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Abstract

Background: Determination of nutrient requirements in the late gestating and lactating sows is essential to
optimize sow productivity. The objectives of the present study were to quantify amino acid (AA) fluxes and
heat production across portal-drained viscera (PDV) and liver in multiparous sows during transition and
lactation.

Methods: Eight second parity sows were fitted with indwelling catheters in the femoral artery and in the
mesenteric, portal and hepatic veins. Eight hourly sets of blood samples were taken starting 0.5 h before
feeding at — 10, =3, +3, and+ 17 d in milk (DIM). Blood gases, plasma metabolites and apparent total tract
digestibility (ATTD) of nutrients were measured.

Results: Feed intake, the ATTD of DM, energy, nitrogen, fat and crude fiber changed with DIM (P < 0.001).
Except for Glu, O,, and urea, all net portal fluxes were positive, and all were affected by DIM (P < 0.05) and
by sampling time (P<0.01). Compared with pre partum levels, net portal uptake of AA was 3-63% lower at +
3 DIM but 40-100% higher at + 17 DIM. Net portal fluxes of AA peaked at 1.5 to 2.5 h after feeding except
for Glu, and they were positively correlated with changes in sow feed intake across DIM. The net portal
recovery was low for Met (49%), Thr (54%), and His (54%) and high for the remaining essential AA (63-69%)
and none of them differed across DIM. Net hepatic uptake (i.e. hepatic oxidation) of Lys, Thr, lle, Leu and Phe
peaked at 0.5 to 2.5 h after feeding, whereas uptake of Trp, Val, and His was constant, while that of Met was
close to zero.

Conclusion: The net portal recovery was substantially lower for Met, Thr, and His than the remaining
essential AA. Hepatic AA oxidation peaks 0.5 to 2.5 h after feeding. The heat production in PDV and liver was
approximately two-fold higher at peak lactation compared to other stages. The study suggests that lysine was
the limiting AA in peak lactation but not in early lactation.

Keywords: Gestation, Heat production, Lactation, Net hepatic flux, Net portal flux, Sow

* Correspondence: Peter.Theil@anis.au.dk

’Department of Animal Science, Faculty of Science and Technology, Aarhus
University, DK-8830 Tjele, Denmark

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40104-019-0417-7&domain=pdf
http://orcid.org/0000-0002-5320-5005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:Peter.Theil@anis.au.dk

Hu et al. Journal of Animal Science and Biotechnology (2020) 11:5

Introduction

In recent years, extensive research has been conducted
to improve the efficiency of protein utilization and miti-
gate nitrogen losses to the environment [1-3]. These
works have led to the development of diets with near
optimal protein content and amino acid (AA) ratios in
order to maximize reproductive performances of sows
[4, 5]. However, it is challenging to estimate AA efficien-
cies from the diet because sows concomitantly mobilize
AA from the body. Currently, it is not known whether
the net portal uptake of AA changes across different
physiological stages in response to substantial changes in
feed intake, which would in turn affect the passage rate
and net absorption profile [6]. During the transition and
lactation period, many physiological processes related to
reproductive output (fetal growth, mammary growth and
milk production) are markedly changed [7], but know-
ledge on whether hepatic oxidation and net splanchnic
release of AA change with the reproductive stage is lack-
ing for the sow.

The portal-drained viscera (PDV; the intestine, pan-
creas, spleen and stomach) contributes approximately
35% of whole-body energy expenditure and protein
synthesis in growing pigs, which plays an important
role in the metabolism of both essential and non-
essential AA [8]. Moreover, the liver, as a central
organ regulating peripheral nutrient supply, is able to
metabolize or catabolize AA [9]. Almost all the essen-
tial AA catabolic enzymes have been found in the
liver, indicating that hepatic AA metabolism affects
the supply of AA pattern to peripheral tissues. There-
fore, quantifying the amount of AA being net
absorbed from the gastrointestinal tract and net taken
up and metabolized by the liver is important to
understand the AA requirement during transition and
lactation of sows. Meanwhile, quantitative knowledge
about AA absorption and metabolism may contribute
to maximize the efficiency of AA utilization in the fu-
ture and to decrease nitrogen excretion and environ-
mental pollution [10]. Energy loss due to heat
production (HE) constitutes a substantial proportion
of the metabolizable energy intake [11], but currently
it is unknown how much of the total sow heat pro-
duction may be ascribed to PDV and liver during
transition and lactation [12].

To study the kinetics of AA metabolism in the PDV
and in the liver, advanced surgical models are necessary.
Surgical insertion of catheters combined with infusing
an internal marker (para-aminohippuric acid, pAH) has
been used to assess the plasma flow in e.g. the mammary
vein in sows [13, 14] and in portal and hepatic veins of
growing pigs [15]. In the present study, multiple cathe-
ters were surgically implanted to quantify the net portal
and net hepatic AA metabolism in multiparous sows
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during late gestation and lactation to understand the
post-prandial dynamics of net portal and net hepatic AA
fluxes and to quantify the heat production of PDV and
the liver.

Materials and methods

The present experiment complied with the Danish Min-
istry of Justice Law 382 (June 10, 1987) and Act 726
(September 9, 1993, as amended by Act 1081 of Decem-
ber 20, 1995) concerning experiments with and the care
of animals.

Animals and surgical procedures

Eight second-parity sows (Danish Landrace x Yorkshire)
were used in this study and housed in an intensive care
facility at Research Center Foulum, Aarhus University,
Denmark. On d 79 + 3 of gestation, sows were surgically
implanted with five permanent indwelling catheters in
the right femoral artery, right femoral vein (not used in
this study), the portal vein, the portal hepatic vein and
the mesenteric vein as described by Kristensen et al.
[15]. The mesenteric vein catheter was used for infusion
of the blood flow marker para-amino hippuric acid
(pAH). The pAH infusate contained 175 mmol/L of
pAH and was adjusted to pH7.4, sterile filtered
(0.22 um, FPE 214-500, JET Bio-Filtration Products Co.,
Ltd., Guangzhou, China), and autoclaved. At the end of
the experiment, the positions of the catheters were in-
vestigated by autopsy to ensure correct placement.

Feeding

Sows were fed a standard lactation diet containing
wheat, barley and soybean meal from d - 15 relative to
expected parturition and until weaning at d 28 of lacta-
tion. Chromic oxide (0.2%) was added to the diet as an
indigestible marker for measuring the apparent total
tract digestibility (ATTD) of nutrients. From 15 d prior
to expected farrowing and until weaning, all sows were
fed a lactation diet formulated to meet the Danish rec-
ommendations [16]. The dietary formulation is shown in
Table 1. Feed was supplied three times daily in equal
portions at 08:00, 16:00, and 24:00 h, and the restricted
feed supply was registered, and feed leftovers were re-
corded and removed daily between 08:00 and 16:00 h,
except on sampling days, when leftovers from the night
meal were removed before the first sampling, and left-
overs from the morning meal were removed 30 min after
feeding. Feed intake corrected for refusals was recorded
on a daily basis. The piglets had no access to creep feed,
but both sows and piglets were offered water ad libitum.

Samples and data collection
Sow body weight (BW) was measured on d - 10, - 3, +
3, +17, and + 28 of lactation. Blood was sampled from
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Table 1 Dietary ingredients and chemical composition of the

diet

ltem

Ingredients, (as fed) a/kg
Barley 40.00
Wheat 3562
Soybean meal, toasted 18.09
Animal fat 3.00
Monocalcium phosphate 1.19
Calcium carbonate 1.55
Sodium chloride 0.36
Vitamin-mineral premix 0.20
Cromium oxide 227

Chemical composition' g/kg DM
DM, % (as fed) 91.18
Crude protein 193.64
Crude fat 5544
Lysine 9.25 (7.87)
Methionine 2.88 (2.54)
Threonine 6.84 (5.64)
Tryptophan 235 (2.00)
Isoleucine 849 (7.28)
Leucine 14.39 (12.38)
Valine 9.95 (8.25)
Histidine 4.81 (4.16)
Phenylalanine 10.06 (8.73)
Alanine 8.13 (6.30)
Aspartate 16.45 (13.70)
Cysteine 3.59 (2.94)
Glutamate 4411 (39.57)
Glycine 831 (6.57)
Proline 15.43 (11.96)
Serine 9.72 (8.23)
Tyrosine 5.58 (4.73)
Arginine 12.14 (10.90)

Composed to fulfill the recommendations for lactating sows by the Danish Pig
Research Center (VSP, Copenhagen, Denmark)

'In parentheses: standardized ileal digestible (SID) content of individual AA (g/
kg DM). The contents of SID Lys, Met, Thr, lle, Leu, Val, His, Phe, and Cys were
calculated based on feed ingredient compositions by DPRC (2013), and the
SID contents of Trp, Ala, Asp, Glu, Gly, Pro, Ser, Tyr and Arg were calculated
from feed ingredient compositions by NRC (2012)

the sows on d 105+ 2 and 112 + 2 of gestation (referred
to as — 10 and - 3 d in milk [DIM]) and again during lac-
tation at 3+0 and 17 +2 DIM. On each sampling day,
eight sets of blood samples were simultaneously drawn
from the artery, the portal vein and the hepatic vein at
hourly intervals from 0.5h before to 6.5h after feeding.
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Whole blood was collected for blood gas measurements,
while plasma was obtained by centrifuging the blood sam-
ple at 1558xg at 4 °C for 12 min and stored at — 20 °C until
analysis. Fecal samples on day - 10, -3, + 3, and + 17 of
lactation were collected to determine nutrient ATTD
using chromic oxide as the external marker. The subsam-
ples of diet were taken weekly and pooled for analysis.

Chemical analysis

Fecal samples were freeze-dried and analyzed in du-
plicate for gross energy (GE), dry matter (DM), fat,
nitrogen, crude fiber, and chromic oxide. Feed and
fecal GE was determined using an adiabatic bomb cal-
orimeter (Parr Instrument Company, Moline, Illinois,
USA). The DM was determined by drying the samples
at 105°C to a constant weight, and crude fiber was
analyzed according to the AOAC method (method
978.10, AOAC, 2007). The CP (N x 6.25) was deter-
mined by the Dumas method [17], and the fat after
HCI hydrolysis was measured according to the Stoldt
procedure [18]. Dietary AA was determined using an
amino acid analyzer (Biochrom 20 plus; Biochrom
Ltd., Cambridge, UK; [EC] 152/2009; European Com-
mission 2009). Chromic oxide in diets and fecal sam-
ples was measured spectrophotometrically according
to Schurch et al. [19].

Oxygen and carbon dioxide were measured in whole
blood using an ABL700 blood gas analyzer (Radiom-
eter, Copenhagen, Denmark). Plasma concentrations
of deacetylated pAH and urea were measured as de-
scribed by Larsen and Kristensen using a continuous
flow analyzer (Autoanalyzer 3, method US-216-72
Rev. 1; Seal Analytical Ltd., Burgess Hill, UK) [20].
For the analysis of AA in plasma, proteins in 700-mL
plasma samples were precipitated with 250 mL of a
32.4% sulphosalicylic acid solution. Then, the super-
natant was applied to resin columns (AG 50 W-X8
Resin 100-200 mesh HY; Bio-Rad laboratories,
Copenhagen, Denmark), washed twice with 2mL of
water, and the AA were subsequently eluted twice
with 1 mL of 2mol/L NH,OH followed by 1mL of
water. The AA eluate was analyzed for concentrations
of Lys, Met, Thr, Trp, Ile, Leu, Val, Phe, His, Tyr,
Ala, Asn, Asp, Gln, Glu, Gly, Pro, Ser, and Cys by
gas chromatography—mass spectrometry (GCMS; Fini-
gan Trace GC ultra-DSQ II; Thermo Scientific, Bre-
men, Germany) as described by Larsen et al. [21].

Calculations and statistical analysis

Dietary crude protein content was calculated as N x
6.25. Nutrient ATTD was estimated using analyzed
chromic oxide concentration in feed and feces according
to Stein et al. [22] using the following equation (Eq.1):
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ATTD = |1 — Nutrifant concentrati.on i‘n fe?es Marker ConcentraFion .in diet « 100 (1)
Nutrient concentration in diet Marker concentration in feces
The portal plasma (Eq. 2) and blood flow (Eq. 3) were calculated according to the following equations:
B infusion rate of pAH (mmol/h)
Portal plasma flows (L/h) = portal plasma pAH concentration (mmol/L) — arterial plasma pAH concentration (mmol/L) (2)
ortal plasma flows (L/h
Portal blood flows (L/h) = P P (L/h) (3)

1 — (content of hematocrit/100)
The net portal flux (NPF) for O,, CO,, insulin, and urea was calculated according to the following equation (Eq. 4):

NPF (mmol/h) = portal blood or plasma flow (L/h)
x [portal concentration (mmol/L) — arterial concentration (mmol/L)] (4)

The NPF of AA (in g/d) was calculated according to the equation (Eq. 5):

NPF (g/d) = NPF (mmol/h) x 24 (h/d) x molar mass for each AA (g/mol) x 0.001 (mol/mmol) (5)
The hepatic plasma (Eq. 6) and blood flow (Eq. 7) were calculated according to the following equations:
Hepatic plasma flow (L/h) — infusion rate of pAH (mmol/h) 6)

hepatic pAH concentration (mmol/L) — arterial plasma pAH concentration (mmol/L)

hepatic plasma flows (L/h)
— (content of hematocrit/100)

Hepatic blood flow (L/h) = ] (7)

The net hepatic flux (NHF) for O,, CO,, insulin, and urea was calculated according to the following equation (Eq. 8):

NHF (mmol/L) = hepatic blood or plasma flow (L/h) x hepatic concentration (mmol/L) — {portal blood or plasma flow (L/h)
xportal concentration (mmol/L) + [hepatic blood or plasma flow (L/h)-portal blood or plasma flow (L/h)]
xarterial concentration (mmol/L)}

(8)
The NHF for AA (in g/d) was calculated according to the equation (Eq. 9):

NHF (g/d) = NHF (mmol/h) x 24 (h/d) x molar mass for each AA (g/mol) x 0.001 (mol/mmol) 9)

Daily individual AA intake was calculated by multiplying the feed intake with the content of AA in the diet as follows (Eq. 10).
The net portal recovery (Eq. 11) and hepatic extraction (Eq. 12) of AA were calculated according to the following equations:

AA intake (g/d) = Feed intake (kg/d) x DM (%)/100 x content of AA (g/kg) (10)

PF
Net portal recovery (%) = % x 100 (11)

Hepatic extraction (%)
—NHF (mmol/L)

= 100
Portal flow (L/h) x portal concentration of AA (mmol/L) + [Hepatic flow (L/h) — Portal flow (L/h)] x arterial concentration of AA (mmol/L) %

(12)

The net splanchnic recovery was calculated according to the following equation (Eq. 13):

Net splanchnic recovery (%)

_ hepatic plasma flow (L/h) x [hepatic AA concentration (mmol/L)-arterial AA concentration (mmol/L)] x 24 (h/d) x molar mass for each AA (g/mol)/1000
N AA intake (g/d)

x100

Positive net fluxes indicate net absorption from the GI-tract or net synthesis (or net release) from the liver, whe%%g
negative net fluxes indicate net uptake, metabolism or catabolism of the substance. Heat production in PDV and liver
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was calculated with the following formula adapted from
Brouwer [23]: HE =16.18 x VO, consumed (L/d) +
5.02 x VCO, produced (L/d); VO, and VCO, are the
volumes (L) of O, and CO,, respectively. Volumes of O,
and CO, were converted from net fluxes of these blood
gases (in mmol/h) into L/d using the gas equation: V =
n x R x T/P, where V = volume, n = number of moles per
day, R=gas constant, T =temperature, P = pressure.
Prior to farrowing, total HE was calculated according to
Feyera and Theil [7]. After farrowing, total HE was esti-
mated by assuming that lactating sows require 0.482 MJ/
(kg®”® x d) to maintenance, and heat energy due to milk
production was estimated by assuming a & of 0.78 [11].
The respiratory quotient (RQ) was determined as CO,
produced/O, consumed ratio.

All statistical analyses were performed using the MIXED
procedure of SAS version 9.3 (SAS Inst. Inc., Cary, NC).
The model included fixed effects of DIM (- 10, - 3, 3, 17),
sampling time relative to feeding (- 0.5, 1.5, 2.5, 3.5, 4.5,
5.5, 6.5h), and the two-way interaction between fixed ef-
fects. The net flux data were whether they differed statisti-
cally from zero, and this information was included in the
respective Tables. The sow was included as a random ef-
fect using a compound symmetry covariance structure to
account for repeated measurements within sows across
DIM. To account for repeated measurements within a
sampling day, a first order autoregressive covariance struc-
ture was applied using a repeated statement. The Tukey-
Kramer test was used in multiple comparisons of means
to adjust the P-values. Variables with only one observation
per day were analyzed using a reduced model including
the fixed effect of DIM. Correlation analysis between insu-
lin and NPF or NHF of AA was analyzed by CORR pro-
cedure of SAS and results are represented by Pearson
correlations () and level of significance (P). Data were
presented as means + SEM. A probability value of P < 0.05
was considered as statistically significant.

Results

Feed intake, sows body weight and digestibility

The feed intake was intermediate pre partum, lowest at + 3
DIM (20% lower than pre partum), and highest at + 17
DIM (95% higher than pre partum feed intake; Table 2). In
contrast, the digestibility of DM, GE, nitrogen, fat, and
crude fiber was highest at + 3 DIM, intermediate pre par-
tum, and lowest at + 17 DIM (P < 0.01). Sow BW decreased
(P <0.001) from late gestation to early and peak lactation.

Arterial plasma concentration

All measured arterial concentrations of metabolites, ex-
cept O,, Met, Thr, His, and Gly, were affected by DIM
(P <0.05; Table 3 and Fig. 1). All measured arterial con-
centrations of metabolites were affected by ST relative to
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Table 2 Sow performance, feed intake, and digestibility of sows
during late gestation and in early and peak lactation

Itern DIM! SEM  P-value
-10 -3 3 17
Feed intake, kg/d  332°  334°  266° 6517 012 <0001
Sow BW', kg 2627 2717 244° 34 52 <0001
Digestibility, g/100 g
DM' 833° 833 862* 798° 07 <0001
GE! 825°  828° 861 791° 08 <0001
Nitrogen 834°  842° 890° 803 08 <0001
Fat 618"  637° 664 532° 18 <0001
Crude Fiber 687  664° 748 614 22 0003

#“Within a row and within a main effect (DIM), means with different
letters differ
'DIM days in milk; BW body weight; DM dry matter; GE gross energy

feeding (P <0.001). Interactions between DIM and ST
relative to feeding were observed for CO, (P =0.008), in-
sulin (P <0.001), urea (P =0.02), Ala (P=0.04), Asn (P=
0.03), Gly (P <0.001), and Ser (P =0.01). Plasma CO, and
plasma insulin were greatest at +3 and + 17 DIM, and
plasma urea was greatest at + 17 DIM. Plasma Lys was
greatest at + 3 DIM and lowest at + 17 DIM. Plasma Trp,
Ile, Leu, Val, and Phe were greatest pre partum and lowest
at + 3 DIM as was the case for the following non-essential
AA: Ala, Asn, Pro, Ser, and Tyr. Arterial concentration of
Gly peaked at 3.5 h after feeding, whereas arterial concen-
trations of all other AA peaked at 0.5-2.5 h after feeding.

Portal plasma and blood flows, net portal fluxes of O,,
CO, and amino acids

The net portal O, flux was affected by DIM (P < 0.001)
but not influenced by ST (P> 0.05; Table 4). All other
net portal fluxes as well as plasma and blood flows were
affected both by DIM (P < 0.05) and by ST (P <0.01). In-
teractions between DIM and ST relative to feeding were
observed for Lys (P=0.02; Fig. 2), Leu (P=0.008), His
(P=0.01), Phe (P=0.003), Ala (P=0.02), Asn (P=
0.003), Asp (P=0.009), Pro (P=0.006), and Tyr (P=
0.01). The net portal fluxes of these AA in +17 DIM
were greater than in other periods from 0.5-5.5h after
feeding. Compared with pre partum levels, portal plasma
and blood flow and O, and CO, fluxes were similar at +
3 DIM while they were higher at + 17 DIM. Net insulin
secretion and net urea release to the GI tract during lac-
tation were higher than pre partum levels. Net portal
uptake of all AA were lower at + 3 DIM and higher at +
17 DIM as compared with pre partum levels. However,
in contrast to all other AA, net portal flux of Glu was
negative most pronounced pre partum and at + 3 DIM,
whereas at + 17 DIM it was essentially zero. Relative to
feeding, the plasma and blood flow and CO, flux peaked
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A) Arterial insulin concentration B) Arterial urea concentration
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Fig. 1 Arterial insulin (a), urea (b), and CO, (c) concentrations of sows during late gestation and in early and peak lactation. Influences of DIM
were observed for arterial insulin (P < 0.001), urea (P <0.001), and CO, (P < 0.001) concentrations, respectively. Influences of time after feeding
were observed for arterial insulin (P <0.001), urea (P <0.001), and CO, (P < 0.001) concentrations, respectively. Interactions between time after
feeding and DIM were observed for arterial insulin (P < 0.001), urea (P=0.02), and CO, (P=0.008) concentrations, respectively. DIM, days in milk

35 45 55 6.5

at 0.5-1.5 h after feeding, while net flux of all AA except
for Glu peaked at 1.5-2.5 h after feeding.

Net portal recovery

Net portal recoveries of essential AA did not differ
across DIM (Table 5; P>0.05) and were all within the
range of 45-72%. The net portal recovery of Asp, Cys
and Glu were affected markedly by DIM (P < 0.05), while
the remaining non-essential AA did not differ across
DIM (P>0.05). The net portal recovery rate of non-
essential AA varied much more than the essential AA,
ranging from — 4% (Glu) to 208% (Ala).

Hepatic plasma and blood flows, net hepatic fluxes of O,,
CO, and amino acids

The hepatic plasma flow, blood flow, and net hepatic
flux of CO, were affected by DIM (P<0.001) and ST
(P<0.01), respectively (Table 6). The net hepatic O,
flux was affected by DIM (P<0.001) but not

influenced by ST (P>0.05). The net hepatic flux of
most AA were negative (Fig. 3), but Met was close to
zero and net hepatic flux of Glu was highly positive.
The net hepatic fluxes of Trp, His, Phe, Ala, Asn, Asp,
Glu, Gly, Pro, Ser, Tyr and Gln were affected by DIM (P <
0.05), while the net hepatic fluxes of Lys, Thr, Ile, Leu,
Phe, Ala, Asn, Asp, Cys, Glu, Ser and Tyr were influenced
by ST relative to feeding (P < 0.05). In addition, interac-
tions between DIM and ST relative to feeding were ob-
served for Leu (P =0.006), Ala (P <0.001), Asn (P=0.02),
Gly (P =0.002) and Ser (P =0.001). Compared to pre par-
tum levels, hepatic plasma and blood, O,, CO,, urea, Trp,
His, Ala, Asn, Asp, Gly, and Tyr fluxes were similar at + 3
DIM, while they were higher at + 17 DIM. Net hepatic in-
sulin secretion and hepatic fluxes of Glu and Gln in lacta-
tion were higher than the pre partum levels. Net hepatic
fluxes of Phe, Pro, and Ser at +3 DIM were lower than the
other period. Relative to feeding, the plasma and blood flow,
O,, CO,, and all AA fluxes peaked at 0.5-2.5h after feeding,
except for Val and His.
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Table 4 Portal plasma and blood flow, and net portal fluxes of gases, insulin, urea, and amino acids in sows during late gestation
and in early and peak lactation’

Item DIm? SEM  ST? SEM  P-value

-0 -3 3 17 -05 05 15 25 35 45 55 65 DIM ST STXDIM
Portal flows, L/h
Plasma 164° 164> 167° 274 7 189° 205 208° 201 195 188° 187°  168° 7 <0001 <0001 046
Blood 227° 228" 229° 3750 9 262°  294°  282%° 273 265 256° 254 230Y 10 <0001 <0001 071
Net portal fluxes
O, mmol/h  —457° —441° —411° — 718" 22 —479 —522 -555 —546 —506 —503 —492 —451 26 <0001 007 006
CO, mmol/h  560°  534°  503° 936" 28 639%™ 7017 685" 6587  509°  652%° 619 5095 36 <0001 0007 007
Insulin, mol/h 235 179°  323*  357° 27 156% 708® 285 329" 229 206 163% 109° 34 <0001 <0001 0002
Urea, mmol/h —50° (26 -62° -211° 18 (-40) -112 —99 -77 87  —-69 -106 -106 26 <0001 072 001
Essential AA, g/d
Lys 1955 193 155¢ 3470 14 1319 254° 2970 3132 250°  220° 184° 128% 16 <0001 <0001 002
Met 42°  38° 37° 80° 06 15 72* 71° 68 57%°  46°  43°  21° 06 <0001 <0001 095
Thr 118°  118° 80°  213* 09 72°  152° 177® 189°  157° 127 108%  75° 11 <0001 <0001 0.0
Trp 48> 47° 39 89" 04 25¢ 60 76 75° 68 59 505 319 05 <0001 <0001 022
lle 1705 161 131 309 11 1059 200° 2620 270  213°  201° 170 122¢ 14 <0001 <0001 025
Leu 205°  282° 2265 5217 17 168Y  382° 443° 4557 368°  336° 293¢ 206° 21 <0001 <0001 0008
Val 1915 195 145¢ 344° 15 130°  219% 2870 305°  262%°  222° 183° 142° 18 <0001 <0001 025
His 89® 76> 51 160° 09 589  116° 122 148 129 79 449 579 10 <0001 <0001 001
Phe 2167 208°  159°  387° 12 132°  274° 319°  321° 289 242 218% 146° 15 <0001 <0001 0003
Non-essential AA, g/d
Ala 508°  449° 373 9307 27 357°  667%° 739° 710%  509° 57299 4949 380° 33 <0001 <0001 002
Asn 98>  87° 55 147° 06 44° 97 142° 141 117° 98 784 57 07 <0001 <0001 0003
Asp 88®  87° 85  140° 06 60¢ 110° 128 136°  110°  106° 83 669 07 <0001 <0001 0009
Cys 54°  59°  27°  90° 06 449 52 66 86 s57°  71%® 590 27% 08 <0001 <0001 0.8
Glu —53°  —45%  —42* (-06°) 10 -76° —41° —28° (=229 (059 -39 -39 -53 12 0003 <0001 075
Gly 346°  326°  309° 6357 23 386°¢ 3709 424 434 40179 449° 419 348% 27 <0001 001 042
Pro 342°  320°  240°  646° 27 203°  423° 529° 516°  425°  410° 3365 253% 32 <0001 <0001 0006
Ser 191°  181° 138 340° 12 106° 243° 278 293° 246 219° 182 1319 14 <0001 <0001 015
Tyr 1555 147°  113< 272 09 83Y 200 228 2377 201°  179° 144 1019 10 <0001 <0001 001
Gln 1240 122° @46) 1722 29 (119 122° 2177 182%° 149 156® 75 (14) 37 003 <0001 085

2"®Within a row and within a main effect (DIM, ST), means with different letters differ. 'Values presented in parenthesis are not significantly different from

zero. 2DIM, days in milk, ST sampling time

Hepatic extraction

The hepatic extraction of most AA was rather low (- 4%
to 5%), but extraction of His (7%), Phe (10-14%) and
most non-essential AA was higher, whereas Glu had a
highly negative extraction (indicating release) and was
most negative at + 3 DIM. The hepatic extraction of Lys
(P<0.001), Ile, Val, Cys, Glu, Ser, and GIn were influ-
enced by DIM (P < 0.05; Table 7), while the hepatic ex-
traction of Lys, Ile, Val, Cys, Glu, Gly, and Ser were
affected by ST relative to feeding (P < 0.05). In addition,
an interaction between DIM and ST relative to feeding was
observed for Ala (P<0.001), Asn (P=0.004), Gly (P=
0.005), and Ser (P = 0.02). Hepatic extraction of Lys, Ile and
Val were greater at — 3 and + 3 DIM as compared with - 10

and + 17 DIV, it was greater pre partum for Cys and Ser as
compared with +3 and + 17 DIM, and hepatic extraction
was greatest at + 3 DIM for Gln as compared with the three
other stages.

Heat production

Heat production in PDV and liver and total sow HE as
well as the ratio of PDV to total HE were significantly af-
fected by DIM (P <0.001, Table 8). Heat production in
PDV and liver at peak lactation were higher than that at
other stages (P < 0.05). Total HE in lactation was higher
than that in late gestation (P <0.05). The RQ of PDV
and liver did not differ across DIM (P > 0.05).
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Fig. 2 Net portal flux (a), net hepatic flux (b), and hepatic extraction (c) of lysine in sows during late gestation and in early and peak lactation.
Influences of DIM were observed for net portal (P < 0.001), net hepatic (P=0.12) fluxes, and hepatic extraction (P <0.001) of lysine, respectively.
Influences of time after feeding were observed for net portal (P < 0.001), net hepatic (P < 0.001) fluxes, and hepatic extraction (P=0.008) of lysine,

extraction (P=0.09) fluxes of lysine, respectively. DIM, days in milk

respectively. Interactions between time after feeding and DIM were observed for net portal (P = 0.02), net hepatic (P =0.09), and hepatic

Correlation between insulin and amino acids

Correlation analysis was performed to evaluate the po-
tential link between insulin and amino acids. The net
portal flux of insulin was positively correlated with all
net portal fluxes of AA (P<0.05; data not shown), ex-
cept for Cys and Glu. The net hepatic flux of insulin was
positively correlated with most net hepatic fluxes of AA
(P<0.05), and it was negatively correlated with the net
hepatic flux of Glu (P < 0.001).

Essential amino acid efficiencies

The standardized ileal digestibility (SID) of essential AA
were within 82-88% (Fig. 4). Net portal recovery of most
essential AA were within 63-69%, while Met, Thr, and His
were clearly lower (49-54%). Net splanchnic recovery of
most essential AA were within 41-62%, while Trp, His,
and Phe were clearly lower (18-24%).

Discussion
It has been demonstrated that the degree of dietary AA
being utilized in first pass by the intestine and liver will

determine the availability for the support of peripheral tis-
sue metabolism [24]. Physiological processes rapidly
change during the transition and lactation period, thus a
dynamic blood flow study is needed to reveal the efficien-
cies of AA utilization across the PDV and liver in sows.

Limiting AA in the diet

The dietary lysine concentration in the present study
was 7.87 g SID Lys/kg DM equivalent to 7.18 g SID Lys/
kg feed. In a new Danish study it was recently demon-
strated that the Lys required to maximize average daily
litter gain recently was reported to be 8.11 g SID Lys/kg
[4], indicating that the sows in the present study most
likely was undersupplied with lysine, although it should
be noted that the sows in the present study suckled 12
piglets whereas sows in the study by Hojgaard and co-
workers suckled 14 piglets [4]. In support of this, the
postprandial change in arterial Lys concentration and
the low hepatic extraction of Lys at peak lactation
compared with early lactation, suggest that dietary
supply of Lys was likely the limiting factor for milk
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Table 5 Net portal recovery of amino acids in sows during late
gestation and in early and peak lactation

Item DIM' SEM  P-value
-0 -3 3 17

Essential AA, %
Lys 705 698 700 637 48 070
Met 488 457 549  45] 66 066
Thr 574 584 489 526 44 03]
Trp 678 671 698 640 42 079
lle 668 636 658 613 38 070
Leu 683 657 668 616 34 051
Val 641 654 623 590 45 073
His 620 546 469 544 54 021
Phe 721 693 673 653 38 057

Nonessential AA, %

Ala 2076 1847 1920 1913 99 031
Asp 177° 176° 213% 1465 11 0002
Cys 496  551° 326  426® 59 004
Glu —40° -33* -39 -03° 07 <0001
Gly 1373 1292 1528 1297 87 016
Pro 736 693 663 690 59 080
Ser 656 629 594 589 44 061
Tyr 922 891 853 825 50 048

#~Within a row and within a main effect (DIM), means with different
letters differ
'DIM days in milk

production at peak lactation. Compared with the new
Danish recommendations [25], the sows in the
present study were supplied excess dietary essential
SID AA relative to their requirement when expressed
relative to lysine (current recommendation given in
parenthesis): Met 32% (31%), Thr 72% (65%), Trp
25% (20%), Ile 93% (56%), Leu 157% (108%), Val
105% (69%), His 53% (36%), and Phe 111% (55%).
Interestingly, the hepatic extraction rate decreased
from 4.5% in early lactation to 1.4% at peak lactation,
which suggest that AA other than Lys or maybe en-
ergy was limiting sow performance in early lactation.
In support of this, Huber et al. observed a substantial
decrease in pre-prandial serum concentration of Lys
from early to peak lactation [26], indicating a much
greater drainage of lysine from the plasma pool to
the mammary glands for milk production at peak lac-
tation as compared with early lactation [7, 27].

Feed intake, digestibility and net portal fluxes

The ATTD of DM, GE, nitrogen, fat and crude fiber de-
creased in the present study for sows fed a wheat-barley-
soybean meal-based diet as feed intake level increased
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and was mainly explaining changes in net portal fluxes,
whereas no evidence of changes in net portal recoveries
across DIM was found. The result is in agreement with
the observations reported that the ATTD of DM, GE,
organic matter, and fat diminished with increasing feed-
ing levels for pigs fed a cornstarch-SBM-based diet [28].
One possible reason is that the enhanced feed intake led
to a faster passage rate in the gastrointestinal tract,
allowing less time for fermentation in the hindgut, thus
reducing the digestibility of all nutrients and energy [29].
Another possible explanation could be that the influence
of endogenous excretions may be changed according to
feeding levels [30]. However, other researchers observed
no differences of ATTD of energy and nutrients in re-
sponse to feeding levels [31, 32], while Dourmad and co-
workers even found that ATTD of DM, organic matter,
and GE increased linearly with the increase of energy in-
take [33]. The inconsistent findings concerning the effect
of feeding levels on digestibility of energy and nutrients
could most likely be attributed to differences in dietary
composition and age of pigs.

The NPF of nutrients were considerably influenced by
DIM in the current study. These changes were essentially
reflected by differences in feed intake and levels of
digested nutrients. All NPF of AA were positive and
followed the same pattern as changes in feed intake, ex-
cept for Glu. Compared to pre partum levels, net portal
uptake of AA at + 3 DIM were reduced (3-63% lower) and
almost doubled (40-100% higher) at +17 DIM. It was
clearly showing that an increase in feed intake increased
net portal uptake of AA, associating with increased milk
production in peak lactation [34]. The negative net portal
flux of Glu indicated oxidation or metabolism of Glu by
the intestinal mucosa. Similarly, a previous study showed
that almost all Glu and Asp in the diet are catabolized by
the small intestinal mucosa in the first pass [35]. Although
Glu and Asp were the most abundant amino acids in the
diets (Table 1), very small amounts appeared in the portal
blood due to the extensive oxidation by the small-
intestinal epithelial cells [36, 37]. Among the non-essential
AA, a very low net portal recovery of Asp and Glu was ob-
served as well as a high net portal recovery of Ala and Gly
which both exceeded 100%. These high portal recoveries
are only possible if other AA are transaminated in the in-
testinal mucosa during the absorptive process [38, 39].

Accurate AA efficiency values are key to designing nu-
tritional models for prediction of AA requirement and
may also help to improve feed formulation during the
optimization of these [40]. In this study, the net portal
recovery of most essential AA were within 63-69%, while
Met, Thr, and His were clearly lower (49-54%), and none
of these differed from late gestation to peak lactation.
This is in agreement with previous studies, which re-
ported that 30-50% of essential AA in the diet of
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Fig. 3 The average net portal fluxes (NPF, blue bars) and net hepatic fluxes (NHF, red bars) of amino acids in sows during late gestation and lactation
A\

growing pigs may be undigested or catabolized by the and hence not related to changes in feed intake or
small intestine in first-pass metabolism [24, 41]. These physiological processes like fetal and mammary growth
results indicate that intestinal metabolism of dietary AA  (in late gestation) or milk production after parturition.
alters both the amount and pattern of AA absorbed into  The net portal recoveries of Lys and Val in peak lacta-
the portal circulation. The net portal recovery of essen-  tion is comparable with the maximum biological effi-
tial AA was constant across these physiological stages ciency value of them estimated by Zhang et al. [5].

Table 7 Hepatic extraction of amino acids in sows during late gestation and in early and peak lactation'
ltem  DIM? SEM  ST? SEM  P-value
-0 -3 3 17 -05 05 15 25 35 45 55 65 DIM ST STXDIM
Essential AA, %
Lys 28 537 45® 14 07 129 45® 61° 397 20 41 3674 26°¢ 10 <0001 0008 0.09
Met —41 —41 (-07) -18 24 -70 -31 (-08) 18 11 40  —69 -25 30 064 011 013
Thr 16 29 27 21 06 21 36 32 18 06) 26 25 25 08 032 009 022
Tp 35 44 36 44 05 31 43 36 39 46 46 43 35 07 039 042 059
le  (07°9 26° 23 (029 07 -11° 24 25 20  (00° 28 16° 14 09 003 0006 054

Leu 10 28 20 13 11 -16 3.1 34 24 09 22 29 08 15 042 005 055
val —07° 14*  (03®) (-06°) 06 -22° (029 12° (03%) 12*  (08) (-05%) (00™) 09 003 002 041
His 7.1 72 70 67 1276 74 56 6.0 85 6.4 52 92 17 098 053 079

Phe 125 139 104 123 1.2 104 123 129 133 124 135 12.3 1.3 1.3 007 0.40 037

Non-essential AA, %

Ala 166 16.3 19.7 194 18 194 17.2 17.8 18.1 16.8 18.1 17.5 19.2 18 005 0.19 <0.001
Asn 164 205 234 212 19 204 218 232 18.8 17.7 194 20.2 213 22 012 0.50 0.004
Asp 8.1 8.8 7.3 8.7 1.5 48 109 100 6.9 6.2 9.1 8.5 9.3 1.8 086 0.07 0.28

Cys 43 50° 24> 35° 06 24° 53 44 33°%¢ 330c 4% 3g3C 393c g7 002 001 091
Glu —722° —71.8° —858% —638° 52 —73.7%° —658° —738%° —720°° —718° —775% —710° —817° 46 002 0005 0.3
Gly 89 92 926 103 09 107 90" 89  g2° 82° 95°  98™ 116 11 038 003 0005

Pro 3.1 42 25 26 07 30 32 36 34 19 36 3.1 32 10 023 076 016
Ser 134° 126 67° 90® 17 60° 131°° 1457 123 94 107° 82 91 15 002 <0001 002
Tyr 100 108 103 101 09 94 109 110 99 95 107 95 M5 11 085 046 049
Gn 46° 59° 109" 63° 16 78 8.1 53 59 80 62 84 57 18 003 056 061

2-d\ithin a row and within a main effect (DIM, ST), means with different letters differ
'Values presented in parenthesis are not significantly different from zero. 2DIM days in milk, ST sampling time
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Table 8 Heat production and respiratory quotient of portal
drained viscera and liver in sows during late gestation and in
early and peak lactation

Item DIM! SEM  P-value
-10 -3 3 17
HE', MJ/d
PDV! 6.20° 6.02° 558° 977 025 <0001
Liver 7.21° 6.66° 6.54° 1191° 083 <0001
Total HE 3155°  3175° 3977 4152* 080 <0001
PDV,% 18107  1754° 1063 2913 229 <0001
Liver,% 1682 2250 1624 3298 504 0104
RQ'
PDV 116 120 121 1.29 004 030
Liver 083 075 071 075 005 045

#“Within a row and within a main effect (DIM), means with different
letters differ

'DIM days in milk; HE heat production; PDV portal drained viscera; RQ
respiratory quotient

However, the net portal recoveries of the remaining essen-
tial AA were substantially lower in this study than the
MBEYV reported by Zhang and co-workers. This discrep-
ancy most likely arise from the differences in the dietary
formulation, as the feed in the present study was formu-
lated without crystalline AA, whereas the study by Zhang
et al. [5] extensively used crystalline AA to obtain a near
ideal AA profile. Sulfur containing AA (Met+Cys) and His
had lower net portal recovery than the remaining essential
AA. Sulphur containing AA (Met+Cys) and aromatic AA
(Phe, Tyr, Trp and His) play important roles in intestinal
mucosal growth associated with a regulated redox status,
intestinal epithelial cell function [42] and in acute phase
responses [43], and deserve to be studied further around
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parturition where the sow secrete substantial amounts of
immunoglobulins via colostrum.

Liver metabolism of amino acids

The liver plays an essential role in intermediary metabol-
ism of sows during transition and lactation, and the
metabolic burden of the liver increased considerably
from late gestation to peak lactation. Amino acid metab-
olism in liver is a function of AA requirements of per-
ipheral tissues and net portal supply of AA. In the
current study, the net hepatic fluxes of Met and Glu
were positive, indicating liver release. It is striking that
Glu is highly abundant both in feed and in milk [44], but
Glu is not at all net absorbed from the GI-tract to the
portal blood, and consequently the liver must synthesize
substantial amounts of this particular AA. Net hepatic
fluxes of Ala and Gly were always negative (indicating
hepatic uptake), but they were similar pre partum and at
+ 3 DIM, whereas they were substantially increased (71%
and 78%, respectively) at + 17 DIM. Glycine and Ala are
the two most important AA for recirculating nitrogen
and C-2 (Gly) or C-3 (Ala) carbon skeletons back to the
liver from peripheral tissues [45]. Glutamate (C-5 mol-
ecule) is released from the liver as a result of its en-
dogenous synthesis, therefore, there was a significant
transfer of this AA from the liver to other organs, in par-
ticular the mammary gland [27]. Moreover, the present
study showed a low hepatic extraction of BCAA being
approximately 0 to 2.8%. It indicated that the capacity of
BCAA metabolism in the liver was limited and at peak
lactation the net hepatic uptake did not differ from zero
for any of the three BCAA. This is consistent with previ-
ous study, which reported that pigs had a low activity of
hepatic BCAA transaminase [46]. In addition, the net
splanchnic recovery of most essential AA were within
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Fig. 4 The average efficiencies of essential amino acid in sows during late gestation and lactation: standardized ileal digestibility (SID), net portal
recovery, and peripheral release (net splanchnic recovery) of essential amino acid refer to dietary intake
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41-62% (Fig. 4), but Trp, His, and Phe were clearly lower
(18-24%). The low net splanchnic recoveries of these AA
indicate a high hepatic oxidation. Hepatic uptake of AA
peaked around 1.5h after feeding (range 0.5-2.5h) and
concomitantly the hepatic release of urea tended to
peak, indicating that except for Met, Val, and Glu, a sub-
stantial loss of both essential and non-essential AA
occur during the first few hours after feeding. These
findings suggest that the liver is able to judge whether
excessive amounts of AA are present in the circulating
blood, possibly by evaluating critical concentrations of
each specific AA in portal blood and based on that de-
cide whether the AA should be oxidized. If that working
hypothesis is true, our data suggest that more frequent
meals of smaller portion size would be favorable to
minimize the postprandial increases in portal blood and
thereby increase the efficiency of utilizing dietary AA for
milk production.

Urea is synthesized in the urea cycle by the liver. In line
with that, the net hepatic flux of urea was substantially
positive, indicating urea release from the liver amounting to
36.9-40.5 mmol/h pre partum, and increased two fold to
75.5mmol/h at 17 DIM. To cover the increased demand
for AA for synthesis of milk protein, greater amounts of
AA were net absorbed from PDV (due to increased feed in-
take), but more AA were concomitantly being oxidized by
the liver [47]. This results in a concomitant increase in urea
synthesis to remove the extra AA nitrogen by liver, as illus-
trated by increased arterial urea concentration in peak lac-
tation. However, a negative net portal flux of urea was
observed at all times (- 2.6 to — 21.1 mmol/h), showing that
part of the urea was recycled to the gastrointestinal tract
where it may become incorporated into microbial biomass
[48]. Without doubt, the hepatic oxidation of AA could be
minimized by including crystalline AA to avoid great excess
of certain dietary AA, as has recently been demonstrated by
Zhang et al. [5].

Heat production in PDV and liver

The portal blood flow could reflect a circulatory re-
sponse to gastrointestinal function related to the process
of digestion and absorption [49]. Indeed, a positive rela-
tionship between feed intake and blood flow has been
reported previously [50, 51]. Moreover, the oxygen con-
sumption clearly increased by the PDV and liver at peak
lactation. The increase in oxygen consumption by the
PDV was proposed to result partially from an increase in
net nutrient absorption across the PDV, whereas the in-
crease in oxygen consumption by the liver most likely
reflects an increased metabolic activity, especially at peak
lactation. In support of this, Freetly and Ferrell reported
that oxygen consumption by the PDV and milk produc-
tion were positively related to digestible energy intake in
lactating ewes [52]. Consistent with these observations,
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the heat production by PDV and liver at peak lactation
were higher than that at other stages. Moreover, the heat
production by PDV relative to total HE markedly changed
especially from early (11%) to peak lactation (29%),
whereas the heat production by liver relative to total HE
was doubled from 16% to 33% from early to peak lactation
(although it should be noted that the hepatic values only
tended to differ (P =0.10). Similarly, Stoll and Burrin re-
ported that the PDV represented 4% to 6% of body weight
in pigs, but accounts for 20% to 35% of the O, consump-
tion and total heat production [53]. Taken together, the
heat production by PDV and liver are important for the
total energy requirement of the animals, while the propor-
tion of PDV and liver heat production relative to the total
sow heat production is variable because of differences in
feed intake, physical activity, and physiological stage.

Insulin secretion

It is well known that insulin is the central hormone regulating
glucose homeostasis, mainly by regulating plasma glucose
concentration in the portal blood. However, amino acids also
play an important role in regulating insulin secretion [54]. In
this study, arterial insulin concentrations markedly increased
from -3 DIM to +3 DIM, even though feed intake and
hence net portal uptake of glucose (data not shown) and AA
decreased, and the higher level of arterial insulin was main-
tained until peak lactation. The increased proportional secre-
tion of insulin at + 3 DIM could be caused by the catabolic
state of the sow. Similarly, Theil et al. [55] found that the ap-
parent insulin secretion was much larger and did not correl-
ate to net glucose absorption in growing pigs after a 14h
overnight fast as compared with pigs fed every 5 h. Pere and
Etienne reported that the development of insulin resistance
appeared at the end of gestation, and further accentuated dur-
ing lactation accompanying with higher energy intake [56].
These results may suggest that sows from late gestation to
early lactation develop insulin resistance, which favors the nu-
trient uptake to the mammary gland as milk yield increase
[57], although this study was not designed for detecting insu-
lin resistence. Postprandially, most net portal and net hepatic
fluxes of AA significantly fluctuated accompanying with the
similar change of insulin concentration. In fact, a positive
Pearson correlation coefficient was found between most net
portal or hepatic fluxes of AA and net insulin fluxes, respect-
ively (data not shown). In line with this, van Loon et al. re-
ported that insulin responses were positively correlated with
plasma AA concentrations [58].

Conclusions

Our study revealed that the net portal recoveries differed
for the essential AA but were constant across physio-
logical stage (from - 10 to + 17 d relative to parturition)
in spite of great changes in feed intake, nutrient digest-
ibility, and sow physiology. Net portal uptake of AA
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peaked at 2.5h after feeding and coincided with the
greatest hepatic oxidation of AA. The study suggests
that more frequent meals with smaller portion size may
be an efficient way to minimize AA oxidation and to in-
crease utilization of dietary AA in the future. Also, the
study indicate that it is beneficial to add crystalline AA
to lactation diets for sows to minimize the excess of
dietary AA. Moreover, the study indicated that sulphur
containing AA and histidine act differently than other
essential AA and deserve to be further studied. Finally,
the study indicated that dietary lysine most likely was
the limiting AA at peak lactation.
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