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Abstract

An experiment was conducted to test the hypothesis that increased dietary Trp is needed in high-Leu diets for growing pigs to prevent a drop
in plasma serotonin and hypothalamic serotonin concentrations and to maintain growth performance of animals. A total of 144 growing pigs
(initial weight: 28.2 + 1.9 kg) were assigned to 9 treatments in a randomized complete block design with 2 blocks, 2 pigs per pen, and 8 repli-
cate pens per treatment. The 9 diets were formulated in a 3 x 3 factorial with 3 levels of dietary Leu (101%, 200%, or 299% standardized ileal
digestible [SID] Leu:Lys), and 3 levels of dietary Trp (18%, 23%, or 28% SID Trp:Lys). A basal diet that met requirements for SID Leu and SID
Trp was formulated and 8 additional diets were formulated by adding crystalline Ll-=Leu and (or) L=Trp to the basal diet. Individual pig weights were
recorded at the beginning of the experiment and at the conclusion of the 21-d experiment. On the last day of the experiment, 1 pig per pen was
sacrificed, and blood and hypothalamus samples were collected to measure plasma urea N, plasma serotonin, and hypothalamic serotonin con-
centrations. Results indicated that increasing dietary Trp increased (P < 0.05) hypothalamic serotonin, whereas increases (P < 0.05) in average
daily gain (ADG) and average daily feed intake (ADFI) were observed only in pigs fed diets containing excess Leu. Increasing dietary Leu reduced
(P < 0.05) ADG, ADFI, and hypothalamic serotonin. However, the increase in ADG and ADFI caused by dietary Trp was greater if 299% SID
Leu:Lys was provided than if 101% SID Leu:Lys was provided (interaction, P < 0.05). Plasma Leu concentration was positively affected by dietary
Leu and negatively affected by dietary Trp, but the negative effect of Trp was greater if 299% SID Leu:Lys was provided than if 101% SID Leu:Lys
was provided (interaction, P < 0.05). Plasma concentration of Trp was positively affected by increased dietary Trp and increased dietary Leu, but
the increase in plasma concentration of Trp was greater if Leu level was at 101% SID Leu:Lys ratio than at 299% SID Leu:Lys ratio (interaction,
P < 0.05). In conclusion, increased dietary Leu reduced ADG, ADFI, and hypothalamic serotonin concentration, and influenced metabolism of
several indispensable amino acids, but Trp supplementation partly overcame the negative effect of excess Leu. This demonstrates the import-
ance of Trp in regulation of hypothalamic serotonin, and therefore, feed intake of pigs.
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Introduction (Gatnau et al., 1995; Wiltafsky et al., 2010). Excess diet-
ary Leu may also reduce synthesis of serotonin in the brain
(Wessels et al., 2016b) because excess Leu may prevent Trp
from being transported from the blood to the brain, which
may result in reduced availability of Trp for serotonin syn-
thesis in the brain. Indeed, excess dietary Leu reduces hypo-
thalamic serotonin concentration (Kwon et al., 2019). As a
consequence, it is possible that if dietary Leu is in excess of the
requirement, extra dietary Trp may be needed to overcome the
reduction in serotonin concentrations, but to our knowledge,
no information about effects of extra Trp on growth perform-
ance and serotonin synthesis have been presented for pigs fed
diets containing excess Leu. Therefore, the objective of this ex-
periment was to test the hypothesis that increased dietary Trp
is needed in high-Leu diets for growing pigs to prevent drops in
both plasma serotonin and hypothalamic serotonin concentra-
tions and to maintain growth performance of animals.

Tryptophan is one of indispensable amino acids (AA) that is
often limiting for growth in pigs fed corn—soybean meal-based
diets (Lewis, 2001; Petersen, 2011). Tryptophan may act as
a regulator of feed intake by enhancing serotonin signaling
in the brain (Henry et al., 1992) because Trp is a precursor
for serotonin, which is a cerebral neurotransmitter that plays
an important role in appetite regulation (Zhang et al., 2007).
High Trp intake increases feed intake (Henry et al 1992; Ettle
and Roth, 2004), and this is partly attributed to increased
serotonin synthesis (Shen et al., 2012a). Availability of dietary
Trp in the brain is considered the rate-limiting step in hypo-
thalamic serotonin synthesis (Meunier-Salaiin et al., 1991;
Shen et al., 2012b). However, to be transported into the brain,
Trp competes with other large neutral AA (LNAA) such as
Val, Leu, Ile, Tyr, and Phe for a common transporter (L-type
AA transporter 1) to cross the blood-brain barrier (Le Floc’h

and Seéve, 2007). .
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Animals, diets, and experimental design

A total of 144 growing pigs with an initial body weight of
28.2 + 1.9 kg were divided into 2 blocks of 72 pigs and ran-
domly assigned to 9 dietary treatments in a randomized com-
plete block design. There were 2 pigs (1 barrow and 1 gilt)
per pen and 4 replicate pens per block for a total of 8 repli-
cate pens per treatment. Pigs were the offspring of Line 359
boars and Camborough sows (Pig Improvement Company,
Henderson, TN). A basal diet based on corn, soybean meal,
wheat, and barley was formulated to contain 1.003% stand-
ardized ileal digestible (SID) Leu which was 100% of the
requirement for SID Leu (101% SID Leu:Lys; NRC, 2012;
Table 1). Two additional diets were formulated by adding
either 1.00% or 2.00% crystalline L-Leu to the basal diet to
have SID Leu:Lys ratios of either 200% or 299%. These 3
diets were formulated to have a SID Trp:Lys ratio of 18%. Six
additional diets were formulated by adding either 0.05% or
0.10% crystalline L-Trp to each of the 3 original diets. Thus,
there was a total of 9 diets that were arranged in a 3 x 3 fac-
torial design with 3 levels of Leu (101%, 200%, or 299%
SID Leu:Lys) and 3 levels of SID Trp (18%, 23%, or 28%
SID Trp:Lys).

All diets were formulated to be isoenergetic (3,300 kcal
ME/kg) and to contain 1.00% SID Lys, which was assumed
to be slightly above the SID Lys requirement (0.98%) for 25
to 50 kg pigs (NRC, 2012). Requirements for SID Leu and Trp
for 25 to 50 kg pigs are estimated to be 0.99% and 0.17%,
respectively (NRC, 2012). These values from NRC (2012)

Table 1. Ingredient composition of experimental diets, as-fed basis

Journal of Animal Science, 2022, Vol. 100, No. 1

correspond to 101% SID Leu:Lys ratio and 17% SID Trp:Lys
ratio. Therefore, diets containing 18% SID Trp:Lys were be-
lieved to provide dietary Trp slightly above the requirement.
Valine and Ile were included close to 100% of the require-
ment for pigs, which is common for diets used under commer-
cial conditions. Other indispensable AA were included in all
diets in excess of the requirement (NRC, 2012). Glycine was
included in all diets to maintain a constant concentration of
dietary crude protein at 18% among all diets.

Pigs were housed in pens with concrete slats. Each pen
(0.9 x 1.8 m) was equipped with a feeder and a nipple drinker,
and pigs had free access to feed and water throughout the
experiment. The individual body weight of pigs was recorded
at the beginning and at the end of the 21-d experiment. Daily
feed allotments were recorded, and the weight of feed left in
the feeders was recorded on the last day of the experiment to
calculate feed consumption. The average daily gain (ADG),
average daily feed intake (ADFI), and average gain to feed
ratio were calculated for each pen of pigs and for each treat-
ment group at the conclusion of the experiment.

Sample collection

At the beginning and on day 11 of the experiment, 1 blood
sample was collected from the jugular vein of 1 barrow in
each pen using a heparinized vacutainer (BD, Franklin Lakes,
NJ). On the last d of the experiment, 2 blood samples were
collected in heparinized vacutainers and vacutainers contain-
ing EDTA (BD) from the same pig in each pen that was used

SID' Leu:Lys, % 101 200 299

SID Trp:Lys, % 18 23 28 18 23 28 18 23 28

Ingredient, %
Ground corn 27.91 27.91 27.91 27.91 27.91 27.91 27.91 27.91 27.91
Soybean meal, 46% CP? 17.60 17.60 17.60 17.60 17.60 17.60 17.60 17.60 17.60
Ground wheat 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
Ground barley 34.00 34.00 34.00 34.00 34.00 34.00 34.00 34.00 34.00
Soybean oil 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Cornstarch 0.90 0.90 0.90 0.45 0.45 0.45 — — —
L-Lys HCI 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
DL-Met 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
L-Thr 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
L-Trp 0.02 0.07 0.12 0.02 0.07 0.12 0.02 0.07 0.12
L-His 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
L-Leu — — — 1.00 1.00 1.00 2.00 2.00 2.00
L-Val 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
L-Gly 1.20 1.15 1.10 0.65 0.60 0.55 0.10 0.05 0.00
Limestone 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20
Monocalcium phosphate 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Salt 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Vitamin-mineral premix? 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

ISID, standardized ileal digestible.
2CP, crude protein.

3The vitamin—micromineral premix provided the following quantities of vitamins and micro minerals per kilogram of complete diet: Vitamin A as retinyl
acetate, 11,136 IU; vitamin D, as cholecalciferol, 2,208 IU; vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as menadione dimethylprimidinol

bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B

0.03 mg;

122

D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as copper sulfate and copper
chloride; Fe, 126 mg as ferrous sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2 mg as manganese sulfate; Se, 0.3 mg as sodium selenite and

selenium yeast; and Zn, 125.1 mg as zinc sulfate.
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for bleeding at the beginning and on day 11 of the experi-
ment. All samples were centrifuged at 1,500 x g at 4 °C for
15 min to collect plasma and samples were then frozen at
-80 °C until analyzed. After bleeding, 1 pig per pen was eu-
thanized by electrocution and then exsanguinated. Brain tis-
sue was removed, and the hypothalamus was isolated and
frozen in liquid N and then stored at -80 °C until analysis.

Sample analyses

Samples of corn, soybean meal, wheat, and barley, which
were the main ingredients in the diets, and all experimental
diets were analyzed for AA [method 982.30 E (a, b, ¢); AOAC
Int., 2007] using an Amino Acid Analyzer (model L 8800;
Hitachi High Technologies America Inc., Pleasanton, CA).
These samples were also analyzed for N (method 984.13;
AOAC Int., 2007) using a Kjeltec 8400 apparatus (FOSS Inc.,
Eden Prairie, MN). Crude protein was calculated as N x 6.25.
All diets and ingredients were also analyzed for dry matter
(method 930.15; AOAC Int., 2007), and all diets were ana-
lyzed for ash (method 942.05; AOAC Int., 2007). The con-
centration of acid hydrolyzed ether extract (method AM
5-04; AOAC Int., 2007) in all diets was measured using the
ANKOM HCI hydrolysis system and an ANKOM XT15 fat
extractor (ANKOM Technologies, Macedon, NY). All diets
were also analyzed for gross energy using a bomb calorim-
eter (model 6400; Parr Instruments, Moline, IL). Plasma from
blood in the heparinized tubes was analyzed for plasma urea
N using a Beckman Coulter Clinical Chemistry AU analyzer
(Beckman Coulter Inc., Brea, CA). The heparinized plasma
samples were also analyzed for free AA using an Amino Acid
Analyzer (model L 8900; Hitachi High Technologies America
Inc., Pleasanton, CA) equipped with a high-performance cat-
ion exchange column.

Platelet-free plasma was prepared from anticoagulated
blood in the tubes containing EDTA by double centrifugation
according to the protocol described by Shen et al. (2012a).
The supernatant was filtered with a 0.45-um syringe filter to
remove remaining platelets from the plasma. Concentrations
of serotonin in the platelet-free plasma and in the hypothal-
amus were analyzed using ELISA kits developed for porcine
according to the manufacturer’s protocol (GenWay Biotech,
Inc., San Diego, CA). To obtain homogenates from the hypo-
thalamus, frozen samples were weighed (0.5 g) and hom-
ogenized with buffer solution on ice using a hand-held Tissue
Tearor (Biospec Products, Inc., Bartlesville, OK). The hom-
ogenate was centrifuged at 15,000 x g at 4 °C for 30 min and
the supernatant was used to determine the concentration of
tissue-free serotonin in the hypothalamus.

Statistical analyses

Normality of data was verified, and outliers were identified
using the UNIVARIATE procedure of SAS (SAS Institute Inc.,
Cary, NC). Data were analyzed using the MIXED proced-
ure of SAS (SAS Institute. Inc.). The experimental unit was
the pen and the model included dietary concentration of SID
Leu, dietary concentration of SID Trp, and the interaction be-
tween SID Leu and SID Trp as fixed effects and block and
replicate within block as random effect. Assumptions of the
model were tested using PROC GPLOT and influence options
of SAS. Effects of dietary concentration of SID Leu, dietary
concentration of SID Trp, and the interaction between SID
Leu and SID Trp were considered significant at P < 0.05. If

the interaction or one of the main effects was significant, the
software NLREG version 6.5 (Sherrod, 2008) was used to
determine parameter estimates for the second-order response
surface model to increasing dietary concentrations of SID
Leu and SID Trp as described by Khuri and Cornell (1996).
Parameter estimates of the model that were not significant
(P > 0.10) and were not included in a significant interaction,
were removed from the model and the estimates were recal-
culated. The surface response full model was:

Y=a+bxSID Trp + ¢ x SID Trp* + d x SID Leu + e x SID
Leu? + f x SID Trp x SID Leu + g x SID Trp? x SID Leu + b x
SID Trp x SID Leu? + i x SID Trp? x SID Leu?,

where Y is the dependent variable, a is the intercept, b, c,
d, e, [, g, b, and i are the coefficients, and SID Trp and SID
Leu are the percentage concentrations of dietary SID Trp and
SID Leu.

Results

Crude protein and AA concentrations in corn, soybean meal,
wheat, and barley were in agreement with reported values
(NRC, 2012; Table 2) and analyzed values for crude protein,
Leu, Trp, Lys, and most AA in experimental diets were also in
agreement with calculated values (Table 3). Inclusion of AA

Table 2. Analyzed nutrient composition of ingredients, as-fed basis

Item Corn SBM! Wheat Barley
CP%, % 7.02 46.24 11.01 11.25
Dry matter, % 85.56 88.80 86.58 87.64
Indispensable AA, %
Arg 0.32 3.28 0.52 0.55
His 0.21 1.19 0.24 0.24
Ile 0.26 2.15 0.39 0.38
Leu 0.78 3.51 0.69 0.72
Lys 0.26 291 0.36 0.48
Met 0.14 0.61 0.19 0.19
Phe 0.32 2.36 0.45 0.49
Thr 0.26 1.79 0.32 0.38
Trp 0.06 0.63 0.13 0.12
Val 0.33 2.20 0.46 0.53
Dispensable AA, %
Ala 0.50 1.97 0.41 0.47
Asp 0.46 5.04 0.58 0.72
Cys 0.16 0.62 0.26 0.24
Glu 1.21 8.08 2.70 2.19
Gly 0.29 1.92 0.45 0.45
Pro 0.62 2.28 0.90 0.93
Ser 0.33 1.95 0.44 0.42
Tyr 0.19 1.71 0.27 0.27
BCAA3:CP ratio, %
Ile:CP 3.70 4.65 3.54 3.38
Leu:CP 11.11 7.59 6.27 6.40
Val:CP 4.70 4.76 4.18 4.71

ISBM, soybean meal.
2CP, crude protein.
SBCAA, branched-chain amino acids.
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other than Leu and Trp was constant among diets. However,
there were some discrepancies between calculated and ana-
lyzed concentrations of some AA, which are likely due to
errors in sub-sampling or analysis. All animals were healthy
and readily consumed their assigned diets throughout the

Table 3. Analyzed nutrient composition of experimental diets, as-fed basis
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experimental period. The reduced models (P < 0.05) were
used to predict ADG and ADFI (Table 4). However, the aver-
age gain-to-feed ratio could not be predicted from dietary
SID Trp or SID Leu. For ADG and ADFI, the negative linear
SID Trp and SID Leu terms, and the interaction between SID

SID! Leu:Lys, % 101 200 299

SID Trp:Lys, % 18 23 28 18 23 28 18 23 28

Gross energy, keal/kg 4,000 4,011 4,006 4,055 4,051 4,052 4,082 4074 4,073

Crude protein, % 16.46 16.63 16.40 16.63 16.61 16.70 16.62 16.58 16.58

Dry matter, % 88.68 88.73 88.55 88.59 88.78 88.70 88.56 88.56 88.51

Ash, % 4.65 4.56 4.49 4.37 4.46 4.32 4.37 4.65 4.43

Acid hydrolyzed ether extract, % 4.43 4.46 4.56 4.64 4.55 4.61 4.49 4.58 4.43

Indispensable AA, %
Arg 0.95 0.91 0.89 0.95 0.92 0.93 0.84 0.88 0.87
His 0.42 0.41 0.40 0.42 0.41 0.42 0.39 0.40 0.39
Ile 0.68 0.66 0.63 0.67 0.65 0.66 0.60 0.63 0.61
Leu 1.21 1.19 1.13 2.16 2.14 2.21 3.27 3.05 3.20
Lys 1.12 1.09 1.12 1.12 1.09 1.12 1.07 1.08 1.08
Met 0.31 0.29 0.29 0.31 0.28 0.29 0.26 0.31 0.27
Phe 0.77 0.75 0.72 0.77 0.74 0.76 0.69 0.73 0.72
Thr 0.65 0.69 0.69 0.70 0.69 0.69 0.65 0.69 0.66
Trp 0.18 0.24 0.28 0.19 0.23 0.28 0.20 0.23 0.27
Val 0.84 0.84 0.82 0.86 0.83 0.84 0.79 0.81 0.80

Dispensable AA, %
Ala 0.73 0.71 0.68 0.72 0.69 0.71 0.66 0.69 0.68
Asp 1.37 1.32 1.31 1.37 1.32 1.35 1.22 1.28 1.25
Cys 0.29 0.27 0.26 0.28 0.27 0.27 0.25 0.26 0.24
Glu 2.99 2.85 2.75 2.94 2.82 2.90 2.67 2.78 2.73
Gly 1.66 1.73 1.89 1.29 1.22 1.24 0.71 0.70 0.61
Pro 1.12 1.05 0.99 1.10 1.02 1.00 1.00 1.02 1.04
Ser 0.62 0.60 0.59 0.63 0.61 0.63 0.58 0.61 0.60
Tyr 0.49 0.46 0.46 0.49 0.48 0.48 0.44 0.46 0.47

ISID = standardized ileal digestible.

Table 4. Least squares means for growth performance of growing pigs fed diets with varying ratios between dietary standardized ileal digestible (SID)

Leu and SID Trp, as-fed basis

SID Leu:Lys, % 101 200 299 SEM
SID Trp:Lys, % 18 23 28 18 23 28 18 23 28
No. of pens 8 8 8 8 8 8 8 8 8
BW, kg
Day 1 28.8 28.9 29.1 28.9 28.8 29.0 28.8 28.9 29.0 0.9
Day 21 47.0 47.8 47.0 46.6 47.0 48.0 44.5 46.0 45.3 1.9
ADG, g/d! 867 898 852 845 869 905 750 815 777 61
ADFI, g/d? 1,675 1,724 1,630 1,657 1,656 1,720 1,519 1,584 1,506 95
Gain-to-feed ratio® 0.52 0.52 0.52 0.51 0.52 0.53 0.49 0.51 0.51 0.02

'Results indicated that ADG from days 0 to 21 at different combinations of SID Trp and SID Leu could be described by the following model: 975.196 —
1.792 x SID Trp — 0.944 x SID Leu + 0.021 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were

< 0.001, 0.343, and 0.663, respectively.

*Results indicated that ADFI from days 0 to 21 at different combinations of SID Trp and SID Leu could be described by the following model: 1839.196 —
0.299 x SID Trp — 1.062 x SID Leu + 0.016 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were

<0.001, 0.562, and 0.514, respectively.

Results indicated that average gain-to-feed ratio could not be predicted from dietary SID Trp or SID Leu.
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ADG =975.196 - 1.792 x SID Trp — 0.944 x SID Leu + 0.021 x SID Trp x
SID Leu (P < 0.05; Standard error = 113.44)

1000

950 SID Leu:Lys ratio, %
900 ——101

o
850 / ——200
——299

800 /

750

700
15.0 20.0 25.0 30.0

SID Trp:Lys ratio, %

Figure 1. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and Leu (P < 0.05), for average daily
gain (ADG) in growing pigs fed diets containing from 18% to 28% SID
Trp:Lys and from 101% to 299% SID Leu:Lys.

ADFI = 1839.196 - 0.299 x SID Trp — 1.062 x SID Leu + 0.016 x SID Trp
x SID Leu (P < 0.05; Standard error = 165.75)

1900

SID Leu:Lys ratio, %

——101

1800

—

a0 ——200

1700 /

1500
15.0 20.0 25.0 30.0

——299

SID Trp:Lys ratio, %

Figure 2. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for average
daily feed intake (ADFI) in growing pigs fed diets containing from 18% to
28% SID Trp:Lys and from 101% to 299% SID Leu:Lys.

Trp and SID Leu were included in the final model (Figures 1
and 2). An interaction (P < 0.05) between SID Leu and SID
Trp was observed for ADG and ADFI, because increasing
SID Trp increased ADG and ADFI more if Leu level was at
299% SID Leu:Lys ratio than at 101% SID Leu:Lys ratio.
For prediction of serotonin in the hypothalamus, the re-
duced model (P < 0.05) was used (Table 5). An interaction
(P < 0.05) between SID Trp and SID Leu was also observed
because increasing SID Trp at high SID Leu concentrations in-
creased hypothalamic serotonin less if Leu level was at 101%
SID Leu:Lys ratio than at 299% SID Leu:Lys ratio (Figure 3).
However, plasma urea N and plasma serotonin could not be pre-
dicted from dietary SID Trp or SID Leu using the chosen model.
For prediction of free AA concentrations in plasma, reduced
models (P < 0.05) were used (Table 6). For Ile, both negative
linear SID Trp and SID Leu terms and the interaction between
SID Trp and SID Leu were included in the model (Figure 4).
Increasing SID Trp at the highest SID Leu level increased Ile
concentration in plasma, but increasing SID Trp at the lowest
SID Leu levels decreased Ile concentration in plasma (inter-
action, P < 0.05). For Leu and Trp, positive linear SID Trp and
SID Leu terms and the interaction between SID Trp and SID

Leu were included in the final model (Figures 5 and 6). Plasma
concentration of Leu was reduced by increasing dietary Trp,
but the reduction was greater if Leu level was at 299% SID
Leu:Lys ratio than at 101% SID Leu:Lys ratio (interaction,
P < 0.05; Figure 5). Plasma concentration of Trp increased
with increasing dietary Trp but the increase was greater if SID
Leu was at the requirement than at 300% of the requirement
(interaction, P < 0.05; Figure 6).

Increasing SID Trp at the highest SID Leu level increased
Val concentration in plasma but increasing SID Trp at lower
SID Leu levels decreased Val concentration in plasma (inter-
action, P < 0.05; Figure 7). Increasing SID Trp if 101% SID
Leu:Lys was provided increased Thr concentration in plasma,
but increasing SID Trp if SID Leu level was above the require-
ment (200% or 299% SID Leu:Lys) decreased Thr concentra-
tion in plasma (interaction, P < 0.035; Figure 8).

Discussion

Corn and corn co-products and sorghum and sorghum co-
products have high Leu:crude protein ratio compared with
other cereal grains and the Leu:Lys ratio in corn and sorghum
protein is also greater than in most oilseed meals (NRC, 2012;
Sotak et al., 2015). If corn- or sorghum-coproducts supply
a large amount of protein in diets, concentrations of diet-
ary Leu will be elevated, which may result in an imbalanced
supply of branched-chain AA (BCAA) in diets (Rojo-Gomez,
2011; Yang et al., 2019). For example, if a corn-based diet
with 30% conventional corn distillers dried grains with
solubles (DDGS) is fed to growing pigs, dietary SID Leu will
exceed the requirement by 50% to 100%. If greater inclusion
of DDGS or if high protein DDGS is used, the excess of diet-
ary Leu will be even greater (Espinosa and Stein, 2018). It is,
therefore, possible that practical diets under certain circum-
stances contain at least twice as much Leu as required.

Results of this experiment confirm that increased dietary
Leu reduced ADG and ADFI, but the interactions between
SID Trp and SID Leu demonstrated that the negative effect of
excess Leu may partially be ameliorated by increasing dietary
Trp, which has also been reported previously (Gatnau et al.,
1995; Wiltafsky et al., 2010; Wessels et al., 2016a). However,
the observation that both ADG and ADFI were maximized at
the lowest Leu concentration indicates that excess Trp can-
not completely overcome the negative effects of excess Leu.
Pigs fed diets containing excess Leu had lower ADFI than
pigs fed diets containing SID Leu at the requirement (NRC,
2012), but pig brain Trp concentrations were not influenced
by dietary Leu (Wessels et al., 2016a). Thus, it is possible that
Trp concentration in the brain is not the only reason for the
reduced ADFI observed in pigs fed diets with excess Leu. An
imbalanced supply of AA may induce metabolic losses of spe-
cific indispensable AA, resulting in AA deficiency (Jansman
et al., 2019). In rats and birds, sensing deficiencies and imbal-
ances of indispensable AA by the anterior piriform cortex of
the brain is likely the reason for reduced voluntary feed intake
(Gietzen et al., 2004). This may be a protective mechanism to
prevent protein breakdown in the brain if AA supply is inad-
equate (Hao et al., 2005).

The observation that concentrations of plasma Ile and Val
were decreased by increasing dietary Leu confirmed that in-
creased dietary Leu reduced availability of free Val and Ile
in plasma, which is in agreement with reported data (Duan
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Table 5. Least squares means for concentrations of plasma urea N, plasma serotonin, and hypothalamic serotonin of growing pigs fed diets with
varying ratios between dietary standardized ileal digestible (SID) Leu and SID Trp, as-fed basis

SID Leu:Lys, % 101 200 299 SEM
SID Trp:Lys, % 18 23 28 18 23 28 18 23 28
No. of pens 8 8 8 8 8 8 8 8 8
Plasma urea N, pg/mL!
Day 1 7.5 7.3 7.8 7.6 7.4 7.6 6.9 7.3 7.3 0.6
Day 11 7.5 7.5 7.4 8.4 7.5 8.0 7.8 8.8 7.6 0.7
Day 21 8.8 7.4 7.9 8.6 7.9 8.3 7.6 8.9 8.1 1.0
Serotonin
Hypothalamus, ng/mg?> 0.139 0.138 0.142 0.128 0.132 0.136 0.122 0.126 0.125 0.006
Plasma, ng/mL3 62.8 40.1 68.8 57.2 53.6 411 67.8 59.7 39.7 19.1

'Results indicated that plasma urea N could not be predicted from dietary SID Trp or SID Leu.
*Results indicated that serotonin concentration in hypothalamus at different combinations of SID Trp and SID Leu could be described by the following
model: 0.135 + 0.001 x SID Trp — 0.00007 x SID Leu — 0.0000002 x SID Trp x SID Leu (P < 0.05); P-value for effects of Leu, Trp, and the interaction

between Leu and Trp were 0.006, 0.577, and 0.960, respectively.

SResults indicated that serotonin concentration in plasma could not be predicted from dietary SID Trp or SID Leu.

Hypothalamic serotonin = 0.135 + 0.001 x SID Trp —0.00007 x SID Leu —
0.0000002 x SID Trp x SID Leu (P < 0.05; Standard error = 0.02)

0.16
SID Leu:Lys ratio, %
0.15
——101
o 0.14 // —-200
)
= o1 et

-

0.12

0.11
15.0 20.0 25.0 30.0

SID Trp:Lys ratio, %

Figure 3. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for
hypothalamic serotonin concentrations in growing pigs fed diets
containing from 18% to 28% SID Trp:Lys and from 101% to 299% SID
Leu:Lys.

et al., 2016; Wessels et al., 2016a; Kwon et al., 2019). Plasma
levels of Tle and Val in pigs fed the diets containing 101%
SID Leu:Lys ratio were also in agreement with recent data
(Wessels et al., 2016a; Kwon et al., 2020). Likewise, plasma
levels of Ile in pigs fed diets containing excess dietary Leu
were in agreement with levels of plasma Ile determined in pigs
fed Ile deficient diets (Wiltafsky et al., 2009). It is, therefore,
likely that the reduced feed intake that is often observed in
pigs fed diets containing excess dietary Leu is partially a result
of Ile deficiency, which may have been caused by catabolism
of Ile after absorption.

Leucine stimulates catabolism of BCAA in skeletal
muscle and liver (Harper et al., 1984). If diets fed to
pigs contain excess Leu, catabolism of all 3 BCAA may
increase because of the stimulating effect of the Leu me-
tabolite, a-keto isocaproate on BCAA catabolizing en-
zymes (Wiltafsky et al., 2010). Thus, excess dietary Leu
decreases the quantities of Val and Ile that are available for
protein synthesis. In addition, excess dietary Leu reduced
feed intake and growth performance of pigs (Gatnau et al.,
19935; Wiltafsky et al., 2010), which may be a result of the

imbalanced supply of BCAA that is a result of increased
catabolism of Val and Ile.

The increased concentration of serotonin in the hypothal-
amus that was observed as dietary Trp increased confirms the
importance of Trp as a precursor for serotonin. Availability
of Trp in the brain is the rate-limiting step for serotonin bio-
synthesis (Meunier-Salaiin et al., 1991; Shen et al., 2012b).
Results also demonstrated the negative effect of Leu on sero-
tonin synthesis, which is likely because excess Leu reduces
Trp uptake in the brain due to competition in transporta-
tion from blood to brain (Henry et al., 1992; Wessels et al.,
2016a). Tryptophan has to compete with the LNAA including
BCAA for a common uptake transporter (L-type AA trans-
port system) to cross the blood-brain barrier (Le Floc’h and
Séve, 2007), and the Trp to LNAA ratio in plasma is the key
determinant for serotonin synthesis in the brain (Henry et al.,
1992). Reduced Trp to LNAA ratio in plasma, which may be
a result of increased dietary Leu, may, therefore, contribute to
a reduced uptake of Trp by the brain. However, in this experi-
ment, the Trp to LNAA ratio in plasma was greater if diet-
ary Leu was at a 299% SID Leu:Lys ratio than at 101% SID
Leu:Lys ratio. Increasing levels of one of the LNAA elevates
its brain uptake and decreases the uptake of the other LNAA
(Fernstrom, 2013), but due to the transporter having different
affinity for different LNAA, the Trp to LNAA ratio may not
always be a good predictor for uptake of Trp into the brain.
Smith (2000) summarized K_ (Kaplan—Meier estimate) values
for AA uptake into brain through the L-type AA transport
system in rats, where K_is the half-saturation concentration
in the absence of competitors. The K_ for Val (~210 pmol/L)
was greater than for Ile (~56 pmol/L) and Leu (~29 pmol/L),
indicating that the apparent transport affinity (1/K_) of Leu
is almost 10 times greater than that of Val. Therefore, even if
the Trp to LNAA ratio is reduced in plasma, increased Leu
with decreased Val in plasma may reduce Trp uptake into
the brain.

A positive correlation between hypothalamic Trp and hypo-
thalamic serotonin and a negative correlation between hypo-
thalamic Trp and plasma Leu were reported (Wessels et al.,
2016b). Reduced availability of Trp in plasma also decreased
serotonin synthesis in the hypothalamus, resulting in reduced
voluntary feed intake in pigs (Henry et al., 1992). Therefore,
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Table 6. Least squares means for concentrations of amino acids (AA) in plasma of growing pigs fed diets with varying ratios between dietary
standardized ileal digestible (SID) Leu and SID Trp, as-fed basis

SID Leu:Lys, % 101 200 299 SEM

SID Trp:Lys, % 18 23 28 18 23 28 18 23 28

Indispensable AA, pmol/L!
Arg 142.2 123.1 137.4 131.6 117.8 132.2 135.8 135.5 111.4 14.3
His 54.3 43.9 45.8 50.6 49.7 61.9 51.6 53.4 46.0 4.8
1le? 122.5 109.1 112.9 49.0 56.2 48.9 43.7 41.2 45.3 6.2
Leu? 169.2 145.6 145.5 265.0 251.1 250.4 342.4 354.2 283.9 32.0
Lys 151.3 151.3 158.7 171.7 188.2 183.8 185.4 181.4 158.3 23.1
Met 46.7 40.3 44.4 42.9 39.6 44.4 46.9 43.9 40.7 51
Phe 74.5 61.7 66.1 65.6 69.8 70.8 74.6 72.3 74.4 4.1
Thr* 186.9 161.0 152.9 169.3 147.4 164.9 206.1 224.5 209.6 20.8
Trp® 35.5 42.2 51.7 38.9 45.5 53.0 40.7 48.5 45.8 4.2
Val® 367.6 355.5 362.6 137.8 147.5 139.1 114.7 116.1 116.5 13.9

Dispensable AA, pmol/L 7
Ala 463.5 483.6 459.6 431.8 514.8 511.2 509.1 526.7 612.2 47.8
Asp 26.2 27.0 25.0 26.1 28.3 27.6 27.1 30.2 28.6 2.2
Cys 2.2 ND* 2.6 ND 4.7 1.1 4.3 3.4 1.5 1.8
Glu 259.3 272.5 254.3 255.9 282.3 298.1 282.6 267.3 303.8 20.5
Gly 1,754 2,189 1,834 1,654 1,825 1,532 1,856 1,874 1,940 220
Pro 252.7 272.2 274.8 252.0 264.5 268.0 273.8 279.1 332.9 20.5
Ser 157.6 192.0 167.4 153.1 183.4 152.5 175.0 170.0 198.3 17.2
Tyr 65.7 71.6 68.3 65.9 74.1 71.1 76.3 66.4 80.8 5.7

'Results indicated that concentrations of indispensable AA except Ile, Leu, Thr, Trp, and Val in plasma could not be predicted from dietary SID Trp or SID
Leu.

2Results indicated that Ile concentration in plasma at different combinations of SID Trp and SID Leu could be described by the following model: 173.036 —
1.380 x SID Trp — 0.485 x SID Leu + 0.006 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were
<0.001, 0.789, and 0.446, respectively.

Results indicated that Leu concentration in plasma at different combinations of SID Trp and SID Leu could be described by the following model: 65.760 +
0.262 x SID Trp + 1.269 x SID Leu — 0.017 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were
<0.001, 0.399, and 0.761, respectively.

“Results indicated that Thr concentration in plasma at different combinations of SID Trp and SID Leu could be described by the following model:

246.919 — 4.918 x SID Trp — 0.199 x SID Leu + 0.019 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu
and Trp were 0.003, 0.744, and 0.707, respectively.

SResults indicated that Trp concentration in plasma at different combinations of SID Trp and SID Leu could be described by the following model: — 9.864 +
2.289 x SID Trp + 0.137 x SID Leu — 0.006 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were
0.702, 0.003, and 0.517, respectively.

*Results indicated that Val concentration in plasma at different combinations of SID Trp and SID Leu could be described by the following model: 469.656 —
0.747 x SID Trp = 1.309 x SID Leu + 0.003 x SID Trp x SID Leu (P < 0.05); P-values for effects of Leu, Trp, and the interaction between Leu and Trp were
<0.001, 0.998, and 0.954, respectively.

"Results indicated that concentrations of dispensable AA in plasma could not be predicted from dietary SID Trp or SID Leu.

SND, Not detected.

Tle = 173.036— 1.380 x SID Trp — 0.485 x SID Leu + 0.006 x SID Trp x

the reduced feed intake caused by excess dietary Leu that was
SID Leu (P < 0.05; Standard error = 21.46)

observed in the present study may be a result of sensing de-

150.0
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Figure 4. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for plasma
lle concentration in growing pigs fed diets containing from 18% to 28%
SID Trp:Lys and from 101 % to 299% SID Leu:Lys.

ficiency for Ile and decreased serotonin concentration in the
brain, which were also demonstrated.

Platelets in blood and in the gastrointestinal tracts are
the greatest pools of body serotonin in animals (Le Floc’h
et al., 2017). Serotonin in blood is mostly synthesized by
the enterochromaffin cells of the gastrointestinal tract
(Watanabe et al., 2010) and approximately 95% of blood
serotonin is stored in the platelets. Blood serotonin concen-
tration did not affect intake of food in humans (Anderson
et al., 1985), and dietary Trp did not affect plasma sero-
tonin in pigs although serotonin in the hypothalamus was
increased (Shen et al., 2012a; b). Thus, the observation
that serotonin concentration in the brain was not related
to serotonin concentration in blood, and that plasma sero-
tonin was not affected by dietary Leu or Trp is in agreement
with reported data.
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Leu=65.760+ 0.262 x SID Trp + 1.269 x SID Leu — 0.017 x SID Trp x
SID Leu (P < 0.05; Standard error = 85.03)
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Figure 5. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for plasma
Leu concentration in growing pigs fed diets containing from 18% to 28%
SID Trp:Lys and from 101% to 299% SID Leu:Lys.

Trp =—9.864 +2.289 x SID Trp + 0.137 x SID Leu — 0.006 x SID Trp x
SID Leu (P < 0.05; Standard error = 11.63)
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Figure 6. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for plasma
Trp concentration in growing pigs fed diets containing from 18% to 28%
SID Trp:Lys and from 101% to 299% SID Leu:Lys.

Plasma urea N is considered a measure for changes in diet-
ary AA balance and efficiency of AA utilization in pigs (Coma
et al., 1995). Excess dietary Leu increased plasma urea N,
which likely was a result of increased catabolism of Ile and
Val, and therefore, imbalances among other indispensable AA
(Kwon et al., 2019). Supply of AA in excess of the require-
ment may result in increased urea synthesis, because excess
AA are catabolized (Eggum, 1970). However, the lack of re-
sponses for plasma urea N in this experiment indicates that
adding additional dietary Leu or dietary Trp to the diet was
not effective in improving the efficiency of protein synthesis.

Because crystalline L-Leu or L-Trp were added to the basal
diet that was formulated to provide dietary Leu or Trp at the
requirement, increased concentrations of free Leu or Trp in
plasma was expected as additional Leu or Trp was added to
diets. However, the interaction between SID Trp and SID Leu
for both AA in plasma may be a result of improved ADG and
ADFI in pigs fed diets with additional Trp, indicating that inclu-
sion of additional Trp is needed in diets with excess dietary Leu.

The reason for the concentration of Thr in plasma was
positively affected by addition of Leu to the diet may be that
the Thr dehydratase pathway, which may be used in Thr me-
tabolism, may be affected by BCAA catabolizing enzymes in
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Val = 469.656 — 0.747 x SID Trp — 1.309 x SID Leu + 0.003 x SID Trp x
SID Leu (P < 0.05; Standard error = 60.73)

400.0
350.0 SID Leu:Lys ratio, %

300.0 ——101

250.0 ——200

——299

200.0

pmol/L

150.0

100.0

50.0

0.0
15.0 20.0 25.0 30.0

SID Trp:Lys ratio, %

Figure 7. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for plasma
Val concentration in growing pigs fed diets containing from 18% to 28%
SID Trp:Lys and from 101 % to 299% SID Leu:Lys.

Thr = 246.919-4.918 x SID Trp — 0.199 x SID Leu + 0.019 x SID Trp x
SID Leu (P < 0.05; Standard error = 58.92)
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Figure 8. Predicted values, based on the interaction between
standardized ileal digestible (SID) Trp and SID Leu (P < 0.05), for plasma
Thr concentration in growing pigs fed diets containing from 18% to 28%
SID Trp:Lys and from 101 % to 299% SID Leu:Lys.

rats (House et al., 2001) and possibly also in pigs. The obser-
vation that addition of Trp to the diet containing 299% SID
Leu:Lys ratio increased concentrations of plasma Thr may be
a result of the greater feed intake in pigs fed diets with greater
Trp concentration. However, if pigs were fed diets containing
101% SID Leu:Lys or 199% SID Leu:Lys, addition of Trp
had a negative effect on plasma Thr. It is possible that the rea-
son for this observation is that additional dietary Trp results
in increased microbial synthesis of indoles in the intestinal
tract, which in turn may initiate increased synthesis of mucin,
which is rich in Thr. Inclusion of fiber in diets to pigs results
in increased requirement for dietary Thr because of increased
synthesis of mucin (Mathai et al., 2016), and it is, therefore,
possible that the Thr requirement is also increased if the
concentration of indoles in the intestinal tract is increased.
However, additional research is needed to test this hypothesis.

Conclusion

Increased dietary Leu reduced ADG and ADFI, but Trp sup-
plementation partially overcame the negative effect of excess
dietary Leu. Hypothalamic serotonin concentration was de-
creased as dietary Leu increased as a consequence of reduced
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uptake of Trp, but hypothalamic serotonin concentration was
increased as dietary Trp increased. Changes in BCAA, Trp,
and Thr concentrations in plasma were observed by addition
of Leu or Trp to the diet, indicating that excess dietary Leu
influenced the metabolism of several indispensable AA.
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