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Body protein losses in lactating sows have a negative impact on sow and litter
performance. Improving dietary amino acid utilization may limit protein mobilization. The
effects of dietary protein kinetics on sow body condition loss, blood plasma metabolites,
and plasma insulin-like growth factor-1 (IGF-1), and also on litter gain during lactation,
were investigated in this study. In total, 57 multiparous sows were fed one of three
lactation diets with the same crude protein level: low level of slow protein diet (LSP)
(8% slowly degradable protein of total protein), medium level of slow protein diet (MSP)
(12% slowly degradable protein of total protein), or high level of slow protein diet (HSP)
(16% slowly degradable protein of total protein) in a complete block design. Our results
showed that HSP sows lost the least body weight compared to MSP and LSP sows
(11.9 vs. 17.3 and 13.5 kg, respectively; p = 0.01), less body protein than MSP sows (1.0
vs. 2.1 kg; p = 0.01), and tended to lose less loin muscle thickness than LSP sows (1.7
vs. 4.9 mm; p = 0.09) between Day 2 to Day 21 post-farrowing. LSP sows had greatest
plasma urea level on Day 6 than MSP and HSP sows (4.9 vs. 3.6 and 3.1 mmol/L,
respectively; p < 0.01) and on Day 13 (5.6 vs. 4.1 and 3.7 mmol/L, respectively;
p < 0.01). HSP sows had the lowest plasma urea level at Day 20 compared to LSP and
MSP sows (4.0 vs. 5.5 and 4.9 mmol/L, respectively; p < 0.01). The average plasma
urea level of Days 6, 13, and 20 post-farrowing was negatively correlated with slow
protein intake (r = −0.49, p < 0.01). Litter gain, milk composition, and nitrogen output
to the environment did not differ significantly among the treatment groups. Therefore, the
dietary protein kinetics affected mobilization of maternal reserves in multiparous sows
during lactation, with a high fraction of slow protein-sparing protein mobilization.

Keywords: lactating sow, weight loss, litter performance, protein digestion kinetics, protein utilization

INTRODUCTION

During lactation, sows mobilize their body reserves to support milk production as the voluntary
feed intake does not cover their nutritional demands during this period (1). As litter size has
continuously increased with genetic selection during the last decades (2), the heavier lactational
burden increases concerns over higher body loss of modern hybrid sows in lactation. Sow body
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loss in lactation has been associated with negative impacts on
post-lactational reproductive metrics, which include prolonged
weaning-to-estrus interval, anestrus, reduced farrowing rate, and
reduced litter size in the subsequent cycle (2–4). It has been
indicated that high body protein tissue mobilization in modern
sows is associated with impaired follicular development and
reduced milk production (4–6). Increasing dietary protein levels
can be effective in saving sow body protein mobilization and
increasing milk production during lactation (3, 7, 8), but may
bring negative impacts on the environment, as the nitrogen
output in animal excreta has been recognized as a threat to the
quality of water, air, and soil (9). In this respect, improvement
in dietary protein utilization efficiency is needed to balance
production efficiency and nitrogen output to the environment to
ensure sustainable swine production.

The proteolysis pattern of proteins in the small intestine
can vary greatly among different protein sources, and these
differences can affect protein utilization. For example, whey and
soy proteins are rapidly digested, whereas in comparison, casein
and milk proteins are digested more slowly by humans (10,
11). Studies that investigate protein gastrointestinal kinetics in
humans (10–13) indicated that proteins with a slower digestion
rate may save body protein from breakdown, but the effect was
dependent on the physiological status of subjects, for example,
age. These studies focused only on short-term effects in the
postprandial period, and information on such effects in lactating
sows is lacking. We therefore performed a meta-analysis on data
derived from 21 studies in lactating sows from the last 20 years
with varying dietary protein sources. Protein sources used in
these manuscripts were evaluated according to the fractions of
slow and fast protein, based on in vitro protein degradation
characteristics of a range of ingredients previously established by
a modified method based on (14). In this meta-analysis, a higher
ratio of slow protein to total dietary protein (8–16%) appeared
to reduce sow body protein loss during lactation, which is in
agreement with the previous studies in humans (11, 12).

In this study, the effect of protein digestion kinetics on
sow and litter performance was investigated by feeding the
lactating sows with diets in different ratios of slow protein
to total protein, over the range of ratios found in our
meta-analyses: 8, 12, and 16%. Sow body weight loss, milk
production, blood metabolites, litter gain, and nitrogen loss to the
environment during lactation were evaluated. We hypothesized
that sows fed diets with increased levels of slow protein would
experience reduced body protein mobilization during lactation
and increased nitrogen efficiency.

MATERIALS AND METHODS

Animals, Housing, and Management
Experiments were conducted at the swine research unit of
China Agricultural University (Chengde, China). The animal use
protocols were reviewed and approved by the China Agricultural
University Animal Care and Use Committee (Beijing, China).

A total of 57 large White × Landrace sows that had been
inseminated with Duroc semen were used in this study. During

gestation, sows were housed in individual stalls with room
temperature at 20◦C. The sows were fed a commercial gestating
diet [NRC (15)] at 2.0 kg/day during the early gestation (days 0–
85) and 3.0 kg/day during late gestation (days 86–107), in equal
portions three times a day, at 5:30, 10:30, and 16:30.

Sows were moved to the farrowing rooms at 8.4 ± 3.8 days
prior to the expected farrowing date. The room temperature of
the farrowing rooms was strictly controlled at 20◦C and lights
were on from 6:00 to 16:00.

After parturition (Day 0), piglets were treated according to
the routine management on the farm, which included teeth
clipping, tail docking, ear notching, and subcutaneous iron
dextran injections (200 mg/pig), a routine procedure to prevent
iron deficiency within 24 h after birth. For sows that completed
parturition after 16:30, the next day was considered as Day 0.
On Day 2 post-farrowing, an attempt was made to standardize
the litter size of sows to 13 piglets [litter size = 13 (40 litter),
14 (16 litter), and 15 (1 litter)]. Piglets received creep feed
from Day 7 onward.

Once all sows within a farrowing room had reached Day 21
post-farrowing, all sows in the farrowing room were weaned, at
24.5± 2.5 days post-farrowing.

Feeding and Diets
Based on the equal distribution of parity (4.6 ± 0.7) and body
weight on the day of entering the farrowing crate (263.4± 2.9 kg),
sows were allocated to one of three dietary treatments; low (LSP,
n = 19), mid (MSP, n = 19), or high (HSP, n = 19) levels of
slow protein, in which the level of slow protein to total dietary
protein was 8, 12, and 16%, respectively, based on the range of
ratios found in the meta-analysis, in a complete block design.
The LSP and HSP diets were formulated as shown in Table 1
and mixed in equal amounts to feed sows in the MSP group. All
diets were formulated to contain equal quantities of net energy,
standardized ileal digestible amino acid, and apparent total tract
digestible phosphorus.

After entering the farrowing crates, sows received 1 kg/day
of the MSP diet to adapt to the dietary ingredients before
parturition. On Day 1 post-farrowing, sows received 2.0 kg/day
of one of the experimental lactation diets according to the
treatment, and daily feed allowance was increased by 0.5 kg/day.
For the first 16 sows entering into the study, the daily feed
allowance was given according to the litter size carried. Sows
with 14 or more piglets were fed up to 8 kg/day, and sows with
13 piglets were fed up to 7.5 kg/day. Sows having 12 or less
piglets were fed up to 6.5 kg/day, and the feed allowances were
adjusted daily to the litter size if piglets dropped out of the litters.
However, as 3 of the first 16 sows appeared to be gaining weight,
the feed allowance for the remaining sows was 2.0 kg on Day
2 and gradually increased with steps of 0.5–6.0 kg/day on Day
9 post-farrowing. After Day 9, feeding levels were maintained
until weaning. Sows had free access to water throughout the
experimental period. Feed refusals were removed from the trough
before feeding in the morning and weighed. The daily feed intake
was calculated as feed allowance minus feed refusal. If feed
refusals were wet, a 300–400 g representative sample was taken
and placed in a drying oven for 72 consecutive hour at 65◦C and
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TABLE 1 | Ingredients and nutrient composition of experimental diets with 8%
slow protein (LSP) and 16% slow protein (HSP) of total protein.

Ingredient, % LSP HSP

Wheat 58.9 23.1

Wheat bran 20.2 21.9

Sunflower meal 35% CP 7.20 –

Rapeseed meal < 38% CP – 9.06

Maize 3.25 36.4

Soybean oil 2.90 2.07

Soy protein concentrate – 3.17

Maize Gluten 60% 2.49 –

Calcium carbonate fine 1.34 –

Premix 1.00 1.00

Monocalcium phosphate (fine) 0.986 0.922

Calcium carbonate fine – 1.26

Salt (Nacl) fine – 0.243

Soybean meal 43, 50 < Cfiber < 70 0.659 –

AA L-Lysine HCl 98% 0.541 0.369

Na bicarbonate 0.311 0.325

L -Threonine 98% 0.158 0.117

AA L-Isoleucine 98.5% 0.037 0.028

L-Valine 96.5% 0.037 0.014

AA L-Tryptophan 98% 0.009 0.015

AA DL-Methionine 99% – 0.007

Total 100 100

Composition (calculated)

DM, % 88.3 88.3

CP, % 15.0 15.0

NE, kCal/kg 2.25 2.25

TDF, % 19.8 19.8

SID LYS, g/kg 7.74 7.74

SID M + C, g/kg 4.64 4.64

SID THR, g/kg 5.18 5.18

SID TRP, g/kg 1.47 1.47

SID VAL, g/kg 5.65 5.65

SID ILE, g/kg 4.64 4.64

SID LEU, g/kg 9.29 9.62

Slow Protein, % of total protein 8 16

Composition (analyzed)

CP, % 17.5 16.8

ME, MJ/kg 13.8 13.1

another 24 h at 25◦C, to establish dry weight and calculate feed
refusals this way.

Body Weight, Back Fat, and Loin Muscle
The body weight, backfat thickness, and loin muscle thickness
of sows and body weight of individual piglets were measured
on Days 2, 7, 14, and 21 post-farrowing before the last meal of
the day. The thicknesses of sow backfat and loin muscle were
measured with a type-B ultrasonic device (MyLabTM touchVet,
Esaote S.p.A, Genoa, Italy) equipped with a 15-cm, 3.5 Hz probe.
The probe was placed 50 mm from the midline at the last rib and
the backfat and loin muscle thicknesses were recorded at both
sides of the sow.

Collection of Blood, Milk, and Feces
On Days 6, 13, and 20 post-farrowing, a total of 5 ml of blood
was collected from each sow via an ear marginal vein 4 h after the
first morning feeding. Filled tubes were placed in an ice box for
transportation to the laboratory and centrifuged at 3,000 × g for
15 min at 4◦C. After centrifugation, plasma samples were equally
split into two storage tubes and then stored at−80◦C prior to the
non-esterified fatty acid (NEFA), urea, creatinine (CREA), and
insulin-like growth factor-1 (IGF-1) analyses.

On Days 6, 13, and 20 post-farrowing, a total of 40 ml of
milk was collected from each sow. First, 2 ml of oxytocin (20–
40 IU) was injected through the ear marginal vein to induce
milk letdown, and then, milk was obtained in equal proportions
from all functional teats and pooled in 50-ml tubes for each sow.
Samples were divided into two portions with equal volume and
stored at−20◦C until the analysis of milk lactose, fat, and protein.

On Days 6, 13, and 20 post-farrowing, 200–400 g fresh fecal
samples was collected in aseptic bags for each sow and stored
at –20◦C. Before analyses, all fecal samples were thawed and
placed in a drying oven for 72 consecutive hour at 65◦C and
another 24 h at 25◦C.

Chemical Analyses
The Kjeldahl method [Method 984.13, AOAC (16), FossTM

KjeltecTM 8100 Manual Distillation Unit, Foss Analytical A/S,
Hillerød, Denmark] was used to determine the nitrogen
concentration of feed and fecal samples, and protein was
calculated as N × 6.25. Gross energy levels of feed and
fecal samples were analyzed with an Automatic Isoperibol
Oxygen Bomb Calorimeter (Parr 6400 Calorimeter, Moline, IL,
United States) The levels of acid-insoluble ashes (AIA) of feed
and fecal samples were measured as described previously (17),
to be used as an internal marker determining protein and
energy digestibility.

Sow blood plasma samples were thawed before analyses.
The NEFA, urea, and CREA levels in sow blood plasma
were measured using corresponding commercial colorimetric
kits (NEFA: Nanjing Jiancheng Bioengineering Institute,
Nanjing, China; Urea and CREA: Beijing Labbang Technologies
Corporation, Beijing, China) with an automatic biochemical
analyzer (Hitachi 7160, Hitachi High-Technologies Corporation,
Tokyo, Japan). The level of IGF-1 in sow plasma was detected
by Iodine [125I] Insulin Radioimmunoassay Kit (Tianjin
Jiuding Medicine Biotechnology Corporation, Tianjin,
China) with a gamma radioimmunoassay counter
(GC-2010, Anhui USTC Zonkia Scientific Instruments
Corporation, Anhui, China).

Sow milk samples were thawed and thoroughly mixed before
analyses. Milk protein, fat, and lactose levels were determined
by an online somatic cell count tester (Combi-System with
SomaCount FC and DairySpec FT, Bentley Instruments, Inc.,
Chaska, MN, United States).

Calculations
The digestibility of protein and energy was calculated as follows:
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Digestibility (%) = 100 − [(CIinput×
CCoutput)/(CCinput× CIoutput) × 100], where CIinput
and CIoutput were the concentration of AIA in feed and feces,
respectively; CCinput and CCoutput were the concentration of
components in feed and feces, respectively.

The metabolizable energy (ME) intake of a sow was calculated
as follows: (gross energy of diets, MJ/kg × energy digestibility of
corresponding diet, % × 0.999) – (0.82 × crude protein of diets,
g/kg × corresponding protein digestibility × 4.184) × average
feed intake, kg/day (18).

Body protein and fat reserves of sows were estimated
as follows: protein (kg) = 2.28 + (0.178 × 0.96 × SBW,
kg) − (0.333 × BF, mm) and fat
(kg) = −26.4 + (0.221 × 0.96 × SBW, kg) + (1.331 × BF,
mm), where SBW represents sow body weight and BF represents
sow back fat (19).

The litter gain was calculated as the sum of the individual
piglet gains for separate periods between Days 2 and 21. If piglet
gain was negative due to decreased body weight in a certain
lactating period, it was corrected to 0 in the calculation, and the
body weight of piglets taken out of the experiment because of
death or weakness was recorded for the gain until removal.

The total nitrogen loss of sows to the environments (g) was
calculated as dietary nitrogen intake, g+ nitrogen mobilized from
body reserves, g– nitrogen output in milk, g, where nitrogen
mobilized from body reserves = estimated protein loss/6.25, and
the total nitrogen output in milk was calculated as follows: milk
nitrogen output = [(0.0257 × AGD, g/d) + (0.42 + LS)] × 19,
day (20). The nitrogen output in feces (g) was calculated as total
dietary nitrogen intake, g× (1 – dietary protein digestibility), and
the nitrogen in urine as total nitrogen loss, g – nitrogen in feces, g.

Additionally, the protein efficiency was defined as follows:
protein output in milk, g/d/(protein intake, g/d+ protein loss,
g/d– protein for sow maintenance, g/d, where protein for sow
maintenance = 1.32× [(SBW2 + SBW21)/2] 0.75 (21).

Statistics
Relationships between sow and litter characteristics were
analyzed with SAS OnDemand for Academics (SAS Institute Inc.,
Cary, NC, United States), using generalized linear model (GLM)
and mixed models. Model assumptions were checked using the
univariate procedure.

To test the effects of slow protein level in the diet and parity
classes on sow body loss between Days 2 and 21 post-farrowing,
the following GLM model was used:

Y =µ + treatment + parity class + parity class

∗ treatment + LS21 + SBW2 + e
(
model 1

)
where Y = sow body weight/estimated protein/estimated fat
loss from Days 2 to 21 post-farrowing, µ = overall mean,
treatment = diet with low/mid/high level of slow protein [LSP
(n = 19), MSP (n = 19), HSP (n = 19)], parity class = parity class
[3 + 4 (n = 16) and 5 (n = 42)], LS21 = litter size on Day 21 post-
farrowing, SBW2 = sow body weight on Day 2 post-farrowing,

e = residual error. Sows that gain weight between Days 2 and 21
post-farrowing were not included in the model.

Subsequently, a series of models were established based on
the model 1. When comparing feed, ME, and digestible protein
intake of sows in different dietary treatments, LS21 and SBW2
were taken out of model 1.

For effects of slow protein level in diet and parity class on sow
backfat and loin muscle levels between Days 2 and Day 21 post-
farrowing, model 1 was used and SBW2 was replaced by BF2 (sow
backfat level on Day 2 post-farrowing) and LM2 (sow loin muscle
level on Day 2 post-farrowing), respectively.

For effects of slow protein level in diet and parity classes on
litter weight gain between Days 2 and 21, model 1 was used and
SBW2 was replaced by LW2 (litter weight Day 2), and LS21 was
taken out of the model. Same model was used to compare the
litter weight gain in the different weeks.

To test the effects of level of slow protein in diet and parity
class on sow blood plasma IGF-1, NEFA, CREA, and urea
levels, the milk composition that includes milk fat, protein and
lactose levels on Days 6, 13, and 20 post-farrowing, the nitrogen
loss to environments, nitrogen output in feces or urine, and
the maternal protein efficiency, both the SBW2 and LS21 were
excluded from model 1.

For all models, the interaction between treatment and parity
class was excluded from the model if it was not significant. Results
are presented as least square means± SEM in all GLM models.

Besides, the relationships among sow plasma IGF-1, urea,
CREA, NEFA, and sow body loss were tested in mixed models
as follows:

Y =µ + Body weight loss/LM loss/BF loss/

estimated protein loss/estimated fat loss + week + e

where Y = plasma IGF-1/urea/CREA/NEFA, the lactating stages
[i.e., week 1 (= Day 6)/2 (= Day 13)/3 (=Day 20)] were described
as repeated unit in the model statements. Results are presented as
least square means± SEM in all mixed models.

The Pearson’s correlation tests were performed to
test the correlations between the mean level of plasma
urea/CREA/NEFA/IGF-1 from Days 6 to 20 and the
sow protein intake (total/slow/fast), weight loss, loin
muscle loss, backfat loss, estimated protein, and fat loss
between Days 2 and 21.

RESULTS

Feed Intake
The 57 sows completed the experimental period with an
average feed intake of 5.17 ± 0.04 kg/day between Days 2
and 21 post-farrowing. In weeks 1, 2, and 3 post-farrowing,
average sow feed intake was 3.22 ± 0.01, 5.74 ± 0.05, and
6.27 ± 0.09 kg/day, respectively. No differences were found in
sow feed, digestible protein, and ME intake between different
diets (Table 2).
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TABLE 2 | Feed, metabolizable energy (ME), and digestible protein intake
between Days 2 and 21 post-farrowing in sows fed with different slow protein
levels (LSmeans ± SEM).

Diets in lactation P-Value

LSP MSP HSP SEM D P

Feed intake, kg/d 5.1 5.1 5.3 0.1 0.17 0.26

ME intake, MJ/da 70.5 69.2 69.6 1.0 0.64 0.25

Digestible protein intake, g/db 797.5 778.4 778.6 11.3 0.40 0.24

D, diet [LSP/MSP/HSP, where LSP, low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein
diet (16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4;
5 = sows in parity 5)]. aCalculations based on apparent energy digestibility
LSP/MSP/HSP = 84.8/83.4/83.0%, respectively. bCalculations based on apparent
protein digestibility LSP/MSP/HSP = 89.1/87.8/87.3%, respectively.

Sow Body Weight, Backfat, and Loin
Muscle Loss
The body weight loss, loin muscle loss, and estimated protein loss
between Days 2 and 21 post-farrowing were lowest or tended to
be lowest in sows fed with HSP. HSP sows lost significantly less
body weight than MSP sows (Table 3; 1 = 5.1 kg, p = 0.01) and
tended to lose less loin muscle thickness than sows fed with LSP

TABLE 3 | Effects of slow protein level in the lactating sow diet on sow body
condition parameters on Days 2, 21, and 2–21 post-farrowing (LSmeans ± SEM).

Diets in lactation P-Value

LSP MSP HSP SEM D P

Sows (n) 17 18 19

Day 2 post-farrowingc

Body weight, kg 260.4 265.4 264.4 5.1 0.76 0.49

LM, mm 54.3 56.4 56.4 1.1 0.28 0.24

BF, mm 17 18.4 17.7 1.2 0.74 0.81

Protein, kg 41.1 41.5 41.6 0.7 0.87 0.31

Fat, kg 51.5 54.4 53.2 2.4 0.71 0.88

Day 21 post-farrowingc

Body weight, kg 249.2 248.2 251.9 4.9 0.86 0.25

LM, mm 50.7 53.2 54.9 1.2 0.05 0.64

BF, mm 14.4 15.6 14.3 0.9 0.54 0.87

Protein, kg 40.1 39.5 40.6 0.7 0.59 0.26

Fat, kg 45.6 47 46.1 2.2 0.88 0.38

Day 2 to Day 21

Body weight loss, kg 13.5ab 17.3a 11.9b 1.6 0.04 0.29

LM loss, mm 4.9x 3.4xy 1.7y 1.0 0.09 0.49

BF loss, mm 2.9 2.4 3.1 0.4 0.50 0.13

Estimated protein loss, kg 1.4a 2.1b 1.0a 0.3 0.01 0.94

Estimated fat loss, kg 6.5 7.0 6.4 0.9 0.87 0.08

Protein efficiency, %c 63.2 66.1 68.4 2.6 0.38 0.73

D, diet [LSP/MSP/HSP, where LSP = low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein diet
(16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4; 5 = sows in
parity 5)]; LM, loin muscle thickness; BF, backfat thickness. a,bLSmeans within a
row with different superscripts differ significantly at p < 0.05. x,yLSmeans within a
row with different superscripts differ significantly at p < 0.1. cLSmeans compared
in models with treatments and sow parity class as explaining variables.

(Table 3; 1 = 2.2 mm, p = 0.09). Estimated protein losses were
highest in sows fed with MSP (Table 3). Estimated fat loss and
backfat loss, calculated protein and fat loss, and protein efficiency
were not different among the dietary treatments (Table 3).

As litter size was included as covariate in model 1, every
extra-piglet on Day 21 was estimated to result in 3.0 kg more
sow body weight loss (p < 0.01), 0.5 kg more sow body protein
loss (p < 0.01), and 0.8 kg more sow body fat loss (p < 0.01)
between Days 2 and 21, respectively. Moreover, sows with higher
backfat or loin muscle thicknesses on Day 2 were estimated to
lose more backfat (β = 0.3 mm/mm; p < 0.01) or loin muscle
(β = 0.3 mm/mm; p < 0.01) between Days 2 and 21 of lactation.

Litter Growth
Mean litter gain from Days 2 to 21 was 54.3 ± 1.2 kg and was
12.5± 0.4 kg in week 1 (Days 2–7), 21.4± 0.7 kg in week 2 (Days
7–14), and 20.3± 0.5 kg in week 3 (Days 14–21). The litter growth
of sows fed different diets did not differ significantly between
Days 2 and 21 (Table 4). However, in week 2 post-farrowing,
MSP litters tended to have a greater gain than litters of sows fed
with LSP (1 = 2.8 kg, p = 0.06). The parity of sows did not have
significant effects on litter growth performance either between
Days 2 and 21 or different weeks.

Milk Composition
On Day 6 post-farrowing, sows fed with MSP tended to
have a higher milk fat concentration compared to the sows
fed with LSP (1 = 1.6%, p = 0.09; Table 5). On Days
13 and 20, no significant differences in terms of the milk
composition were found.

TABLE 4 | Effects of slow protein level in the lactation diet and parity on litter gain
between Days 2 and 21 post-farrowing, in weeks 1, 2, and 3 post-farrowing
(LSmeans ± SEM).

Diet in lactation p-Value

LSP MSP HSP SEM D P

Litters (n) 19 19 19

Day 2 post-farrowingc

Litter size 13.1x 13.5y 13.3xy 0.1 0.09 0.92

Litter weight, kg 22.8 23.0 22.8 0.7 0.95 0.23

Day 21 post-farrowingc

Litter size 12.0 12.4 12.2 0.3 0.70 0.44

Litter weight, kg 72.8 78.8 74.8 2.7 0.26 0.87

Day 2 to Day 21,

Litter gain week 1, kg 12.3 12.8 12.4 0.6 0.80 0.30

Litter gain week 2, kg 20.2x 23.0y 21.3xy 0.8 0.06 0.40

Litter gain week 3, kg 19.0 21.2 20.0 0.8 0.23 0.43

Litter gain (day 2–21), kg 52.2 56.4 53.5 1.6 0.18 0.19

D, diet [LSP/MSP/HSP, where LSP, low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein
diet (16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4;
5 = sows in parity 5)]. x,yLSmeans within a row with different superscripts differ
significantly at p < 0.1. cLSmeans compared in models with treatments and sow
parity class as explaining variables.
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TABLE 5 | Sow milk fat, protein, and lactose concentrations on Days 6, 13, and
20 post-farrowing (LSmeans ± SEM).

Diet in lactation p-Value

LSP MSP HSP SEM D P

Day 6 post-farrowingc

Sows (n) 15 18 16

Milk fat,% 5.6x 6.9y 5.8xy 0.7 0.09 0.45

Milk protein,% 4.1 4.5 4.0 0.3 0.21 0.21

Milk lactose,%d 5.6 5.5 5.2 0.3 0.50 <0.01

Day 13 post-farrowingc

Sows (n) 17 18 15

Milk fat,% 4.9 5.2 5.3 0.4 0.80 0.71

Milk protein,% 3.5 3.8 3.7 0.2 0.62 0.74

Milk lactose,% 5.6 6.0 5.8 0.3 0.62 0.24

Day 20 post-farrowingc

Sows (n) 16 17 15

Milk fat,% 5.0 5.4 4.9 0.5 0.70 0.37

Milk protein,% 3.6 4.0 3.8 0.3 0.68 0.42

Milk lactose,% 6.0 6.1 5.9 0.3 0.95 0.78

D, diet [LSP/MSP/HSP, where LSP, low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein
diet (16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4;
5 = sows in parity 5)]. x,yLSmeans within a row with different superscripts differ
significantly at p < 0.1. cLSmeans compared in models with treatments and sow
parity class as explaining variables. dMilk lactose level of sows in parity class 4 was
lower than parity class 5 (4.9 < 6.0%, p < 0.01).

Plasma Metabolites and Insulin-Like
Growth Factor-1
On Day 6, sows fed LSP had a higher urea level in plasma than
sows fed MSP and HSP (1 = 1.3, p < 0.01, 1 = 1.8, p < 0.01,
respectively; Table 6), but had a lower level of NEFA compared
to the sows fed with HSP (1 = 0.1, p = 0.03; Table 6). On Day
13, sows fed with LSP had higher level of urea than sows in MSP
and HSP group (1 = 1.5, p < 0.01, 1 = 1.9, p < 0.01, respectively;
Table 6). On Day 20, both LSP and MSP sows had higher plasma
urea level than HSP sows (1 = 1.5, p < 0.01, 1 = 0.9, p = 0.05,
respectively, Table 6). The plasma CREA and IGF-1 levels were
not different. The parity of sows did not have significant effects
on blood parameters on Days 6, 13, and 20, except sows in parity
class 4 tended to have higher IGF-1 level than sows in parity
class 5 on Day 20.

Nitrogen Loss to the Environments
Mean nitrogen loss to the environment between Days 2 and 21
post-farrowing was 998.8 ± 39.2 g and did not differ between
the treatments (Table 7). However, sows fed with HSP had
higher nitrogen output in feces than sows fed with MSP and
LSP (1 = 12 g, p < 0.01, 1 = 38 g, p < 0.01, Table 7). The
estimated nitrogen output in urine did not differ significantly
between treatments (Table 7).

Relationships Between Sow Plasma
Parameters and Performance
Sow protein intake (total/slow/fast), plasma urea, CREA,
NEFA, and IGF-1 levels as measured on Days 6, 13, and

TABLE 6 | Sow plasma IGF-1 (ng/mL), urea (mmol/L), CREA (µmol/L), and NEFAs
(mmol/L) concentrations on Days 6, 13, and 20 post-farrowing (LSmeans ± SEM).

Diets in lactation p-Value

LSP MSP HSP SEM D P

Day 6 post-farrowingc

Sows (n) 18 18 16

IGF-1, ng/mL 90.2 93.1 81.5 6.1 0.39 0.68

Urea, mmol/L 4.9a 3.6b 3.1b 0.3 <0.01 0.37

CREA, µmol/L 169 172 160 6.2 0.39 0.66

NEFA, µmol/L 251x 323xy 408y 47.9 0.08 0.43

Day 13 post-farrowingc

Sows (n) 17 18 15

IGF-1, ng/mL 84.3 77.1 75.2 4.2 0.28 0.75

Urea, mmol/L 5.6a 4.1b 3.7b 0.3 <0.01 0.49

CREA, µmol/L 164 171 155 5.2 0.12 0.73

NEFA, µmol/L 212 273 272 37.6 0.41 0.84

Day 20 post-farrowingc

Sows (n) 16 17 17

IGF-1, ng/mL 73.4 70.7 76.4 4.3 0.63 0.07

Urea, mmol/L 5.5a 4.9a 4.0b 0.3 <0.01 0.28

CREA, µmol/L 172 173 164 6.3 0.52 0.81

NEFA, µmol/L 254 323 266 48.6 0.55 0.28

D, diet [LSP/MSP/HSP, where LSP, low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein
diet (16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4;
5 = sows in parity 5)]. a,bLS means within a row with different superscripts differ
significantly at p < 0.05. x,yLS means within a row with different superscripts differ
significantly at p < 0.1. cLSmeans compared in models with treatments and sow
parity class as explaining variables. dLSmeans compared in mixed models with
week as explaining variable and repeated measures.

TABLE 7 | Total nitrogen loss, fecal nitrogen output, and urinary nitrogen output
between Days 2 and 21 post-farrowing (LSmeans ± SEM).

Diets in lactation p-Value

LSP MSP HSP SEM D P

Sows (n) 19 19 19

Total nitrogen loss, g 1282 1256 1146 73 0.4 0.55

Fecal nitrogen, g 278a 304b 316c 4 <0.01 0.29

Urinary nitrogen, g 1003 953 832 71 0.24 0.58

D, diet [LSP/MSP/HSP, where LSP, low level of slow protein diet (8%);
MSP, medium level of slow protein diet (12%); HSP, high level of slow protein
diet (16%); P, parity class (4/5, where 4 = sows in parity 3 and parity 4;
5 = sows in parity 5)]. a−cLSmeans within a row with different superscripts differ
significantly at p < 0.05.

20 were correlated with the loss of sow weight, loin muscle,
backfat, estimated protein, and fat in mixed models, with the
measurements in different weeks being considered as repeated
observations (Table 8). Results showed that daily slow protein
intake was negatively correlated with the plasma urea level
(Table 8), whereas total protein intake was positively correlated
with plasma urea. CREA level was positively correlated with
the estimated protein loss (Table 8). NEFA level was negatively
correlated with the total digestible protein intake, fast protein
intake, but positively correlated with the slow protein intake, sow
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TABLE 8 | Relationships between sow blood plasma urea (mmol/L), CREA (µmol/L), NEFA (µmol/L), and IGF-1 (ng/ml) levels and sow total protein intake (g/d), sow slow
protein intake (g/d), sow fast protein intake (g/d), sow body weight (kg), loin muscle (mm), backfat (mm), estimated body protein (kg), and estimated body fat (kg) loss in a
21-day lactating period.

Item Urea CREA NEFA IGF-1

ra β b Pb ra β b Pb ra β b Pb ra β b Pb

Total digestible protein intake, g/d 0.34 0.004 0.02 0.16 0.002 0.61 −0.3 < −0.001 < 0.01 0.08 0.05 0.63

Slow protein intake, g/d −0.49 −0.01 < 0.01 −0.1 −0.1 0.46 0.2 < 0.001 0.1 −0.18 0.01 0.41

Fast protein intake, g/d 0.59 0.01 < 0.001 0.2 0.02 0.54 −0.37 < 0.001 < 0.01 0.18 0.05 0.23

Sow body weight loss, kg −0.09 −0.6 0.62 0.22 0.02 0.08 0.52 5.62 0.04 −0.32 −0.02 0.51

Sow loin muscle loss, mm −0.12 −0.3 0.23 0.08 −0.01 0.11 0.16 1.39 0.09 0.06 −0.01 0.28

Sow backfat loss, mm −0.38 −0.29 < 0.01 0.03 0.003 0.67 0.43 2.71 < 0.01 −0.12 −0.01 0.39

Sow estimated protein loss, kg 0.1 −0.05 0.26 0.22 0.004 0.02 0.32 0.56 0.46 −0.28 −0.01 0.68

Sow estimated fat loss, kg −0.32 −0.52 0.01 0.12 0.01 0.79 0.55 4.68 < 0.01 −0.23 −0.01 0.47

CREA, creatinine; NEFA, non-esterified fatty acid; IGF-1, insulin-like growth factor-1. aPearson’s correlation coefficients between items and mean plasma urea, CREA,
NEFA, and IGF-1 levels over Days 6, 13, and 20. bEstimate and p-value of mixed models as: Urea/CREA/NEFA/IGF-1 = items + week, with week as repeated measures.

body weight loss, sow backfat loss, and sow estimated fat loss
(Table 8). IGF-1 levels were not found to correlate with the sow
protein intake and sow body loss.

In separate weeks, simple correlation tests showed that urea
levels on Days 6, 13, and 20 were positively correlated with the
fast protein intake in weeks 1, 2, and 3, respectively (r = 0.61,
p < 0.01, r = 0.44, p < 0.01, r = 0.40, p < 0.01, in weeks 1, 2, and
3, respectively), but decreased with the increasing level of slow
protein intake (r =−0.58, p < 0.01, r =−0.60, p < 0.01, r =−0.49,
p < 0.01, in weeks 1, 2, and 3, respectively). IGF1 was not found
to correlate with either protein intake or sow body weight loss in
all three separate weeks.

DISCUSSION

The aim of this study is to investigate how dynamics of protein
digestion can affect protein utilization for milk production and
litter gain, thereby affecting maternal protein loss. In agreement
with our hypothesis, a high concentration of slow protein in
the diet (16% of total protein) appeared to result in the lowest
maternal body weight loss, lowest maternal protein mobilization,
and lowest loin muscle loss during lactation. Also, other
indicators that are related to dietary protein utilization, such as
blood urea, and calculated nitrogen efficiency pointed toward a
more efficient use of protein and sparing of maternal protein.

The effects of a high concentration of slow protein in
the diets on body protein breakdown were confirmed in the
previous research in humans. It had been showed that the
ingestion of casein, a slow protein source, reduced body protein
breakdown by 34% compared to whey protein, a fast protein
source (12). Feeding casein to young men resulted in greater
positive postprandial leucine balance over 7 h than feeding free
amino acids with a faster digestion rate but identical amino
acid composition to casein (22). Moreover, ingestion of whey
protein in repeated meals induced a slower amino acid release
pattern and inhibition of protein breakdown than the same
amount of whey protein in one meal (22). Beneficial effects
of slow protein digestion in terms of sparing body protein

mass may be attributed to a sustained amino acid delivery
to the peripheral circulation, as slow protein uptake (casein,
whey protein in repeated meals) resulted in a moderate and
prolonged plasma hyperaminoacidemia compared to fast protein
(free amino acid, whey protein in one meal) (22). Conversely, fast
protein ingestion would induce a strong and transient amino acid
delivery after ingestion (23), whereas only a part of these amino
acids could be deposited as protein since intracellular amino acid
concentration outreached the maximum for processing protein
synthesis (24), and the surplus amino acids would be catabolized
in the splanchnic bed as energy source. Soy protein, which can
be rapidly digested and absorbed, would preferably be locally
catabolized (up to 30%) after uptake by human, which results
in higher urea production, and limit the peripheral accretion
of soybean proteins (down to –20%) compared to milk protein
which has a slower digestion rate (11). This finding was also
supported by the increase in urea production with increasing
level of fast protein intake in this study. Slow protein intake
could induce sustained amino acid delivery to periphery, which
improves the protein synthesis, which leads to inhibition of body
protein break down.

In our study, the total weight loss of sows during lactation did
not follow a linear response to increasing level of slow protein,
as the weight loss of sows fed a low, medium, and high levels of
slow protein was 13.5, 17.3, and 11.9 kg, respectively. The litters
of sows fed the low level of slow protein in this study gained 8%
less than litters of sows fed the medium level of slow protein,
and those sows fed the low level of slow protein had 2% greater
digestible protein intake, due to differences in digestibility of slow
and fast protein diets, which might lead to less lactational burden
and higher total amino acid availability for these sows, sparing
body reserves mobilization. However, when including litter gain
and/or protein intake into the model that compared sow weight
loss between treatments, these two factors were not significant,
and the least square means of sow weight loss did not turn to a
linear response to slow protein level in the diet.

In this study, parity did not show any effects on sow body
losses, protein utilization efficiency, and any interaction with the
impacts of the level of slow protein in the sow diet. Previous
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studies on humans stated that the effects of slow and fast protein
seen in younger subjects might be weakened with aging (10,
22), since some of the factors that affect digestion patterns of
protein are age-related, such as gastric emptying rate (25, 26) and
gastric acid secretions (27). In this study, sow parity was highly
concentrated at parity 4 and parity 5, and it has to be realized that
the effects of protein kinetics may vary in younger parity sows.

Levels of sow blood urea, NEFA, and CREA were evaluated,
as they are associated with various metabolic activities and body
reserve mobilization. Urea is a common indicator of amino acid
catabolism. When amino acids are not used for protein synthesis,
the carbon skeletons (α-keto acids) from amino acids will be
used as fuel in the liver and oxidized, the remaining amine part
of amino acids, in the form of ammonia, will participate in the
urea cycle with carbamoyl phosphate synthetase-1, and urea will
be released to the blood before being excreted via the kidney
(28). Urea can therefore be of dietary origin, however, may also
originate from mobilized protein reserves. In this study, a high
fast protein intake led to higher plasma urea level throughout
the lactation, which indicates that fast released amino acids were
more readily catabolized to be used as energy, rather than being
used for protein synthesis, which matches the higher level of
estimated body protein losses compared to sows fed slow protein.
This is in line with the results which indicated that the fast protein
intake (whey protein) in humans resulted in a higher percentage
of dietary nitrogen to be lost as urea, compared to the slow
protein (casein) intake (28 > 22%, p < 0.05) (11).

Creatinine in the circulation is recognized as an indicator
of protein mobilization. As expected, sow plasma CREA was
positively related to estimated protein reserve loss in this study
(β = 0.004 µmol/L·kg−1, p = 0.02). However, even though sows
fed with a high level of slow protein had the lowest estimated
protein loss and a tendency for lower loin muscle loss, plasma
CREA in these sows was only numerically lower during lactation.
Similarly, increasing levels of dietary protein (from 12.8 to 17.8%)
during lactation in multiparous sows tended to reduce estimated
body protein loss but did not affect blood CREA levels (29).
Nevertheless, multiparous sows fed 20.1% compared to 18.8%
crude protein had lower blood CREA concentration at weaning
(1.65 vs. 1.85 mg/dL, p < 0.05), which was accompanied by
a lower body weight loss (20.1 vs. 23.4 kg) (7). One of the
reasons that no differences were found in plasma CREA between
treatments in this study could be that blood samples were
collected 4 h after the morning feeding, at a time when protein
mobilization may be temporarily suppressed by dietary protein
intake.

Non-esterified fatty acid, an intermediate product from
triglycerides to acetyl CoA for supporting ATP synthesis, is
widely recognized as a marker for adipose tissue catabolism
(30–32). In these results, plasma NEFA appeared to correlate
positively with estimated fat loss and backfat loss (β = 4.68
µmol/L kg−1, p < 0.01; β = 2.71 µmol/L mm−1, p < 0.01,
respectively). Given that there were no differences between
treatments in fat loss and backfat loss, we expected to see no
differences in NEFA, whereas on Day 6, sows fed a diet high
in slow protein tended to have higher plasma NEFA than sows
fed a diet low in slow protein. We speculate that the energy

requirement of milk protein synthesis in sows fed more slow
protein was compensated by fat tissue mobilization, due to
a lack of catabolic use of amino acid. The protein turnover
for milk synthesis is an energetically costly process (33). An
increasing concentration of dietary protein increased backfat
mobilization, which suggested that more energy was required
with an increased level of available amino acids (8). In our study,
in sows fed with more fast protein, a higher proportion of the
energy used for protein synthesis might have come from local
catabolic use of amino acids, as urea levels were higher in these
sows. Furthermore, fast protein intake was found to negatively
correlate with plasma NEFA level (r = −0.37, p < 0.01), and
slow protein intake was not related to NEFA level. This suggests
that fast protein can better cover the energy demand during the
absorption and synthesis of NEFA with stronger catabolic use of
amino acid than slow protein.

Insulin-like growth factor-1 is also considered as a key
metabolic indicator in lactating sows. A low IGF-1 level is
commonly associated with a greater negative energy balance (34).
In this study, plasma IGF-1 did not show significant relationships
with body weight, protein, or fat reserve loss, and moreover,
IGF-1 did not respond to the slow protein level in the sow
diet. Similarly, sows fed with either 10.5 or 16.6% dietary crude
protein, lost 17.3 and 10.6% of their body protein during lactation
(p < 0.001), had similar blood IGF-1 levels at weaning (54.9
vs. 57.4, ng/mL, p = 0.322) (35). However, sows that lost more
protein mass (4.1 kg) during lactation were found to have lower
plasma IGF-1 level before weaning than sows that lost less protein
mass (2.0 kg; p < 0.01) (36). Across studies, sows that had lower
plasma IGF-1 level had higher total weight loss at lactation than
those sows without differences in IGF-1 level (19–30 > 10–17 kg)
(35, 36). This suggests that IGF-1 level may only respond when
sows have higher degree of body reserve mobilization.

The metabolic status of sows in lactation is crucial to the
growth of suckling piglets when it impacts on milk production.
In this study, different levels of slow protein in the sow diet did
not elicit changes in milk protein, fat, or lactose concentrations.
Also, as a reflection of total milk production, the total weight
gain of litters did not respond to the level of dietary slow protein.
In lactating sows, milk production is recognized to have highest
priority (37), and given that the protein derived from body
protein tissue mobilization can only account for a small part of
milk protein (6), the milk protein may largely originate from
dietary protein. The previous studies indicated that elevating
dietary protein level could increase milk protein output (8, 38, 39)
and improved weight gain of suckling litters (8, 40). When dietary
protein supply is insufficient, sows will mobilize more body
protein tissue to support milk production (6). Therefore, for this
study, it was expected that slow protein could be a better source
for milk synthesis, given that sows fed with higher level of slow
protein maintained the same ability to sustain milk production
while mobilizing less body protein. However, it was not measured
to what extent milk protein content originated from dietary
protein or from mobilized maternal protein reserves. To confirm
the beneficial effect of slow dietary protein on the use of protein
for milk, further studies powered by isotopic tracing technique
are needed. Furthermore, as feeding fast protein repeatedly could
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slow down its digestion rate (10), the contrast between fast and
protein sources might be reduced in this study, as diets were
given to sows in three repeated meals per day, and therefore,
the potential effects of protein kinetics on total milk production
might be attenuated.

For modern pig production, feeding sows in a more
environmentally friendly way is of significant importance to
achieve sustainability. Thus, this study investigated whether
protein kinetics can improve protein utilization and thereby
reduce nitrogen excretion. Total nitrogen output was not
different between the treatments. However, sows fed with a high
level of slow protein had more nitrogen in their feces than sows
fed with low or medium levels of slow protein, because of the
lower apparent digestibility of the slow protein diet compared
to the fast protein diet. By contrast, the nitrogen output in
urine was estimated to be higher in sows fed with low slow
protein than sows subjected to high slow protein, because of
the increased deamination of amino acids. This was supported
by increased conversion of ingested nitrogen to urea after fast
protein (soy protein) uptake than slow protein (milk protein)
uptake by humans (11).

CONCLUSION

Feeding protein sources with a high fraction of slowly degradable
protein to multiparous sows reduced body weight loss and
protein mobilization during lactation, without affecting litter
growth performance. The high level of slow protein likely
reduced oxidation of amino acids, as evidenced by lower
blood plasma urea level throughout lactation, thereby increasing
the available substrate for milk protein synthesis. The exact
metabolism of nitrogen and the use of dietary and maternal
protein for milk production and final losses to urine and faces
need to be established in further studies.
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