.1002/rcm.4039
http://www.ncbi.nlm.nih.gov/pubmed/19603471
https://doi.org/10.1093/jn/135.6.1515
http://www.ncbi.nlm.nih.gov/pubmed/15930462
https://doi.org/10.1002/rcm.2740
http://www.ncbi.nlm.nih.gov/pubmed/17044129
https://doi.org/10.1002/rcm.2695
https://doi.org/10.1002/rcm.2695
http://www.ncbi.nlm.nih.gov/pubmed/16955536
http://www.ncbi.nlm.nih.gov/pubmed/2570282
https://doi.org/10.1371/journal.pone.0205271

