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INTRODUCTION

In animal production, fat is usually considered to be 
a byproduct of very low commercial value. Moreover, 
fatty animals are less efficient in the conversion of feed 

during the rearing period and therefore do not contrib-
ute to the profitability of meat production. Then, breed-
ers have selected chickens for many years for low car-
cass fatness. One of the main problems associated with 
this selection arises from the need to slaughter birds to 
measure the relative proportion of abdominal fat and to 
use collateral birds for breeding purposes. In addition, 
experimental lines have been divergently selected for 
low or high abdominal fat to increase our understand-
ing of the genetic regulation of adiposity and energy 
metabolism in meat-type chickens (Leclercq, 1988). 
Beside genetics, diet composition may also influence 
body composition and tissue metabolisms, because 
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ABSTRACT: Excessive deposition of body fat is 
detrimental to production efficiency. The aim of this 
study was to provide plasma indicators of chickens’ 
ability to store fat. From 3 to 9 wk of age, chick-
ens from 2 experimental lines exhibiting a 2.5-fold 
difference in abdominal fat content and fed experi-
mental diets with contrasted feed energy sources 
were compared. The diets contained 80 vs. 20 g of 
lipids and 379 vs. 514 g of starch per kg of feed, 
respectively, but had the same ME and total protein 
contents. Cellulose was used to dilute energy in the 
high-fat diet. At 9 wk of age, the body composition 
was analyzed and blood samples were collected. A 
metabolome-wide approach based on proton nuclear 
magnetic resonance spectroscopy was associated 
with conventional measurements of plasma param-
eters. A metabolomics approach showed that betaine, 
glutamine, and histidine were the most discrimi-
nating metabolites between groups. Betaine, uric 

acid, triglycerides, and phospholipids were posi-
tively correlated (r > 0.3; P < 0.05) and glutamine, 
histidine, triiodothyronine, homocysteine, and 
β-hydroxybutyrate were negatively correlated (r < 
–0.3; P < 0.05) with relative weight of abdominal fat 
and/or fat situated at the top of external face of the 
thigh. The combination of plasma free fatty acids, 
total cholesterol, phospholipid, β-hydroxybutyrate, 
glutamine, and methionine levels accounted for 74% 
of the variability of the relative weight of abdominal 
fat. On the other hand, the combination of plasma 
triglyceride and homocysteine levels accounted for 
37% of the variability of fat situated at the top of 
external face of the thigh. The variations in plasma 
levels of betaine, homocysteine, uric acid, gluta-
mine, and histidine suggest the implication of methyl 
donors in the control of hepatic lipid synthesis and 
illustrate the interplay between AA, glucose, and 
lipid metabolisms in growing chickens.
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nutrient sensors in tissues regulate energy homeosta-
sis (Hardie et al., 2012). To date, targeted approaches 
(see Baéza and Le Bihan-Duval, 2013, for review) and 
transcriptomic analyzes of different tissues (Lagarrigue 
et al., 2006; Bourneuf et al., 2006; Resnyk et al., 2013) 
have been performed in fat and lean lines eventually 
considering their nutritional status to unravel the rela-
tionships between body fatness and energy and protein 
metabolisms as well as the endocrine regulation of lipo-
genesis. Easily accessible fluids such as blood also of-
fer opportunities to screen tissue metabolism interplay 
and to search some indicators of body fatness that may 
be later tested for selection procedure (Leclercq et al., 
1987). Broader explorations of genetics and nutritional 
interaction effects have been recently challenged by the 
development of untargeted genomewide approach tech-
nologies on plasma such as metabolomics; this, however, 
has been rarely applied to chickens (Huber et al., 2010). 
That is why a metabolome-wide approach on plasma, 
associated with conventional blood biochemistry, was 
undertaken to provide indicators of energy metabolism 
adaptation when chickens of different genetics ability to 
synthesize and store lipids were faced with diets with 
contrasted energy sources.

MATERIALS AND METHODS

Experimental Design
All experimental procedures were performed in ac-

cordance with the French national guidelines for the care 
and use of animals for research purposes (certificate of 
authorization to experiment on living animals number 
7740, Ministry of Agriculture and Fish Products, and 
favorable notice of ethics committee of “Val de Loire,” 
March 3, 2012). A total of 120 males from 2 experimen-
tal lines (60 per line) divergently selected on abdominal 
fat content (fat vs. lean; Leclercq, 1988) were obtained 
from the experimental unit Pôle Expérimental Avicole 
de Tours (INRA, Nouzilly, France) on the day of hatch-
ing. Chickens were reared together in a closed building 
(6.7 birds/m2) and fed a starting diet (2,900 ME kcal/kg 
and 210 g CP/kg). At 21 d of age, 32 chickens per line of 
similar BW were distributed into 2 groups receiving 1 of 
the 2 experimental diets and placed in individual cages 
(60 by 45 by 60 cm per cage). To limit the genetic varia-
tion, 2 or 4 brothers from a same family (1 sire crossed 
with 1 dam) were equally distributed between the 2 di-
etary groups. The diets were isoenergetic and isoproteic 
but exhibited a low lipid (LL) or a high lipid (HL) con-
tent. Cellulose was used to dilute energy in the HL diet. 
The percentages of SFA, MUFA, and PUFA were similar 
in the HL and LL diets. The experimental growing diets 
(12.54 MJ ME/kg and 190 g CP/kg) were given from 

21 to 63 d. At this age, 12 chickens per group were feed 
deprived for 12 h and then refed for 3 h before being 
sacrificed by decapitation and bleeding. The growth per-
formance, body composition, and metabolic character-
ization of the liver, abdominal fat, and pectoralis major 
(PM) and sartorius (SART) muscles were reported by 
Baéza et al. (2014; Table 1).

At 20 d of age (early stage before distribution of 
experimental diets) and just before sacrifice, at 63 d 
of age, blood samples were collected in the occipital 
sinus in tubes containing EDTA or heparin and kept on 
ice. After centrifugation (2,000 × g for 10 min at 4°C), 
aliquots of plasma were stored at –20°C for later analy-
ses of targeted plasma parameters or –80°C for proton 
nuclear magnetic resonance (1H NMR)-based metabo-
lomic investigations (only in 63-d-old chickens).

Targeted Plasma Parameters

Plasma triglyceride, total cholesterol, phospholip-
ids, free fatty acids (FFA), glucose, lactate, uric acid, 
urea, and β-hydroxybutyrate were quantified by colori-
metric enzymatic methods using a Konelab 20 analyz-
er (Thermo Scientific, Gometz le Châtel, France) and 
kits provided by Bio-Mérieux (Marcy-l’Etoile, France), 
Sobioda (Montbonnot, France), and Thermo Scientific 
(Villebon sur Yvette, France). Plasma insulin levels 
were determined by RIA as previously described (Simon 
et al., 1974). Triiodothyronine (T3) and thyroxin (T4) 
levels were determined by RIA as previously described 
(Van der Geyten et al., 2002). Plasma homocysteine 
level was quantified by ultra performance liquid chro-
matography–high resolution mass spectrometry within 
an injection interval of 2.05 min (isocratic mix at 0.6 
mL/min with 60% acetonitrile and 40% water contain-
ing 0.1% formic acid; column Kinetex® XB-C18 1.7 
µm 100 nm, 150 mm by 2.1 mm; Phenomex®, Torrance, 
CA; injection of 1 μL and oven temperature at 60°C) 
after a 2-step sample preparation (reduction followed by 
precipitation of the protein matrix) with the ClinMass® 
(Recipe®; Precision Instruments, Marseille, France).

Untargeted Plasma Metabolomics

For 1H NMR spectroscopy, samples were pre-
pared from a plasma volume of 150 μL and 450 μL of 
a mixture of H2O/deuterium oxide (10/90% volume) 
added in a 5-mm nuclear magnetic resonance (NMR) 
tube. High-resolution NMR spectra of all blood plasma 
were recorded on a Bruker Avance DRX-500 spectrom-
eter (Bruker, Karlsruhe, Germany), operating at 500.13 
MHz and equipped with a cryogenic probe. 1H NMR  
spectra were acquired at 303 K using the 1-dimensional 
nuclear overhauser effect spectroscopy and pulse se-
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quence comprising a relaxation delay (RD) of 4 s, a 
mixing time (tm) of 150 ms and a fixed delay (t1) of 
20 µs. Water suppression was achieved by presaturation 
during the relaxation delay and mixing time at 90°C. 
Each spectrum consisted of 256 free induction decays 
(FID) collected into 32,000 complex data points with a 
spectral width of 12.10-6 m and an acquisition time of 2 
s. Data were processed using Topspin software (Bruker) 
with 1 level of zero-filling and Fourier transformation 
after multiplying FID by an exponential line broaden-
ing function of 0.3 Hz. The 1-dimensional NMR spec-
tra were manually phase and baseline corrected and ref-
erenced to the chemical shift of the α-glucose at δ 5.235.

Statistical and Chemometric Data Analyses

The experimental unit was the bird. There were 4 
treatments representing a factorial 2, line and diet. The 
effects of line, diet, and their interaction on plasma 
targeted metabolites were tested by ANOVA (R 3.0.2 
statistical software; R Development Core Team, 2004) 
and means were compared with a t-test and a signifi-
cance level at P < 0.05.

1H NMR spectra were transferred to the AMIX 
software (version 3.8.4; Bruker). The bin area meth-
od was used to segment the spectra between 0.6 and 
8.5.10-6 m using the intelligent variable size bucketing 
tool. The spectral regions containing water (4.4–5.1) 
and EDTA signals (2.53–2.58, 2.68–2.70, 3.05–3.23, 
and 3.60–3.64) were excluded. One hundred ten buck-
ets were manually defined and covered 99.5% of the 
spectrum. One bucket corresponded to 1 variable (part 
of 1 and more metabolites according to NMR signal 
assignment). Bin areas generated a matrix consisting 
of rows representing 48 samples and columns repre-
senting 110 variables. The data set was normalized by 
dividing each integrated segment by the total area of 
the spectrum. The new matrix thus obtained was sub-
jected to statistical analyses. For metabolomics data, 
discriminating variables were first uncovered through 
a supervised univariate approach with t-tests and box-
plots, using the R 3.0.2 software. After mean centering 
and autoscaling, the data matrix was subjected to sev-
eral multivariate statistical analyses using SIMCA-P+ 
12.0 software (Umetrics, Umeå, Sweden). Principal 
component analysis was used first. It is an unsuper-
vised method that requires no prior knowledge of the 
data set and that describes the greatest amount of vari-
ance. Principal component analysis is useful for outlier 
detection and for finding patterns and trends. Therefore, 
the 1H NMR data set was then handled using a super-
vised method such as projections to latent structure by 
partial least squares–discriminant analysis (PLS-DA). 
The predictive feature of the PLS-DA models was vali-

dated using the values of three parameters: the predic-
tive ability parameter (Q2) which reflects the model's 
potential for predicting class membership (Anderssen 
et al., 2006), the proportion of the total variance (i.e., 
the class of each experimental group) of the response 
variable explained by the model (R2Y) and the propor-
tion of the total variance of the dependent variables that 
is explained by the model (R2X). The statistical sig-
nificance of the R2Y and Q2 parameters was estimated 
through a response permutation test, where the Y ma-
trix is randomly permuted 999 times when the X matrix 
is fixed (Eriksson et al., 2008). Finally, a P-value was 
generated from a cross-validated ANOVA (Eriksson 
et al., 2008). Loading plot, coefficient plot, and vari-
able importance in the projection (VIP) from PLS-DA 
models were used to identify the metabolites driving 
the separation between classes. In this study, 4 crite-
ria were used to validate the PLS-DA models: 1) Q2 
> 0.5, 2) CV-ANOVA < 0.05, 3) response permutation 
test, and 4) visual analysis of the boxplots and P < 0.05 
for the metabolites arising from the coefficient plot and 
VIP. The PLS-DA models were considered predictive 
if 3 out of these 4 criteria were correct. In addition, the 
effect of line, diet, and their interaction were also tested 
on each metabolite by ANOVA (R 3.0.2. software) and 
a significance level at P < 0.05.

Finally, the relationships between body composi-
tion and plasma profile were analyzed by calculating 
simple linear regression analyses between the weights 
of abdominal fat; fat situated on the top of the external 
face of the thigh (FTET); PM and SART muscles, rela-
tive to body weight; and concentration of each metabo-
lite or hormone (R 3.0.2. software). Data were then fur-
ther tested using a stepwise multiple linear regression.

RESULTS

Feed Consumption and Body Composition
No interaction (P > 0.10) between diet and line 

was observed for the feed consumption and body com-
position of chickens. The diet had no effect on the feed 
consumption and body composition at 63 d of age (P > 
0.10). Irrespective of the diet, lean chickens displayed 
lower ADFI (P < 0.0001) than fat chickens over the 
growth period considered. Lean chickens had higher 
muscle yield but lower carcass fatness than fat chick-
ens (P < 0.05), as illustrated by the 63% reduction in 
abdominal fat proportion.

Targeted Plasma Parameters

At 20 d of age, chickens of the lean line had high-
er triglyceridemia (+21%; P < 0.05) and glycaemia 
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(+12%; P = 0.0006) compared with the chickens of 
the fat line (Table 2). Plasma concentrations of phos-
pholipids, β-hydroxybutyrate, total cholesterol, FFA, 
uric acid, and urea were not affected by the line. The 
lean chickens also exhibited lower concentrations of 
T4 (–20%; P = 0.03) than the fat chickens whereas T3 
and insulin plasma concentrations did not differ be-
tween the 2 lines (Table 2).

At 63 d of age, the line had no effect on plasma 
levels of total cholesterol, phospholipids, FFA, lactate, 
urea, T3, and T4 (Table 3). The fat chickens had higher 
plasma levels of triglycerides (+31%; P = 0.02) and 
uric acid (+37%; P < 0.0001) but lower levels of glu-
cose (–6%; P = 0.02), β-hydroxybutyrate (–20%; P = 
0.006), insulin (–25%; P = 0.02), and homocysteine 
(–23%; P = 0.002) than the lean chickens. The diet 
had no effects on plasma levels of triglycerides, glu-
cose, lactate, urea, T3, and T4 (Table 3). The chick-
ens fed the LL diet had higher plasma levels of total 
cholesterol (+14%; P = 0.006), phospholipids (+16%; 
P = 0.0009), β-hydroxybutyrate (+28%; P = 0.002), 
and uric acid (+35%; P < 0.0001) and lower levels of 
FFA (–41%; P < 0.0001) and homocysteine (–15%; 
P = 0.04) than chickens fed the HL diet. For T3 and 
glucose plasma levels, there was an interaction be-
tween the line and diet. For T3 plasma level, the lean 
chickens fed the LL diet exhibited the highest value 
whereas the fat chickens fed the LL diet exhibited the 
lowest value (P < 0.05). For glucose plasma level, the 
lean chickens fed the HL diet exhibited the highest 
value and the fat chickens fed the HL diet exhibited 
the lowest value (P < 0.05).

Plasma Metabolomics Analysis

Table 4 summarizes the results of the multivariate 
(PLS-DA) and univariate analyses. All models were 
predictive except for the comparison between the fat–
HL and lean–HL groups. The most predictive model 
was obtained for line comparison (fat–lean) as illus-

trated in Fig. 1 with the first 3 principal partial least 
squares (PLS) components having a good predictive 
value (Q2 = 0.79 and R2Y = 0.89; Table 4). The first 
and second PLS components clearly separated the 2 
experimental chicken lines (Fig. 1A) with cross- vali-
dated ANOVA (P-value = 9 10-8) response permu-
tation test (Fig. 1C) indicating the robustness of the 
model. The metabolites mostly implicated in the line 
discrimination were glutamine, histidine, and betaine 
(Fig. 1B and 2). The lean chickens exhibited lower 
plasma levels in betaine, creatine, (LDL), methio-
nine, praline, and threonine but higher plasma levels 
for glucose, glutamine, histidine, and lysine than fat 
chickens (Fig. 2; Table 5). For the diet effect, the most 
discriminating metabolites were lipids, LDL, and me-
thionine (Fig. 2). The chickens fed the HL diet exhib-
ited higher plasma levels for 10 metabolites and lower 
levels for acetoacetate, LDL, and betaine than chick-
ens fed the LL diet (Fig. 2; Table 5). The diet and line 
had no effect on high-density lipoprotein (HDL) and 
very-low-density lipoprotein (VLDL) plasma levels. 

Table 1. Effect of line (fat and lean) and diet (high lipid [HL] and low lipid [LL]) on the feed consumption during 
the experimental period and body composition of chickens at 63 d of age (% BW; mean ± SE; n = 12) 
 
Groups

ADFI 22–63 d, 
g∙d-1 per chicken

Abdominal 
fat

Fat situated on the 
top of the thighs

Pectoralis 
major muscle

Sartorius 
muscle

Fat––LL 114 ± 8 3.5 ± 0.6 0.5 ± 0.1 4.2 ± 0.3 0.62 ± 0.06
Fat–HL 113 ± 10 3.3 ± 0.9 0.3 ± 0.1 4.2 ± 0.2 0.60 ± 0.04
Lean–LL 101 ± 9 1.1 ± 0.5 0.2 ± 0.1 4.4 ± 0.2 0.65 ± 0.06
Lean–HL 102 ± 5 1.4 ± 0.7 0.2 ± 0.2 4.4 ± 0.4 0.63 ± 0.07
Diet effect 0.88 0.77 0.18 0.88 0.28
Line effect 0.0001 0.0001 0.0004 0.025 0.04
Diet × line effect 0.71 0.26 0.17 0.75 0.89

Table 2. Plasma concentrations of metabolites and 
hormones measured at 20 d of age in chickens from 
fat and lean lines and fed with the same starting diet 
(mean ± SE; n = 10)
Parameters Fat Lean Line effect
Total cholesterol, mg/L 1,244 ± 99 1,293 ± 103 0.29
Phospholipids, mg/mL 2.00 ± 0.27b 2.22 ± 0.19a 0.06
Triglycerides, mg/L 374 ± 53b 454 ± 112a 0.05
Free fatty acids, µmol/L 128 ± 27 135 ± 31 0.56
Glucose, mg/L 2,378 ± 118b 2,661 ± 180a 0.0006
Lactate, µmo/L 9,317 ± 1,724 9,738 ± 1,953 0.62
Uric acid, mg/L 88 ± 18 75 ± 30 0.25
β-hydroxybutyrate, µmol/L 461 + 114b 557 + 104a 0.06
Urea, mg/L 22.5 ± 3.6 23.1 ± 5.9 0.79
T3,1 pmol/mL 2.72 ± 0.58 2.46 ± 0.46 0.27
T4,1 pmol/mL 8.62 ± 1.74a 6.91 ± 1.60b 0.03
Insulin, microunits/mL 59.8 ± 35.0 60.5 ± 35.8 0.97

a,bMeans within a row with different superscripts differ (P < 0.05).
1T3 = triiodothyronine; T4 = thyroxin.
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An interaction (P < 0.05) between the line and diet 
was also found for choline, citrate, HDL, isoleucine, 
lysine, methionine, and valine (Table 5).

Regression Analyses between Plasma  
Parameters and Body Composition

Only significant associations are shown in Table 6. 
Results concerning the relative weights of abdomi-
nal fat and of FTET were rather similar except for 
β-hydroxybutyrate, which was associated to only 
abdominal fat. A positive correlation (P < 0.05) was 
found between the proportions of adipose tissues and 
plasma uric acid, phospholipid, triglyceride, and beta-
ine levels. A negative correlation (P < 0.05) was found 
between the proportions of adipose tissues and plasma 
T3, homocysteine, glutamine, and histidine levels.

For muscles, significant relationships were observed 
between plasma parameters and the relative weight of 
PM muscle whereas the correlations were not significant 
for SART muscle. A positive correlation (P < 0.05) was 
observed between the relative weight of PM muscle and 
plasma T3, glutamine, and histidine levels. A negative 
correlation (P < 0.05) was observed between PM muscle 
and plasma phospholipid and triglyceride levels.

No significant correlation was observed between 
the relative weight of muscle or adipose tissues and 
plasma FFA, lactate, urea, glucose, total cholesterol, 
T4, insulin, and methionine levels.

Various combinations of 2 to 6 plasma parameters 
explained a significant (P < 0.05) part of the variation 
in body fat content. Plasma glutamine, total cholesterol, 
FFA, phospholipid, methionine, and β-hydroxybutyrate 
levels accounted for 74% of the variability of the relative 
weight of abdominal fat (Table 7). The relative contribu-
tion of each metabolite, respecting the previous order, 
was 44.54, 0.46, 4.89, 12.51, and 12.14%, respectively. 
Moreover, plasma triglyceride and homocysteine levels 
accounted for 37% of the variability of FTET (Table 7), 
with the relative contribution of each metabolite being 
24.76 and 12.20%, respectively. Contrary to adipose tis-
sues, multiple regression analyses did not improve the 
predictive power of plasma parameters in explaining the 
variation in the relative weights of PM or SART muscles.

DISCUSSION

Lean chickens had higher plasma levels of tri-
glycerides at 20 d of age but lower triglyceridemia 
at 63 d of age than fat chickens. Blood samples were 
collected at 20 d without any feed withdrawal before 
whereas blood collection was performed in fasted–
refed chickens at 63 d. The uptake of plasma lipids by 
peripheral tissues may be less efficient for lean chick- Ta
bl

e 
3.

 P
la

sm
a 

co
nc

en
tra

tio
ns

 o
f m

et
ab

ol
ite

s a
nd

 h
or

m
on

es
 m

ea
su

re
d 

at
 6

3 
d 

of
 a

ge
 in

 c
hi

ck
en

s f
ro

m
 fa

t a
nd

 le
an

 li
ne

s a
nd

 fe
d 

w
ith

 2
 d

iff
er

en
t g

ro
w

in
g 

di
et

s 
ex

hi
bi

tin
g 

lo
w

 li
pi

d 
(L

L)
 o

r h
ig

h 
lip

id
 (H

L)
 c

on
te

nt
 fo

r 3
 h

 a
fte

r 1
2 

h 
of

 fe
ed

 w
ith

dr
aw

al
 (m

ea
n 

± 
SE

; n
 =

 1
2)

 G
ro

up
s

To
ta

l c
ho

le
ste

ro
l, 

m
g/

L
Ph

os
ph

ol
ip

id
s, 

m
g/

m
L

Tr
ig

ly
ce

rid
es

, 
m

g/
L

Fr
ee

 fa
tty

 ac
id

s, 
µm

ol
/L

G
lu

co
se

, 
m

g/
L

La
ct

at
e,

 
µm

ol
/L

H
om

oc
ys

te
in

e,
 

µm
ol

/L
β-

hy
dr

ox
yb

ut
yr

at
e,

 
µm

ol
/L

U
ric

 ac
id

, 
m

g/
L

U
re

a,
 

m
g/

L
In

su
lin

, 
m

ic
ro

un
its

/m
L

T3
,1  

pm
ol

/m
L

T4
,1  

pm
ol

/m
L

Fa
t–

LL
1,

44
8 

± 
25

2
2.

33
 ±

 0
.3

9
73

3 
± 

24
1

69
 ±

 2
7

2,
64

0 
± 

25
0ab

6,
93

7 
± 

1,
47

7
17

.4
4 

± 
3.

06
55

2 
± 

12
9

99
 ±

 1
6

36
.8

 ±
 8

.3
95

.2
 ±

 3
0.

7
2.

18
 ±

 0
.5

0b
13

.8
4 

± 
2.

90
Fa

t–
H

L
1,

34
5 

± 
18

9
2.

06
 ±

 0
.2

3
69

1 
± 

32
2

11
8 

± 
24

2,
48

0 
± 

21
2b

6,
88

1 
± 

1,
95

1
20

.1
5 

± 
5.

42
45

1 
± 

91
75

 ±
 1

3
32

.1
 ±

 6
.3

77
.8

 ±
 3

0.
6

2.
62

 ±
 0

.8
8ab

14
.2

3 
± 

3.
98

Le
an

–L
L

1,
45

1 
± 

19
6

2.
25

 ±
 0

.3
7

57
2 

± 
20

3
67

 ±
 2

1
2,

66
4 

± 
26

6ab
6,

33
6 

± 
1,

74
4

22
.2

6 
± 

6.
43

71
2 

± 
18

4
74

 ±
 2

8
34

.0
 ±

 5
.7

11
4.

8 
± 

50
.2

3.
13

 ±
 1

.0
6a

11
.6

2 
± 

4.
26

Le
an

–H
L

1,
20

1 
± 

20
8

1.
89

 ±
 0

.2
5

52
4 

± 
13

5
11

1 
± 

19
2,

78
4 

± 
25

0a
6,

67
8 

± 
1,

58
6

26
.6

8 
± 

7.
46

53
6 

± 
16

7
53

 ±
 1

5
32

.2
 ±

 7
.1

11
4.

4 
± 

44
.6

2.
61

 ±
 0

.8
3ab

12
.8

6 
± 

4.
18

D
ie

t e
ffe

ct
0.

00
6

0.
00

09
0.

51
0.

00
01

0.
78

0.
77

0.
04

0.
00

2
0.

00
01

0.
11

0.
45

0.
86

0.
47

Li
ne

 ef
fe

ct
0.

25
0.

16
0.

02
0.

51
0.

02
3

0.
41

0.
00

2
0.

00
6

0.
00

01
0.

48
0.

02
0.

06
0.

12
D

ie
t ×

 li
ne

 ef
fe

ct
0.

23
0.

63
0.

96
0.

76
0.

05
0.

68
0.

61
0.

77
0.

80
0.

47
0.

47
0.

05
0.

71

a,
b M

ea
ns

 w
ith

in
 a

 ro
w

 w
ith

 d
iff

er
en

t s
up

er
sc

rip
ts

 d
iff

er
 (P

 <
 0

.0
5)

. 
1 T

3 
= 

tri
io

do
th

yr
on

in
e;

 T
4 

= 
th

yr
ox

in
.



Baéza et al.112

ens than for fat chickens. However, we found no line 
effect on VLDL and HDL plasma levels at 63 d of age. 
Therefore, these data suggest a line effect on the com-
position of lipoproteins. Saez et al. (2012) showed that 
Pekin ducks exhibiting a high ability to store lipids 
in peripheral tissues had higher triglyceride content in 
VLDL than Muscovy ducks. The higher plasma level of 
LDL for fat chickens could not be induced by a lower 
ability of peripheral tissues for circulating lipid uptake 
as the highest amount of fatty tissue allowed the birds 
of this line to exhibit a higher activity of plasma lipo-
protein lipase (Hermier et al., 1989). It suggests only 
that the amount of circulating lipids returning to the 
liver was higher for fat chickens. However, the lipid 
content of liver was similar for the 2 lines (Baéza et al., 
2014). As previously reported (Baéza and Le Bihan-
Duval, 2013), the plasma glucose level was higher for 
lean chickens at 21 and 63 d of age. This is a charac-
teristic of lean birds that has been also described in 
ducks (Baéza et al., 2005). The fat birds have a higher 
capacity to metabolize glucose and synthesize gly-
cogen related with higher insulin plasma level even 
if their ADFI is higher than that of lean chickens. In 
our study, the plasma insulin level did not differ be-
tween lines at 20 d of age whereas it was higher in 
lean chickens than in fat chickens at 63 d of age. This 
suggests that the postprandial kinetic was different be-
tween the 2 lines. Consistently, after a meal, a higher 
and faster increase in plasma insulin was reported in 
fat birds whereas the decrease was slower in lean birds 
(Baéza et al., 2005; Baéza and Le Bihan-Duval, 2013), 
which could explain a higher plasma level of insulin 
3 h after the beginning of meal for lean chickens. The 
plasma level of β-hydroxybutyrate was also higher for 
lean chickens at 63 d of age, confirming their higher 
ability for liver lipid oxidation (Baéza et al., 2014) and 
partly explaining the lower carcass fatness for this line. 
Moreover, this parameter had a negative correlation 

Table 4. Results of the multivariate (partial least squares–discriminant analysis) and univariate analyses of proton 
nuclear magnetic resonance data

 
 
Comparisons1

 
Number 

of samples

Model characteristics and validation2  
Discriminating metabolites3

(evolution first group vs. second; P-value)
Number 
of axes

 
R2X

 
R2Y

 
Q2

CV2- 
ANOVA

Permutation 
test

Fat–LL/Fat–HL 11/12 2 0.42 0.87 0.67 6.3 × 10–4 Yes Lipids (↓; ≥4.9 × 10–6), Met (↓; 3 × 10–8), and LDL (↑; 2.2 × 10–6)
Lean–LL/Lean–HL 12/12 1 0.18 0.78 0.55 2.2 × 10–4 No Lipids (↓; ≥6.2 × 10–4) and LDL (↑; ≥3.4 × 10–4)
Fat–LL/Lean–LL 11/12 2 0.43 0.84 0.53 1.8 × 10–2 No Gln (↓; ≥4.5 × 10–7), His (↓; ≥1.8 × 10–5), and Bet (↑; ≥9.7 × 10–3)
Fat–HL/Lean–HL 12/12 2 0.31 0.87 0.46 0.34 No –
Fat/lean 23/24 3 0.47 0.89 0.79 9 × 10–8 Yes Gln (↓; ≥1.6 × 10–9), His (↓; ≥7.5 × 10–7), and Bet (↑; ≥9.9 × 10–5)
LL/HL 23/24 3 0.51 0.87 0.74 5.3 × 10–9 Yes Lipids (↓; ≥8.4 × 10–8), Met (↓; 8.5 × 10–5), and LDL (↑; 2.3 × 10–6)

1LL = low lipid; HL = high lipid.
2R2X = proportion of the total variance of the dependent variables that is explained by the model; R2Y = response variable explained by the model; Q2 = 

predictive ability parameter of the model.
3LDL = low-density lipoprotein; Bet = betaine; Met = methionine; Gln = glutamine; His = histidine; ↓ = decreased; ↑ = increased.

Table 5. Plasma metabolomics analysis determined at 
63 d of age in chickens from fat and lean lines and 
fed with 2 different growing diets exhibiting low lipid 
(LL) or high lipid (HL) content for 3 h after 12 h of 
feed withdrawal (n = 12)
Metabolites Line effect Diet effect Line × diet effect
Acetoacetate ns1 0.004 (LL > HL) ns
Acetone ns ns ns
Alanine ns ns ns
Betaine 0.0001 (lean < fat) 0.05 (LL > HL) ns
Choline ns 0.03 (LL < HL) 0.04
Citrate ns 0.05 (LL < HL) 0.02
Creatine 0.01 (lean < fat) ns ns
Formate ns ns ns
Fumarate ns ns ns
Glucose 0.01 (lean > fat) 0.001 (LL < HL) ns
Glutamine 0.0001 (lean > fat) 0.02 (LL < HL) ns
Glutamate ns ns ns
HDL2 ns ns 0.02
Histidine 0.0001 (lean > fat) ns ns
Isoleucine ns ns 0.03
Lactate ns ns ns
LDL3 0.007 (lean < fat) 0.0001 (LL > HL) ns
Leucine ns ns ns
Lysine 0.02 (lean > fat) 0.03 (LL < HL) 0.02
Methionine 0.05 (lean < fat) 0.0001 (LL < HL) 0.005
myo-Inositol ns 0.0001 (LL < HL) ns
Phenylalanine ns 0.0001 (LL < HL) ns
Proline 0.02 (lean < fat) ns ns
Pyruvate ns ns ns
Succinate ns ns ns
Threonine 0.05 (lean < fat) 0.03 (LL < HL) ns
Tyrosine ns 0.0001 (LL < HL) ns
Valine ns ns 0.02
VLDL4 ns ns ns

1ns = not significant.
2HDL = high-density lipoprotein.
3LDL = low-density lipoprotein.
4VLDL = very-low-density lipoprotein.
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with adipose tissues. Indeed, Skiba-Cassy et al. (2007) 
showed that in the fed state, lean chickens exhibited 
greater hepatic carnitine palmitoyltransferase 1 level 
and β-hydroxyacyl-CoA dehydrogenase mRNA ex-
pressions in the liver than fat chickens. Resnyk et al. 
(2013) also found a higher expression of genes impli-
cated in lipolysis in the abdominal fat of lean chick-
ens than in that of fat chickens. The previously de-
scribed lower T4 plasma level in lean chickens (Baéza 
and Le Bihan-Duval, 2013) was also observed in the 
present study at 20 d of age. Plasma T4 level could 
reflect the hypothalamic control of body composition 
for these lines (Byerly et al., 2009, 2010). The lower 
plasma levels of glutamine and histidine for fat chick-
ens suggest that these AA may have been used to pro-
duce glucose. Furthermore, glutamine and histidine 
were highly negatively correlated with adipose tis-
sues. Different studies have reported that fat chickens 

had lower plasma levels of glucogenic AA and high-
er levels of branched-chain and sulfur AA (Géraert 
et al., 1987; Leclercq et al., 1993). However, in our 
study, the plasma levels of others glucogenic AA (me-
thionine, threonine, and proline) were higher for fat 
chickens. In this line, the plasma level of lysine was 
lower, suggesting its use to produce energy, whereas, 
the plasma level of creatine was higher, suggesting a 
higher hepatic synthesis of this AA to provide energy 
for muscles. Moreover, the plasma level of uric acid 
was higher and positively correlated to adipose tissue, 
suggesting a higher protein oxidation for fat chickens 
and explaining their lower muscle development. On 
the other hand, Alleman et al. (1999) found greater 
glutamate dehydrogenase activity in the livers of fast-
ed fat chickens than in those of lean chickens. Finally, 
it seems that the metabolism of methionine was also 
affected, as lean chickens presented lower plasma me-

Figure 1. Partial least squares–discriminant analysis (PLS-DA) of the proton nuclear magnetic resonance data of fat (HF) and lean (LF) lines. (A) 
Score plot (distribution of individuals) of the PLS-DA along the 2 principal partial least squares (PLS) axes. (B) Loading plot (distribution of variables) of 
PLS-DA. The main discriminating metabolites are surrounded with a red line. (C) Results from the response permutation test (999 permutations). R2X = 
proportion of the total variance of the dependent variables that is explained by the model; R2Y = response variable explained by the model; Q2 = predictive 
ability parameter of the model; W x C1 and W x C2 = loading plot of principal components 1 and 2; HDL = high-density lipoproteins; LDL = low-density 
lipoproteins; VLDL = very-low-density lipoproteins
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Table 6. Significant correlations between the proportion 
of abdominal fat, fat situated at the top of external face 
of the thigh (FTET), or pectoralis major muscle relative 
to body weight and plasma parameters (n = 48)

 
Plasma  
  parameter

Adipose tissue Muscle
Abdominal fat FTET Pectoralis major

r P-value r P-value r P-value
Uric acid 0.43 <0.01 0.44 <0.01 –0.12 >0.1
Phospholipids 0.26 <0.1 0.38 <0.01 –0.31 <0.05
Triglycerides 0.47 <0.001 0.51 <0.001 –0.47 <0.001
β-hydroxybutyrate –0.35 <0.05 –0.18 >0.1 0.17 >0.1
T31 –0.38 <0.01 –0.41 <0.01 0.29 <0.05
Homocysteine –0.47 <0.001 –0.43 <0.01 0.20 >0.1
Betaine 0.45 <0.01 0.36 <0.05 –0.20 >0.1
Glutamine –0.67 <0.001 –0.45 <0.01 0.27 <0.1
Histidine –0.71 <0.001 –0.52 <0.05 0.39 <0.01
LDL2 0.16 >0.1 0.30 >0.1 –0.26 >0.1

1T3 = triiodothyronine.
2LDL = low-density lipoproteins.

Table 7. Multiple regression model for adipose and 
muscle tissues using whole plasmatic parameters data 
(n = 48)
Parameter Estimate1 P-value1 r2

Abdominal fat 0.74
Intercept 4.4 0.07
β-hydroxybutyrate –0.003 <0.001
Free fatty acids –0.01 <0.01
Glutamine –0.001 <0.001
Methionine 3,640 <0.001
Phospholipids 3.0 <0.001
Total cholesterol –0.004 <0.001
FTET2 0.37
Intercept 0.28 <0.05
Triglycerides 0.0004 <0.001
Homocysteine –0.009 <0.01

1Estimate and P-value of each parameter in the model established by 
exhaustive search.

2FTET = fat situated on the top of the external face of the thigh.

Figure 2. Plasma metabolomics analysis determined at 63 d of age in chickens from fat (HF) and lean (LF) lines and fed with two growing diets 
exhibiting low (LL) or high (HL) lipid content for 3 h after 12 h of feed withdrawal (n = 12). Boxplots of glutamine, betaine, methionine, histidine, lipids 
and low-density lipoproteins (LDL). a,c: differences between groups when the interaction between diet and line had a significant effect with P < 0.05.
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thionine and betaine and higher homocysteine levels 
than fat chickens. Consequently, high body fatness is 
clearly related to a greater use of glucose toward lipid 
synthesis, a low ability for lipid oxidation, and a high 
ability for protein oxidation and the use of glucogenic 
AA toward lipid synthesis. Therefore, plasma param-
eters related to or resulted from these mechanisms will 
be pertinent indicators of body fatness.

Data on plasma parameters suggested an ef-
fect of diet on lipid and protein metabolisms. Even 
if the diet had no effect on VLDL and HDL plasma 
levels, the finding of higher plasma total cholesterol 
and phospholipids levels in chickens fed the LL diet 
compared with chickens fed the HL diet suggests that 
the lipid composition of lipoproteins was affected by 
the dietary energy source as diets were isoenergetic 
and isoproteic and had no effect on the amount of 
feed ingested. The LL diet providing lower levels of 
lipids reduced plasma level of FFA whereas the lipid 
oxidation seemed to be higher, as the plasma levels of 
β-hydroxybutyrate and acetoacetate, 2 ketone bodies, 
were higher. Indeed, Baéza et al. (2014) showed that 
the activity of oxidative enzymes was higher in the 
liver of chickens fed the LL diet by comparison with 
the chickens fed the HL diet. The lower plasma level 
of LDL induced by the LL diet suggests that peripheral 
tissues may exhibit a higher ability for circulating lip-
id uptake. Apart from lipids, discrimination between 
dietary groups was also clearly related to plasma me-
thionine level. In addition, dietary groups also differed 
for plasma levels in lysine, phenylalanine, threonine, 
tyrosine, and glutamine. This indicated an effect of di-
etary nutrients on AA metabolism. In chickens fed the 
LL diet, these AA could have been used to produce 
glucose or ketone bodies. Indeed, lysine can be used 
to produce acetyl CoA that is implicated as citrate in 
the production of energy. Plasma levels of these 2 me-
tabolites were also lower for chickens fed the LL diet. 
Moreover, the plasma level of uric acid was higher, 
suggesting a higher protein oxidation with the LL diet. 
Finally, the metabolism of methionine seems to be 
also affected, as chickens fed the LL diet had lower 
plasma levels of methionine, choline, and homocys-
teine and a higher level of betaine. Consequently, the 
LL diet stimulated lipid synthesis not only from car-
bohydrates but also from glucogenic AA and lipid oxi-
dation. What is remarkable is that even if the dietary 
energy source had an effect on the energy and protein 
metabolisms of birds, within each line chickens exhib-
ited the same body fatness.

The dietary source of energy affected both energy 
and protein metabolisms. These mechanisms will be 
further investigated with transcriptomic and targeted 
approaches (gene expression, signaling pathways, 

etc.) on different tissues (liver, muscle, and abdominal 
fat) and blood. Regarding the genetic ability to syn-
thesize and store lipids in the peripheral tissues, lower 
plasma glucose and β-hydroxybutyrate levels can be 
considered good indicators. On the other hand, plasma 
levels of insulin and lipids depending on bird age, nu-
tritional status, and/or postprandial delay should not 
be retained. The potential use of other plasma param-
eters such as methionine, betaine, glutamine, histidine, 
homocysteine, uric acid, and T4 as indicators of body 
fatness remains to be further investigated.
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