Post-ruminal branched-chain amino acid supplementation and intravenous
lipopolysaccharide infusion alter blood metabolites, rumen fermentation, and
nitrogen balance of beef steers!
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ABSTRACT: Steers exposed to an endotoxin may
require additional branched-chain AA (BCAA)
to support an increase in synthesis of immune
proteins. This study evaluated effects of bacterial
lipopolysaccharide (LPS) and BCAA supplemen-
tation on blood metabolites and N balance of 20
ruminally-cannulated steers (177 = 4.2 kg BW).
The experiment was a randomized block design,
with 14-d adaptation to metabolism stalls and
diet (DM fed = 1.5% BW) and 6-d collection.
Treatments were a 2 X 2 factorial of LPS (0 vs.
1.0 to 1.5 pg/kg BW; —=LPS vs. +LPS) and BCAA
(0 vs. 35 g/d; —BCAA vs. +BCAA). The LPS in
100 mL sterile saline was infused (1 mL/min via
1.v. catheter) on day 15. The BCAA in an essential
AA solution were abomasally infused (900 mL/d)
three times daily in equal portions beginning on
day 7. Blood, rumen fluid, and rectal temperature
were collected on day 15 at h 0, 2, 4, §, 12, and
24 after LPS infusion. Feces and urine were col-
lected from day 16 to 20. Rectal temperatures were
greater for +LPS vs. —-LPS steers at 4 h and lower
at 8 h after LPS infusion (LPS X h, P < 0.01).
Serum cortisol and plasma urea N were greater
for +LPS than —LPS steers at 2 (cortisol only),
4, 8, 12, and 24 h after LPS infusion (LPS X h,
P <0.01). Serum cortisol was greater for +BCAA

than —BCAA steers at 12 h after LPS infusion
(BCAA X h, P <0.05). Serum glucose was greater
for +LPS than —LPS steers at 2 h after LPS infu-
sion (LPS X h, P <0.01). Plasma Ile, Leu, and Val
were lower, and plasma His was greater in +LPS
than —LPS steers (LPS, P < 0.05). Plasma Lys,
Met, Thr, and Trp of +LPS steers were lower than
—LPS steers at 4 (Thr only), 8 (Lys and Trp only),
12, and 24 h after infusion (LPS X h, P < 0.05).
Plasma Ile, Leu, and Val were greater (BCAA,
P < 0.01), and Met, His, Phe, Thr, and Trp were
lower for +BCAA than —BCAA steers at 0 and
24 h after LPS infusion (BCAA X h, P < 0.05).
Steers receiving +LPS had lower rumen pH at
8 h, greater total VFA at 8 h, and lower rumen
NH, at 24 h after LPS infusion compared with
—LPS steers (LPS X h, P < 0.04). Total tract pas-
sage rates, DM, OM, NDF, ADF, and N intake,
fecal N, digested N, and retained N were lower
(P < 0.05) for +LPS than —LPS steers. Total N
supply (dietary plus infused) and fecal N were
greater (P < 0.05) for +BCAA vs. —BCAA steers.
The absence of LPS X BCAA interactions (P >
0.20) for N balance indicated that post-ruminal
supplementation of BCAA did not alleviate the
negative effects of endotoxin on N utilization by
growing steers.
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INTRODUCTION

Morbidity due to exposure of newly received
feedlot calves to infectious agents, such as bovine re-
spiratory disease complex, has negative impacts on
performance and gross income (Waggoner et al., 2007).
Clinical and metabolic changes in morbid cattle alter
protein requirements (Cullor, 1992; Waggoner et al.,
2009b), possibly due, in part, to repartitioning of AA
away from tissue protein synthesis and toward synthesis
of immune system proteins (Le Floc’h et al., 2004).

Waggoner et al. (2009a,b) and Carter et al. (2010)
demonstrated that steers exposed to bacterial lipopoly-
saccharide (LPS) had lower plasma branched-chain
AA (BCAA), which is indicative of an increased de-
mand to support an activated immune system (Reeds
and Jahoor, 2001). Toyosawa et al. (2004) demon-
strated that BCAA supplementation increases sur-
vival of LPS-challenged mice, and Garcia-de-Lorenzo
et al. (1997) reported lower mortality of septic patients
receiving supplemental BCAA. Furthermore, dietary
BCAA restrictions decrease lymphocyte proliferation
i humans (Nuwer et al., 1983) and rats (Tsukishiro
etal., 2000), and supplemental BCAA alter exercise-in-
duced production of cytokines (Bassit et al., 2002).
Although BCAA are used for energy and as precur-
sors for synthesis of other AA (e.g., Gln) important for
immune function (Calder and Yaqoob, 2004), Calder
(2006) concluded that BCAA use for energy or AA
does not account for all the immunological benefits,
and the immune system has absolute requirements for
BCAA likely for immune cell protein synthesis.

In addition to the direct effects of BCAA on
immune cells, post-ruminal BCAA supplemen-
tation increases N retention of growing steers
(Loest et al., 2001a) and lambs (Nolte et al., 2008).
Therefore, we hypothesized that post-ruminal sup-
plementation of BCAA will support an activated
immune system and improve N retention of endo-
toxin-challenged steers. The objective was to study
the interactions of bacterial LPS exposure and sup-
plemental BCAA on blood metabolites, rumen fer-
mentation, and N balance of growing steers.

MATERIALS AND METHODS

Animals, Facilities, and Experimental Design

Procedures were approved by the New Mexico
State University Institutional Animal Care and Use
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Committee. Twenty ruminally-cannulated Angus
steers (177 £ 4.2 kg initial BW) were housed on rubber
mats (2.54 cm thick) in individual tie-stalls of a me-
tabolism barn with evaporative cooling (19 = 0.6 °C),
artificial lighting, and automatic water troughs
(Nelson Manufacturing, Cedar Rapids, 1A). Steers
were fed a diet (Table 1) in two equal portions twice
daily at 0700 and 1900. Daily DM offered was limited
to 1.5% of BW to represent intake of newly received
feedlot calves (NRC, 2000) and to minimize potential
differences in DM intake among treatments.

Table 1. Composition of the diet

Item DM basis

Ingredient, %
Wheat grain, ground 30.0
Corn silage 21.3
Alfalfa hay 20.0
Soybean hulls 20.0
Molasses 4.0
Tallow 2.5
Minerals' 1.83
Urea 0.30
Vitamins® 0.04
Ruminsin-80° 0.02

Nutrient concentration
NDF, % 40.6
ADF, % 27.4
CP, % 14.3
Ether extract, % 4.94
Ca*, % 0.87
P4 % 0.39
Fe*, mg/kg 286
Zn*, mg/kg 67.8
Cu?, mg/kg 19.5
Set, mg/kg 0.39
MES, Mcal/kg 2.36
NE, ¢, Mcal/kg 1.48
NE 7, Mcal/kg 0.89

!Supplied (% of DM): limestone (0.50), dicalcium phosphate (0.50),
sodium bicarbonate (0.50), salt (0.30), zinc sulfate (0.009), copper sul-
fate (0.004), and sodium selenite (0.000009).

2Supplied 1,500 TU of vitamin A and 100 IU of vitamin E per kg
of diet DM.

3Supplied 33 mg monensin per kg of diet DM.

“Analyzed by SDK Laboratories, Huchinson, KS.

SME, Mcal/kg = (4.103 — 0.0446 x %ADF) x 0.82 (Harlan et al.,
1991).

SNE,_, Mcal/kg = 1.37 X ME - 0.138 x ME?* + 0.0105 x ME® — 1.12
(NRC, 2000).

'NE,, Mcal/kg = 1.42 x ME - 0.174 x ME? + 0.0122 x ME’ — 1.65
(NRC, 2000).
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The experiment was a randomized complete
block design. The metabolism facility contained 12
tie-stalls, and steers were blocked by date of col-
lection (8 steers in block 1, and 12 steers in block
2). Within each block, steers were allowed 14 d to
adapt to the diet (Table 1) and metabolism facilities
before the beginning of a 6-d collection period (day
15 to 20). The collection period consisted of 1 d
for collection of blood and rumen fluid, and 5 d
for collection of total feces and urine. On day 7, a
flexible tube (3.2 mm i.d.; Tygon, Cole-Parmenter
Instrument Co., Vernon Hills, IL) was inserted
through the rumen cannula and reticulo-omasal
orifice, and secured in the abomasum with a rub-
ber flange (9-cm diameter) for daily infusion of AA
treatments. On day 14, an indwelling jugular cath-
eter (J-457A; Jorgenson Laboratories, Loveland,
CO) was inserted for the infusion of LPS treat-
ments and collection of blood samples.

Treatments

Treatments were arranged as a 2 X 2 factorial,
and included two doses of LPS (0 vs. 1.0to 1.5 pg/kg
BW; —LPS vs. +LPS) and two amounts of BCAA
(0 vs. 35 g/d; =BCAA vs. +BCAA). For the +LPS
treatment, LPS (E. coli 055:B5; Sigma Chem. Co.,
St. Louis, MO) was dissolved in 100 mL of sterile
saline and infused (1 mL/min via i.v. catheter) at
3 h after feeding on day 15. The dose of LPS was
initially 1.5 pg/kg of BW for block 1, but after
the death of a steer the LPS dose was lowered to
1.0 pg/kg of BW for block 2. For the —LPS treat-
ment, steers were infused (1 mL/min via i.v. cath-
eter) with 100 mL of sterile saline. For the —BCAA
treatment, steers received abomasal infusions of an
AA solution that supplied 5 g L-Arg, 5 g L-His,
10 g L-Lys, 5 g L-Met, 5 g L-Phe, 5 g L-Thr, and
2.5 g L-Trp daily. These amounts of each essen-
tial AA for the —BCAA infusions were 50% less
than that used by Ldest et al. (2001a), and were
estimated to increase the metabolizable supply of
each AA by at least 45%. The metabolizable AA
supply from the basal diet was calculated using
NRC (2000) estimates of the AA profiles for RUP
of dietary ingredients (Table 1) and microbial pro-
tein synthesis (i.e., 13% of dietary TDN intake)
when 177-kg steers were fed at 1.5% of BW (DM
basis). For the +BCAA treatment, steers received
abomasal infusions of 10 g L-Ile, 15 g L-Leu, and
10 g L-Val in addition to the —BCAA solution,
which was estimated to increase the metabolizable
supply of Ile, Leu, and Val by 80%, 70%, and 72%,
respectively.

Loest et al.

The AA solutions were prepared by dissolving
L-Arg, L-His, L-Lys, L-Met, L-Phe, L-Thr, and
L-Trp in 300 mL of deionized water. In a separate
container, L-Ile, L-Leu, and L-Val were dissolved in
500 mL deionized water containing 18 mL of 6 M
HCI. These two AA solutions were mixed together
for the +BCAA treatment, whereas the BCAA so-
lution was not added for the —BCAA treatment.
Both the —BCAA and +BCAA solutions were
adjusted to a pH of 5.0 with the addition of NaOH,
and then brought to a final volume of 900 mL with
deionized water. Both the —BCAA and +BCAA
treatments were infused (900 mL/d) into the abo-
masum of steers in equal portions three times a
day (0900, 1500, and 2100) from day 7 to 20 of the
experiment.

Sample Collections

Samples of the diet were collected on day 15
through 19 and total feed refusals were obtained in
correspondence with fecal and urine collections on
day 16 through 20. For collection of urine, steers
were individually fitted with rubber urine pouches
(Itran-Tompkins, South Plainfield, NJ) that were
connected with rubber vacuum tubing (12.7 mm
i.d.; Fisher Scientific, Pittsburgh, PA) to 20-L ves-
sels (C14907, Nasco, Modesto, CA). The urine
collection vessels contained 600 mL of 3 M HCI
to minimize volatilization of NH,, and were con-
nected with rubber vacuum tubing (6.35 mm i.d.)
to a vacuum pump (DOA-P704-AA, Gast, Benton
Harbor, MI). For collection of feces, steers were
fitted with canvas fecal collection bags (Awning &
Canvas Specialty, El Paso, TX) that were secured
using a harness around the girth and shoulders.
Total feces and urine output was weighed, the
weight recorded, and representative samples of
feces (10%) and urine (1%) were stored at —20 °C for
later analysis. To determine total gastrointestinal
passage rates, 360 g of diet containing Cr-EDTA
and 120 g of Yb-labeled diet were fed to steers at
approximately 30 min before the 0700 feeding on
day 15. Samples of the basal diet (Table 1) were
used to prepare the Cr-EDTA and Yb-labeled feed
as described by Waggoner et al. (2009a). Fecal sam-
ples were retrieved directly from the rectum at 24,
48, 72, 96, and 120 h after the diets with markers
were fed, and then stored at =20 °C for later ana-
lysis. The weight of fecal samples retrieved directly
from the rectum was included in the calculation of
total fecal excretion.

On day 15, samples of blood and rumen fluid
were collected 30 min before LPS infusion and 2, 4,
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8, 12, and 24 h after LPS infusion. Blood samples
were collected via the indwelling jugular catheter
into blood vacuum tubes (Corvac Serum Separator
and Monoject Sodium Heparin, Kendall, Ontario,
CA). Blood samples for serum were allowed to co-
agulate at room temperature for 30 min, and sam-
ples for plasma were immediately chilled on ice. All
blood samples were centrifuged (Sorvall RT600B,
Thermo Electron Corp., Asheville, NC) at 1,500 x
g for 20 min at 10 °C, and the supernatant was
transferred to 6-mL sample vials (Cole-Parmer,
Vernon Hills, IL) and stored at —20 °C. Rectal
temperature of each steer was measured (Cooper
TMOI9A digital thermometer, Cooper Atkins Corp.,
Middlefield, CT) at times similar to blood collec-
tion. Rumen fluid (approximately 100 mL) was
collected via a suction strainer (Precision Machine
Co., Inc, Lincoln, NE) that was passed through
the rumen cannula (Lodge Ivey et al., 2009). The
pH of the rumen fluid was immediately recorded
using a portable pH meter (Accumet AP72, Fisher
Scientific, Pittsburgh, PA), and an 8-mL sample of
rumen fluid was added to 20 mL vials containing
2 mL of 25% (w/v) meta-phosphoric acid solution
(Loest et al., 2001b) and frozen at —20 °C for later
analysis.

Sample Analysis

Frozen samples of diet, feed refusals, and feces
were allowed to thaw, and then composited for each
steer before analysis. Samples were dried at 55 °C
in a forced-air oven (Model #POM-326F Blue M
Electric Company, Blue Island, IL) for 96 h, then
allowed to air-equilibrate for 48 h, weighed to de-
termine moisture loss, and then ground in a Wiley
mill (Model 4, Thomas Scientific, Swedesboro,
NJ) to pass a 2-mm screen. Ground samples were
dried in a convection oven (Model 845, Precision
Scientific Group, Chicago, IL) at 105 °C for 24 h
and weighed to determine DM, and then placed
in a muffle furnace (Model F-A1730, Thermolyne
Corp., Dubuque, IA) at 550 °C for 8 h to deter-
mine ash. Ground samples of diet, orts, and feces
were analyzed for NDF (ANKOM 200; ANKOM
Technology Corp., Fairport, NY) with the use of
heat-stable a-amylase, and without correction for
residual ash. Also, ground samples of diet, orts,
and feces, and urine samples were analyzed for
N by total combustion and detection with a ther-
mo-conductivity cell (LECO FP-528, LECO Corp.,
St. Joseph, MI).

Serum concentrations of cortisol (Kiyma
et al., 2004) and insulin (Reimers et al., 1982)
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were analyzed by solid-phase RIA with intra- and
inter-assay CV < 7.8%, and serum glucose concen-
trations were determined colorimetrically using a
commercially available hexokinase reagent (Infinity
TR15241, Thermo Scientific, Waltham, MA) as
described by Waggoner et al. (2009b). Plasma AA
concentrations were analyzed by gas chromatog-
raphy (Varian CP-3800, Varian, Walnut Creek, CA)
using a commercially available kit (EZ:FAAST;
Phenomenex, Torrance, CA) as described by
Waggoner et al. (2009a). Plasma AA assay CV were
less than 15%. Ammonia concentrations were deter-
mined in rumen fluid using procedures described
by Broderick and Kang (1980) modified for a plate
reader (ELX 808 Ultra Microplate Reader, Bio-Tek
Instruments Inc., Winooski, VT), and VFA concen-
trations were determined by capillary gas chroma-
tography (Varian 3400; Varian Inc., Walnut Creek,
CA) in accordance to the procedures by May and
Galyean (1996). Concentrations of Cr and Yb were
determined in fecal samples retrieved from the
rectum by inductively coupled plasma spectrom-
etry (Optima 4300; Perkin Elmer, Wellesley, MA)
as described by Waggoner et al. (2009a). The slopes
of the natural log of Yb (48 to 120 h) and Cr (24
to 96 h) concentrations regressed against hour were
used to determine solid and liquid passage rates
(%fh), respectively. Urinary N-methylhistidine
(NMH) was determined by gas chromatography
mass spectrometry as described by Rathmacher
et al. (1992). The internal standard (3-methyl-[me-
thyl-2H3]-histidine) was added to urine, acidified,
and absorbed onto cation exchange columns. It was
then eluted from columns, dried, and derivatized
with N-methyl-N-[tert-butyldimethylsilyl]trifluoro-
acetamide (Regis Technologies Inc., Morton Grove,
IL) for gas chromatography mass spectrometry
(Model 5890/5970B, Hewlett-Packard, Avondale,
PA). The NMH and internal standard were moni-
tored at 238.2 and 241.2 atomic mass units, respect-
ively. To determine urea N in plasma and urine,
4 nL samples and 200 pL of urease reagent (Infinity
TR12421, Thermo Scientific, Waltham, MA) were
placed into 96-well plates. The 96-well plates were
placed on a shaker for 15 s, incubated for 5 min
at 37 °C, allowed to cool for 5 min at 4 °C, and
then read on a microplate reader (Biotek ELx808,
Biotek Instruments Inc., Winooski, VT) at 340 nm.

Statistical Analysis

The experiment was a randomized complete
block design; the metabolism facility had only 12
tie-stalls; therefore, steers were blocked by date of
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sample collections (8 steers in block 1, and 12 steers
in block 2). The minimum number of replicates per
treatment required to detect (P <0.05; 1 = =0.95)
a 25% difference in N retention (the major response
variable of interest) was determined by using error
variance from results published by Waggoner et al.
(2009b).

Data were analyzed using mixed models (SAS
Inst. Inc., Cary, NC), and the experimental unit was
steer. Data were missing for two experimental units
(one in each block) because two steers receiving the
+LPS and +BCAA treatment combination were
removed from the experiment and later died due to
severe respiratory reactions to the LPS infusions.
Because the dose of LPS in block 2 differed from
block 1, data were initially analyzed with block as
a fixed effect in the model to determine if lowering
the LPS dose from 1.5 pg/kg of BW in block 1 to
1.0 pg/kgof BWin block 2 affected responses to LPS.
No block x LPS x BCAA interactions occurred
(P 20.12), and therefore all data were analyzed with
block as random. For all dietary measures, the stat-
istical model included BCAA, LPS, and BCAA X
LPS interaction as fixed effects. Rectal temperature,
blood metabolites, and rumen fermentation meas-
ures were analyzed as repeated measures, and the
model included BCAA, LPS, hour, and interactions
for BCAA, LPS, and hour. The covariance struc-
ture was autoregressive order(1). Means were least
squares, and significance was declared at P < 0.05
and tendency at 0.05 < P < 0.10.

RESULTS

Effects of LPS X BCAA Interactions

No LPS x BCAA X h interactions (P > 0.10)
and no LPS x BCAA interactions (P > 0.10) were
observed for rectal temperature, serum concen-
trations of cortisol, insulin, and glucose, plasma
concentrations of essential and nonessential AA
(except Orn and Ser), rumen concentrations of total
VFA and NH,, and rumen pH. A LPS X BCAA X
h interaction (P = 0.03) occurred for plasma Orn
(Figure 1); plasma Orn tended to be lower for steers
supplemented with +BCAA than -BCAA before
LPS infusion, but after LPS infusion plasma Orn
of +LPS steers decreased from 2 to 4 h and were
lower than —LPS steers at 24 h. A tendency for an
LPS x BCAA interaction (P = 0.06) occurred for
plasma Ser; plasma Ser of —LPS steers tended to
be lower for +BCAA (51.9 £ 4.4 uM) than -BCAA
(70.7 £ 4.4 nM), whereas plasma Ser of +LPS steers
were not different between +BCAA (38.9 £ 4.6 uM)
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Figure 1. Plasma ornithine (Orn) concentrations of steers in re-
sponse to lipopolysaccharide (LPS) and branched-chain AA (BCAA).
Treatments were a 2 X 2 factorial arrangement of intravenous infusion
(1 mL/min) of 100 mL sterile saline containing either 0 pug or 1.0 to
1.5 pg of LPS per kg of BW (—LPS vs. +LPS), and abomasal infusion
of an essential AA solution that supplied either 0 or 35 g/d branched-
chain AA (—-BCAA vs. +BCAA). Effects for plasma Orn were LPS x
BCAA xh (P=0.03), LPS X h (P <0.01), BCAA X h (P =0.11), LPS
x BCAA (P =0.62), LPS (P <0.01), and BCAA (P = 0.08). *>**Means
at specific hour with different letters differ (P < 0.05). Arrows on x-axis
indicate time of feeding, and error bars are SEM.

and -BCAA (39.1 * 4.4 pM; data not shown).
Similarly, a tendency for an LPS X BCAA inter-
action (P = 0.08) occurred for plasma urea N;
plasma urea N of —LPS steers were not different
between +BCAA (6.01 + 0.62 mg/dL) and ~BCAA
(6.89 £0.62 mg/dL), whereas urea N of +LPS steers
tended to be greater for +tBCAA (8.38 £0.64 mg/dL)
than —BCAA (7.29 + 0.62 mg/dL; data not shown).
No LPS x BCAA interactions (P > 0.20) were
observed for intake and apparent digestibility of
DM, OM, NDF, and ADF, N balance, urinary
NMH, and total gastrointestinal tract passage of
Crand Yb.

Effects of LPS Infusion

Rectal temperatures (Figure 2) of +LPS steers
increased from 0 to 4 h and were greater than —LPS
steers at 4 h after LPS infusion, then decreased 4 to
8 h and were lower than —LPS steers at 8 h; rectal
temperatures were not different between +LPS and
—LPS at 12 and 24 h after LPS infusion (LPS X h,
P < 0.01). Serum cortisol concentrations (Figure 3)
of +LPS steers increased from 0 to 2 h after LPS in-
fusion, peaked at h 4, then decreased from 4 to 8 h
but remained greater for +LPS than —LPS steers at
8,12, and 24 h (LPS X h, P <0.01). Plasma urea-N
concentrations (Figure 3) were not different be-
tween +LPS and —LPS at 0 and 2 h, but increased
in +LPS steers from 2 to 4 h and were greater than
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—LPS steers at 4, 8, 12, and 24 h after LPS infusion
(LPS X h, P <0.01). Serum glucose concentration
(Figure 4) of +LPS steers increased from 0 to 2 h
and were greater than —LPS steers at 2 h, but then
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<
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=
§ 39.0 -
=
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& 385

38-0 + T T T + T T T + 1
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Hour relative to LPS infusion

20 24

Figure 2. Rectal temperature of steers in response to lipopolysac-
charide (LPS). Treatments were a 2 X 2 factorial arrangement of intra-
venous infusion (1 mL/min) of 100 mL sterile saline containing either
0 pg or 1.0 to 1.5 pg of LPS per kg of BW (—LPS vs. +LPS), and
abomasal infusion of an essential AA solution that supplied either 0
or 35 g/d branched-chain AA (—BCAA vs. +BCAA). Effects for rectal
temperature were LPS X BCAA X h (P = 0.59), LPS X h (P < 0.01),
BCAA X h (P =0.71), LPS x BCAA (P = 0.60), LPS (P = 0.88), and
BCAA (P = 0.23). *P < 0.05 between treatments at specific hour.
Arrows on x-axis indicate time of feeding, and error bars are SEM.
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decreased from 2 to 4 h and were not different be-
tween +LPS and —LPS steers at 4, 8, 12, and 24 h
after LPS infusion (LPS X h, P < 0.01). Serum in-
sulin concentrations (Figure 4) tended to be greater
for +LPS than —LPS steers (LPS, P = 0.08). Plasma
Val, Ile, and Leu concentrations (Figure 5) of +LPS
steers were lower than —LPS steers (LPS, P <0.05),
and plasma His concentrations (Figure 6) were
greater for +LPS than —LPS steers (LPS, P <0.01).
Plasma Lys and Met concentrations (Figure 6) were
not different between +LPS and —LPS steers at 0, 2,
and 4 h, but were lower for +LPS than —LPS steers
at 8 (Lys only), 12, and 24 h after LPS infusion (LPS
X h, P <0.05). Plasma Thr and Trp concentrations
(Figure 7) were not different between +LPS and —
LPS steers at 0 and 2 h, but were lower for +LPS
than —LPS steers at 4 (Thr only), 8, 12, and 24 h
after LPS infusion (LPS X h, P <0.05). Plasma Phe
concentrations (Figure 7) tended to be lower at 8 h
after infusion of LPS (LPS X h, P = 0.07). Plasma
Ala concentrations (Figure 8) were not different
at 0 h, but increased for +LPS steers from 0to 2 h
and were greater at 2, 4, 8, and 12 h (peak), then
decreased and were not different than —LPS steers at
24 h after LPS infusion (LPS X h, P <0.01). Plasma
Gly concentrations (Figure 8) tended to be greater
at 2 h, and lower at 4 and 8 h after LPS infusion

80 1 —8—+BCAA =r-BCAA

Cortisol, ng/mL
- [=a)
=] <

[ 3
>
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o LY v v

-4 0 4 8 12 16 20 24
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Figure 3. Serum cortisol and plasma urea N of steers in response to lipopolysaccharide (LPS) and branched-chain AA (BCAA). Treatments
were a 2 X 2 factorial arrangement of intravenous infusion (1 mL/min) of 100 mL sterile saline containing either 0 pg or 1.0 to 1.5 pg of LPS per
kg of BW (=LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or 35 g/d BCAA (—BCAA vs. +BCAA).
Effects for serum cortisol were LPS X BCAA X h (P =0.24), LPS X h (P <0.01), BCAA x h (P =0.05), LPS x BCAA (P =0.42), LPS (P <0.01),
and BCAA (P = 0.23). Effects for plasma urea N were LPS x BCAA x h (P = 0.20), LPS X h (P < 0.01), BCAA x h (P = 0.07), LPS x BCAA
(P =0.08), LPS (P = 0.02), and BCAA (P = 0.85). *P < 0.05 between treatments at specific hour. Arrows on x-axis indicate time of feeding, and

error bars are SEM.
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Figure 4. Serum glucose and insulin of steers in response to lipopolysaccharide (LPS) and branched-chain AA (BCAA). Treatments were a
2 x 2 factorial arrangement of intravenous infusion (1 mL/min) of 100 mL sterile saline containing either 0 pg or 1.0 to 1.5 ug of LPS per kg of
BW (=LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or 35 g/d BCAA (—BCAA vs. +BCAA). Effects for
serum glucose were LPS X BCAA X h (P =0.10), LPS X h (P <0.01), BCAA x h (P =0.05), LPS X BCAA (P = 0.65), LPS (P = 0.42), and BCAA
(P =0.28). Effects for serum insulin were LPS X BCAA X h (P =0.21), LPS X h (P = 0.80), BCAA X h (P =0.15), LPS X BCAA (P =0.44), LPS
(P=0.08), and BCAA (P =0.83). *P < 0.05 between treatments at specific hour. Arrows on x-axis indicate time of feeding, and error bars are SEM.

for +LPS compared with —LPS steers (LPS X h,
P < 0.01). Plasma Ser concentrations (Figure 8),
as well as plasma Asn and Tyr concentrations
(Figure 9) were not different between +LPS and —
LPS steers at 0 h, and were lower for +LPS than
—LPS steers at 2 (Asn only), 4, 8, 12, and 24 h after
LPS infusion (LPS X h, P < 0.01). Infusion of LPS
did not affect plasma Asp concentrations (LPS X h,
P = 0.39). Plasma Glu (Figure 10) of +LPS steers
increased from 0 to 2 h and was greater than —LPS
steers at 2 h, then decreased and was not different at
4, 8, and 12 h, but lower for +LPS than —LPS steers
at 24 h after LPS infusion (LPS X h, P < 0.01).
Infusion of LPS did not affect (LPS X h, P =0.41)
plasma Gln concentrations (Figure 10). Plasma Pro
concentrations (Figure 10) were not different at 0,
4, and 24 h, but were greater at 2, 8, and 12 h after
LPS infusion for +LPS than —LPS steers.

Ruminal pH (Figure 11) was not different be-
tween +LPS and —LPS steers at 0, 2, and 4 h, lower
for +LPS than —LPS steers at 8 h, and not differ-
ent between LPS treatments at 12 and 24 h after
LPS infusion (LPS X h; P < 0.01). Ruminal total
VFA concentrations (Figure 11) were not different
between +LPS and —LPS steers at 0, 2, and 4 h,
greater for +LPS than —LPS steers at 8 h, and not
different between LPS treatments at 12 and 24 h
after LPS infusion (LPS X h; P = 0.04). Ruminal

NH, concentrations (Figure 11) were not different
between +LPS and —-LPS steers at 0, 2, 4, §, and
12 h, but increased and were greater for +LPS than
—LPS steers at 24 h after LPS infusion (LPS X h;
P <0.01).

Steers infused with LPS had lower dietary
intakes of DM, OM, NDEF, and ADF (LPS, P <
0.03) and lower total tract solid and liquid passage
rates (LPS, P < 0.02) compared with —LPS steers
(Table 2). Apparent DM, OM, NDF, and ADF di-
gestibility of steers was not altered by LPS infusion
(LPS, P > 0.11). Nitrogen intake, fecal N, digested
N, and retained N were lower for +LPS vs. -LPS
steers (LPS, P < 0.05). Urinary N excretion, appar-
ent N digestibility (as a percentage of total N sup-
ply), and N retention (as a percentage of total N
supply) were not different among LPS treatments
(LPS, P > 0.11). Urinary NMH excretion per unit
of BW was greater for +LPS than —LPS steers
(LPS, P =0.05).

Effects of Post-ruminal BCAA Supplementation

Serum cortisol concentrations (Figure 3) were
greater for +BCAA than —BCAA steers at 12 h, but
not different at 0, 2, 4, 8, and 24 h after LPS infu-
sion (BCAA X h, P < 0.01). Serum glucose con-
centrations (Figure 4) were not different between
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Figure 5. Plasma valine (Val), isoleucine (Ile), and leucine (Leu) concentrations of steers in response to lipopolysaccharide (LPS) and branched-
chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (1 mL/min) of 100 mL sterile saline containing either
0 ngor 1.0 to 1.5 pg of LPS per kg of BW (—LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or 35 g/d
BCAA (—-BCAA vs. +BCAA). Effects for Val were LPS X BCAA X h (P = 0.86), LPS X h (P = 0.40), BCAA x h (P = 0.05), LPS x BCAA
(P =0.26), LPS (P < 0.01), and BCAA (P < 0.01). Effects for Ile were LPS X BCAA x h (P = 0.56), LPS X h (P = 0.06), BCAA x h (P =0.02),
LPS x BCAA (P =0.13), LPS (P < 0.01), and BCAA (P < 0.01). Effects for Leu were LPS x BCAA X h (P = 0.66), LPS x h (P = 0.75), BCAA
X h (P =0.05), LPS x BCAA (P =0.14), LPS (P = 0.02), and BCAA (P < 0.01). *P < 0.05 between treatments at specific hour. Arrows on x-axis

indicate time of feeding, and error bars are SEM.

+BCAA and -BCAA steers at 0, 2, 4, 8, and 12 h,
but were lower for +BCAA than —BCAA steers
at 24 h after LPS infusion (BCAA X h, P = 0.05).
Steers post-ruminally infused with +BCAA had
greater plasma Val, Ile, and Leu concentrations
(Figure 5) than —BCAA steers at 0, 2, 4 (except
Ile), 8, 12, and 24 h after LPS infusion (BCAA X h,
P <0.05). Plasma concentrations of Lys (Figure 6),
Ala and Ser (Figure 8), Asn and Tyr (Figure 9),
and GIn (Figure 10) were lower for +BCAA than
~BCAA steers (BCAA, P <0.05). Similarly, plasma
Pro concentrations (Figure 10) tended to be lower
for + BCAA than -BCAA steers (BCAA, P =0.006).
Plasma concentrations of His and Met (Figure 6),
and Phe and Trp (Figure 7), were lower for +BCAA
than —BCAA steers at 0 and 24 h, but not different
at 2, 4, 8, and 12 h after LPS infusion (BCAA X
h, P <0.01). Plasma Thr concentrations (Figure 7)

were lower for +BCAA than —BCAA steers at 0,
8, 12, and 24 h, but not different at 2 and 4 h after
LPS infusion (BCAA X h, P < 0.01). Post-ruminal
infusion of BCAA did not affect (P > 0.10) ruminal
concentrations of total VFA and NH,, as well as
ruminal pH (Figure 11).

Post-ruminal infusions of BCAA did not
affect (BCAA, P > 0.06) dietary DM, OM, NDF,
ADF, and N intake, and apparent digestibility of
DM, OM, NDF, and ADF (Table 2). Steers abo-
masally infused with +BCAA had greater (BCAA,
P < 0.05) total N supply (dietary N plus infused
N), fecal N excretion, and grams of apparent N
digested than —BCAA steers (Table 2). However,
apparent N digestibility as a percentage total N
supply, urinary N excretion, and N retention were
not different (BCAA, P > 0.11) between +BCAA
and —-BCAA steers. Similarly, urinary excretion of
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Figure 6. Plasma lysine (Lys), histidine (His), and methionine (Met) concentrations of steers in response to lipopolysaccharide (LPS) and
branched-chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline containing
either 0 pg or 1.0 to 1.5 pg of LPS per kg of BW (—=LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or
35 g/d BCAA (—BCAA vs. +BCAA). Effects for Lys were LPS X BCAA X h (P =0.79), LPS x h (P < 0.01), BCAA x h (P = 0.40), LPS x BCAA
(P =0.65), LPS (P <0.01), and BCAA (P = 0.04). Effects for His were LPS X BCAA x h (P = 0.88), LPS x h (P = 0.20), BCAA X h (P <0.01),
LPS x BCAA (P = 0.30), LPS (P < 0.01), and BCAA (P < 0.01). Effects for Met were LPS x BCAA X h (P =0.59), LPS X h (P = 0.04), BCAA
X h (P <0.01), LPS x BCAA (P =0.12), LPS (P = 0.06), and BCAA (P = 0.01). *P < 0.05 between treatments at specific hour. Arrows on x-axis

indicate time of feeding, and error bars are SEM.

NMH, and total tract solid and liquid passage rates
were not different between +BCAA and ~-BCAA
steers (BCAA, P>0.37).

DISCUSSION

Endotoxin Challenge

Observed increases in rectal temperatures and
serum cortisol concentrations of steers exposed to
LPS are indicative of stress and inflammation. Our
previous research (Waggoner et al., 2009a; Carter
et al.,, 2010) demonstrated that LPS-challenged
steers had greater serum concentrations of cytokines
(tumor necrosis factor-a and IL-6) that trigger in-
flammation and stimulate synthesis of immune
system proteins (e.g., haptoglobin). A tendency
for greater serum insulin concentrations in +LPS

than —LPS steers are likely due to the observed ini-
tial increase in blood glucose concentrations in re-
sponse to LPS. Steiger et al. (1999) attributed the
initial increase in serum glucose concentrations to
enhanced glycogenolysis. The observed hypogly-
cemia after the initial increase in serum glucose
concentrations is a response that appears to occur
often in ruminant animals exposed to LPS (Steiger
et al., 1999; Waggoner et al., 2009b; Wang et al.,
2015). As described by Waggoner et al. (2009b),
hypoglycemia that follows the initial increase in
serum glucose concentrations in LPS-challenged
cattle is indicative of glucose utilization exceeding
glucose synthesis. Steiger et al. (1999) suggested
that LPS inhibits gluconeogenesis during the latter
phase (after 3 h) of the metabolic responses to an
endotoxin, and Caton et al. (2009) and Wang et al.
(2015) demonstrated that the inhibitory effects of
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Figure 7. Plasma phenylalanine (Phe), threonine (Thr), and tryptophan (Trp) concentrations of steers in response to lipopolysaccharide (LPS)
and branched-chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline
containing either 0 pg or 1.0 to 1.5 pg of LPS per kg of BW (—LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied
either 0 or 35 g/d BCAA (-BCAA vs. +BCAA). Effects for Phe were LPS x BCAA X h (P = 0.86), LPS X h (P =0.07), BCAA X h (P <0.01), LPS
x BCAA (P =0.78), LPS (P = 0.72), and BCAA (P = 0.13). Effects for Thr were LPS x BCAA X h (P = 0.25), LPS x h (P < 0.01), BCAA x h
(P<0.01), LPS x BCAA (P =0.29), LPS (P <0.01), and BCAA (P < 0.01). Effects for Trp were LPS X BCAA x h (P =0.81), LPS x h (P =0.01),
BCAA X h (P <0.01), LPS x BCAA (P =0.64), LPS (P = 0.24), and BCAA (P = 0.35). *P < 0.05 between treatments at specific hour. Arrows on

x-axis indicate time of feeding, and error bars are SEM.

LPS on gluconecogenesis are linked to decreases
in the expression of hepatic phosphoenolpyru-
vate carboxykinase, pyruvate carboxylase, and
fructose-1,6-bisphosphatase.

Lower concentrations of seven essential AA
(Ile, Leu, Lys, Met, Thr, Trp, Val) and five nones-
sential AA (Asn, Glu, Orn, Ser, Tyr) in plasma of
steers exposed to LPS indicate altered AA metab-
olism, presumably because of an increase in the
utilization of these AA as substrates for products
generated from the inflammatory response (Reeds
and Jahoor, 2001; Waggoner et al., 2009a,b). Li
et al. (2007) describes that both the innate and
adaptive immune systems are dependent on an
adequate supply of AA for immune cell protein
synthesis, and for synthesis of other immune sup-
portive molecules, such as free radical scavengers,

metabolic cofactors, and hormones. Hoskin et al.
(2016) eloquently described that individual AA
concentrations in the plasma pool are reflective
of multiple factors that alter inflow (intestinal ab-
sorption, endogenous protein catabolism, de novo
synthesis of nonessential AA) and outflow (extrac-
tion for protein synthesis, oxidation of AA), and
that simple changes in plasma concentrations of an
AA may not necessarily indicate a metabolic need
specific for that AA. The metabolic demand of a
different AA could cause an AA imbalance, thereby
altering the plasma concentration of a specific AA
indirectly (Hoskin et al., 2016). Nevertheless, the
following are possible metabolic mechanisms that
could explain some of the observed effects of LPS
infusion on specific plasma AA concentrations in
this study.
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Figure 8. Plasma alanine (Ala), glycine (Gly), and serine (Ser) concentrations of steers in response to lipopolysaccharide (LPS) and branched-
chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline containing either
0 ngor 1.0 to 1.5 pg of LPS per kg of BW (—LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or 35 g/d
BCAA (—BCAA vs. +BCAA). Effects for Ala were LPS X BCAA X h (P = 0.48), LPS x h (P < 0.01), BCAA X h (P = 0.69), LPS x BCAA
(P=10.99), LPS (P <0.01), and BCAA (P = 0.05). Effects for Gly were LPS x BCAA X h (P = 0.85), LPS X h (P < 0.01), BCAA X h (P = 0.86),
LPS x BCAA (P =0.12), LPS (P = 0.71), and BCAA (P = 0.54). Effects for Ser were LPS X BCAA X h (P =0.37), LPS x h (P <0.01), BCAA
X h (P =0.26), LPS x BCAA (P = 0.06), LPS (P < 0.01), and BCAA (P = 0.05). *P < 0.05 between treatments at specific hour. Arrows on x-axis

indicate time of feeding, and error bars are SEM.

Decreases in the plasma BCAA of LPS-
challenged steers are consistent with previous re-
search (Waggoner et al., 2009a,b; Carter et al.,
2010), perhaps due to increased uptake of BCAA
by proliferating lymphocytes (Glassy and Furlong,
1981; Koch et al., 1990). Additionally, increased up-
take of BCAA by skeletal muscle for synthesis and
release of GIln and Ala into circulation (Holecek,
2002; Li et al., 2007) may have contributed to the
observed decrease in plasma BCAA concentrations
of LPS-challenged steers. Potential de novo syn-
thesis of Ala could explain greater plasma Ala con-
centrations in steers exposed to LPS, which was also
observed by Waggoner et al. (2009a,b). According
to Wu (2009), Ala increases glucose production
by inhibiting hepatocyte pyruvate kinase, which
in addition to insulin insensitivity associated with

stress (Wellen and Hotamisligil, 2005) could have
contributed to the observed initial increase in serum
glucose concentrations in +LPS steers. However,
the inhibitory effects of LPS on key gluconeogenic
enzymes (Wang et al., 2015) may have limited the
use of Ala for glucose synthesis, which could also
explain observed increases in plasma Ala concen-
trations. Although systemic inflammation enhances
BCAA catabolism for synthesis and release of Gln
into circulation (Holecek, 2002), plasma Gln con-
centrations did not increase in LPS-challenged
steers, which is consistent with Waggoner et al.
(2009a). Waggoner et al. (2009b) and Carter et al.
(2010) observed decreases in plasma Gln concentra-
tions for cattle exposed to LPS, perhaps because of
increased utilization by cells of the immune system
(Newsholme, 2001; Newsholme et al., 2003).
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Figure 9. Plasma aspartate (Asp), asparagine (Asn), and tyrosine (Tyr) concentrations of steers in response to lipopolysaccharide (LPS) and
branched-chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline containing
either 0 pg or 1.0 to 1.5 pg of LPS per kg of BW (—=LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or
35 g/d BCAA (—-BCAA vs. +BCAA). Effects for Asp were LPS X BCAA X h (P =0.35), LPS x h (P = 0.39), BCAA x h (P =0.51), LPS x BCAA
(P =0.79), LPS (P = 0.72), and BCAA (P = 0.27). Effects for Asn were LPS x BCAA x h (P =0.74), LPS x h (P <0.01), BCAA X h (P = 0.09),
LPS x BCAA (P = 0.10), LPS (P < 0.01), and BCAA (P < 0.01). Effects for Tyr were LPS x BCAA x h (P =0.73), LPS X h (P < 0.01), BCAA
X h (P =0.07), LPS x BCAA (P = 0.69), LPS (P < 0.01), and BCAA (P = 0.02). *P < 0.05 between treatments at specific hour. Arrows on x-axis

indicate time of feeding, and error bars are SEM.

Plasma Asn concentrations decreased in LPS-
challenged steers, which is a consistent response
among studies with cattle (Waggoner et al., 2009a,b;
Carter et al., 2010) and other species (Asai et al.,
2008). Both Asn and Gln are activators of ornithine
decarboxylase for polyamine synthesis in proliferat-
ing cells (Ray and Johnson, 2014), and Asn reduces
intestinal damage of pigs after LPS exposure (Chen
etal., 2016). Asparagine is also a precursor for Asp,
Gln, and Glu, which serve as energy substrates for
enterocytes and immune cells (Newsholme et al.,
2003; Wang et al., 2015). Plasma Glu concentra-
tions initially increased and then decreased after
steers were exposed to LPS. Glutamate (together
with Cys and Gly) is required for synthesis of gluta-
thione, which is involved in antioxidant defense and
other cellular functions such as cell proliferation

and cytokine production (Newsholme et al., 2003;
Wu et al., 2004). Although observed decreases in
plasma concentrations of Glu, Met, and Ser may
be partly due to increased glutathione production
(because products of Met and Ser metabolism
are Cys and Gly) in LPS-challenged steers, intra-
cellular concentrations of glutathione in immune
cells typically do not increase, but rather decrease
in response to LPS exposure (Zhang et al., 2017,
Zhang and White, 2017). Zhang et al. (2017) attrib-
uted observed decreases in intracellular glutathione
concentrations to decreased glutamate cysteine
ligase expression in macrophages exposed to LPS,
but these authors also noted that decreased intra-
cellular glutathione concentrations may be a result
of glutathione consumption exceeding production
during the inflammatory response.
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Figure 10. Plasma glutamate (Glu), glutamine (Gln), and proline (Pro) concentrations of steers in response to lipopolysaccharide (LPS) and
branched-chain AA (BCAA). Treatments were a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline containing
either 0 pg or 1.0 to 1.5 pg of LPS per kg of BW (—=LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or
35 g/d BCAA (—BCAA vs. +BCAA). Effects for Glu were LPS X BCAA x h (P =0.14), LPS x h (P <0.01), BCAA x h (P =0.13), LPS x BCAA
(P =10.49), LPS (P = 0.72), and BCAA (P = 0.35). Effects for Gln were LPS X BCAA X h (P =0.63), LPS X h (P = 0.41), BCAA X h (P =0.12),
LPS x BCAA (P = 0.16), LPS (P = 0.67), and BCAA (P = 0.05). Effects for Pro were LPS X BCAA x h (P = 0.50), LPS X h (P = 0.02), BCAA
X h (P =0.33), LPS x BCAA (P = 0.55), LPS (P = 0.12), and BCAA (P = 0.06). *P < 0.05 between treatments at specific hour. Arrows on x-axis

indicate time of feeding, and error bars are SEM.

The observed decrease in plasma Met concentra-
tions of steers in response to LPS is consistent with
previous research (Waggoner et al., 2009a,b; Carter
et al., 2010). In addition to increased transulfura-
tion of Met to Cys during inflammation (Malmezat
et al., 2000), the role of S-adenosylmethionine in
polyamine synthesis for replication of immune
cells and production of cytokines (Grimble and
Grimble, 1998) may have contributed to the
observed decreases in plasma Met concentrations
in LPS-challenged steers. Similarly, use of Orn for
polyamine synthesis in immune cells could, in part,
explain the observed decreases in plasma Orn con-
centrations in LPS-challenged steers, particularly
during the later repair phase of the inflammatory
response (Satriano, 2004). During the early phases
of the inflammatory response (from 2 to 4 h after

+LPS infusion), decreases in plasma Orn concen-
trations of +LPS steers perhaps indicate a shift to-
ward the use of Arg for nitric oxide production due
to stimulation of inducible nitric oxide synthase in
macrophages and monocytes by bacterial endotoxin
(Wu and Morris, 1998), thereby reducing substrate
(i.e., Arg) availability for Orn production (Satriano,
2004). According to Wu and Meininger (2002), Arg
uptake for synthesis of nitric oxide and(or) poly-
amines may be decreased by high extracellular Lys
concentrations because Lys and Arg share the same
transport system. In this study, plasma Lys concen-
trations decreased and were lower in +LPS than
—LPS steers, which would imply that any potential
antagonism of cellular Arg uptake by Lys was min-
imal. It is unfortunate that the GLC procedure used
for plasma AA analysis in this study did not allow
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Figure 11. Rumen total VFA, NH,, and pH of steers in response to lipopolysaccharide (LPS) and branched-chain AA (BCAA). Treatments were
a 2 X 2 factorial arrangement of intravenous infusion (I mL/min) of 100 mL sterile saline containing either 0 pg or 1.0 to 1.5 pg of LPS per kg of
BW (—LPS vs. +LPS), and abomasal infusion of an essential AA solution that supplied either 0 or 35 g/d BCAA (—BCAA vs. +BCAA). Effects for
VFA were LPS X BCAA X h (P =0.90), LPS x h (P =0.04), BCAA X h (P =0.34), LPS X BCAA (P =0.74), LPS (P =0.28), and BCAA (P =0.17).
Effects for rumen NH, were LPS x BCAA x h (P =0.37), LPS X h (P < 0.01), BCAA x h (P =0.79), LPS x BCAA (P =0.34), LPS (P = 0.23), and
BCAA (P =0.95). Effects for rumen pH were LPS X BCAA X h (P =0.56), LPS X h (P <0.01), BCAA X h (P =0.96), LPS x BCAA (P =0.60), LPS
(P =0.10), and BCAA (P =0.10). *P < 0.05 between treatments at specific hour. Arrows on x-axis indicate time of feeding, and error bars are SEM.

for the measurement of plasma Arg. Lower plasma
Lys concentrations in steers exposed to LPS have
been reported previously (Waggoner et al., 2009a,b;
Carter et al., 2010), perhaps due to increased hepatic
removal in response to LPS (McNeil et al., 2016).
The observed decreases in plasma concentra-
tions of Phe (tendency only), Thr, Trp, and Tyr for
steers exposed to LPS are consistent with Waggoner
et al. (2009b). Lower plasma Thr, Trp, and Tyr (but
not Phe) concentrations for endotoxin-challenged
steers were also reported by Waggoner et al. (2009a)
and Carter et al. (2010). These responses are perhaps
not surprising considering the large concentration
of aromatic AA and Thr found in acute-phase pro-
teins (Reeds et al., 1994; Reeds and Jahoor, 2001).
Decreases in plasma Trp concentrations may also
be reflective of an increase in the catabolism of Trp
via the kynurenine pathway during inflammation

(Le Floc’h and Seve, 2007; Hoskin et al., 2016), and
decreases in plasma Thr concentrations could be in
response to the inflammatory demand for increased
synthesis of mucosal proteins in addition to acute-
phase proteins (Faure et al., 2006, 2007). However,
Hoskin et al. (2016) also observed increased hep-
atic serine-threonine dehydratase activity in LPS-
challenged lambs, which could be indicative of
increased Thr catabolism. A decrease in plasma Tyr
concentrations of steers in response to LPS infusion
could also be related to the use of this AA as the
immediate precursor for the synthesis of dopamine
and the catecholamine hormones (epinephrine and
norepinephrine), which increase in response to LPS
in cattle (Li et al., 2007; Burdick et al., 2011).

Most of the essential AA decreased and were
lower in the plasma of steers after LPS infusion,
which suggest that AA oxidation and(or) extraction
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Table 2. Dietary intake, apparent digestibility, N balance, and total tract passage rate of growing steers in
response to i.v. infusion of LPS and abomasal infusion of BCAA

Treatment' P-value
-LPS +LPS
Item —-BCAA +BCAA —-BCAA +BCAA SEM LPS x BCAA LPS BCAA
n 5 5 5 3
Intake, kg/d
DM 2.49 2.62 1.77 2.31 0.19 0.27 0.01 0.09
oM 2.30 2.41 1.63 2.13 0.18 0.27 0.01 0.09
NDF 1.01 1.06 0.70 0.95 0.08 0.20 0.01 0.06
ADF 0.69 0.72 0.51 0.64 0.07 0.34 0.03 0.12
Apparent digestibility, %
DM 78.6 76.1 80.8 78.2 1.31 0.98 0.19 0.12
oM 80.3 78.2 82.7 79.8 1.23 0.78 0.19 0.11
NDF 72.4 68.8 76.9 72.9 2.14 0.95 0.11 0.16
ADF 72.4 68.8 76.2 72.5 1.92 0.98 0.13 0.13
N balance
Dietary N intake, g/d 58.2 61.1 41.2 53.3 4.58 0.31 0.01 0.11
Infused N, g/d 6.3 10.2 6.3 10.2 — — — —
Total N supply, g/d 64.4 71.2 47.4 63.5 4.58 0.31 0.01 0.02
Fecal N, g/d 15.7 18.0 10.2 14.5 1.50 0.49 <0.01 0.03
Urinary N, g/d 29.7 29.0 30.4 33.5 1.31 0.25 0.11 0.45
Apparent N digested
g/d 48.7 53.1 37.2 49.0 3.30 0.30 0.04 0.03
% of total N supply 76.1 74.8 78.3 71.2 1.23 0.95 0.13 0.43
Retained N
g/d 18.9 24.0 6.5 15.6 3.56 0.65 0.02 0.11
% of total N supply 28.6 339 6.0 24.5 9.69 0.57 0.18 0.31
Urinary NMH?
mmol/d 3.60 3.51 4.04 4.76 0.52 0.49 0.15 0.59
Daily pmol/kg of BW 2.04 1.98 2.31 2.75 0.23 0.33 0.05 0.46
Passage, %/h
Cr 4.17 4.43 1.95 2.27 0.40 0.92 <0.01 0.37
Yb 3.07 3.55 1.96 2.03 0.50 0.67 0.02 0.56

'A 2 x 2 factorial arrangement of intravenous infusions (1 mL/min) of 100 mL sterile saline containing either 0 pg or 1.0 to 1.5 pg of LPS per
kg of BW (=LPS vs. +LPS), and abomasal infusions of an essential AA solution that supplied either 0 or 35 g/d BCAA (—BCAA vs. +BCAA).

n = steers per treatment; 2 steers receiving the +LPS and +BCAA treatment combination were removed from the experiment due to severe re-
spiratory reactions to the LPS infusions. LPS = lipopolysaccharide; BCAA = branched-chain AA.

3N*-methylhistidine excreted in urine.

of these AA for production of components asso-
ciated with the inflammatory response were per-
haps greater than the essential AA supply from
intestinal absorption or from endogenous protein
degradation. However, plasma His concentrations
increased after LPS infusion, perhaps indicat-
ing that the His supply from catabolism of mixed
muscle proteins (Melchior et al., 2004) exceeded
the His needed for histamine production during
the inflammatory response (Tanaka and Ichikawa,
2006). Greater muscle protein breakdown by LPS-
challenged steers was demonstrated by the greater
daily urinary excretion of NMH (adjusted for BW),
which is a post-translationally modified AA from
the breakdown of contractile proteins and excreted
in urine (Harris and Milne, 1981).

By design, daily DM offered to steers was lim-
ited to 1.5% of BW to represent low feed consump-
tion that is typical for newly received feedlot calves
(NRC, 2000), and to minimize anticipated differ-
ences in DM intake between endotoxin-challenged
steers and control steers. Despite limiting the daily
feed offered, the 5-day average DM intake of steers
after LPS administration was approximately 1.0%
of BW, which is somewhat lower than previous
reports for steers infused with equivalent amounts
of LPS (Waggoner et al., 2009a,b). This remarkable
reduction in feed intake likely decreased the supply
of intestinally absorbable AA after LPS exposure.
However, the observed decreases in plasma AA
concentrations of LPS-challenged steers are likely
not reflective of decreased nutrient intake, because
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changes in plasma AA concentrations occurred
within 4 h of LPS infusion, and LPS administra-
tion occurred 3 h after cattle were fed, at which
time all steers had consumed all of their diet (i.e.,
there were no differences in DM intake during the
blood collection period on day 15). Nevertheless,
effects of LPS on gastrointestinal motility (Lohuis
et al., 1988; Waggoner et al., 2009a,b) and intes-
tinal nutrient absorption (Albin et al., 2007; Mani
et al., 2012) may have contributed to some of the
observed decreases in plasma AA concentrations
for LPS-challenged steers.

The reduction in feed intake for immune-chal-
lenged animals is a result of several physiological
factors, including the suppression of appetite via
interactions between cytokines and the central ner-
vous system (Johnson, 1998; Mani et al., 2012).
Additionally, slower total tract liquid and solid
passage rates for +LPS compared with —LPS steers
are indicative of decreased gastrointestinal motility
in response to the endotoxin (Lohuis et al., 1988),
which likely contributed to the reduction in DM
intake (Waggoner et al., 2009a,b; Lippolis et al.,
2017). Reduced gastrointestinal motility may also
explain observed tendencies for greater apparent
fiber (NDF and ADF) digestibility because reten-
tion of digestive contents was potentially greater
in the rumen of +LPS steers compared with —LPS
steers. The observed increase in apparent fiber di-
gestibility is consistent with Bernabucci et al. (1999)
who reported that heat-stressed cows had greater
NDF digestibility. However, our results are in con-
trast to Waggoner et al. (2009b), who reported no
change in total tract NDF digestibility (expressed
as a percentage of intake) in cattle exposed to
endotoxin, even when digestive passage rates were
slower. These contrasting observations between
this study and Waggoner et al. (2009b) are per-
haps explained by the differences in the magnitude
of the decrease in passage rates (40% vs. 24% for
solid passage rates) and DM intake (20% vs. 6%).
Lopez et al. (2017) also reported no effects of LPS
on ruminal in situ disappearance of NDF in cattle,
whereas Lippolis et al. (2017) reported lower rumi-
nal in situ disappearance of NDF when beef steers
were administered with LPS.

Lower rumen pH coincided with greater total
VFA concentrations in the rumen of +LPS com-
pared with —LPS steers at 8 h after LPS infusion,
which is indicative of either increased ruminal
carbohydrate fermentation (demonstrated by ten-
dencies for greater apparent NDF and ADF digest-
ibility), or decreased absorption of VFA, or both.
Galyean et al. (1981), who also observed greater
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rumen VFA concentrations in steers exposed to
transportation stress, attributed the responses to
decreased rumen motility and poor absorption of
VFA. Similarly, increases in rumen NH, in this
study suggest reduced NH, removal (absorption or
passage) from the rumen or altered N utilization by
rumen microorganisms. For example, there is evi-
dence that mammalian stress hormones (i.e., cor-
tisol and catecholamines) entering the rumen via
the saliva of stressed animals could directly affect
rumen microbial fermentation (Rath et al., 2016;
Samuelson et al., 2016; Lippolis et al., 2017).
Steers exposed to LPS retained less N than con-
trol steers, in part because these +LPS steers con-
sumed less dietary N and had less N digested, and
in part because they tended to excrete more N in
urine than —LPS steers. The tendency for greater
urinary N excretion, even when the absorbable
supply of N (intake and digestibility) was lower, is
perhaps due to increased tissue protein catabolism
for the mobilization of specific AA to support syn-
thesis of immune cell protein. An increase in tissue
protein catabolism for +LPS steers was supported
by greater urinary NMH excretion, a marker used
to measure muscle protein breakdown (Harris and
Milne, 1981). The tendency for LPS to increase
urinary N excretion in steers also suggests that not
all the AA mobilized from tissue protein catab-
olism were used for synthesis of immune proteins,
perhaps because of imbalances between tissue
AA supply and immune system AA requirements
(Reeds and Jahoor, 2001), or because of increased
AA oxidation to support other metabolic functions,
such as to supply additional energy for an activated
immune system (Calder and Yaqoob, 2004; Calder,
2006). Greater oxidation of AA is supported by
greater urea-N concentrations in the plasma of
+LPS compared with —LPS steers, particularly at 4,
8, and 12 h after LPS infusion. Plasma urea-N con-
centrations of +LPS steers increased further at 24 h
after LPS infusion, but this increase is possibly not
only due to increased AA oxidation, but perhaps
also due to a potential increase in NH, absorption
associated with the observed increase in ruminal
NH, concentrations at 24 h after LPS infusion.

Supply of BCAA

Decreases in plasma BCAA of steers immedi-
ately after LPS administration are consistent with
previous research (Waggoner et al., 2009a,b; Carter
et al., 2010), and may signify a demand for BCAA
to support an activated immune system (Reeds and
Jahoor, 2001) perhaps due to increased uptake of
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BCAA by proliferating lymphocytes (Glassy and
Furlong, 1981; Koch et al., 1990) and(or) uptake
by skeletal muscle for synthesis and release of Gln
and Ala into circulation (Holecek, 2002; Li et al.,
2007). Our hypothesis was that supplementation
of LPS-challenged steers with a source of BCAA
that escape ruminal degradation will increase the
absorbable BCAA supply to support an activated
immune system and thus potentially decrease the
need for tissue protein catabolism to supply these
AA for immune system support. To test this hy-
pothesis, N retention was used as a measure of
the animal’s performance response. However, an
animal’s response (particularly protein accretion)
to the supply of a single essential AA is not only
dependent on whether an inadequate supply of
that AA limits the response, but it is also dependent
on whether inadequate supplies of other nutrients
(e.g., other essential AA, energy, vitamins, etc.) also
limit the ability of the animal to respond to the lim-
iting AA (Titgemeyer and Loest, 2001; Titgemeyer,
2003). Even if the AA of interest is the first-limit-
ing AA, the magnitude of the response to an in-
crease in the supply of that AA may be limited by
the second limiting or “co-limiting” AA (Merchen
and Titgemeyer, 1992; Greenwood and Titgemeyer,
2000). Therefore, rather than abomasally infusing
only BCAA to steers, we infused all 10 essential
AA to steers receiving the +BCAA treatment, and
removed only the BCAA from the essential AA so-
lution for steers receiving the ~-BCAA treatment.
This “deletion approach” minimized the potential
for any of the essential AA besides the BCAA to
limit protein accretion (i.e., N retention response).
The necessity of using this approach was demon-
strated by Greenwood and Titgemeyer (2000), who
observed greater N retention responses in steers
when the first-limiting AA (Met) was post-rumi-
nally supplemented with other essential AA than
when supplemented alone.

Typically, intestinal absorption of post-rumi-
nally infused individual crystalline AA is efficient
(i.e., near 100%; Nolte et al., 2008). However, in this
study greater fecal excretion of N from steers receiv-
ing abomasal infusions of +BCAA compared with
—BCAA, and no significant differences in dietary N
intake, indicated that absorption of the abomasally
infused BCAA (and potentially some of the other
AA in the infusion) was less than 100%. This might
be explained by the AA infusion technique. In this
study, the BCAA treatments (both —BCAA and
+BCAA) were infused into the abomasum of steers
as a bolus three times a day, whereas our previous
studies (see Nolte et al., 2008) utilized infusion

Loest et al.

pumps for continuous abomasal infusions of AA
throughout a day. Nevertheless, an increase in the
plasma Ile, Leu, and Val concentrations of steers
receiving +BCAA compared with -BCAA suggests
that a measurable quantity of the BCAA in the
abomasal infusions was absorbed.

By design, post-ruminal infusions of BCAA
were expected to have no effect on ruminal fermen-
tation characteristics although an increase in the
supply of absorbed AA could alter N recycling and
thus potentially affect rumen microbial fermenta-
tion if the diet was deficient in RDP (Nolte et al.,
2008). However, similar ruminal concentrations of
VFA and NH,, ruminal pH, apparent digestibility
of nutrients (as % of intake), and total tract passage
rates for steers supplemented with +BCAA com-
pared with —BCAA indicated that the abomasal in-
fusion of BCAA did not significantly alter ruminal
fermentation and total tract digestion character-
istics of steers. Therefore, the observed metabolic
responses to the abomasal infusion of BCAA are
likely not an indirect effect of altered nutrient sup-
ply because of changes in ruminal digestion.

Greater plasma Ile, Leu, and Val concentra-
tions for steers receiving +BCAA vs. -BCAA not
only reflect an increase in the intestinal absorption
of these BCAA, but also indicate that intestinal
absorption exceeded the amounts extracted by tis-
sues to meet requirements for synthesis of protein
and(or) to support other metabolic functions (i.e.,
oxidation for energy and de novo synthesis of non-
essential AA). Estimates of the metabolizable sup-
plies of Leu, Ile, and Val for —LPS steers receiving
—BCAA infusion were 98%, 134%, and 105% of
requirements, respectively (AA requirements were
calculated for the —LPS steers using O’Connor
et al. (1993) equations with observed retained pro-
tein [grams of retained N X 6.25] and fecal DM
output from Table 2). The supplies of all other es-
sential AA, except Arg, were greater than 130% of
the requirements based on the steers’ observed N
retention (from Table 2); estimates of Arg supply
were lower than the Arg requirements to support
the N retention observed, which might suggest that
calculations of the Arg supply and(or) require-
ments were not accurate. Because supplies of Leu
and Val were approximately equal to the Leu and
Val needed to support the observed N retained by
—LPS steers receiving —BCAA infusions, it is plaus-
ible that these BCAA were the limiting AA for lean
tissue accretion (assuming that energy was not first
limiting).

Lower concentrations of His, Met, Phe, Thr,
Trp, Ala, Asn, Ser, and Tyr and a tendency for a
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56% increase in the grams of N retained by BCAA-
supplemented steers suggests that the MP supply
from the basal diet was limiting in at least one of
the BCAA, and increasing the absorbable BCAA
supply via abomasal infusions potentially increased
the utilization of plasma AA for protein synthesis,
regardless of whether the steers were or were not
challenged with LPS. These results are similar to
the findings in growing cattle and sheep reported
by Loest et al. (2001a) and Nolte et al. (2008) where
the infusion of BCAA decreased plasma AA con-
centration and increased N retention. Loest et al.
(2001a) also noted decreases in N retention when
Leu and Val were individually removed from the
abomasal supply of 10 essential AA, and suggested
these to be the most limiting of the BCAA. The
results of Loest et al. (2001a) also support the NRC
(2000) model predictions of the essential AA sup-
ply and demand for this study, where both Leu and
Val were predicted to be near requirements based
on the observed N retained by —LPS steers receiv-
ing —BCAA infusions. The tendency for greater N
retention by steers abomasally infused with BCAA
could also be due to the muscle protein synthesis
stimulatory effect of Leu via activation of the
mammalian target of rapamycin signaling pathway
(Kimball and Jefterson, 2006).

The lack of BCAA X LPS interactions for all
response variables measured (except plasma Orn)
suggests that supplying additional metabolizable
BCAA via abomasal infusions to LPS-challenged
steers does not alleviate negative effects of the
endotoxin on blood metabolites, diet digestibility,
and N balance. However, despite no significant
BCAA X LPS interaction, the magnitude by which
N retention (as a % of N supply) decreased in re-
sponse to the LPS challenge was 79% for steers
receiving no supplemental BCAA and only 28%
for steers supplemented with BCAA. Therefore,
post-ruminal BCAA supplementation perhaps
did lesson the negative impact of inflammation on
N retention, possibly by reducing skeletal muscle
breakdown, which was demonstrated by Wan
et al. (2017) when LPS-challenged rats were sup-
plemented with Leu.

Two steers receiving +BCAA developed severe
respiratory reactions to the LPS infusions and later
died despite efforts of intervention (these steers were
removed from the study and given anti-inflamma-
tory and analgesic medication), which is perhaps
an indication that the abomasal infusion of supple-
mental BCAA may have affected immune responses
that were not measured in this study. For example,
Ananieva et al. (2016) described that hyper-activation
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of immune cells could result from an increase in the
supply of Leu to the mammalian target of rapamycin
signaling pathway. The severe respiratory reaction to
the LPS, which resulted in the death of the two steers
receiving +BCAA was surprising, because Toyosawa
et al. (2004) and Lang et al. (2010) demonstrated
that BCAA supplementation increased survival of
LPS-challenged mice, and Garcia-de-Lorenzo et al.
(1997) reported lower mortality of septic patients
receiving supplemental BCAA.

CONCLUSIONS

The results of this study indicate that the MP
supply in growing steers with dietary DM intake
(1.5% of BW) equivalent to that of highly-stressed
newly received feedlot calves could be limiting in at
least one of the BCAA. The absence of interactions
between BCAA supplementation and LPS infusion
for diet intake, digestibility, and N balance suggests
that increasing the metabolizable supply of BCAA
via post-ruminal supplementation did not alleviate
the negative effects of endotoxin on N utilization
by growing steers.
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