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Meal frequency changes the basal and time-course profiles
of plasma nutrient concentrations and affects feed efficiency in young growing pigs!

T. Le Naou, N. Le Floc’h, I. Louveau, J. van Milgen, and F. Gondret?

INRA, UMR1348 Pegase, Saint-Gilles, France; and Agrocampus-Ouest, UMR 1348 Pegase, Rennes, France

ABSTRACT: Ingested dietary nutrients and feed
energy are partitioned among tissues to sustain body
growth. Based on the respective costs of the various
metabolic pathways allowing use and storage of feed
energy into cells, it may be theorized that daily meal
frequency could affect growth, body composition
or feed efficiency. This study aimed to determine the
effects of daily meal frequency on nutrient partitioning,
tissue metabolism and composition, and performance.
Young growing pigs (30 kg BW) were offered a same
amount of feed either in 2 (M2, n=15) or 12 (M12,n =
16) meals per day during a 3-wk interventional period.
Animals fed twice a day had an accelerated weight gain
(+6.4%, P < 0.05) and exhibited a greater G:F (+4%,
P =0.03) than animals fed 12 meals per day during this
period. Basal plasma concentrations of glucose, lactate,
triglyceride, urea, and leptin were lower (P < 0.001) in
M2 pigs than in M12 pigs. Meal frequency also changed

(P <0.001) the time-course profiles of plasma concen-
trations of glucose, insulin, and lactate in response to
meal ingestion. A greater rise and a sharper fall in plas-
ma glucose and insulin levels were observed in M2 pigs
compared with M12 pigs. In both groups, similarities
were observed in the postprandial time courses of plas-
ma concentrations of insulin and of a-amino nitrogen
(used as a measure of total AA). Despite these meta-
bolic responses, tissue lipids, glycogen content, and
enzyme activities participating in energy metabolism in
muscle and liver were similar (P > 0.10) in both groups
at the end of the trial. Percentage of perirenal fat in the
body and depth of dorsal subcutaneous fat tissue were
not affected by meal frequency, but kidney weight was
lower (-18%, P < 0.001) in M2 pigs than in M 12 pigs.
Altogether, the less frequent daily meal intake improves
the conversion of feed into weight gain, without marked
modifications of tissue composition in young pigs.
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INTRODUCTION

A better understanding of the nutritional ways to
control growth and body composition is of utmost im-
portance in various species, including pigs. Besides
caloric intake, meal frequency has been regarded as
an additional factor able to affect BW and composi-
tion in man (Schwarz et al., 2011). The few studies
on this subject in growing pigs have provided some-
what conflicting results on BW and fat gains (O’Hea
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and Leveille, 1969; Allee et al., 1972; Faucitano et
al., 2006). Meal frequency did not alter the absorp-
tion and digestibility of energy and amino acids in pigs
(Ruckebusch and Bueno, 1976, Chastanet et al., 2007).
Therefore, the partitioning of energy and its forms of
storage (glycogen or lipids) are central to the possible
effects of meal frequency on weight management and
composition. Indeed, limited access to feed during the
day constrains the intermediary metabolism to alternate
between storage and use of nutrients to ensure a con-
tinuous supply of energy to cells in the meal intervals.
The observation of an enhanced lipogenesis in adipose
tissue of pigs fed 1 or 2 daily meals as compared with
nibbling pigs (Allee et al., 1972; Romsos et al., 1978)
supports this view. The conversion of carbohydrates
to lipids is, however, energetically less efficient than
storage as glycogen (van Milgen, 2002). Thus, it may
be theorized that daily meal frequency could affect the
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conversion of feed into weight gain. In support, pigs
selected for a high muscle gain and fed 6 times daily
during 42 d had a greater feed efficiency than pigs fed
twice a day (Schneider et al., 2011). Older studies had
shown that pigs fed a single daily meal were more ef-
ficient than nibblings (Allee et al., 1972) or reported no
difference between single and multiple feeders (Friend
and Cunningham, 1964).

This study aimed to determine the effects of meal
frequency on circulating nutrients and hormones, tissue
composition and metabolism, and performance in young
growing pigs.

MATERIALS AND METHODS

The care and use of pigs were performed in com-
pliance with the French guidelines for use of animals
in research and the protocol was approved by the local
ethical committee (Rennes, France, 2011). The scientific
and technical staffs have obtained an agreement from the
French veterinary services to conduct animal research.

Animals and Diets

Thirty-two female pigs of a crossbred genotype
[Pietrain x (Large White x Landrace)] were obtained
from 16 litters in the experimental herd of INRA (Saint-
Gilles, France) in 2 successive replicates. At 71 £4 d
of age, 16 pairs of pigs of similar BW (29 = 3 kg) were
chosen. Within a pair of littermates, pigs were allocated
to 1 of the 2 feeding frequency groups in 2 temperature-
regulated (22°C) rooms (1 per treatment). All pigs were
individually penned in metal-floor metabolic cages (210
x 66 x 110 cm) equipped with an automatic feeder. After
an overnight fast, a catheter was surgically inserted in
the jugular vein (premedication with Imalgéne 1000
15 mg/kg; Merial, Lyon, France) under general anes-
thesia (administrated by inhalation with a face mask of
sevoflurane; Baxter, Maurepas, France). After surgery,
antibiotics (4 mL of 0.5 mg/ml ampicillin; Coophavet,
Ancenis, France) were administrated intramuscularly.
The next day, pigs were familiarized with a grower diet
of standard composition (Table 1). This diet was mainly
based on cereals (wheat, barley, corn), so that feed en-
ergy was mainly derived from starch. Diet was offered
in a pelleted form and pigs had free access to water. The
intervention trial started at 78 + 4 d of age (i.c., after 1
wk of adaptation). It lasted 3 wk, so that pigs were 99 + 3
d of age at the end of the trial. During this interventional
period, each pair of littermates received daily a same
amount of feed, which was adjusted at 90% of the esti-
mated ad libitum feed intake per kg of BW-%0, Within
a pair, 1 pig was offered the feed twice daily (M2, n =
16), whereas its littermate was offered the same feed 12

2009

Table 1. Ingredients and chemical composition of the diet

Ingredients % (as fed basis)

Wheat 26.2
Corn 16.0
Barley 25.5
Wheat bran 5.0
Soybean meal 19.0
Vegetable oil 2.0
Molasses 3.0
Calcium carbonate 1.29
Dicalcium phosphate 0.50
Salt 0.45
Vitamin-mineral premix 0.50
Chemical composition %
Minerals 5.6
CpP 16.5
Crude fat 42
Cellulose 3.8
Starch 40.9
Nutritional values
SID lysine!, % 8.4
Digestible energy, MJ/kg 13.44
Net energy, MJ/kg 9.67

IStandardized ileal digestible lysine.

times per day (M12, n = 16). The M2 group had access
to feed during 1 h at 0800 h and at 1600 h, respectively;
refusals (if any) were removed and weighed. Pigs of the
M12 group were fed every 2 h from 0800 h. Refusals, if
any, were removed and weighed at the beginning of each
day (0745 h). Daily feed intake was calculated as the
difference between the amount of feed distributed and
refusals during the intervention trial. Pigs were weighed
weekly before the first morning meal at 0800 h and the
day of slaughter. The G:F ratio was then calculated.

Blood Sampling

Blood samples refered as basal were collected at
0745 h at d4 (middle of the first week) and d11 (mid-
dle of the second week) of the trial; this meant that M2
pigs received their last meal at 1600 h the day before,
whereas M 12 pigs received their last meal at 0600 h. At
d18 (middle of the third week) of the trial, a serial blood
sampling was performed as follows: the first sampling
occurred at 0745 h and was followed by a second sam-
pling at approximately 0800 h, just after a test meal (300
g of feed in each group) had been consumed completely.
Sampling continued for every 10 min the first hour and
every 15 min the second hour. The sampling ended at
105 min after ingestion of the test meal, which corre-
sponds to the interval between 2 successive meals in
M12 pigs. The sampling at 0745 h corresponded again
to the basal point, whereas serial samples collected after
the ingestion of the test meal were used to evaluate the
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time-course profiles of nutrients and hormones. Blood
samples (10 mL per sample; collected on EDTA) were
stored on ice before centrifugation (+4°C) during 15
min at 2500 x g. Collected plasma was then stored at
-20°C until nutrient and hormone concentration analyses.

Tissue Sampling

Pigs were killed at 99 + 3 d of age. On the day of
slaughter, pigs were offered 800 g feed as a single meal.
Four hours after this meal, pigs were killed immediately
by electronarcosis and jugular exsanguination. Digestive
and respiratory tracts, heart, kidneys, liver, spleen, perire-
nal adipose tissue, and the flanks (muscle parts with mem-
branes) were removed before the hot carcass was weighed.
The liver, kidneys, flanks, and perirenal fat pads were also
weighed. Depth of the dorsal subcutaneous adipose tissue
(SCAT) was assessed at the third lumbar vertebra level
from the left-half carcass with a ruler. Samples of liver,
perirenal adipose tissue, SCAT (at the last rib level) and
of the LM (last rib level) were collected from the right
half-carcass within 15 min after death. All samples were
cut into small pieces, snap frozen in liquid nitrogen, and
stored at —75°C until biochemical analyses.

Plasma Nutrients and Hormone Concentrations

Plasma concentrations of glucose, lactate, triglycer-
ide, NEFA, urea, albumin, and protein were determined in
duplicate using a Konelab 20i apparatus (Thermo Fisher
Scientific, Courtaboeuf, France). Glucose (Glucose
RTU™), lactate (Lactate PAP-colorimetric™), triglyc-
eride (Triglycérides Enzymatique PAP 150), urea, pro-
tein, and albumin kits were obtained from BioMérieux
(Craponne, France). The NEFA kit (NEFA)-HR(2)
was purchased from Wako Chemicals GmbH (Neuss,
Germany). Plasma a-amino nitrogen concentration was
measured after plasma deproteinization using a colori-
metric method (Chacornac et al., 1993). Intraassay coef-
ficients of variation for measurements were below 5%.
Radioimmunoassay kits were used to measure plasma
concentrations of insulin and leptin (Qian et al., 1999).
Kits for insulin and leptin (multi-species kit, Linco)
were obtained from CIS bio International (Gif-sur-
Yvette, France) and Labodia (Paris, France), respective-
ly. Intraassay coefficients of variation were below 7%.

Biochemical Tissue Composition

Lipid content in the 2 adipose tissues was deter-
mined after a 2:1 chloroform/methanol extraction
procedure (Folch et al., 1957). Glycogen content was
determined in the liver and LM (Good et al., 1933)
with minor adaptations as follows. A tissue sample of

Le Naou et al.

250 mg was mixed in a 1 M HCI solution in a nitro-
gen steam. Then, the homogenate was put in a water
bath at 100°C for 2.5 h to hydrolyze the glycogen. This
solution was then neutralized using a 5 M KOH solu-
tion. The volume was adjusted to 25 mL with a 0.2 M
phosphate buffer (pH = 7.4). Glucose concentrations
in the neutralized and hydrolyzed solutions were then
measured using the Konelab 20i apparatus. Glycogen
concentration was calculated using reference values
obtained by hydrolyzing pure glycogen into glucose
using the same method.

Enzyme Assays

Activities of L-lactate dehydrogenase (LDH; E.C.
1.1.1.27) participating to glycolysis/gluconeogen-
esis, 3-hydroxylacyl-CoA dehydrogenase (HAD; E.C.
1.1.1.35) involved in fatty acid degradation, and citrate
synthase (CS; E.C. 2.3.3.1) in the mitochondrial citrate
cycle, were monitored in the liver and LM. Briefly, sam-
ples (approximately 30 mg) were homogenized in 0.1 M
phosphate buffer (pH = 7.4) containing 2 mM EDTA.
Mixtures were sonicated (60 s, 50 Hz) and centrifuged
(13 min, 1500 x g, +4°C). Supernatants were stored on
ice. Activities were immediately assayed spectropho-
tometrically at 340 nm absorbance for LDH (Vassault,
1983) and HAD (Bass et al., 1969) and at 405 nm absor-
bance for CS (Srere, 1969).

Statistical Analysis

The effects of meal frequency on growth performance,
body and tissue composition, and enzyme activities were
analyzed by ANOVA with the MIXED procedure of SAS
(SAS Inst. Inc., Cary, NC), considering meal frequency
(M2 or M12) and replicate (first or second replicates) as
the main effects. Plasma nutrient and hormone concen-
trations obtained from the serial blood sampling were
analyzed by the MIXED procedure with meal frequency,
replicate, a repeated statement for sampling time, and the
interaction between meal frequency and time as the main
effects (Littell et al., 1998). The basal concentrations in
plasma nutrients were analyzed as described for concen-
trations at the serial blood sampling points, except that in
this case, the repeated statement corresponded to the week
of sampling. Differences between meal frequency groups
were considered significant for P < 0.05, and 0.05 <P <
0.10 was discussed as a trend.
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Table 2. Growth and feed efficiency of pigs fed 12 (M12)
or 2 (M2) times a day during a 3-wk intervention period!

2011

Table 3. Body composition and tissue traits in pigs fed
12 (M12) or 2 (M2) times a day after a 3-wk interven-
tion period!

M12 M2 SE  P-value
Initial BW, kg 30.0 30.0 0.7 0.963 Item? MI12 M2 SE P-value
Final BW, kg 520 535 0.8  0.187 Carcass weight, kg 38.6  40.1 0.6 0.114
ADG, g/d 796 850 13 0.009 Organs weight, g
Daily food consumption, g/d/kg BW?-60 162 164 10 0.351 Liver 1,113 1,108 22 0.869
Gain to feed ratio 0.51 0.53 0.01 0.050 Heart 209 220 5 0.125
Data are presented as means together with standard errors (SE). P-value, Flanks (muscle parts with membranes) 152 164 5 0.060
level of significance of the difference between the M12 and M2 groups (n = Kidney 224 190 6 <0.001
16 per group). Perirenal adipose tissue
Weight, g 22 252 12 0.093
Lipid content, % fresh tissue 66.9  70.0 3.6 0.550
RESULTS Subcutaneous adipose tissue
Depth, mm 132 125 0.7 0.414
E ffec fs 0 f Meal Frequency L]\/I;ipid content, % fresh tissue 622 642 1.5 0.353
on Growth and Tissue Composition Glycogen content, % 137 133 006 0.634
The daily feed intake (scaled to metabolic BW) was LDH activity, pmol/min/g tissue 1,708 1,675 66 0.725
experimentally imposed to be similar in M2 and M12 HAD activity, umol/min/g tissue 318 290 015 0.194
groups. As shown in Table 2, the less frequent meal CS activity, pmol/min/g tissue 643670 045 0731
strategy resulted in an accelerated (P < 0.01) ADG  Liver
for M2 pigs (+47 g/d) when compared with M12 pigs. Glycogen content, % 325 640 051 0.132
. . LDH activity, pumol/min/g tissue 659 624 2.4 0.306
Consequently, young pigs fed twice a day demonstrated - o
. d GF (P _ 0‘05) as compared to their pair— HAD a-ct-1v1ty, pmol/-mm/s‘g tissue 18.6 17.1 4.7 0.820
an 1mprove CS activity, pmol/min/g tissue 944 9.78 028 0411

fed counterparts receiving 12 meals per day. At the end
of the trial, the weights of the hot carcass, liver, and heart
did not differ between M2 and M12 groups. However,
kidney weight was the lowest (P < 0.001) in M2 pigs
(Table 3). Conversely, the flanks tended to be heavier
(+12 g; P=10.06) in M2 pigs than in M 12 pigs. Perirenal
fat weight also tended (P < 0.10) to be greater in M2
pigs than in M12 pigs, but its proportion in the body
was rather similar (P = 0.27) in both groups (0.47% and
0.43% in M2 and M12 pigs, respectively). Fat depth at
the dorsal subcutaneous level as well as tissue lipid con-
tents did not differ between M2 and M12 groups. In ad-
dition, glycogen contents in the liver and LM were also
similar in both groups (Table 3). Finally, the specific ac-
tivities of enzymes related to energy use in tissues did
not differ between M2 and M12 strategies.

Effects of Meal Frequency on Basal
Concentrations of Plasma Nutrients

Morning basal plasma concentrations of glucose,
lactate, triglycerides, urea, and albumin were the lowest
(P <0.001) for pigs receiving less frequent daily meals
(Table 4). However, treatment-related difference in gly-
caemia was attenuated along the trial duration (P =0.022
for the interaction between meal frequency strategy and
time). Similarly, the ranges of differences between treat-
ments for lactate, triglycerides, albumin, and urea plas-
ma concentrations were generally larger in the first week
after the experiment had started than thereafter (Table 4).

IData are presented as means together with standard errors (SE). P-value, level
of significance of the difference between M12 and M2 pigs (n = 16 per group).

2CS = citrate synthase; HAD = 3-hydroxylacyl-CoA dehydrogenase; LDH =
L-lactate dehydrogenase.

Irrespective of sampling week, basal plasma concentra-
tions in NEFA, and total proteins did not differ between
M2 and M12 pigs (Table 4).

Effects of Meal Frequency on Postprandial
Patterns of Plasma Nutrients

In both groups, daily meal frequency altered (P <
0.01) the time course of plasma concentrations of glu-
cose and lactate recorded after a meal test. In M2 pigs,
plasma glucose concentration increased (P < 0.05)
10 min after meal ingestion to reach a peak at 20 min
postprandially (Fig. 1A); then it dropped abruptly to val-
ues similar (P > 0.10) to baseline. In M12 pigs, plasma
glucose concentration increased more regularly after
ingestion of the test meal, to reach a maximum around
60 min postprandially; thereafter, it gradually decreased.
Thus, plasma glucose concentrations were significantly
lower (P < 0.05) in M2 pigs than in M 12 pigs just after
meal ingestion and again between 45 and 90 min post-
prandially. The time-course profile in plasma lactate
concentration was somewhat similar to that of glucose.
In M2 pigs, a peak in plasma lactate concentration was
observed at 40 min postprandially, before plasma lactate
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Table 4. Basal plasma nutrient concentrations for pigs fed 12 (M12) or 2 (M2) times a day assessed at the middle of

the first, second, and third weeks of the trial!

Design Meal frequency P-value?

Items Week MI2 M2 SE Treatment Week T x wk

Glucose, g/L 1 1.06ac? 0.88b 0.03 <0.001 <0.001 0.022
2 0.87b 0.83b 0.03
3 1.03ac 1.00¢ 0.03

Lactate, mmol/L 1 1.34a 0.92¢ 0.07 <0.001 0.003 0.081
2 1.57b 0.91c 0.07
3 1.56b 1.23a 0.08

NEFA, pmol/L 1 125 104 25 0.844 0.197 0.146
2 111 96 15
3 73 100 9

Triglycerides, mg/L 1 401a 242b 30 <0.001 0.560 0.588
2 442a 237b 30
3 427a 280b 31

Total protein, g/L 1 51.5a 49.5a 4.6 0.960 <0.001 0.717
2 62.0b 65.5b 3.8
3 64.2b 63.2b 1.5

Albumin, g/L 1 39.5a 33.4bd 1.2 <0.001 <0.001 0.175
2 35.6b 32.4d 1.2
3 43.4c 41.7ac 1.2

Urea, mg/L 1 234a 165b 13 <0.001 0.295 0.830
2 234a 177b 10
3 248a 194b 15

IBasal concentrations referred to values measured in plasma at 0745 h (i.e., just before the first morning meal of M2 pigs). Data are presented as means to-

gether with standard errors (SE).

2p values: levels of significance for the differences due to treatment (M2 vs. M12), week after the initiation of experiment (1, 2, or 3 wk), and the interaction

between feeding frequency and week (treatment X week).
3a, b, ¢, d: means with a different letter differ (P <0.05).

concentration rapidly declined to reach the baseline be-
tween 75 and 90 min postprandially (Fig. 1B). In M12
pigs, there were no time-associated variations in plasma
lactate concentrations. Therefore, plasma lactate level at
maximum was clearly greater (P < 0.001) in M2 pigs
than in M 12 pigs, whereas basal lactate concentration in
plasma was slightly lower in the pigs fed less frequently
compared with M12 pigs.

There were no time-associated fluctuations in plas-
ma triglyceride concentrations in the 2 groups, so that
triglyceridemia was always lower (P < 0.05) in M2 pigs
than in M 12 pigs (Fig. 2A). By contrast, meal frequency
altered (P <0.01) the postprandial time course in plasma
NEFA concentrations. Indeed, in M2 pigs, NEFA plasma
concentration immediately fell after meal ingestion to
reach a minimum value from 30 min postprandially on-
ward (Fig. 2B). In M12 pigs, plasma NEFA concentra-
tions did not vary after meal ingestion.

The plasma level of urea (Fig. 3A), as well as plas-
ma concentrations in total proteins and albumin (data
not shown), did not vary after meal ingestion. Across
the sampling kinetics, plasma urea concentrations were
clearly lower (P < 0.001) in M2 pigs than in M12 pigs
(251 mg/L vs. 192 mg/L, respectively). Importantly,

plasma concentration of a-amino nitrogen, which re-
flects total plasma AA concentration, was dependent
both on time and treatment (Fig. 3B). In M2 pigs, plas-
ma concentration of a-amino nitrogen reached its maxi-
mum value 20 min after meal. It then dropped rapidly,
although concentrations remained greater (P < 0.05)
than basal values during the entire sampling period. In
M12 pigs, plasma concentrations of a-amino nitrogen
remained almost similar to basal value up to 60 min
postprandially; at this time, a slight decrease in plasma
concentrations of a-amino nitrogen was observed up
to values lower than basal concentration. Except at the
peak, the plasma concentration of a-amino nitrogen was
lower (P <0.001) in M2 pigs than in M12 pigs.

Meal Frequency and Plasma Insulin Concentration

Plasma insulin concentrations also varied with time
and daily meal frequency (Fig. 3C). In M2 pigs, plasma
insulin concentration increased (P < 0.05) immediately
after the test meal and peaked at 20 min postprandially.
It decreased rapidly thereafter, but remained greater (P <
0.05) than the basal concentration. In M12 pigs, there
was no increase in plasma insulin concentration after the
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Figure 1. Postprandial responses of plasma glucose (A) and lactate (B)
concentrations to a test meal in pigs fed 12 (M12) or 2 (M2) times a day dur-
ing the 3 preceding weeks. An arrow indicates the moment when pigs were
fed the test meal. Within each time, M2 and M 12 values differed significantly
at *P < 0.05, **P < 0.01, ***P <0.001.

test meal, and plasma insulin concentrations from 90 min
onward were even lower (-25% to -30%; P < 0.10) than
basal concentration. Whereas pretest plasma insulin con-
centration was the lowest (P < 0.001) in M2 pigs, the
postprandial concentrations in insulin were greater until
105 min postprandially in that group compared with M 12
pigs. Plasma leptin concentration did not vary with time
after meal ingestion (data not shown). Across time, lep-
tinemia was 20% lower (P < 0.001) in M2 pigs than in
M12 pigs (1.9 vs. 2.3 ng/mL, respectively).

DISCUSSION

Among the various nutritional factors affecting
weight gain and tissue composition, little attention has
been paid to meal frequency in growing subjects, espe-
cially when species other than humans (La Bounty et al.,
2011) and rats (Cohn, 1963; Hill et al., 1988; Verbaeys et
al., 2011) are considered. Moreover, data on body com-
position, nutrient use and tissue metabolism have rarely
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Figure 2. Postprandial responses of plasma triglycerides (A) and non-
esterified fatty acids (B) concentrations to a test meal in pigs fed 12 (M12) 2
(M2) times a day during the 3 preceding weeks. An arrow indicates the mo-
ment when pigs were fed the test meal. Within each time, M2 and M 12 values
differed significantly at *P < 0.05, **P < 0.01, ***P < 0.001.

been acquired within the same study, which limits the
comprehensive view of the biological responses to meal
frequency due to confounding factors between studies.

Less Frequent Meals Promote Weight Gain and
Feed Efficiency without Changes in Lipid Contents

In the age range considered in this study, young
growing pigs may visit the feeders up to 15 times per
day (Estany et al., 2002). Therefore, offering 12 meals
daily can be considered as a realistic reference for their
spontaneous eating behavior. We show that less frequent
meal consumption (twice daily) increased weight gain
of pigs, but this did not markedly change their body
composition. This latter result disagrees with earlier ex-
periments showing a greater fat proportion in the carcass
of nibbling pigs compared with meal-fed pigs (O’Hea
and Leveille, 1969; Allee et al., 1972). However, in the
above-mentioned studies, the amount of daily feed was
not adjusted between treatments, so that the response
in terms of fat gain might be partly related to the total
amount of feed consumed in each groups (Friend and
Cunningham, 1964) rather than to the frequency of in-
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Figure 3. Postprandial responses of plasma urea (A), a-amino-nitrogen
(B,) and insulin (C) concentrations to a test meal in pigs fed 12 (M12) or 2
(M2) times a day during the 3 preceding weeks. An arrow indicates the mo-
ment when pigs were fed the test meal. Within each time, M2 and M 12 values
differed at *P < 0.05, **P < 0.01, ***P < 0.001.

gested food. When reasoning at the same feed intake,
the lack of changes observed herein with daily meal
frequency for perirenal fat proportion and lipid contents
in adipose tissues is in agreement with another study in
growing pigs showing that lipid content in the empty
body did not vary when pigs were fed 2 vs. 5 meals a
day (Sharma et al., 1973). Similarly, body composition
was unchanged in rats fed 2 vs. 10 to 12 meals at 80%
of their usual food intake (Hill et al., 1988). Meal fre-
quency probably did not change body composition of
young animals, especially when genotypes capable of
rapid lean growth are used. It could be hypothesized
that only a prolonged strategy applied to more mature
animals could markedly affect adipose tissue accretion.
The greater leptinemia in M12 pigs than in M2 pigs con-
firms recent data in overweight human subjects show-
ing that consuming diet more frequently throughout the
day increased the basal plasma concentration of leptin
(Arciero et al., 2013). This difference may be associated
with glucose metabolism and insulin action (Kraus et al.,

Le Naou et al.

2010) rather than to body fat content. In support, previ-
ous results had shown a lack of relationships between
plasma leptin concentration and fat mass when young
pigs are considered (Morise et al., 2011).

The detrimental effect of frequent daily meals on pig’s
efficiency is not in accordance with our initial assumption
that consuming more meals per day could be at a meta-
bolic advantage. The opposite response observed herein
could be associated with effects of meal frequency at the
whole-animal level, such as greater maintenance require-
ments for pigs receiving a high number of meals compared
with those fed twice daily (Sharma et al., 1973), greater en-
ergy needs for digestion when very frequent meals are fed
due to the thermic effect of feed, or differences in activ-
ity and energy expenditure between those pigs. In support
of this latter aspect, pigs (Friend and Cunningham, 1964;
Sharma et al., 1973) and rats (Leveille and O’Hea, 1967)
fed once or twice daily were generally less sensitive to the
excitation associated with the distribution of feed than ani-
mals receiving multiple small meals. Consequently, M2
pigs may have lower energy expenditure than M12 pigs,
although an effect of meal frequency on this latter parame-
ter is often not statistically significant in other species (Hill
et al., 1988; La Bounty et al., 2011).

Postprandial Fluctuations in Plasma Concentrations
of Glucose, Insulin and a-amino Nitrogen were
Greater in Pigs Eating Less-Frequent Meals

To gain insight into the metabolic processes involved
in feed utilization with daily meal frequency, the time-
course changes in plasma nutrients and anabolic hor-
mones were compared between M2 pigs and M 12 pigs af-
ter a meal test of a similar size in both groups. Obviously,
the metabolic situation when the morning test meal was
distributed was not the same between M2 and M12 pigs,
but this corresponds exactly to the situation encountered
the previous days by the pigs. The peak in plasma glucose
concentration, which is expected to occur shortly after the
morning meal ingestion (Koopmans et al., 2005), was ob-
served for M2 pigs only. Because insulin is secreted pri-
marily in response to an elevated blood glucose concen-
tration, the postprandial concentrations in plasma insulin
followed that of glucose, with the highest rise and a more
accentuated fall in the low-frequency fed pigs than in
M12 pigs. These observations are in accordance with data
in man, where low feeding frequency (3 meals a day) had
resulted in higher peaks and lower troughs of glucose and
insulin levels compared with greater meal frequency (14
meals a day) under isoenergetic conditions (Munsters and
Saris, 2012). Similarly, 2 meals per day led to greater fluc-
tuations of glucose and insulin compared with 12 meals
per day in this species (Solomon et al., 2008). The attenu-
ated and delayed increase in plasma glucose concentration
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observed after the meal test in M12 pigs is probably the
consequence of decreased stomach distension and reduced
rate of stomach emptying with the ingestion of smaller and
more frequent meals. This probably resulted in a slower
rate of glucose delivery to the intestine (Palmer et al.,
2009) as well as in a reduced insulin production. The rapid
fall of plasma glucose levels after meal ingestion in M2
pigs suggests a higher clearance of circulating blood glu-
cose by tissues, which is in agreement with studies in rats
showing that glucose was removed faster from the circula-
tion when having a limited access to a single meal during
a limited period per day compared with nibblers (Leveille
and Chakrabarty, 1968; Romsos and Leveille, 1974).

However, the lack of differences in hepatic and mus-
cle glycogen contents does not match our initial assump-
tion that the timing of blood glucose availability would
change the form of energy storage in tissues. Because
tissue composition was assessed 4 h after the last meal
intake, this does not preclude more rapid changes in the
dynamics of glycogen storage and utilization in response
to meal frequency, a response that has been previously
observed in rats (Leveille, 1966). Similarly, enzyme ac-
tivities involved in nutrient oxidation in the liver and
skeletal muscle, which represent the potential of activi-
ties with optimal supply of substrates and cofactors, did
not vary in response to meal frequency. A recent study in
lean healthy men corroborates these last results, show-
ing that decreased feeding frequency induced greater
fluctuations in glucose concentration than control strat-
egy without modifying carbohydrate and fat oxidation
(Munsters and Saris, 2012).

Finally, meal-frequency—induced differences in the
postprandial pattern of insulin concentrations may have
affected the cellular actions of insulin, not only consid-
ering energy metabolism (Allee et al., 1972), but also
protein metabolism. Indeed, protein and AA metabo-
lism have probably also been affected by daily meal fre-
quency in growing pigs, with lower plasma concentra-
tions of urea and a-amino nitrogen in M2 pigs than in
M12 pigs. We suggest that less-frequent meals may have
1) increased AA utilization for protein synthesis and ii)
lowered AA mobilization from protein and AA catabo-
lism. First, the possibility that less-frequent meals may
stimulate protein synthesis in growing pigs is supported,
at least in part, by the greater weight gain of M2 pigs
(+51 g/d) along the feeding trial, which was associated
with their numerically greater carcass weight at slaughter
and a significantly greater weight of the flanks (muscular
parts) in that group compared with M12 pigs. The simi-
larities in plasma responses for a-amino nitrogen (used
as a measure of total AA) and insulin concentrations sup-
port the view that feeding-induced stimulation of protein
synthesis in skeletal muscle is regulated by both insulin
and amino acids in young pigs (Davis et al., 1998, 2002).
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Second, the decrease in protein and AA catabolism with
les- frequent daily meals in growing pigs is postulated
according to the reduction of plasma urea concentra-
tion in M2 pigs. This assumption is however opposite
to findings in man, where fewer meals had resulted in
an increased AA catabolism (Munsters and Saris, 2012).
However, in this case, one can claim for differences in
the capacity to store AA into proteins in between growing
animals (present experiment) and compared with adult
subjects. Altogether, because Le Bellego et al. (2001) ob-
served no effects of daily meal frequency (7 vs. 2) on N
utilization in pigs, in vivo measurements of protein syn-
thesis using tracers and measurements of key enzymes
in protein catabolism should be realized to further clarify
the effects of daily meal frequency on protein metabo-
lism. Finally, the greater weight of kidney in M12 pigs
may be also related to a greater urea clearance in this
group, and this may again have contributed to greater
energy expenditure (Anugwa et al., 1989) in the more-
frequently fed pigs than in pigs fed twice daily.

Implications

These data indicate that less-frequent meal strategy
in growing pigs resulted in an enhanced metabolic flex-
ibility, which was mainly illustrated by greater daily
fluctuations in plasma glucose, insulin, and o-amino
nitrogen levels. However, eating large but infrequent
meals did not change tissue metabolic capacity, nor the
tissue composition and body fat content compared with
eating frequent small meals. At a standardized energy
intake, it is suggested that feeding twice a day during
a limited time may be an additional opportunity to in-
crease growth rate and pigs’ efficiency. These data add
references to understand the transformation of feed en-
ergy in the context of BW management for the ongoing
development of precision farming. Other studies could
be conducted in the future to compare the metabolic re-
sponses to meal frequency between young vs. more ma-
ture pigs with a better propensity to develop adipose tis-
sue, or by varying the nutrient composition of the meals
(such as the level of crude proteins).
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