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Reducing dietary crude protein for gestating @«
and lactating sows reduces daily nitrogen
retention, but reproductive performance
is not impacted by diet protein concentration

Jimena A. Ibagon', Su A Lee' and Hans H. Stein'”

Abstract

Background Soybean meal (SBM) is a primary protein source in swine diets, but partial replacement with crystalline
amino acids (AA) is commonly used to reduce dietary protein. Adequate dietary protein and energy are essential

to support fetal development, milk production, and litter growth. However, crystalline AA are absorbed more rapidly
than AA from intact protein, which may limit protein synthesis due to a lack of AA availability. Therefore, an experiment
was conducted to test the hypothesis that feeding sows diets based primarily on corn, SBM, and no crystalline AA

will result in improved reproductive performance and immunity of sows compared with sows fed diets with less SBM
and more corn and crystalline AA.

Results Nitrogen excretion in feces and urine, absorbed nitrogen, and retained nitrogen (g/d) were greater (P<0.05)
in gestating sows fed the high-protein diet compared with sows fed the low-protein diet. Rectal temperature 24 h
after farrowing of sows fed the low-protein diet was greater (P<0.05) compared with sows fed the high-protein diet.
Number of live-born and total born pigs was not different between treatments, but sows fed the high-protein diet
tended to produce fewer (P<0.10) mummified pigs than sows fed the low-protein diet. Malondialdehyde was greater
(P<0.05) in sows fed the low-protein diet, but serum glutathione peroxidase and white blood cell count were

greater (P<0.05) in sows fed the high-protein diet. Colostrum immunoglobulin G and concentrations of fat, protein,
urea nitrogen, lactose, and immunoglobulin G were greater (P<0.001) in milk from sows fed the high-protein diet
than in milk from sows fed the low-protein diet.

Conclusions Feeding a low-protein diet to gestating sows decreased daily nitrogen retention. Reproductive performance
was not affected, but feeding a high-protein diet without crystalline AA resulted in greater concentrations of fat, protein,
and lactose in milk and improved immune-related characteristics compared with feeding a low-protein diet.
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Background
Soybean meal (SBM) is an important protein source that
is often used to furnish the majority of amino acids (AA)

*Correspondence: in diets for sows, but reduction in SBM and inclusion of

Hans H. Stein crystalline AA may sometimes reduce diet costs [1]. Over
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USA improved due to genetic selection, resulting in litters that

can exceed 20 pigs [2]. This increase in prolificacy has
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increased the metabolic demands for AA and energy dur-
ing both gestation and lactation [2—4]. Adequate energy
intake in gestation supports fetal growth and mammary
development [5], but excessive energy intake during ges-
tation may reduce feed intake during lactation, which
has a negative impact on milk production [6]. However,
high protein intake during gestation improves milk pro-
duction, protein accretion, and litter and pig weight at
weaning [7], but it may also result in an increase in fat
accretion because greater nutrient supply promotes both
protein and lipid deposition in gestating sows [8].

Although crystalline AA may support growth per-
formance, protein synthesis can only occur when all
required AA are simultaneously available in the cell [9].
Crystalline AA may be absorbed more rapidly than AA
from intact proteins, which may result in early oxidation
of crystalline AA before AA from intact protein arrives
in the cell, limiting protein synthesis [10, 11]. It is, there-
fore, unknown, if low-protein diets containing crystalline
AA can support the same reproductive performance, lit-
ter growth, and immune status of sows as feeding diets
that are based on only corn and SBM and no crystalline
AA. An experiment was, therefore, conducted to test
the hypothesis that feeding sows diets based primarily
on corn and SBM, and with no crystalline AA may result
in improved reproductive performance and immunity of
sows compared with sows fed diets with less SBM and
more corn and crystalline AA.

Methods

The Institutional Animal Care and Use Committee at the
University of Illinois reviewed and approved the protocol
for the experiment before animal work was initiated. The
experiment was conducted at the Swine Research Center
at the University of Illinois at Urbana-Champaign (IL,
USA) from August 2023 to May 2024.

Experimental diets

Two gestation diets and two lactation diets were formu-
lated to meet estimated requirements for AA and other
nutrients by gestating and lactating sows [12] (Table 1).
Within each phase of production, one diet was a high-
protein diet in which AA were furnished by corn and
SBM, and the other diet was a low-protein diet in which
the inclusion of SBM was reduced and crystalline AA
were included to meet requirements for gestating or lac-
tating sows. Both gestation diets also contained soybean
hulls. The high-protein gestation and lactation diets con-
tained 17.00% and 24.34% SBM, respectively, whereas
the low-protein gestation diet contained 7.65% SBM, and
the low-protein lactation diet contained 12.60% SBM.
All diets were fed as mash diets. Twelve batches of gesta-
tion diets and seven batches of lactation diets were mixed
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during the experiment. Diet samples were collected from
each batch, and at the conclusion of the experiment, diet
samples were pooled and subsampled for chemical analy-
sis. Ingredient samples were also collected, pooled, and
subsampled for analysis.

Animals, housing, and feeding

Gestation housing and feeding

A total of 154 Camborough gilts and sows (Pig Improve-
ment Company, Hendersonville, TN, USA) were bred
to terminal line boars (Pig Improvement Company
L 800). The initial body weight was 190.0 + 26.8 kg. Sows
and gilts were used in eight blocks of 20 to 28 animals,
using a randomized complete block design. The breed-
ing group was the blocking factor. Within each block,
animals were allotted to experimental diets on the day of
breeding, with parity balanced between treatments, and
feeding of gestation diets started on the day of breeding
and continued until d 104 of gestation. At this time, sows
were moved to the lactation facility, and feeding of the
lactation diets was initiated. During gestation, sows were
housed individually in gestation stalls (2.10m X 0.60 m).
During the gestation period, daily feed allotments were
provided at 0600 h. Feed allowance was 1.5 times the
maintenance requirement for metabolizable energy for
gestating sows (i.e., 100 kcal metabolizable energy/kg
body weight®¢%; [12]), but feed allowance was adjusted
every other week, to maintain or achieve an ideal sow
body condition by visual scoring (approximately 3.0 on a
1 to 5-point scale; [13]).

Nitrogen balance

From the 154 animals that were initially assigned to the
experimental diets, 90 sows (parity 2 to 6) were placed
in individual metabolism crates (0.91 mx2.08 m) from
d 45 to 56 (i.e., mid-gestation). Within each block, sows
were evenly distributed between the two treatments and
with the same parity, with 12 sows in blocks one through
six (i.e., six sows per treatment) and nine sows in blocks
seven and eight (i.e., four or five sows per treatment), for
a total of 44 and 46 sows for the high-protein and low-
protein diets, respectively. Crates were equipped with a
self-feeder, a nipple waterer, and a fully slatted floor to
allow for total, but separate, collection of urine and fecal
materials. The selected 90 sows had an average parity of
3.4+1.3, and an average body weight of 200.4+18.5 kg
when moved to the metabolism crates. A screen floor
was installed under the slatted floor, and feces were
quantitatively collected from the screen floor. A urine
tray was installed under the screen floor, and urine was
captured in this tray and drained into a urine bucket that
was placed under the tray, which allowed for quantita-
tive collection of urine. The initial 3 d in the metabolism
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Table 1 Ingredient and nutrient compositions of experimental diets (as-fed basis)

Item Gestation Lactation

High protein Low protein High protein Low protein

Ingredient, %

Corn 68.89 77.61 70.780 81.65
Soybean meal 17.00 7.65 2434 12.60
Soybean hulls 10.00 10.00 - -
Soybean oil 1.00 1.00 2.00 2.00
L-Lys-HCI - 0.29 - 037
DL-Met - 0.06 - 0.02
L-Thr - 0.12 - 0.12
L-Trp - 0.03 - 0.04
L-Val - - - 0.15
Dicalcium phosphate 142 1.58 1.28 147
Calcium carbonate 0.79 0.76 0.70 0.67
Sodium chloride 0.40 0.40 040 040
Vitamin-mineral premix’ 0.50 0.50 0.50 0.50
Analyzed nutrients
Dry matter, % 85.34 84.66 84.46 83.76
Ash, % 4.16 417 211 2.21
Crude protein, % 14.14 11.19 16.14 12.60
Gross energy, kcal/kg 3,901 3,808 3,890 3,832
Indispensable amino acids, %
Arg 0.79 0.55 0.98 0.65
His 0.36 028 0.45 0.31
lle 0.58 042 0.72 049
Leu 1.28 1.01 148 1.16
Lys 0.74 0.73 0.87 0.83
Met 022 0.21 0.25 022
Phe 0.69 051 0.82 0.59
Thr 051 048 0.60 0.55
Trp 0.12 0.10 0.18 0.13
Val 0.68 051 0.80 0.72
Total 597 4.80 715 565
Indispensable amino acids as % of total 44.79 46.33 45.77 47.80
Dispensable amino acids, %
Ala 0.76 0.62 0.85 0.69
Asp 1.30 0.90 1.55 1.02
Cys 0.24 0.19 0.26 0.22
Glu 2.50 1.85 2.96 2.1
Gly 061 047 0.66 046
Pro 0.88 0.72 097 0.79
Ser 0.60 047 0.68 0.51
Tyr 047 034 0.54 037
Total 7.36 5.56 847 6.17
Dispensable amino acids as % of total 55.21 5367 54.23 5220
Total amino acids, % 1333 10.36 15.62 11.82

" The vitamin-micromineral premix provided the following quantities of vitamins and micro minerals per kg of complete diet: vitamin A as retinyl acetate, 10,622 IU;
vitamin D5 as cholecalciferol, 1,660 IU; vitamin E as DL-alpha-tocopherol acetate, 66 IU; vitamin K as menadione nicotinamide bisulfate, 1.40 mg; thiamin as thiamine
mononitrate, 1.08 mg; riboflavin, 6.49 mg; pyridoxine as pyridoxine hydrochloride, 0.98 mg; vitamin B;,, 0.03 mg; D-pantothenic acid as D-calcium pantothenate,

23.2 mg; niacin, 43.4 mg; folic acid, 1.56 mg; biotin, 0.44 mg; Cu, 20 mg as copper chloride; Fe, 123 mg as iron sulfate; I, 1.24 mg as ethylenediamine dihydroiodide; Mn,
59.4 mg as manganese hydroxychloride; Se, 0.27 mg as sodium selenite and selenium yeast; and Zn, 124.7 mg as zinc hydroxychloride
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crates were considered the adaptation period, whereas
urine and fecal materials were collected from feed pro-
vided during the following 5 d according to standard pro-
cedures using the marker-to-marker approach [14]. Fecal
collection was initiated when the first marker (i.e., indigo
carmine) appeared in the feces and ceased when the sec-
ond marker (i.e., ferric oxide) appeared [14]. After the
5 d of collection, sows stayed in the metabolism crates for
three additional d until appearance of the second marker
was confirmed. To avoid nitrogen loss in the urine,
50 mL of 6 mol/L HCI was added to the urine bucket
daily. Buckets were emptied daily, and the weight of the
collected urine was recorded, and 10% was stored at
—20 °C until subsampling. Orts were collected daily prior
to feeding the morning meal, pooled for the duration of
the collection period, dried in a 65 °C forced-air drying
oven (Thermo Fisher Scientific Inc.; model Heratherm
OMH?750, Waltham, MA, USA), and weighed to deter-
mine feed intake during the collection period. Fecal
samples from each animal were stored at —20 °C imme-
diately after collection. Urine samples were thawed and
mixed within animal and diet at the conclusion of the
experiment, and a subsample was stored for nitrogen
analysis. Fecal samples from each sow were thawed and
mixed, and then dried in a 65 °C forced-air drying oven
as described for orts. All dried fecal samples were finely
ground using a 500 G stainless steel swing-type mill
grinder (RRH, Zhejiang, China), and the ground samples
were mixed, and a subsample was collected for chemical
analysis.

Lactation housing, feeding, and performance

Sows were moved to the lactation unit on d 104 of ges-
tation and housed individually in farrowing crates. Each
farrowing crate (2.10m X 1.50 m) was equipped with a
stainless-steel feeder and two nipple waterers. Sows were
fed experimental lactation diets starting the day they
were moved to the lactation unit. Sows were fed as in
gestation from entry to the farrowing unit until farrow-
ing, but diets were provided on an ad libitum basis from
farrowing until weaning and water was available at all
times. According to normal farm procedures, all litters
were offered a standard creep diet from d 14 post-farrow-
ing until weaning.

Sow body weights were determined on the day of
breeding, when sows were moved in and out of metabo-
lism crates, when sows were moved to the lactation barn,
within 24 h after farrowing, and on the day of weaning.
Weaning took place at 20.39 £0.71 d post-farrowing. On
the day of farrowing and 24 h later, the rectal tempera-
ture of each sow was measured using a digital thermom-
eter while no feeding or nursing activity took place.
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The number and body weight of pigs born alive, the
number of mummies, stillborn pigs, and total pigs per
litter after cross-fostering were recorded, and pigs were
weighed again at weaning. For both dietary treatments,
cross-fostering was completed within 24 h of farrow-
ing and pigs were only cross-fostered within treatment
group, and each sow had approximately 14 pigs after
cross-fostering. Following normal farm procedures, pigs
weighing less than 0.9 kg at birth were considered low
vitality and euthanized. The weight of pigs that died dur-
ing lactation, as well as the reason for death (crushed
by sow, low vitality/starved, rupture, or euthanized due
to congenital deformity), were recorded. Pigs were pro-
cessed within 24 h of birth. Processing included clip-
ping needle teeth, docking tails, castrating male pigs,
administering iron dextran (Uniferon, Pharmacosmos,
Watchung, NJ, USA), and ceftiofur antibiotic (Excede,
Zoetis, Parsippany, NJ, USA), and also ear notching for
identification.

Blood and milk sample collection

Blood samples were collected from all sows 14 d post-
farrowing. Two blood samples were collected from
the jugular vein via venipuncture. One blood sample
was collected in vacutainers with ethylenediaminetet-
raacetic acid, and the other blood sample was collected
in serum vacutainer tubes containing spray-coated silica
as a serum clot activator. Blood samples were stored on
ice immediately after collection, and ethylenediami-
netetraacetic acid blood samples were delivered to the
University of Illinois Veterinary Diagnostic Laboratory
(Urbana, IL, USA) for analysis of white blood cells, neu-
trophil, and lymphocyte cell counts in the whole blood.
The blood collected from the serum vacutainer tubes
was allowed to clot and then centrifuged at 1,000x g
for 10 min at room temperature. Serum was removed
from centrifuged tubes and stored at —80 °C until anal-
ysis. Colostrum samples were collected within 24 h of
farrowing, and milk samples were collected on d 14
post-farrowing following administration of 1 mL oxy-
tocin (Bimeda-MTC Animal Health Inc., Cambridge,
ON, Canada) intramuscularly. Approximately 70 mL
of colostrum or milk was collected in 50 and 25 mL
conical sterile polypropylene centrifuge tubes from
the first five functional teats on each side of the mam-
mary gland. Colostrum and milk samples were stored
at—20 °C immediately after collection. Prior to shipping
milk for component analysis, all samples were thawed,
placed in 60-mL tubes containing a milk preservative,
and a subsample of 10 mL was placed in a separate tube
for later analysis.
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Chemical analyses

Ingredients, diets, and fecal samples were analyzed for
dry matter by oven drying at 135 °C for 2 h (method
930.15; [15]) and for dry ash (method 942.05; [15]). The
concentration of nitrogen in diets and ingredients was
analyzed using the Kjeldahl method (method 984.13;
[15]) on a Kjeltec™" 8400 (FOSS Inc., Eden Prairie, MN,
USA) with subsequent calculation of crude protein using
a conversion factor of 6.25. These samples were also ana-
lyzed for AA on a Hitachi Amino Acid Analyzer (Model
No. L8800; Hitachi High Technologies America, Inc.,
Pleasanton, CA, USA) using ninhydrin for postcolumn
derivatization and norleucine as the internal stand-
ard. Prior to analysis, samples were hydrolyzed with 6
mol/L HCI for 24 h at 110 °C (method 982.30 E(a); [15]).
Methionine and Cys were determined as Met sulfone
and cysteic acid after cold performic acid oxidation over-
night before hydrolysis (method 982.30 E(b); [15]). Tryp-
tophan was determined after NaOH hydrolysis for 22 h
at 110 °C (method 982.30 E(c); [15]). Ingredients were
analyzed for phytic acid [16], and total starch was deter-
mined using the amyloglucosidase-alpha-amylase pro-
cedure corresponding to the enzymatically hydrolyzed
starch converted to glucose, followed by analysis of the
glucose concentration by spectroscopy (method 996.11;
[15]), whereas glucose, sucrose, maltose, fructose, stachy-
ose, and raffinose were analyzed using high-performance
liquid chromatography (method 977.2; [15]). Acid hydro-
lyzed ether extract was also analyzed by acid hydroly-
sis using 3 mol/L HCl (Ankom HCI Hydrolysis System,
Ankom Technology, Macedon, NY, USA), followed by fat
extraction (Ankom XT-15 Extractor, Ankom Technology,
Macedon, NY, USA). Insoluble dietary fiber and soluble
dietary fiber were also analyzed in ingredients according
to method 991.43 [15] using the Ankom Dietary Fiber
Analyzer (Ankom Technology). Total dietary fiber was
calculated as the sum of insoluble dietary fiber and solu-
ble dietary fiber. Soybean meal and soybean hulls were
also analyzed for trypsin inhibitors (method Ba 12-75;
[17]). Fecal and urine samples were analyzed for nitro-
gen as described for diets. Milk samples were analyzed
by Eastern Laboratory Services (Medina, OH, USA) for
fat, free fatty acids, protein, milk urea nitrogen (MUN),
lactose, other solids, total solids, and somatic cell count
(SCC) using a Milkoscan 7 calibrated for bovine milk
(Foss, Hillerad, Denmark), and colostrum samples were
analyzed for protein, fat, and total solids. Concentrations
of interleukin (IL)-1«, IL-1B, IL-1 receptor antagonist,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, interferon-y
(IFNY), and tumor necrosis factor-a (TNF-a) in serum
samples were measured using a porcine-specific mul-
tiplex immunoassay kit (MilliporeSigma, Burlington,
MA, USA) and read with a Luminex MagPix instrument
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(Luminex Corporation, Austin, TX, USA). Malonalde-
hyde and glutathione peroxidase in serum samples were
determined by enzyme-linked immunosorbent assay fol-
lowing the manufacturer’s instructions (MyBioSource,
Inc., San Diego, CA, USA). Immunoglobulin G (IgG) in
milk and colostrum was also determined by enzyme-
linked immunosorbent assay following the manufactur-
er’s instructions (Bethyl Laboratories, Inc., Montgomery,
TX, USA).

Calculations and statistical analyses
At the conclusion of the gestation period, the apparent
total tract digestibility (ATTD) of dry matter and nitro-
gen, retention of nitrogen, and biological value of nitro-
gen were calculated [12, 18]. Data for body weight gain in
gestation, body weight loss in lactation, average daily feed
intake (ADFI) in gestation and lactation, estimated milk
yield (calculated as 4 g milk per g of litter body weight
gain; [19]), and litter performance data were calculated.
Litter performance data were calculated for each sow
and included number of total pigs born, live born pigs,
mummified pigs, and still born pigs; number of pigs after
cross-fostering; number of pigs weaned; and pig mortal-
ity rates (calculated as the percentage of live born pigs
that died before weaning before and after adjusting for
cross-fostering). Total live litter birth weight, litter birth
weight after cross fostering, litter weight at weaning, and
litter average daily gain (ADG) were calculated as well.
Average pig weights and ADG were also calculated.
Model assumptions on the residuals were confirmed
using the MIXED procedure and the Brown-Forsythe
test of the GLM procedure of SAS (SAS Inst. Inc., Cary,
NC, USA). The MIXED procedure of SAS was used to
generate studentized residuals, and outliers were defined
as observations having residuals greater than 3 or less
than—3. A sow was excluded from statistical analysis if
three or more response variables were identified as outli-
ers, but of the 154 sows that farrowed, only one sow from
the high-protein diet was identified as an outlier and
excluded from statistical analyses. All other sows were
included in the final analysis. Except for the number of
pigs born alive, the number of mummies, stillborn pigs,
and total pigs born per litter, data were considered con-
tinuous variables and analyzed using the MIXED proce-
dure in SAS. The number of pigs born alive, mummified
pigs, stillborn pigs, and the total pigs born per litter were
considered discrete count variables and analyzed using
the GLIMMIX procedure in SAS. Mortality data were
considered binomial variables and were also analyzed
using the GLIMMIX procedure in SAS. The initial sta-
tistical model for the MIXED and the GLIMMIX pro-
cedures included the fixed effects of diet, and block and
replicate within block as random effects. However, for
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litter performance response variables, litter weight after
cross-fostering was included as a covariate to account for
variation in litter weight. The sow was the experimental
unit for all sow-related variables, whereas the litter was
the experimental unit for litter performance variables.
Least square means for somatic cell count and cytokines
were reported in the original scale after back-trans-
forming (inverse log) the output from the LSMEANS
statement in the MIXED procedure. The LSMEANS
statement was used to calculate treatment means for all
other variables in the MIXED procedure, along with the
inverse link option in the GLIMMIX procedure. Results
were considered significant at P<0.05 and considered a
tendency at 0.05<P<0.10.

Results

The chemical compositions of the diets and the ingredi-
ents were, in general, in agreement with expected values
(Tables 1 and 2).

Nitrogen balance

Dietary treatment did not affect the initial or final body
weight, daily feed intake, weight of feces and urine, or
the ATTD of dry matter (Table 3). Daily nitrogen intake,
nitrogen excretion in feces and urine, absorbed nitro-
gen, ATTD of nitrogen, and retained nitrogen (g/d) were
greater (P<0.05) for sows fed the high-protein diet com-
pared with sows fed the low-protein diet. However, nitro-
gen retention as a percentage of intake and biological
value were not different between treatments.

Reproductive parameters

Differences in body weights of sows between treatment
groups were not observed at breeding (Table 4), but sows
and gilts fed the high-protein diet were heavier (P<0.05)
on d 104 compared with sows fed the low-protein diet,
and no difference between treatments in the weight of
sows at weaning was observed. The ADG tended to be
greater (P<0.10) for sows fed the high-protein diet com-
pared with sows fed the low-protein diet during the ges-
tation period, but no difference in ADG was observed
during the lactation period. There was no difference
between treatments in daily feed intake from breeding
to d 104, from d 104 to farrowing or during the lactation
period. The temperature of sows fed the low-protein diet
was greater (P<0.05) than that of sows fed the high-pro-
tein diets at the time of farrowing and 24 h later.

The total number of pigs born per litter, total num-
ber of pigs born alive per litter, number of stillborn pigs
per litter, and pigs per litter after cross-fostering were
not different between the two treatments (Table 5), but
sows fed the high-protein diet tended to produce fewer
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Table 2 Analyzed composition (as-is basis) of ingredients used
in gestation and lactation diets

Item Corn Soybean meal Soybean hulls
Dry matter, % 87.86 89.66 90.01
Ash, % 126 641 455
Crude protein, % 8.01 47.10 10.99
Acid hydrolyzed ether extract, 3.68 281 1.80
%
Total dietary fiber, % 12.10 1830 66.70
Insoluble dietary fiber, % 1150 16.30 62.90
Soluble dietary fiber, % 060 200 3.80
Phytic acid, % 063 159 0.16
Starch, % 6230 096 0.96
Glucose, % 032 005 0.19
Maltose, % 052 038 0.05
Fructose, % 0.07 0.08 0.14
Sucrose, % 0.52 650 0.45
Stachyose, % 0.08 544 0.64
Raffinose, % 009 1.1 0.16
Trypsin inhibitors, units/mg - 0.04 4.53
Indispensable amino acids, %
Arg 034 310 0.59
His 021 114 0.28
lle 028 206 0.51
Leu 089 336 0.85
Lys 024 283 0.78
Met 016 065 0.13
Phe 038 226 047
Thr 028 175 047
Trp 0.05 060 0.06
Val 037 219 0.55
Dispensable amino acids, %
Ala 056 1.90 0.52
Asp 055 500 1.21
Cys 017 066 0.25
Glu 145 803 142
Gly 031 184 091
Pro 063 223 062
Ser 035 185 0.59
Tyr 022 161 046
Total amino acids, % 744  43.06 1067

mummified pigs than sows fed the low-protein diet
(P<0.10). Live litter birth weight was not affected by
diet, but the number of pigs with congenital deformi-
ties tended to be greater (P<0.10) for sows fed the high-
protein diet than for sows fed the low-protein diet. Litter
weight after cross-fostering was greater (P<0.05) for sows
fed the high-protein diet than for sows fed the low-pro-
tein diet, but the individual pig weight after cross-foster-
ing was less (P<0.05) for sows fed the high-protein diet
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Table 3 Effects of dietary protein on apparent total tract
digestibility (ATTD) of dry matter and nitrogen balance of
gestating sows'

Item Diet SEM  P-value
High protein Low protein
Initial body weight, kg 201.13 200.36 3733 0823
Final body weight, kg 209.36 208.30 3.810 0.765
Feed intake, kg/d 223 222 0.027 0.575
Dry feces output, g/d 0.21 0.21 0.005 0.237
ATTD of dry matter, % 89.93 90.10 0215 0.515
Urine output, kg/d 14.22 12.86 1.540 0491
Nitrogen intake, g/d 5224 39.74 0.557 <0.001
Nitrogen excretion 6.77 6.05 0.198 0.001
in feces, g/d
Absorbed nitrogen, g/d =~ 4547 33.69 0.501 <0.001
ATTD of nitrogen, % 87.04 84.79 0386 <0.001
Nitrogen excretion 20.45 15.40 0.666 <0.001
in urine, g/d
Retained nitrogen, g/d 24.96 18.28 0.764 <0.001
Nitrogen retention, % 47.79 45.85 1422 0338
of intake
Biological value?, % 54.82 54.15 1702 0.771
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' Data are least-squares means of 44 observations in the high-protein and 46 in
the low-protein diet

2 Calculated by dividing retained nitrogen by absorbed nitrogen and multiplying
by 100 [18]
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than for sows fed the low-protein diet. No differences
between treatments were observed in litter ADG or indi-
vidual pig ADG during lactation. Likewise, there was no
difference in the number of pigs weaned per litter, in lit-
ter weaning weight, or in individual pig body weight at
weaning. Pigs from sows fed the low-protein diet tended
to have a greater (P <0.10) survival rate after cross-foster-
ing than pigs from sows fed the high-protein diet. Mor-
tality due to crushing after cross-fostering tended to be
greater (P<0.10) for sows fed the high-protein diet than
for sows fed the low-protein diet, but there was no effect
of dietary treatment for the other causes of mortality
after cross-fostering.

Milk composition and immune response
The concentration of fat and total solids in colostrum
was not affected by diet (Table 6), but the concentration
of fat, free fatty acids, protein, MUN, and lactose was
greater (P<0.05) in the milk collected on d 14 from sows
fed the high-protein diets compared with milk from sows
fed the low-protein diets. The IgG in milk and colostrum
was also greater (P<0.05) for sows fed the high-protein
diet compared with sows fed the low-protein diet.
Malondialdehyde was greater (P<0.05) in serum from
sows fed the low-protein diets compared with sows fed
the high-protein diets, but white blood cell count and
glutathione peroxidase were greater (P<0.05) in serum
from sows fed the high-protein diet than those fed the

Table 4 Performance of sows fed high or low-protein diets during gestation and lactation’

Item Diet SEM P-value
High protein Low protein
Parity 1.68 1.66 0.197 0.938
Body weight, kg
At breeding 19147 188.18 3.054 0.448
Day 104 gestation 230.06 22247 2488 0.033
At 24 h after farrowing 21342 208.05 2402 0.116
At weaning 204.44 198.83 2.582 0.127
Average daily gain, kg
Breeding to d 104 of gestation 0.368 0327 0.016 0.072
Days 1 to 21 of lactation -0419 -0437 0.069 0.836
Average daily feed intake, kg
Breeding to d 104 of gestation 217 2.14 0.021 0.360
Pre-farrowing? 243 246 0.090 0493
Days 1 to 21 of lactation 548 5.59 0.181 0.367
Estimated total milk yield®, kg 224.78 221.72 3935 0.539
Estimated daily milk yield, kg 11.05 10.90 0.282 0.534
Temperature at farrowing, °C 3812 38.34 0.150 0.046
Temperature 24 h after farrowing, °C 3839 3863 0.120 0.017

T Least squares means for each dependent variable represent 78 and 76 observations for the high-protein and low-protein diet, respectively

2 Day 104 of gestation until farrowing

3 Estimated milk yield was calculated as 4 g milk per 1 g of litter body weight gain [19]
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Table 5 Performance of litters from sows fed diets containing
high or low protein during gestation and lactation’

Item Diet SEM  P-value
High protein Low protein
Pigs per litter
Total born 16.53 16.07 0462 0477
Born alive 15.61 14.83 0446 0.220
After cross-fostering 13.60 13.00 0418 0315
Still born 0.83 0.91 0.119 0574
Mummified 0.13 0.27 0.051 0.056
Weaned 12.68 12.37 0405 0.59%4
Litter weight, kg
Live at birth 20.53 19.49 0447 0.103
After cross-fostering 19.00 18.12 0304 0.041
At weaning 74.01 72.75 1.070 0.378
Litter average daily 2.74 2.75 0.044 0916
gain, kg
Individual pig weight, kg
After cross-fostering 1.38 142 0.012 0.007
At weaning 5.84 5.88 0.074 0.655
Pig average daily gain, kg 0.22 0.22 0.003 0440
Survival rate?, % 93.24 95.15 0.738 0073
Pig mortality before cross-fostering, %
Crushed by sow 295 204 0.745 0.246
Low vitality 7.56 7.87 0.830 0.781
Rupture 033 0.09 0.127 0.241
Congenital deformity* 141 062 0290 0.069
Pig mortality after cross-fostering, %°
Crushed by sow/bro-  2.69 1.50 0463 0.069
ken legs
Low vitality/starved/  2.62 231 0.509 0.642
runt
Rupture® 1.24 091 0322 0475

T Least squares means for each dependent variable represent 78 and 76
observations for the high-protein and low-protein diet, respectively

2 Survival rate was calculated as the number of pigs weaned divided by the
number of pigs per litter after cross-fostering

3 Calculated as the percentage of liveborn pigs that died before weaning, before
cross-fostering

4 Congenital deformities also include spraddle leg pigs and hernias

5 Calculated as the percentage of live pigs after cross-fostering that died before
weaning

% Include pigs found dead and pigs with swollen joints

low-protein diet (Table 7). Most serum cytokines and
white blood cell differential did not differ between treat-
ments on d 14 of lactation, but IL-4 was greater (P<0.05)
in sows fed the high-protein diet than in sows fed the
low-protein diet. Likewise, sows fed the high-protein diet
tended to have greater (P<0.10) concentration of IFN-y
compared with sows fed the low-protein diet, whereas
sows fed the low-protein diet tended to have greater
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Table 6 Composition of milk samples collected on the day
of farrowing and 14 d post-farrowing from sows fed diets
containing high or low protein during gestation and lactation’

Item Diet SEM P-value
High protein  Low protein
Colostrum
Fat, % 512 4.80 0255  0.265
Total solids, % 2492 2461 0484 0551
IgG?, mg/mL 81.07 7547 1094 <0001
Milk
Fat, % 793 7.69 0.044  <0.001
Free fatty acids, 040 0.30 0007  <0.001
%
Protein, % 4.64 4.50 0.028 <0.001
MUN?, mg/dL 45.54 42.36 0.194  <0.001
Lactose, % 4.70 4.60 0.024  0.002
Othersolids, %  6.24 6.25 0017 0772
Total solids, % 24.92 24.61 0484 0551
SCC?,1,000/mL 9800 100.53 1812 0254
IgG?, mg/mL 1.25 1.1 0.032 0.003

! Least squares means for each dependent variable represent 78 and 76
observations for the high-protein and low-protein diet, respectively

2 MUN Milk urea nitrogen, SCC Somatic cell count, lgG Immunoglobulin G

(P<0.10) IL-2 in blood compared with sows fed the high-
protein diet.

Discussion

The analyzed values for crude protein and total AA in
experimental diets for gestating and lactating sows were
in close agreement with formulated values, which indi-
cates correct mixing of diets. Likewise, the analyzed con-
centrations of nutrients in corn, SBM, and soybean hulls
were consistent with reported data [12].

Nitrogen balance

Dietary protein reduction in the low-protein diet was
accomplished by reducing SBM and adding more corn
and crystalline AA to ensure adequate digestible AA
for gestating and lactating sows. The lack of an effect of
reducing crude protein in the diet on feed intake in ges-
tating sows was in agreement with reported data [20, 21].
The energy value of SBM is close to the energy value of
corn [22, 23], and the observation that there were no dif-
ferences in ATTD of DM between the high and low-pro-
tein diets was, therefore, expected. The ATTD of crude
protein in corn is less than the ATTD of crude protein
in SBM [24], and the reduction in the ATTD of nitrogen
that was observed when SBM was replaced by corn and
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Table 7 Serum immune response of sows fed diets containing high or low protein during gestation and lactation'?

Item Diet SEM P-value

High protein Low protein

Malonaldehyde, nmol/mL 277 2.89 0.042 0.026

Glutathione peroxidase, U/L 1,128.15 1,052.23 11.106 <0.001

Leukocyte profile
White blood cell count, 10°/uL 1431 13.38 0.331 0.039
Neutrophils, % 50.99 50.70 1.208 0.868
Lymphocytes, % 36.57 36.16 0.956 0.757
Monocytes, % 5.95 6.11 0.312 0.715
Eosinophils, % 479 5.19 0276 0.306
Basophils, % 1.06 0.96 0.100 0458

Cytokines, ng/mL
IFN-y 18.03 13.50 2.131 0.071
IL-1a 0.21 0.21 0.026 0.905
=18 0.64 0.83 0.120 0.118
IL-1Ra 1.58 1.44 0.181 0.542
IL-2 0.98 132 0.162 0.093
IL-4 15.15 9.66 1574 0.005
IL-6 0.61 0.65 0.077 0.736
IL-8 0.06 0.08 0.013 0461
IL-10 5.53 4.95 0.566 0.451
IL-12 0.65 0.71 0.099 0.524
IL-18 5.68 5.20 0.752 0.532
TNF-a 0.81 0.24 0.379 0.282

' Least squares means for each dependent variable represent 78 and 76 observations for the high-protein and low-protein diet, respectively, after the removal of

outliers

2 |FN-y Interferon-gamma, IL- Interleukin-, IL-1Ra Interleukin-1 receptor antagonist, TNF-a Tumor necrosis factor-a

crystalline AA is, therefore, due to the lower crude pro-
tein digestibility in corn. This observation is in agreement
with data from growing pigs fed diets where SBM was
replaced by corn and crystalline AA [25, 26].

Soybean meal is used as the principal source of AA in
swine diets in most pig-producing countries [12]. When
SBM is included in corn-SBM diets to meet the require-
ments of indispensable AA, dietary concentrations of
other AA often exceed the requirement [27]. The excess
AA undergo deamination, resulting in nitrogen losses
because of urinary excretion of nitrogen [28]. Reducing
dietary protein by 3 percentage units in gestation diets
in the present experiment decreased urinary nitrogen
excretion by approximately 5 g/d, which agrees with data
from sows fed low-protein diets [29, 30].

Both gestation diets were formulated to provide suf-
ficient standardized ileal digestible indispensable AA to
support fetal development and maternal growth. There-
fore, similar nitrogen retention was expected between
the diets. However, the observation that nitrogen reten-
tion, measured as g/d, was greater in sows fed the high-
protein diet compared with sows fed the low-protein

diet supplemented with crystalline AA indicates that
crystalline AA were not used with the same efficiency
as AA from SBM. This observation is in agreement with
reported data [2, 20], and may be due to the faster rate
of absorption and metabolism of crystalline AA com-
pared with protein-bound AA [10], resulting in an imbal-
ance in AA supply for the cells at the sites of protein
synthesis [31]. This indicates that a limited inclusion of
crystalline AA in low-protein diets is preferred because
imbalances in AA supply may reduce nitrogen reten-
tion for fetal, mammary, and maternal tissue develop-
ment [32]. Another possibility is that the reduced crude
protein in the diets failed to meet the requirements for
dispensable AA in gestating sows, which may have lim-
ited protein synthesis and nitrogen retention by sows fed
the low-protein diet. However, both diets were formu-
lated to meet or exceed requirements for digestible AA
[12], and the analyzed proportion of indispensable AA to
total AA in the diets averaged 45.56% and 46.79% corre-
sponding to dispensable AA proportions of 54.44% and
53.21%, respectively. These values are within the range of
what has been hypothesized for growing pigs to provide
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adequate nitrogen for the de novo synthesis of dispensa-
ble AA, and a similar proportion is also expected to be
sufficient for sows [33]. Therefore, it is unlikely that there
was a lack of nitrogen to synthesize dispensable AA in the
low-protein diet. It is, however, possible that the nitrogen
needed to maximize reproductive performance of sows is
less than what is needed to maximize nitrogen retention,
and if that is the case, the observed difference in nitro-
gen retention may not have implications for reproductive
performance.

Nitrogen retention as a percentage of intake was
approximately 46% for both diets, which is greater than
values previously reported for gestating sows [20, 29].
The implication of this observation is that when formu-
lating diets with a balanced AA profile, nitrogen reten-
tion as a percentage of intake is maximized. Formulating
diets based on the basis of standardized ileal digestibility
of AA also provides balanced diets, resulting in a greater
retention of nitrogen, which will reduce AA deamination
and, therefore, also reduce nitrogen excretion.

Reproductive performance
During the gestation period, sows are usually restricted
in feed intake according to the visual assessment of body
condition to avoid problems associated with excessive
body weight gain [34]. The observation that sows fed
the low-protein diet had reduced body weight and ADG
during the gestation period, even though no differences
in feed intake between the two groups of sows were
observed, indicates that although diets were balanced in
AA and met or exceeded the requirements for digestible
indispensable AA, sows fed the high-protein diet had
greater whole body protein deposition due to the greater
retention of nitrogen in the gestation period, which
increased the weight at the end of the gestation period.
This observation is in agreement with data from sows fed
diets with different levels of crude protein [7, 35], which
demonstrated that greater dietary protein in the diet can
support greater maternal tissue growth during gestation.
It is, however, also possible that the tendency for reduced
ADG during gestation was due to reduced backfat depo-
sition, but because backfat was not determined in sows
in this experiment, we cannot confirm this hypothesis.
The lack of difference between the two treatments for lit-
ter size at birth indicates that although sows fed the low-
protein diet had lower nitrogen retention, and therefore
reduced body weight in late gestation, sows prioritized
protein for fetal development. The reduced nitrogen
retention in sows fed the low-protein diet, therefore,
likely is due to reduced retention of nitrogen in the body
of sows.

During lactation, feed is offered to the sow on an
ad libitum basis to meet the requirement of sows for milk
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component synthesis and to limit the mobilization of tis-
sue reserves [36]. The lack of differences between treat-
ments in feed intake, body weight at weaning, and ADG
of the lactating sows is in agreement with results from
other experiments with lactating sows fed diets with
different inclusions of protein [2, 37], although greater
body weight loss of sows during lactation has also been
reported for sows fed low-protein diets [29]. Feeding
high-protein diets to sows during gestation and lactation
may reduce milk yield by sows fed organic diets [21], but
the calculated milk yield of sows in this experiment was
around 11 kg/d and did not differ between treatments,
which is in agreement with other experiments where
milk yield was between 10.5 and 13.8 kg/d [38—40].

In the net energy system, dietary starch and fat are
assumed to be used more efficiently than protein because
protein catabolism requires ATP for urea synthesis, pro-
tein turnover, and nitrogen excretion, which produces
heat [41]. Consequently, reducing crude protein in the
diet or adding fat is expected to reduce heat production
[42, 43]. Although heat production was not measured in
the current experiment, the rectal temperature of sows
fed the high-protein diet was reduced compared with
sows fed the low-protein diet, which does not support the
assumption that high-protein diets increase body tem-
perature in sows during farrowing or 24 h after farrow-
ing. Heat production is positively correlated with energy
supply in lactating sows, due to increased feed intake
and milk synthesis [44, 45]). Therefore, reduced protein
in the diet may have increased the metabolic heat of the
sow due to an increase in body protein mobilization for
milk protein synthesis, but because heat production was
not measured in this experiment, we cannot confirm this
hypothesis. It is also possible that the increased tem-
perature is due to an intensified inflammatory response
during parturition, but because we did not measure the
inflammatory response during parturition, we cannot
verify this speculation. It is also noted that sows on both
treatments had body temperatures that were within the
normal physiological range.

Litter performance

The observation that the number of pigs born, the num-
ber of pigs weaned, litter weight at weaning, and litter
ADG did not differ between sows fed the two diets is
consistent with previous data indicating that nutrients
for milk production are derived from both the diet and
from body reserves [21, 38, 46], and sows have the abil-
ity to maintain milk production even when feed intake
is reduced [47]. Milk yield is largely independent of feed
intake unless body reserves are depleted, and a decrease
in litter growth is more closely associated with energy
restriction than with protein restriction [44, 45]. This
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may be the reason no differences in litter growth were
observed between treatments in this experiment, which
is also in agreement with data from sows fed low-protein
diets [29, 37].

Immunological measurements

Soy bioactive compounds (i.e., isoflavones and saponins)
may enhance milk composition and the antioxidant sta-
tus of the sow [48]. The reduced concentration of IgG in
milk on d 14 compared with colostrum is consistent with
data that report greater concentration of IgG in colos-
trum, but a decrease in concentration during lactation
[49]. The observation that sows fed the high-protein diet
had greater concentrations of IgG, protein, fat, and total
solids than sows fed the low-protein diet, is in agreement
with data that compared high and low-protein diets or
different levels of soy isoflavone inclusion [40, 50]. Like-
wise, concentrations of lactose, fat, and protein in milk
are also in agreement with reported data [40, 51, 52]. The
lack of differences in individual pig body weight at wean-
ing between treatments indicates that the improved qual-
ity of milk from sows fed the high-protein diet supported
adequate growth, even though pigs from these sows had
a lower BW after cross-fostering compared with pigs
from sows fed the low-protein diet [53]. The implication
of this observation is that although sows are capable of
mobilizing body reserves to maintain milk quality, inclu-
sion of greater quantities of SBM in the diet provides suf-
ficient nutrients and immune support to compensate for
the reduced BW of pigs.

Oxidative stress that animals undergo during gesta-
tion may influence the implantation and development
of fetuses in the uterus during the early gestation stage
[54, 55]. Soy bioactive compounds in SBM have also
been classified as health-promoting due to their proper-
ties as anti-inflammatory agents and antioxidants [56].
Malondialdehyde has been used as a marker for lipid per-
oxidation in sows during lactation [57], and enzymatic
antioxidants, such as glutathione peroxidase, are factors
that reduce oxidative stress [58]. Lactation is character-
ized by an increase in metabolic activity associated with
milk production, which may increase oxidative metabo-
lism and reactive oxygen species production [59].

Although crude protein was reduced by only 3.5%,
SBM inclusion in the low-protein diets was reduced by
almost 50%, indicating that, in addition to the crude pro-
tein concentration, the protein source was also changed.
Therefore, differences between the two diets may not
only be due to the reduction of crude protein, but also to
the reduced supply of soybean protein-associated com-
pounds. During digestion, intact proteins may release dif-
ferent bioactive peptides, whereas crystalline AA provide
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only the free AA. Consequently, reduced SBM inclusion
may have decreased the intake of soy bioactive com-
pounds and peptides with potential antioxidant and anti-
inflammatory effects. Therefore, the observed differences
in concentrations of glutathione peroxidase and malon-
dialdehyde between treatments during mid-lactation may
reflect the reduced inclusion of soy bioactive compounds
in the low-protein diet, which may affect the oxidative
status of the sows. The implication of this observation is
that soy bioactive compounds may improve the antiox-
idant-related defense of the sow during periods of high
metabolic demand, such as lactation and gestation. How-
ever, values for malondialdehyde for both groups of sows
during mid-lactation were between 2.77 and 2.89 nmol/
mL, which are less than values reported for sows kept
under thermoneutral conditions and fed diets containing
more than 14% protein [59, 60]. This indicates that under
the conditions of the current experiment, sows were
not subjected to extreme oxidative stress. It is, however,
acknowledged that there are other biomarkers for anti-
oxidant status that could have been measured (i.e., total
antioxidant capacity and superoxide dismutase). Like-
wise, to provide more robust data for the impact of diet
SBM concentration on antioxidant status, and to confirm
the data obtained in this experiment, it may be necessary
to collect blood samples throughout gestation, at farrow-
ing, and at several time points in lactation. Having mul-
tiple sampling points and analysis of more antioxidant
markers would provide an opportunity to elucidate the
dynamic impact of diets on antioxidant- and inflamma-
tory status of sows during the entire reproductive period,
which could not be provided from the current data where
blood was collected only one time during lactation.
When an animal is exposed to different stimuli asso-
ciated with inflammation and infection, innate immune
cells, including white blood cells, release pro- or anti-
inflammatory cytokines [61]. The functional definition
of an anti-inflammatory cytokine is the ability to inhibit
the synthesis of pro-inflammatory cytokines such as
IL-1, IL-2, IL-12, IL-18, IEN-y, and TNF-a. Therefore,
the observation that sows fed the high-protein diet had
greater concentrations of anti-inflammatory cytokines
indicates that these sows had improved immunity, which
may also be a result of the greater intake of bioactive
compounds from SBM, which may have improved the
immune system of sows. However, due to the design of
the experiment it was not possible to separate effects of
greater concentrations of protein and possible effects
of bioactive compounds and future research is, there-
fore, needed to specifically address the hypothesis that
bioactive compounds in SBM have beneficial effects on
reproductive performance of sows. In addition, bioactive
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compounds were not measured in the diets used in the
experiment or the samples collected from sows, which
prevents strong conclusion relative to these compounds.

Conclusions

Feeding low-protein diets supplemented with crystalline
AA to gestating and lactating sows maintained overall
reproductive performance, but reduced nitrogen utiliza-
tion efficiency during gestation compared with sows fed
high-protein diets based on only corn and SBM. The
greater levels of SBM in high-protein diets also appeared
to result in greater antioxidant-related indicators,
immune function, and milk quality. These results indicate
that maintaining an adequate level of SBM in diets for
sows is essential to optimize nitrogen retention, antioxi-
dant-related indicators, and milk composition in sows.

Abbreviations

AA Amino acids

ADFI Average daily feed intake
ADG Average daily gain

ATTD  Apparent total tract digestibility
IFN-y Interferon-gamma

[e]€] Immunoglobulin G

IL- Interleukin-

MUN Milk urea nitrogen

SBM Soybean meal

SCC Somatic cell count
TNF-a  Tumor necrosis factor-a

Acknowledgements
Financial support for this research by The United Soybean Board, Chesterfield,
MO, USA, is greatly appreciated.

Authors’ contributions

SAL and HHS conceptualized the experiment; SAL and JAl formulated and
prepared the experimental diets; JAl performed the animal part of the
experiment and analyzed data; JAl and HHS interpreted data; JAl drafted the
manuscript; all authors read and revised this manuscript and agreed on the
submitted version of the manuscript. HHS and SAL supervised the project. All
authors read and approved the final manuscript.

Funding
Financial support for this research by The United Soybean Board, Chesterfield,
MO, USA, is greatly appreciated.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The Institutional Animal Care and Use Committee at the University of lllinois
(Urbana, IL, USA) reviewed and approved the protocol for this experiment.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

(2026) 17:125

Page 12 of 14

Received: 25 January 2026 Accepted: 6 May 2026
Published online: 19 June 2026

References

1. Pope M, Borg B, Boyd RD, Holzgraefe D, Rush C, Sifri M. Quantifying
the value of soybean meal in poultry and swine diets. Appl Poult Res.
2023;32:100337. https:/doi.org/10.1016/jjapr.2023.100337.

2. Johannsen JC, Serensen MT, Feyera T, Pelck JS, Bruun TS. Effect of dietary
protein for gestating sows on re-establishment of body reserves and
impact on reproductive performance. Livest Sci. 2024,286:105521.
https://doi.org/10.1016/j.livsci.2024.105521.

3. Boyd RD, Touchette KJ, Castro GC, Johnston ME, Lee KU, Han IK. Recent
advances in amino acid and energy nutrition of prolific sows. Asian-Aus-
tralas J Anim Sci. 2000;13:1638-52. https://doi.org/10.5713/ajas.2000.1638.

4. FeyeraT, Skovmose SJW, Nielsen SE, Vodolazska D, Bruun TS, Theil PK.
Optimal feed level during the transition period to achieve faster far-
rowing and high colostrum yield in sows. J Anim Sci. 2021;99:skab247.
https://doi.org/10.1093/jas/skab247.

5. Trottier NL, Johnston LJ, de Lange CFM, Farmer C. Applied amino acid
and energy feeding of sows. In: Farmer C, editor. The gestating and
lactating sow. Wageningen: Wageningen Academic Publishers; 2015. p.
117-45.

6. Tokach MD, Menegat MB, Gourley KM, Goodband RD. Review: Nutrient
requirements of the modern high-producing lactating sow, with an
emphasis on amino acid requirements. Animal. 2019;13:2967-77. https://
doi.org/10.1017/51751731119001253.

7. Jang YD, Jang SK, Kim DH, Oh HK, Kim YY. Effects of dietary protein levels
for gestating gilts on reproductive performance, blood metabolites and
milk composition. Asian-Australas J Anim Sci. 2014;27:83-92. https://doi.
org/10.5713/ajas.2013.13369.

8. Pettigrew JE, Yang H. Protein nutrition of gestating sows. J Anim Sci.
1997,75:2723-30. https://doi.org/10.2527/1997.75102723x.

9. Che LQ Peng X, Hu L, Wu C, Xu Q, Fang ZF, et al. The addition of protein-
bound amino acids in low-protein diets improves the metabolic and
immunological characteristics in fifteen- to thirty-five-kg pigs. J Anim Sci.
2017,95:1277-87. https://doi.org/10.2527/jas.2016.0990.

10. Eugenio FA, van Milgen J, Duperray J, Sergheraert R, Le Floc'h N.

Feeding intact proteins, peptides, or free amino acids to monogastric
farm animals. Amino Acids. 2022;54:157-68. https://doi.org/10.1007/
500726-021-03118-0.

11. Zhang Q Wang B, Hu N, Bao N, Pan L, Zhao Y, et al. Relationship between
dietary amino acid release kinetics and nitrogen deposition in growing
pigs. Anim Nutr. 2022,;9:233-9. https://doi.org/10.1016/j.aninu.2022.01.
001.

12. National Research Council. Nutrient requirements of swine. 11th rev ed.
Washington, DC, USA: The National Academies Press; 2012.

13. Patience JF, Tacker PA. Swine nutrition guide. Saskatoon, SK, Canada:
Prairie Swine Center; 1989.

14. Adeola O. Digestion and balance techniques in pigs. In: Lewis AJ,
Southern LL, editors. Swine Nutrition. Washington, DC: CRC Press; 2001. p.
903-916.

15. AOAC Int. Official methods of analysis of AOAC Int. 21st ed. Rockville, MD,
USA: AOAC Int,; 2019.

16. Ellis R, Morris ER, Philpot C. Quantitative determination of phytate in the
presence of high inorganic phosphate. Anal Biochem. 1977;77:536-9.

17. AQCS. Official methods and recommended practices of the AOCS. 7th
ed. Champaign, IL, USA; 2017.

18. Rojas OJ, Stein HH. Concentration of digestible, metabolizable, and net
energy and digestibility of energy and nutrients in fermented soybean
meal, conventional soybean meal, and fish meal fed to weanling pigs. J
Anim Sci. 2013;91:4397-405. https://doi.org/10.2527/jas.2013-6409.

19. Close WH, Cole DJA. Nutrition of sows and boars. Nottingham, United
Kingdom: Nottingham University Press; 2000. https://doi.org/10.1017/
S0962728600023915.

20. Theil PK, Jergensen H, Jakobsen K. Energy and protein metabolism in
pregnant sows fed two levels of dietary protein. J Anim Physiol Anim
Nutr. 2002;86:399-413. https://doi.org/10.1046/j.1439-0396.2002.00404 x.


https://doi.org/10.1016/j.japr.2023.100337
https://doi.org/10.1016/j.livsci.2024.105521
https://doi.org/10.5713/ajas.2000.1638
https://doi.org/10.1093/jas/skab247
https://doi.org/10.1017/S1751731119001253
https://doi.org/10.1017/S1751731119001253
https://doi.org/10.5713/ajas.2013.13369
https://doi.org/10.5713/ajas.2013.13369
https://doi.org/10.2527/1997.75102723x
https://doi.org/10.2527/jas.2016.0990
https://doi.org/10.1007/s00726-021-03118-0
https://doi.org/10.1007/s00726-021-03118-0
https://doi.org/10.1016/j.aninu.2022.01.001
https://doi.org/10.1016/j.aninu.2022.01.001
https://doi.org/10.2527/jas.2013-6409
https://doi.org/10.1017/S0962728600023915
https://doi.org/10.1017/S0962728600023915
https://doi.org/10.1046/j.1439-0396.2002.00404.x

Ibagon et al. Journal of Animal Science and Biotechnology

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

Johannsen JC, Eskildsen M, Kongsted AG, Theil PK. Effect of reduced
dietary protein on productivity and plasma, urine, and milk
metabolites in organic sows during winter conditions. Livest Sci.
2022,;263:105019. https://doi.org/10.1016/j.livsci.2022.105019.
Sotak-Peper KM, Gonzalez-Vega JC, Stein HH. Concentrations of
digestible, metabolizable, and net energy in soybean meal produced
in different areas of the United States and fed to pigs. J Anim Sci.
2015;93:5694-701. https://doi.org/10.2527/jas.2015-9281.

Ibagon JA, Lee SA, Stein HH. The soybean oil equivalency of soybean meal
indicates a high energy value of soybean meal when fed to growing pigs.
Can J Anim Sci. 2025;105:1-7. https://doi.org/10.1139/cjas-2025-0002.
Dong W, Zhang G, Li Z, Liu L, Zhang S, Li D. Effects of different crude
protein and dietary fiber levels on the comparative energy and nutri-
ent utilization in sows and growing pigs. Animals (Basel). 2020;10:495.
https://doi.org/10.3390/ani10030495.

Zervas S, Zijlstra RT. Effects of dietary protein and fermentable fiber on
nitrogen excretion patterns and plasma urea in grower pigs. J Anim
Sci. 2002;80:3247-56. https://doi.org/10.2527/2002.80123247x.
Cristobal M, Lee SA, Parsons CMM, Stein HH. Replacement of soybean
meal in diets for growing pigs with corn and synthetic amino acids
results in reduced energy and nitrogen digestibility and reduced daily
nitrogen retention, but metabolizable energy is not changed. J Anim
Sci. 2025;103:skaf197. https://doi.org/10.1093/jas/skaf197.

Liao SF, Kies AK, Sauer WC, Zhang YC, Cervantes M, He JM. Lysine
nutrition in swine and the related monogastric animals: muscle protein
biosynthesis and beyond. Springerplus. 2015;4:147. https://doi.org/10.
1186/540064-015-0927-5.

van Milgen J, Dourmad JY. Concept and application of ideal protein
for pigs. J Anim Sci Biotechnol. 2015;6:15. https://doi.org/10.1186/
$40104-015-0016-1.

Munoz Alfonso CJ, Huber LA, Levesque CL. Effect of low- and high-
sulfur-containing amino acid inclusion in diets fed to primiparous sows
in late gestation on pre-partum nitrogen retention and offspring pre-
and post-weaning growth performance. Animals (Basel). 2024;14:3681.
https://doi.org/10.3390/ani14243681.

Wang K, Huang L, Yang P, Zhuo Y, Che L, Xu S, et al. Nutritional values of
soybean meal from different sources in multiparous sows. Anim Nutr.
2025;20:80-7. https://doi.org/10.1016/j.aninu.2024.09.004.

Yen JT, Kerr BJ, Easter RA, Parkhurst AM. Difference in rates of net
portal absorption between crystalline and protein-bound lysine and
threonine in growing pigs fed once daily. J Anim Sci. 2004;82:1079-90.
https://doi.org/10.2527/2004.8241079x.

Mallmann AL, Camilotti E, Fagundes DP, Vier CE, Mellagi APG, Ulguim RR,
et al. Impact of feed intake during late gestation on piglet birth weight
and reproductive performance: a dose-response study performed in gilts.
J Anim Sci. 2019,97:1262-72. https://doi.org/10.1093/jas/skz017.

Lenis NP, van Diepen HT, Bikker P, Jongbloed AW, van der Meulen J.
Effect of the ratio between essential and nonessential amino acids in
the diet on utilization of nitrogen and amino acids by growing pigs. J
Anim Sci. 1999;77:1777-87. https://doi.org/10.2527/1999.7771777x.
Carrién-Lépez MJ, Orengo J, Madrid J, Vargas A, Martinez-Miré S. Effect
of sow body weight at first service on body status and performance
during first parity and lifetime. Animals (Basel). 2022;12:3390. https://
doi.org/10.3390/ani12233399.

Mahan DC. Relationship of gestation protein and feed intake level over
a five-parity period using a high-producing sow genotype. J Anim Sci.
1998;76:533-41. https://doi.org/10.2527/1998.762533x.

Gorr SC, Leeb C, Zollitsch W, Winckler C, Parsons TD. Ad libitum feeding
systems for lactating sows: effects on productivity and welfare of sows
and piglets. Animal. 2024;18:101093. https://doi.org/10.1016/j.animal.
2024.101093.

Huber L, de Lange CFM, Krogh U, Chamberlin D, Trottier NL. Impact

of feeding reduced crude protein diets to lactating sows on nitrogen
utilization. J Anim Sci. 2015;93:5254-64. https://doi.org/10.2527/jas.
2015-9382.

Renaudeau D, Quiniou N, Noblet J. Effects of exposure to high ambient
temperature and dietary protein level on performance of multiparous
lactating sows. J Anim Sci. 2001;79:1240-9. https://doi.org/10.2527/2001.
7951240x.

(2026) 17:125

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

58.

59.

Page 13 of 14

Pedersen TF, Chang CY, Trottier NL, Bruun TS, Theil PK. Effect of dietary
protein intake on energy utilization and feed efficiency of lactating sows.
J Anim Sci. 2018,97:779-93. https://doi.org/10.1093/jas/sky462.

Strathe AV, Bruun TS, Tauson AH, Theil PK, Hansen CF. Increased dietary
protein for lactating sows affects body composition, blood metabolites
and milk production. Animal. 2020;14:285-94. https://doi.org/10.1017/
S1751731119001678.

van Milgen J, Noblet J, Dubois S. Energetic efficiency of starch, protein
and lipid utilization in growing pigs. J Nutr. 2001;131:1309-18. https://doi.
0rg/10.1093/jn/131.4.1309.

Noblet J, Perez JM. Prediction of digestibility of nutrients and energy
values of pig diets from chemical analysis. J Anim Sci. 1993;71:3389-98.
https://doi.org/10.2527/1993.71123389x.

Le Bellego L, van Milgen J, Dubois S, Noblet J. Energy utilization of low-
protein diets in growing pigs. J Anim Sci. 2001;79:1259-71. https://doi.
0rg/10.2527/2001.7951259x.

Noblet J, Etienne M. Metabolic utilization of energy and maintenance
requirements in lactating sows. J Anim Sci. 1987,64:774-81. https://doi.
0rg/10.2527/jas1987.643774x.

Renaudeau D, Noblet J. Effects of exposure to high ambient temperature
and dietary protein level on sow milk production and performance of
piglets. J Anim Sci. 2001;79:1540-8. https://doi.org/10.2527/2001.79615
40x

Pedersen TF, Bruun TS, Trottier NL, Theil PK. Nitrogen utilization of lactat-
ing sows fed increasing dietary protein. J Anim Sci. 2019,97:3472-86.
https://doi.org/10.1093/jas/skz213.

Pedersen TF, Bruun TS, Feyera T, Larsen UK, Theil PK. A two-diet feeding
regime for lactating sows reduced nutrient deficiency in early lactation
and improved milk yield. Livest Sci. 2016;191:165-73. https://doi.org/10.
1016/j.livsci.2016.08.004.

Li F, ZhuT, Zhang Y, Zhu Y. Soybean isoflavone: effects on performance,
blood physiological and biochemical indices and fecal microorganism
flora of lactating sows. Chin J Anim Nutr. 2015;27:2803-10. https://doi.
0rg/10.3969/j.issn.1006-267x.2015.09.018.

Hurley WL. Composition of sow colostrum and milk. In: Farmer C, editor.
The gestating and lactating sow. Wageningen: Wageningen Academic
Publishers; 2015. p. 193-229.

Hu YJ, Gao KG, Zheng CT, Wu ZJ, Yang XF, Wang L, et al. Effect of dietary
supplementation with glycitein during late pregnancy and lactation on
antioxidative indices and performance of primiparous sows. J Anim Sci.
2015;93:2246-54. https://doi.org/10.2527/jas.2014-7767.

McGhee ML, Stein HH. Hybrid rye may replace up to 75% of the cornin
diets for gestating and lactating sows without negatively impacting sow
and piglet performance. J Anim Sci. 2021;99:skab230. https://doi.org/10.
1093/jas/skab230.

Li D, Dang DX, Xu S, Tian Y, Wu D, Su Y. Soy isoflavones supplementation
improves reproductive performance and serum antioxidant status of
sows and the growth performance of their offspring. J Anim Physiol Anim
Nutr. 2022;106:1268-76. https://doi.org/10.1111/jpn.13667.

Neal SM, Irvin KM, Shurson GC, Harris B, Hatfield EE. Effect of lactation
diet fat level on sow and litter performance. Prof Anim Sci. 1999;15:7-13.
https://doi.org/10.15232/51080-7446(15)31716-2.

Berchieri-Ronchi CB, Kim SW, Zhao Y, Correa CR, Yeum KJ, Ferreira ALA.
Oxidative stress status of highly prolific sows during gestation and lacta-
tion. Animal. 2011;5:1774-9. https://doi.org/10.1017/S17517311110007
72.

Shahin S, Singh VP, Shukla RK, Dhawan A, Gangwar RK, Singh SP, et al. 2.45
GHz microwave irradiation-induced oxidative stress affects implanta-
tion or pregnancy in mice, Mus musculus. Appl Biochem Biotechnol.
2013;169:1727-51. https://doi.org/10.1007/512010-012-0079-9.

White CS, Froebel LE, Dilger RN. A review on the effect of soy bioactive
components on growth and health outcomes in pigs and broiler chick-
ens. J Anim Sci. 2024;102:skae261. https://doi.org/10.1093/jas/skae261.

. Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxidative stress

and antioxidant defense. World Allergy Organ J. 2012;5:9-19. https://doi.
0rg/10.1097/WOX.0b013e3182439613.

Arthur JR. The glutathione peroxidases. Cell Mol Life Sci. 2001;57:1825-35.
https://doi.org/10.1007/PLO0000664.

ZhaoY, Kim SW. Oxidative stress status and reproductive performance

of sows during gestation and lactation under different thermal


https://doi.org/10.1016/j.livsci.2022.105019
https://doi.org/10.2527/jas.2015-9281
https://doi.org/10.1139/cjas-2025-0002
https://doi.org/10.3390/ani10030495
https://doi.org/10.2527/2002.80123247x
https://doi.org/10.1093/jas/skaf197
https://doi.org/10.1186/s40064-015-0927-5
https://doi.org/10.1186/s40064-015-0927-5
https://doi.org/10.1186/s40104-015-0016-1
https://doi.org/10.1186/s40104-015-0016-1
https://doi.org/10.3390/ani14243681
https://doi.org/10.1016/j.aninu.2024.09.004
https://doi.org/10.2527/2004.8241079x
https://doi.org/10.1093/jas/skz017
https://doi.org/10.2527/1999.7771777x
https://doi.org/10.3390/ani12233399
https://doi.org/10.3390/ani12233399
https://doi.org/10.2527/1998.762533x
https://doi.org/10.1016/j.animal.2024.101093
https://doi.org/10.1016/j.animal.2024.101093
https://doi.org/10.2527/jas.2015-9382
https://doi.org/10.2527/jas.2015-9382
https://doi.org/10.2527/2001.7951240x
https://doi.org/10.2527/2001.7951240x
https://doi.org/10.1093/jas/sky462
https://doi.org/10.1017/S1751731119001678
https://doi.org/10.1017/S1751731119001678
https://doi.org/10.1093/jn/131.4.1309
https://doi.org/10.1093/jn/131.4.1309
https://doi.org/10.2527/1993.71123389x
https://doi.org/10.2527/2001.7951259x
https://doi.org/10.2527/2001.7951259x
https://doi.org/10.2527/jas1987.643774x
https://doi.org/10.2527/jas1987.643774x
https://doi.org/10.2527/2001.7961540x
https://doi.org/10.2527/2001.7961540x
https://doi.org/10.1093/jas/skz213
https://doi.org/10.1016/j.livsci.2016.08.004
https://doi.org/10.1016/j.livsci.2016.08.004
https://doi.org/10.3969/j.issn.1006-267x.2015.09.018
https://doi.org/10.3969/j.issn.1006-267x.2015.09.018
https://doi.org/10.2527/jas.2014-7767
https://doi.org/10.1093/jas/skab230
https://doi.org/10.1093/jas/skab230
https://doi.org/10.1111/jpn.13667
https://doi.org/10.15232/S1080-7446(15)31716-2
https://doi.org/10.1017/S1751731111000772
https://doi.org/10.1017/S1751731111000772
https://doi.org/10.1007/s12010-012-0079-9
https://doi.org/10.1093/jas/skae261
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1007/PL00000664

Ibagon et al. Journal of Animal Science and Biotechnology ~ (2026) 17:125

60.

61.

environments. Asian-Australas J Anim Sci. 2020;33:722-31. https://doi.
org/10.5713/ajas.19.0334.

Sun X, Piao L, Jin H, Nogoy KMC, Zhang J, Sun B, et al. Effects of dietary
supplementation of glucose oxidase, catalase, or both on reproductive
performance, oxidative stress, fecal microflora and apoptosis in multiparous
sows. Anim Biosci. 2022;35:75-86. https://doi.org/10.5713/ab.20.0839.
Burger D, Dayer JM. The role of human T-lymphocyte-monocyte contact
in inflammation and tissue destruction. Arthritis Res Ther. 2002;4:5169.
https://doi.org/10.1186/ar558.

Page 14 of 14


https://doi.org/10.5713/ajas.19.0334
https://doi.org/10.5713/ajas.19.0334
https://doi.org/10.5713/ab.20.0839
https://doi.org/10.1186/ar558

	Reducing dietary crude protein for gestating and lactating sows reduces daily nitrogen retention, but reproductive performance is not impacted by diet protein concentration
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Experimental diets

	Animals, housing, and feeding
	Gestation housing and feeding
	Nitrogen balance
	Lactation housing, feeding, and performance
	Blood and milk sample collection
	Chemical analyses
	Calculations and statistical analyses

	Results
	Nitrogen balance
	Reproductive parameters
	Milk composition and immune response

	Discussion
	Nitrogen balance
	Reproductive performance
	Litter performance
	Immunological measurements

	Conclusions
	Acknowledgements
	References


