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ABSTRACT

The extrusion of leguminous seeds induces the for-
mation of Maillard reaction compounds (MRC) as a
product of protein advanced glycation and oxidation,
which lowers protein degradability in the rumen.
However, the quantitative relationship between the
parameters of pretreatment (i.e., addition of reducing
sugars) and extrusion, and the formation of MRC has
not been established yet. Moreover, the fate of the
main stable MRC, Ne-carboxymethyl-lysine (CML),
in the excretory routes has never been investigated in
ruminants. We aimed to test the effects of the tem-
perature of extrusion of white lupines with or without
addition of reducing sugars on the formation of MRC,
crude protein (CP) degradability in the rumen, N use
efficiency for milk production (milk N/N intake), and
performance of dairy cows. Two experiments with a
replicated 4 x 4 Latin square design were conducted
simultaneously with 16 (3 rumen-cannulated) multipa-
rous Holstein cows to measure indicators of ruminal CP
degradability (ruminal NH; concentration, branched-
chain volatile fatty acids), metabolizable protein supply
(plasma essential AA concentration), N use efficiency
(N isotopic discrimination), and dairy performance. In
parallel, apparent total-tract digestibility of dry matter,
organic matter, neutral detergent fibers, N, total Lys
and CML, and partition of N and CML were measured
with 4 cows in both experiments. The diets consisted
on a DM basis of 20% raw or extruded lupines and
80% basal mixed ration of corn silage, silage and hay
from permanent grasslands, pelleted concentrate, and
a vitaminized mineral mix. Expected output tempera-
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tures of lupine extrusion were 115°C, 135°C, and 150°C,
without and with the addition of reducing sugars be-
fore extrusion. The extrusion numerically reduced the
in vitro ruminal CP degradability of the lupines, and
consequently increased the predicted supply of CP to
the small intestine. Nitrogen balance and urinary N
excretion did not differ among dietary treatments in
either experiment. Milk yield and N use efficiency for
milk production increased with extrusion of lupines at
150°C without addition of reducing sugars compared
with raw lupines. Nitrogen isotopic discrimination
between dietary and animal proteins (the difference
between §'"°N in plasma and §'°N in the diet) were lower
with lupines extruded at 150°C without and with ad-
dition of reducing sugars. Regardless of sugar addition,
milk true protein yield was not affected, but milk urea
concentration and fat:protein ratio were lower with lu-
pines extruded at 150°C than with raw lupines. In the
CML partition study, we observed that on average 26%
of the apparently digested CML was excreted in urine,
and a much lower proportion (0.63% on average) of the
apparently digested CML was secreted in milk, with no
differences among dietary treatments. In conclusion, we
showed that the extrusion of white lupines without or
with addition of reducing sugars numerically reduced
enzymatic CP degradability, with limited effects on N
partition, but increased milk yield and N use efficiency
at the highest temperature of extrusion without addi-
tion of reducing sugars.

Key words: dairy cattle, white lupine, extrusion,
advanced glycation end-product

INTRODUCTION

Alternative indigenous protein feeds such as legu-
minous seeds are increasingly needed to limit the net
protein import into European livestock production
systems, thereby promoting environmental protection
and meeting societal expectations for more sustainable,
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traceable, and safe dairy production systems. In com-
parison with conventional protein feeds such as soybean
meal, CP of raw leguminous seeds is more degradable
in the rumen. Thermo-mechanical treatments such as
extrusion can reduce their ruminal CP degradability,
thereby increasing the supply of MP (Benchaar et al.,
1994; Mendowski et al., 2021). Extrusion induces the
formation of Maillard reaction compounds (MRC) as
the result of nonenzymatic reactions between a carbonyl
compound and an amino group, leading to protein gly-
cation. However, the quantitative appearance of MRC
during the extrusion of leguminous seeds according to
their proximate composition is not predictable yet, and
thus it is still poorly controllable by the technologi-
cal parameters. Furthermore, the quantitative relation
among the content of MRC in leguminous seeds, the
ruminal degradability of CP and intestinal digestibility
has not yet been established. To refine the technologi-
cal parameters and eventually control the ruminal CP
degradability of extruded leguminous seeds, it is es-
sential to study the occurrence of MRC during their
thermo-mechanical treatments.

Extrusion of different leguminous seeds induces dif-
ferent profiles of MRC, as a result of the interaction
among the plant matrix, type of pretreatment, and tem-
perature of extrusion (Mendowski et al., 2019, 2020).
Ne-carboxymethyl-lysine (CML) is the first stable and
relatively inert compound resulting from the glycation
of the e-amino group of Lys and its subsequent oxida-
tion and is considered as a marker of the later steps of
the Maillard reaction cascade. Lysine becomes thereby
biologically less accessible to bacterial proteinases in
the rumen, resulting in lower ruminal CP degradabil-
ity. Lupines seem to be particularly susceptible to the
formation of advanced-stage MRC such as CML during
extrusion in comparison to faba beans, which contain
compounds resulting from rather early steps of the
Maillard reaction such as Ne-2-furoylmethyl-L-lysine
(furosine; Mendowski et al., 2019). To date, there is
little background information on the digestibility and
absorption of MRC in dairy cows. Low molecular weight
MRC such as CML may be absorbed in the intestine
(Alamir et al., 2013). Mendowski et al. (2019) reported
the apparent total-tract digestibility of CML in dairy
cows for the first time. However, the fate of apparently
digested CML has never been studied in ruminants,
and quantitative studies investigating its metabolism
(including excretion and secretion) in dairy cows are
missing. Chronic exposure to dietary advanced glyca-
tion end products is in fact suspected to have immu-
nomodulatory functions with adverse effects on human
and animal health, as they interact with specialized
receptors forming free radicals, which may induce
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oxidative stress and inflammation (Teodorowicz et al.,
2018; Tessier et al., 2021). Research efforts are therefore
increasingly devoted to the fate of dietary advanced
glycation end products and their effects on human and
animal health, but references regarding dairy cows are,
to our knowledge, not available.

The aim of the present experiments was therefore
to investigate the effects of extrusion with or without
prior addition of reducing sugars on the formation
of MRC in white lupines, and the consequences for
ruminal fermentation (including kinetics of ruminal
parameters on 3 rumen-cannulated cows), N parti-
tion and performance of dairy cows. The N isotopic
discrimination between animal proteins and the diet
(AN pimaldiet) Was also used as biomarker for N use
efficiency (Cantalapiedra-Hijar et al., 2018; Correa-
Luna et al., 2022). By adding or omitting reducing
sugars and applying different temperatures of extrusion
to white lupines, we principally aimed at generating
different MRC profiles. Indeed, the addition of reducing
sugars increases the formation of MRC during extru-
sion of faba beans (Mendowski et al., 2020). The fate
of the ingested CML in the main excretory routes was
also investigated. We hypothesized that (1) CP from
extruded lupines is less degradable in the rumen than
CP from raw lupines, which improves the supply of CP
to the small intestine and the predicted supply of MP.
We also hypothesized that (2) the extrusion increases N
use efficiency estimated as grams of milk N per grams
of N intake, and reduces N excretion in urine, and (3)
that the addition of reducing sugars before extrusion
further increases the formation of MRC and reduces
the degradability of CP in the rumen.

MATERIALS AND METHODS

The experiments were conducted at the INRAE Her-
bipole research facility in Theix, France (https://doi
.org/10.15454/1.5572318050509348E12) from November
2020 to March 2021 and approved by the ethics commit-
tee of the Auvergne-Rhone-Alpes region and the French
Ministry of Higher Education, Research, and Innovation
(approval APAFIS#15401-2017062616304407 v5).

Animals, Experimental Design, and Diets

Sixteen multiparous Holstein cows averaging 3.0 +
0.24 lactations, 79 + 17 DIM, 25 + 1.0 kg of milk/d,
and 686 + 14.3 kg BW, 3 of which were rumen-cannu-
lated, were enrolled in this study. Cows were used in 2
experiments (8 cows per experiment) with a replicated
4 x 4 Latin square design balanced for carryover effects
conducted simultaneously. The 4 dietary treatments
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tested in the first Latin square experiment (EXP1)
were white lupines (Lupinus albus) extruded at expected
output temperatures of 115°C (EL1), 135°C (EL2), or
150°C (EL3), and raw lupines (RL). The second Latin
square experiment (EXP2) compared white lupines
pretreated with the addition of 1.25% reducing sugars
(i.e., dextrose monohydrate) before their extrusion at
expected output temperatures at 115°C (ELS1), 135°C
(ELS2), or 150°C (ELS3), and raw lupines with the
addition of the same proportion of reducing sugars
(RLS). Each dietary treatment immediately preceded
and followed every other dietary treatment exactly once
in each Latin square. The 3 rumen-cannulated cows
(3.7 £ 0.7 lactations, 167 £+ 76 DIM, 22.1 + 1.9 kg of
milk/d, 748 + 3.7 kg BW) were all included in EXP1.

Both experiments consisted of 4 periods lasting 4 wk
each, including 22 d of dietary adaptation and 6 d of
samplings and data collection. All cows were housed in
a freestall barn and had access to their own individual
assigned feed trough during a pre-experimental period
for habituation, as well as during the entire experiment,
except during measurements of apparent total-tract
digestibility of OM, N, NDF, CML, and total Lys, as
well as N, and CML partition (wk 4). At wk 4 of each
period, cows (n = 4) of square 1 of each experiment
(n = 8; 3.3 + 0.4 lactations, 99 + 32 DIM, 24.8 + 1.9
kg of milk/d, and 729 + 17.9 kg BW) were tethered in
a tiestall barn for the separate and total collection of
feces and urine and measurements of apparent total-
tract digestibility, N, and CML partition. During the
pre-experimental period, all cows were fed the same
basal mixed ration with up to 20% raw lupines in the
total DM.

All experimental diets consisted (on a DM basis) of
30% corn silage, 24% grass silage (first cut of semi-
mountainous grassland with Dactylis glomerata, Ar-
rhenaterum elatius, and Lolium perenne as main bo-
tanical species), 15% hay (first cut of semimountainous
grassland with Alopecurus pratensis, Holcus lanatus,
Arrhenaterum elatius, Lolium perenne as main botani-
cal species), 11% pelleted concentrate, and 20% of 1
of the 8 experimental raw (RL, and RLS) or extruded
lupines (EL1, ELS1, EL2, ELS2, EL3, and ELS3) sup-
plied as a meal and mixed individually and thoroughly
with the basal ration to form a TMR (Table 1). In
addition, 200 g of a vitamin-mineral supplement (Gala-
phos MiDi Duo, CCPA) was provided daily to each
cow mixed in the TMR. All diets were designed iso-
NE; (expressed in unité fourragere lait; UFL; 1 UFL
is equivalent to 7.37 MJ NE;) and iso-CP, with lupines
providing on average 45% of the CP. They were also
iso-starch (16% starch in the DM) and iso-NDF (40%
NDF in the DM), with forages providing 83% of the
NDF. To ensure a nonlimiting Met supply according
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to INRA (2018) recommendations for intestinal truly
digestible Met (MetDI) and Lys [LysDI; MetDI =
2.1% of protein truly digestible in the intestine (PDI),
if 6.6 < LysDI < 6.8% of PDI; INRA, 2018], each cow
was fed 20 g/d of rumen-protected DL-Met (with 80%
bioavailability of Met, PDI = 60% in the DM, and
MetDI = 100% PDI; Smartamine M, Adisseo). The
mixed ration was offered in 2 equal meals at 0900 and
1600 h. Offered amounts until the third week of each
experimental period allowed for at least 10% refusals
for ad libitum intake and were adjusted twice per week
according to the DM content of the basal mixed ration
(determined at 103°C for 24 h) at 95% of the individual
ad libitum intake measured during wk 3 of each period,
to reduce interday variability during apparent total-
tract digestibility measurements, N and CML partition
study and thereby reduce experimental error. Dietary
transitions between periods were gradual, at a rate of
25% of substitution of the experimental lupines per
day, lasting 3 d. During the entire experiment, all cows
had free access to water and NaCl blocks. All cows were
milked daily at 0730 and 1500 h in a herringbone milk-
ing parlor, and during digestibility measurements in
the tiestall with a milking pipeline. The individual milk
yield was recorded automatically at each milking. Body
weight was recorded daily after the morning milking,
before the morning meal on an automatic scale, except
for the 8 cows used for digestibility measurements from
d 22 to 28 of each period. The BCS was graded on a
0-to-5 scale with quarter-unit increments (Bazin, 1984)
by 2 trained individuals on d 1 of each period, and at
the end of the experiment.

Pretreatment and Extrusion of Lupines

Before the pretreatment, as reported in Table 2,
all lupines were ground. The lupines were extruded
in a single screw extruder, whereby the generation of
the heat to reach the expected output temperatures
occurred only by self-heating of the extruded matrix
through compression against the screw and the devel-
oped shear forces. Indeed, at the same expected out-
put temperatures, extrusion by self-heating provides
better protection of the proteins from degradation in
the rumen compared with the extrusion of the same
matrix with heating, as evidenced in previous in vitro
screenings (Chapoutot et al., 2016). The target output
temperatures were defined before the experiment based
on previous in situ and in vitro measurements to in-
duce the formation of different profiles of MRC in the
extruded lupines, without compromising intestinal pro-
tein digestibility, which is likely reduced when lupines
are extruded at expected output temperatures above
160°C (Mendowski et al., 2019; Chapoutot et al., 2020).
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Table 1. Chemical composition and nutritive value according to INRA (2018) of the experimental diets containing lupines (EXP1) or lupines
with the addition of reducing sugars (EXP2)

Lupines (EXP1)" Lupines + reducing sugars (EXP2)
Item RL EL1 EL2 EL3 RLS ELS1 ELS2 ELS3
Chemical composition,® g/kg DM
OM 924 924 924 923 924 924 924 923
CP 154 156 156 154 152 155 156 154
NDF 407 405 405 404 406 402 402 401
Ether extract 40 40 40 43 40 40 40 46
CML," pg/g DM 17.49 17.88 18.23 18.66 17.21 18.18 18.37 20.97
Nutritive value®
ME, MJ/kg DM ‘ 10.7 10.7 10.7 10.6 10.7 10.7 10.6 10.6
Net energy, UFL/kg DM® 0.92 0.92 0.92 0.91 0.92 0.92 0.92 0.92
PDI,” g/kg DM 80 91 92 93 79 90 91 93
RPB,” g/kg DM 24 16 13 7 20 14 11 9
MetDL,° % PDI 2.6 24 2.3 2.3 2.6 24 2.3 2.3
LysDL® % PDI 6.8 6.6 6.6 6.6 6.8 6.6 6.6 6.6
LysDI:MetDI ratio 2.6 2.8 2.9 2.9 2.6 2.8 2.8 2.9

'RL = raw lupines, EL1 = lupines extruded at 115°C, EL2 = lupines extruded at 135°C, EL3 = lupines extruded at 150°C.

’RLS = raw lupines with reducing sugars, ELS1 = lupines with reducing sugar extruded at 115°C, ELS2 = lupines with reducing sugar extruded
at 135°C, ELS3 = lupines with reducing sugar extruded at 150°C.

*Ingredients of the experimental diets on a DM basis: 30% corn silage (per kg DM: 86 g CP, 345 g starch, 387 ¢ NDF, 49 g ash), 24% grass
silage (per kg DM: 127 g CP, 552 g NDF, 118 g ash), 15% hay (per kg DM: 70 g CP, 586 g NDF, 75 g ash), 11% concentrate (per kg DM: 177
g CP, 355 g starch, 206 g NDF, 79 g ash), and 20% experimental lupines; concentrate consisting on a DM basis of 30% sugar beet pulp, 22.7%
wheat, 20% barley, 15% rapeseed meal, 7.9% soybean meal, 1.5% sugar molasses, 1.0% dicalcium phosphate, 1.0% magnesia, 0.9% NaCl, 1,000
1U /kg vitamin A, 1,400 IU/kg vitamin D, 15 IU/kg vitamin E, 0.75 mg/kg I, 0.26 mg/kg Co, 15 mg/kg Cu, 60 mg/kg Mn, 90 mg/kg Zn, 0.25
mg/kg Se. In addition, 200 g/d of mineral-vitamin mix (20% Ca, 2.5% P, 4.5% Mg, 3.5% Na, 1% S, 400,000 IU/kg of vitamin A, 120,000 IU/
kg of vitamin D3, 1,600 IU /kg of vitamin E, 1.3 g/kg of Cu, 5 g/kg of Zn, 3.5 g/kg of Mn, 90 mg/kg of I, 36 mg/kg of Co, and 20 mg/kg of Se;
Galaphos MiDi Duo, CCPA) were fed.

*CML = Ne-carboxymethyl-lysine.

’Estimated based on a feeding level of DM corresponding to 3.1% BW/d (DMI = 22.0 kg/d, BW = 700 kg) according to INRA (2018) and
actual feed nutrient composition.

SUFL = net energy for lactation expressed in unité fourragere lait; 1 UFL is equivalent to 7.37 MJ.

"PDI = protein truly digestible in the intestine.

*RPB = rumen protein balance.

‘MetDI = truly digestible Met in the intestine.

LysDI = truly digestible Lys in the intestine.

Measurements and Samplings forages (corn silage, grass silage, and hay), concentrates
(experimental lupines and pelleted concentrate) and

Feeds. Intake of DM was measured daily as the dif- basal mixed ration were collected on d 21, 24, and 26
ference between the offered mixed ration and refusals and pooled per period. Feed refusals were removed and
during 5 d in wk 1 to 3 and 7 d in wk 4. Samples of weighed daily before the morning feeding. Only when

Table 2. Parameters of pretreatment and extrusion of the experimental lupines without the addition of reducing sugars (EXP1) and with the
addition of reducing sugars (EXP2)

Lupines (EXP1)" Lupines 4 reducing sugars (EXP2)?

Ttem RL EL1 EL2 EL3 RLS ELS1 ELS2 ELS3
Pretreatment

Duration, min 20 29 27 24 25 32

Temperature of maturation, °C — 55 55 55 — 55 55 55
Temperature of extrusion, °C

Penultimate extruder section N-1 — 90 91 125 — 90 90 127

Ultimate extruder section N 115 130 157 115 135 161

Intensity, % of extruder potential — 68.2 66.7 70.6 — 67.3 66.7 73.6

Mechanical energy index, Wh/kg 43.2 61.5 59.2 50.1 52.8 74.8

'RL = raw lupines, EL1 = lupines extruded at 115°C, EL2 = lupines extruded at 135°C, EL3 = lupines extruded at 150°C.
’RLS = raw lupines with reducing sugars, ELS1 = lupines with reducing sugars extruded at 115°C, ELS2 = lupines with reducing sugars ex-
truded at 135°C, ELS3 = lupines with reducing sugars extruded at 150°C.
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the percentage of feed refusals was higher than 5% of
the daily offered DM, refusals were sampled and their
DM content was determined (105°C, 24 h in air-forced
oven). Aliquots of daily refusals were pooled per period,
and frozen. One aliquot of each sample of feed and re-
fusal was dried (60°C, 72 h in air-forced oven); another
aliquot was lyophilized. Samples of forages and refusals
were milled with a centrifugal mill (BJL 8500, Boisson)
to pass a 1-mm screen. Experimental lupines and pel-
leted concentrate samples were ground to pass a 1-mm
screen of a cutting mill (Retsch SM 300, VWR Interna-
tional). Lyophilized experimental lupines were pooled
over periods for later total Lys and CML analysis.

Apparent Total-Tract Digestibility and N and
CML Partition. For 6 d, all feces were collected in
a bin located behind the tiestall. Urine was collected
separately using urine funnel devices glued around the
vulva, which were connected to a 30-L canister secured
behind the tiestall. Urine pH was maintained below 4
with the addition of 500 mL of 30% H,SO, to avoid
the volatilization of NH;. Every day at 0800 h total
collected feces and urine were removed, weighed, and
mixed thoroughly with an electric paint mixer drill.
Samples corresponding to 0.5% of the total excreted fe-
ces and urine were taken, pooled per period, and frozen
at —20°C. Fecal samples were then thawed, thoroughly
mixed, oven-dried at 60°C for 72 h, and ground through
a 1-mm sieve for NDF and ash analysis, or lyophilized
and ground through a 1-mm sieve for N assays and
determination of total Lys and CML. Fecal DM content
was determined daily (at 103°C for 24 h in air-forced
oven) on 0.5% of the collected feces. On d 20 and 26,
unacidified spot samples (50 mL) of the first urine
excreted after 0800 h were collected and immediately
frozen at —20°C until lyophilization before analysis of
MRC.

Ruminal Fluid. On d 28 of each experimental pe-
riod, ruminal fluid samples (500 mL) from all 16 cows
involved in the experiments, were collected 5 h after the
morning feeding via gastro-esophageal tubing with a
manual pump after discarding the first 300 mL drained
from the oro-ruminal probe. On d 25 and 27, ruminal
fluid (100 mL) was collected in the ventral rumen of the
3 rumen-cannulated cows using a plastic syringe con-
nected to a suction strainer, at 0 (immediately before
feeding), 1, 2.5, 5, and 8 h after feeding. Immediately
after collection, the pH of all ruminal fluid samples was
measured (WTW PH 538, Inlab Expert 51343100 elec-
trode, Mettler-Toledo). After filtration through a 250-
pm pore size nylon cloth, ruminal fluid was aliquoted
for NH; and VFA analysis. For NH; analysis, 1 mL of
ruminal fluid was preserved with 10% vol/vol H3PO,
(5%). Samples for VFA (0.8 mL) were preserved with
0.5 mL of a 0.5 N HCI solution with 0.4% (wt/vol)
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of crotonic acid and 2% (wt/vol) of metaphosphoric
acid. All samples were immediately frozen to —20°C.
For protozoal counts, 1 mL of filtered ruminal fluid was
added to 1 mL of methyl green formalin saline solu-
tion (Ogimoto and Imai, 1981), and kept at ambient
temperature in the dark until counting.

Blood Plasma. Blood samples were taken on all 16
cows from the tail after the morning milking and before
feeding on d 27 of each experimental period with 1
EDTA-containing tube and 1 lithium-heparinized tube
(both Greiner, ref. 455036, and 455084, respectively).
All samples were centrifuged at 3,500 x g for 15 min at
4°C and the plasma obtained was immediately stored at
—20°C for later analysis of plasma metabolites, and at
—80°C for later analysis of plasma AA and N isotope
enrichment.

M:lk. Milk yield of all 16 cows was recorded at each
milking. Milk samples were collected at morning and
evening milkings on d 24, 26, and 27 of each period,
and preserved with 2-bromo-2-nitropropane-1,3-diol
at 4°C until analysis of fat, true protein, lactose, and
urea contents by mid-infrared spectrometry (MilkoScan
FT6000, Foss) in an accredited commercial laboratory
(Agrolab’s, Aurillac). Milk samples (200 mL) were col-
lected on 4 consecutive milkings on d 24 and 25 of each
experimental period from the 8 cows used for apparent
total-tract digestibility measurements pooled propor-
tionately to the milk yield of the respective milking and
were frozen at —20°C until analysis of CML.

Laboratory Analyses

Feed, Feces, and Urine Composition. The OM
in feed, refusals, and feces was determined by ashing
at 550°C for 6 h (ISO 5984:2002; ISO, 2002). The
concentration of N in feeds, refusals, lyophilized feces,
and urine was determined by the Dumas method (ISO
16634-1:2008 [ISO, 2008], on a Rapid N Cube, Elemen-
tar Analysensystem GmbH), and CP in feeds was cal-
culated as N x 6.25. The NDF in feeds and dried feces
was determined according to Van Soest et al. (1991) us-
ing Gooch crucibles with addition of sodium sulfite and
a-amylase. Ether extract was analyzed by ether extrac-
tion after acid hydrolysis (ISO 6492:1999 norm; ISO,
1999). Starch was enzymatically determined according
to ISO 15914:2004 (ISO, 2004) norms in maize silage
and concentrate feed. The enzymatic degradability of
CP after 1 h in vitro incubation (ED1) of the lupines
was determined according to Aufrere et al. (1991). The
DM content in urine spot samples was determined by
weighing the samples before and after lyophilization.
The N stable isotope composition [815N; deviation of
the "N-to-"*N ratio from the international standard
(atmospheric N,) in parts per 10°] of the basal mixed
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diet and the lupines was analyzed on an isotope-ratio
mass spectrometer coupled to an elemental analyzer
(both Isoprime, VG Instruments).

Total Lys and CML. The contents of total Lys
in feeds, and feces, as well as CML in feeds, feces,
urine, and milk were analyzed by LC coupled to ion
trap tandem MS (LC-MS/MS) after reduction and
acid hydrolysis according to Niquet-Léridon and Tes-
sier (2011). The analyzed total Lys includes both free
and protein-bound Lys that is not trapped in MRC.
All analyses of total Lys and CML were performed in
triplicate. The coefficients of variation of the deter-
mination (i.e., SD of triplicate determination divided
by the mean analyte concentration, averaged over all
samples of each matrix) of the concentration of CML
in feeds, feces, urine, and milk, were 4.5, 4.5, 4.3, and
5.5%, respectively, whereas that of total Lys in feeds
was 4.6%.

Ruminal pH, NH,, VFA, and Protozoal Counts.
Before analysis, the 2 samples of ruminal fluid collected
from each cannulated animal at each period and sam-
pling day and sampling time were pooled by sampling
time to yield 5 samples (immediately before feeding,
and 1, 2.5, 5, and 8 h after feeding) per each cannu-
lated animal per period. The concentration of VFA was
analyzed by GC (Clarus 580, fitted with a CP-Wax 58
column, Perkin Elmer) with a flame ionization detec-
tor. The concentration of NH; in the ruminal fluid was
determined with a spectrophotometric method using
a urea/ammonia kit (Ref. 10542946035, Roche Diag-
nostics). Protozoa in ruminal fluid were counted in a
Neubauer chamber by microscopy and differentiated
into large (>100 pm) and small (<100 pm) Entodino-
morphs, or Holotrichs (Isotricha or Dasytricha) accord-
ing to their morphology (Hobson and Stewart, 1997).

Blood Plasma. Plasma concentrations of BHB,
glucose, and urea were analyzed with commercial kits
(Kit 984325, 981379, and 981818, respectively, all Ther-
moScientific) on an automatic analyzer (Arena 20XT,
Thermo Fisher Scientific). Plasma AA concentrations
were analyzed using ultra-high-performance liquid
chromatography-mass  spectrometry (UPLC-MS;
Acquity Ultra Performance LC System, Waters, Guy-
ancourt, France) according to the method described by
Haque et al. (2012). The N stable isotope composition
(615N) was analyzed in freeze-dried plasma samples as
described for feed samples.

Calculations. The nutritive values of the diets
(Table 1) were calculated according to INRA (2018)
using the online application INRAtionV5 (www
.Anration-ruminal .fr) considering a feeding level of 3.1
kg DM/100 kg BW per day, the analyzed composition
of the feeds, and measured ED1 values for the lupines
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(Table 3). For lupines, the effective degradability of N
(EDg_N) was predicted from the measured ED1, and
the intestinal digestibility of rumen undegraded feed
protein was assumed to be 89 and 100% for raw and
extruded seeds, respectively, based on INRA (2018)
reporting data obtained with the mobile bag technique
according to Peyraud et al. (1988). Data on DMI was
averaged per cow over wk 4 within each period. The
ECM yield (kg/d) was calculated with data recorded
during wk 4 of each period as [23.8 X protein yield
(kg/d) + 38.9 x fat yield (kg/d) + 16.3 x lactose
yield (kg/d)]/3.14 (Madsen et al., 2008). Milk total
N was calculated by dividing the average daily milk
true protein yield during wk 4 of each period by 6.38
and 0.95 according to Spanghero and Kowalski (1997),
assuming that 95% of milk N is true protein N. The
apparent total-tract digestibility of dietary components
was calculated as the difference between intake and
fecal excretion of the respective component expressed
as a percentage of the intake of that component. Nitro-
gen and CML daily balances were calculated as intake
minus (fecal excretion + urinary excretion + milk se-
cretion), all excretion (feces and urine), and secretion
(milk) being measured over 6 consecutive days. The
PDI use efficiency was calculated according to INRA
(2018), as the ratio of protein synthesis to available
PDI (i.e., PDI intake — PDI used for endogenous uri-
nary N losses), whereby protein synthesis accounted for
milk protein synthesis, protein endogenous fecal losses,
scurf protein synthesis, and protein retention related to
net energy (NE) balance. Individual NE balance was
estimated as the difference between NE supply and the
sum of NE requirements for maintenance and produc-
tion according to INRA (2018) for all cows included
in both experiments. Individual ruminal protein bal-
ance (RPB) was calculated as predicted RPB of each
experimental diet reported in Table 1 multiplied by
individual DMI. The AN, imardie: Was calculated for all
cows during each experimental period as the difference
between the individual §'°N in plasma and §"°N in the
diet, whereby the latter was calculated as the average
of 8N of each feed ingredient weighted by the percent
of N in the dietary ingredient. The marginal increase of
digestibility of CML provided by lupines and the basal
mixed ration was determined by fitting a mixed linear
model regression defining the apparently digested CML
(in mg/d) as a function of the CML provided by the
respective dietary component (i.e., lupines or the basal
mixed ration; in mg/d) across all observations, with the
slope of the regression being the estimated marginal
digestibility of CML originating from the respective
dietary component. The linear mixed model included
period as fixed effect and individual cow as random
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effect, whereas the effect of the experiment (i.e., with or
without addition of reducing sugars) was excluded from
the model, as it was not significant.

Statistical Analysis

All data deriving from both experiments were ana-
lyzed separately with linear mixed models with the
MIXED procedure of SAS (version 9.4, SAS Institute
Inc.). For each experiment, the statistical units were
the means of each individual cow in each experimental
period. The following model was applied to response
variables measured on all cows included in each experi-
ment:

Yz’jkl = U+ Tf’ti + P]‘ + Sk + CZ(S)k + E gkl

where Y, is the measured response variable, y is the
overall mean, Trt; is the fixed effect of the dietary treat-
ment (RL, EL1, EL2, and EL3 in EXP1, and RLS,
ELS1, ELS2, and ELS3 in EXP2), P; (j = 1-4) is the
fixed effect of experimental period, S (k = 1-2) is the
fixed effect of square, Cy(S); (I = 1-8) is the random ef-
fect of cow nested within square, and €, is the random
residual error term.

All data obtained on apparent total-tract digestibil-
ity, as well as N and CML partition measured on cows
belonging to 1 square per experiment were analyzed
with following model:

Yip=p+ Trt, + P+ Cp + ey,

where Y, is the measured response variable, y is the
overall mean, Trt; is the fixed effect of dietary treat-
ment, P;is the fixed effect of experimental period, Cj
(k = 1-4) is the random effect of cow, and e;; is the
residual error term.

All data related to the kinetics of ruminal parameters
(i.e., pH, NH;3, VFA | and protozoal counts) recorded
on the 3 rumen-cannulated cows included in EXP1
were analyzed with a linear mixed model with dietary
treatment (Trt; RL, EL1, EL2, and EL3), experimental
period (P period 1 to 4), sampling time (Sj; 0, 1, 2.5,
5, and 8 h), treatment x sampling time interaction as
fixed effects, and cow (Cj; k= 1 to 3) as random effect
according to following equation:

}/ijl =N + Trtl + P7 + Ck + Sl + TTtZ X Sl + 51']‘]61.
Sampling time was specified as a repeated measure
with a first-order autoregressive covariance structure

[AR(1)], based on best fit according to the Bayesian
information criterion. Normality and homoscedasticity
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of the data and the residues were tested with the Sha-
piro-Wilk test and by visual inspection of the skewness
and kurtosis. Protozoal counts and feed refusals were
log,o-transformed before statistical analysis to comply
with the assumption of normality. All variables in the
tables are reported as least squares means and standard
error of the means, except protozoal counts and feed
refusals, which are reported as arithmetical means of
dietary treatments and SE. In all models, degrees of
freedom for testing fixed effects were estimated with
the Kenward-Roger approximation. Effect of dietary
treatment 7rt; was declared significant when P < 0.05
and as a tendency toward significance when 0.05 < P <
0.10. Further, least squares means of dietary treatment
were separated using the pdiff statement in SAS with
the Tukey’s honest significant difference adjustment for
multiple comparisons.

Welch’s 2-sample t-tests with unequal variance were
performed with the TTEST procedure in SAS to com-
pare ruminal parameters recorded 5 h after feeding by
sampling ruminal fluid through the ruminal cannulas
or via stomach tubing. Correlations between individual
urea concentrations in plasma and milk as well as be-
tween milk urea concentration and individual RPB (in
g/d) were estimated with the ‘corr’ procedure in SAS.
Simple linear regressions for absolute excretion of CML
in milk and urine (in mg/d) against CML intake (in
mg/d), as well as of AN, diee to N in milk:N intake
ratio, N in urine:N intake ratio, and to predicted RPB
in g/kg DM were estimate with the ‘reg’ procedure in
SAS. Two regressions between AN, e and N in
milk:N intake ratio were estimated: a regression in-
cluded data from the 4 cows per experiment that were
involved in the N and CML partition study, a second
regression was estimated with data measured on all
cows >50 DIM. In fact, according to Correa-Luna et
al. (2022), AN, madiec has a limited application as
biomarker for N use efficiency for milk production in
early-lactating cows (DIM <50), because protein mo-
bilization artificially increases both N use efficiency for
milk production and AISNmmal_(ﬁem leading to a positive
rather than a negative relation.

RESULTS

Extrusion, Characteristics of the Extruded Lupines,
and Diets

At identical target temperatures, the addition of re-
ducing sugars numerically decreased the mechanical en-
ergy index of the extrusion at 135°C (52.8 vs. 61.8 Wh/
kg), whereas it numerically increased it at 115° (50.1
vs. 43.2 Wh/kg) and at 150°C (74.8 vs. 59.2 Wh/kg)
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compared with the omission of reducing sugars (Table
2). The ED1 of all extruded lupines was numerically
lower than that of raw lupines (on average —29 percent-
age points of the ED1 of RL and —30 percentage points
RLS; Table 3). The ED1 did not numerically differ with
and without reducing sugars. Except in ELS3 (i.e., ex-
trusion at 150°C with addition of reducing sugars), the
CML concentration in lupines extruded at 115°C and
135°C was only marginally higher than in raw lupines,
and generally lower than in the basal mixed ration.
The proportion of CML provided by the lupines in the
diet accounted for 8.0, 10.0, 11.7, and 13.8% of total
diet CML with RL, EL1, EL2, EL3, and 6.5, 11.5, 12.4,
and 23.3% in RLS, ELS1, ELS2, ELS3, respectively.
The ratio of CML to total Lys increased numerically
with increasing temperature of extrusion. Addition of
reducing sugars resulted in numerically higher CML
concentrations compared with extrusion without addi-
tion of sugars only at the highest expected temperature
of extrusion.

Feed Intake, Milk Yield, Milk Composition,
N, and PDI Use Efficiency

In both experiments, DMI (P = 0.54 in EXP1, P
= 0.48 in EXP2), DM refusals during wk 4 (P = 0.25
in EXP1, P = 0.29 in EXP2), and milk true protein
concentration (P = 0.85 in EXP1, P = 0.86 in EXP2)
did not differ among dietary treatments (Table 4). The
milk yield was higher with EL3 than with RL (+2.4
kg/d; Tukey-adjusted P = 0.03) in EXP1 (i.e., with-
out addition of reducing sugars). In EXP2 (i.e., with
addition of reducing sugars) the milk yield tended to
be higher with ELS3 compared with RLS (+1.9 kg/d;
Tukey-adjusted P = 0.08). The ECM yield was un-
changed across dietary treatments in either experiment
(P = 0.23 in EXP1, P = 0.28 in EXP2). In EXP1,
the milk fat content was lower with EL3 than with
RL (—2.8 g/kg, Tukey-adjusted P = 0.02), whereas in
EXP2, the milk fat content tended to be lower with
ELS3 than with RLS (—3.9 g/kg; Tukey-adjusted P =
0.05). In either experiment, the milk fat yield did not
differ among dietary treatments (P = 0.61 in EXP1, P
= 0.51 in EXP2). The milk true protein yield tended
to be higher with EL3 than with RL (466 g/d; Tukey-
adjusted P = 0.06) in EXP1. However, in EXP2, milk
true protein yield was not affected (P = 0.14) by dietary
treatments. The fat-to-protein ratio was lower (—0.09
g/g; Tukey-adjusted P = 0.02) with EL3 compared with
RL and EL1 in EXP1. In parallel, the fat-to-protein
ratio was lower with ELS3 than with RLS (—0.11 g/g;
Tukey-adjusted P = 0.02) in EXP2. The milk urea con-
centration was lower with EL3 compared with RL (—42
mg/L; Tukey-adjusted P = 0.02), and had intermediate
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values with EL1 and EL2. Similarly, in EXP2, the milk
urea concentration was lower with ELS3 than with RLS
(—28 mg/L; Tukey-adjusted P = 0.03). In EXP1, the
milk urea concentration was positively and significantly
correlated with the plasma urea concentration [Pearson
correlation coefficient (r) = 0.44, P = 0.01], whereas
in EXP2 milk urea was not correlated (P = 0.29) with
plasma urea concentration. For all observations in both
experiments, the individual milk urea concentration
was positively correlated with the predicted individual
RPB (r = 0.37, P < 0.01).

Nitrogen intake did not differ among dietary treat-
ments in both experiments (P = 0.21 in EXP1, and
P = 0.48 in EXP2). Milk N yield tended to be higher
(Tukey-adjusted P = 0.06) with EL3 than with RL in
EXP1. The N in milk:N intake ratio (i.e., N use effi-
ciency for milk production) was higher (Tukey-adjusted
P < 0.01) with EL3 than with all other treatments
in EXP1. In EXP2, milk N yield (P = 0.14) and N
in milk:N intake ratio (P = 0.30) were not affected
by dietary treatments. In both experiments, the PDI
intake was higher (Tukey-adjusted P < 0.01) with
extruded than with raw lupines by on average +253
g/d in EXP1, and +280 g/d in EXP2. The PDI use
efficiency was lower (Tukey-adjusted P < 0.01) with all
extruded lupines than with raw lupines in the respec-
tive experiment.

Ruminal Parameters in Intact and Rumen-
Cannulated Cows

In both experiments, neither the concentration of
NH; (P = 0.88 in EXP1, and P = 0.57 in EXP2) nor
the concentration of total VFA in the ruminal fluid
sampled by stomach tubing 5 h after feeding (P = 0.57
in EXP1, and P = 0.11 in EXP2) were affected by the
dietary treatments (Table 5). The molar proportion of
branched-chain VFA (BCVFA) in the ruminal fluid
was lower (—0.53 mol/100 mol, Tukey-adjusted P <
0.01 in EXP1, and —0.51 mol/100 mol, Tukey-adjusted
P < 0.01 in EXP2, respectively) with lupines extruded
at 150°C (EL3 and ELS3) than with raw lupines (RL
and RLS, respectively). Indeed, the molar proportions of
isobutyrate and isovalerate were lower (—0.18 mol/100
mol, Tukey-adjusted P = 0.01; —0.36 mol/100 mol, P <
0.01, respectively) with EL3 than with RL in EXP1 (i.e.,
without the addition of reducing sugars). In EXP2 (i.e.,
with the addition of reducing sugars), the proportion of
isovalerate in total VFA was lower (—0.30 mol/100 mol,
Tukey-adjusted P < 0.01) with ELS3 than with RL and
ELS1. However, the (acetate + butyrate)-to-propionate
ratio did not differ among dietary treatments in either
experiment (P = 0.13 in EXP1, and P = 0.49 in EXP2).
Ruminal pH was not affected (P = 0.56) by dietary
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treatments in EXP1. In EXP2, ruminal pH was lower
(Tukey-adjusted P = 0.02) with ELS1 than with ELS2,
and had intermediate values with RLS and ELS3. Pro-
tozoal counts did not differ among dietary treatments in
either experiment, except for Isotricha, which tended to
be less abundant (Tukey-adjusted P = 0.07) with ELS3
than with ELS1 in EXP2.

The average total VFA molar concentrations mea-
sured in ruminal fluid sampled on rumen-cannulated
cows in EXP1 tended to be lower (P = 0.06) with EL1
and EL3 than with RL. A lower proportion of propio-
nate (—1.0 mol/100 mol, P = 0.03) was observed with
EL1 and EL2 compared with RL, and a higher (Tukey-
adjusted P < 0.01) proportion of butyrate was observed
with all extruded lupines than with RL (Supplemental
Table S1; https://doi.org/10.57745/U4U77P; Man-
zocchi et al., 2023). The average NH; concentration
measured in ruminal fluid of rumen-cannulated cows
did not differ among dietary treatments (P = 0.49),
and the postprandial NH; decrease was not affected
by dietary treatments either (Treatment x Sampling
interaction P = 0.66; Supplemental Figure S1, https:
//doi.org/10.57745/U4U7TTP; Manzocchi et al., 2023).

The total ruminal VFA concentration 5 h after feed-
ing was higher (P < 0.01 for Welch 2-sample ttest
with unequal variance) in samples collected through
the cannula than in those collected via stomach tube
(155 £+ 2.0 mM vs. 123 + 4.0 mM), but the propor-
tion of BCVFA in total VFA did not differ (P = 0.46)
between sampling methods (2.31 £+ 0.140 vs. 2.19 +
0.058 mol/100 mol, respectively). However, the average
ruminal NHj concentration 5 h after feeding did not
differ (P = 0.61) between samples collected through
rumen-cannulas (165 4+ 18.1 mg/L) or via stomach tub-
ing (155 + 9.2 mg/L). Eventually, average DMI did not
differ (P = 0.23) between rumen-cannulated (23.0 +
0.43 kg/d) and intact cows (22.1 £ 0.61 kg/d) involved
in EXP1, but realized feeding level of DM was lower
(P = 0.02) in the 3 rumen-cannulated (3.0 £+ 0.03%
BW/d) than in intact cows (3.2 + 0.08% BW/d).

Apparent Total-Tract Digestibility of Dietary
Components, N, and CML Partition

In EXP1 (i.e., with lupines without reducing sugars),
the apparent total-tract DM digestibility was lower
with EL2 (Tukey-adjusted P = 0.03) than with RL
(Table 6). However, the apparent total-tract digestibil-
ity of the OM was also lower with EL1 than with RL
(Tukey-adjusted P = 0.05). In EXP2 (i.e., with the
addition of reducing sugars), the apparent total-tract
digestibility of DM (P = 0.27) and OM (P = 0.13)
did not differ among dietary treatments. In either ex-
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periment, the apparent total-tract digestibility of NDF
(P = 0.21 in EXP1, and P = 0.15 in EXP2) and N
(P =0.13 in EXP1, and P = 0.79 in EXP2) did not dif-
fer among dietary treatments. The apparent total-tract
digestibility of CML was unchanged across dietary
treatments in either experiment (P = 0.14 in EXPI,
and P = 0.82 in EXP2). The apparent total-tract di-
gestibility of total Lys tended to be lower with EL3
than with EL1 (—3.3 percentage points, Tukey-adjusted
P = 0.10) in EXP1, whereas in EXP2 it was not af-
fected (P = 0.14) by dietary treatments.

Nitrogen intake (P = 0.80 in EXP1, P = 0.72 in
EXP2), total excretion of fecal N (P = 0.42 in EXP1,
P = 0.66 in EXP2), urinary N (P = 0.36 in EXP1,
P =0.60 in EXP2), and N balance (P = 0.61 in EXP1,
P = 0.91 in EXP2) were not affected by dietary treat-
ments in either experiment. However, in EXP1 milk
N yield tended to be higher with EL3 then with EL2
(Tukey-adjusted P = 0.09), but did not differ among
other dietary treatments. The N in milk:N intake ratio
was not affected in either experiment (P = 0.34 in EXP1
and P = 0.52 in EXP2), when it was assessed only on
cows belonging to 1 square, which were involved in the
N and CML balance study.

Absolute concentrations of CML in fecal DM (P =
0.40 in EXP1, P = 0.95 in EXP2), urine (P = 0.25
in EXP1, P = 0.19 in EXP2), and milk (P = 0.66
in EXP1, P = 0.13 in EXP2) did not differ among
dietary treatments in both experiments (Supplemental
Tables S2 and S3, https://doi.org/10.57745/U4UTTP,
Manzocchi et al., 2023). In EXP1, the daily dietary
intake of CML (P = 0.20), secretion of CML in milk
(P = 0.77) and total excretion of CML in feces (P =
0.51), and urine (P = 0.24) did not differ among di-
etary treatments. Nevertheless, the CML balance was
higher with EL3 (439 mg/d; Tukey-adjusted P = 0.04)
than with RL in EXP1. In EXP2, the daily CML intake
was higher with ELS3 (+71.3 mg/d, Tukey-adjusted
P < 0.01) than with RLS, ELS1, and ELS2. In EXP2,
the CML balance did not differ among treatments
(P = 0.34). In both experiments, the proportions of
fecal CML, urinary CML, and CML secreted in milk
to the dietary intake of CML (data not shown), as well
as the proportion of apparently retained CML to CML
intake was not affected in either experiment (P = 0.13
in EXP1, and P = 0.88 in EXP2). The excretion of
CML in urine as a fraction of apparently digested CML
(P = 0.27 in EXP1, P = 0.79 in EXP2) and secretion
of CML in milk as a fraction of apparently digested
CML (P = 0.34 in EXP1, P = 0.61 in EXP2) were not
affected by the dietary treatments in either experiment.
However, there were positive linear relations between
the dietary intake of CML and the amount of appar-


https://doi.org/10.57745/U4U77P
https://doi.org/10.57745/U4U77P
https://doi.org/10.57745/U4U77P
https://doi.org/10.57745/U4U77P
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Figure 1. Simple linear regressions between dietary intake of Ne-carboxymethyl-lysine (CML) and apparently (app.) digested CML (A),

absolute excretion of CML in urine (B), and secretion in milk (C) based on 32 observations (4 cows x 4 periods x 2 experiments). + RL: raw
lupines; OJ EL1: lupines extruded at 115°C; O EL2: lupines extruded at 135°C; A EL3: lupines extruded at 150°C; x RLS: raw lupines with
reducing sugars; B ELS1: lupines with reducing sugars extruded at 115°C; ® ELS2: lupines with reducing sugars extruded at 135°C; A ELS3:

1112pines with reducing sugars extruded at 150°C; RMSE: root mean square error. (A) Y = —149 (4 60) + 0.76 (£ 0.15) x X (n = 32, adjusted
R’ = 0.46, RMSE = 36.6, P < 0.01). (B) Y = 11.5 (& 12.2) + 0.066 ( 0.029) x X (n = 32, adjusted R? = 0.12, RMSE = 7.32, P = 0.03). (C)
Y = 0.108 (& 0.256) + 0.0020 (& 0.0006) x X (n = 32, adjusted R? = 0.24, RMSE = 0.155, P < 0.01).

ently digested CML (P < 0.01), as well as its excretion
in urine (P = 0.03) and secretion in milk (P < 0.01;
Figure 1). The estimated marginal increase in digest-
ibility of CML provided by lupines was on average 84 +
20%, whereas that of CML provided by the basal mixed
ration was on average 62 + 22%.

Blood Plasma Metabolites, AA Concentrations,
and A15Nanimal—diet

The plasma concentrations of BHB (P = 0.77 in
EXP1, and P = 0.78 in EXP2), urea (P = 0.84 in
EXP1, and P = 0.57 in EXP2), and glucose (P =
0.38 in EXP1, and P = 0.56 in EXP2) did not differ
among dietary treatments in either experiment (Table
7). In EXP1 (i.e., with lupines without addition of
reducing sugars), the plasma Arg concentration was
higher (+18.4 pM; Tukey-adjusted P = 0.04) with
EL3 than with EL2, and had intermediate values with
RL and EL1, whereas in EXP2 (i.e., with the addi-
tion of reducing sugars) the plasma Arg concentra-
tion did not differ (P = 0.40) among dietary treat-
ments. The plasma concentration of His was higher
(Tukey-adjusted P < 0.01) with EL3 and EL1 than
with RL in EXP1, whereas it only tended to be af-
fected (P = 0.06) by dietary treatments in EXP2.
In EXP1, the plasma concentration of branched-
chain AA (BCAA) was higher with EL3 than with
RL (4100 pM; Tukey-adjusted P = 0.05). In par-

Journal of Dairy Science Vol. 106 No. 11, 2023

ticular, the plasma concentration of Leu was higher
with EL3 than with RL (+27.1 pM; Tukey-adjusted
P = 0.04), whereas Val (Tukey-adjusted P = 0.06),
and Tle (Tukey-adjusted P = 0.08) tended to be higher
in cows fed EL3 than in those fed RL or EL2. In EXP2,
the concentrations of Val (P = 0.09), Leu (P = 0.08)
and His (P = 0.06) tended to be affected by dietary
treatment. Plasma Met concentration was lower with
ELS3 than with RLS (—5.5 pM; Tukey-adjusted P <
0.01) in EXP2, whereas it did not differ among dietary
treatments in EXP1. The plasma concentration of to-
tal nonessential AA did not differ (P = 0.42 in EXP1,
and P = 0.14 in EXP2) among dietary treatments in
either experiment. Plasma taurine concentration was
lower (Tukey-adjusted P = 0.02) in cows fed EL3 than
in those fed RL in EXP1. In EXP2, the concentration
of taurine was lower (Tukey-adjusted P < 0.01) with
ELS3 than with all other dietary treatments.

The A"N,imargiec Was lower (Tukey-adjusted P <
0.01) with EL3 versus RL and EL1 in EXP1, and also
lower (Tukey-adjusted P < 0.01) with ELS3 versus
RLS, ELS1, and ELS2 in EXP2. Furthermore, the
APN, imaLdier Was positively related to urinary N to N
intake (P < 0.01) and negatively related to the N use ef-
ficiency for milk production (P < 0.01) in cows involved
in the N balance study (Figure 2). The A™Nimaldiet
was also negatively related (P < 0.01) to the N use effi-
ciency for milk production with all cows > 50 DIM [n =
55, N in milk:N intake (g/g) = 0.343 (£0.025) — 0.038
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Figure 2. Simple linear regression between N isotopic discrimination between dietary and animal proteins (Alst,‘,,;,],a],dm %) and N in
urine:N intake ratio (g/g; A) and N use efficiency expressed as N in milk:N intake ratio (g/g; B) based on 31 individual observations performed
on dairy cows involved in the digestibility and N partition measurements in both experiments (4 cows x 4 periods x 2 experiments). The data of
1 cow during 1 period with dietary treatment EL1 were outlying and therefore omitted from both relations. + RL: raw lupines; [J EL1: lupines
extruded at 115°C; O EL2: lupines extruded at 135°C; A EL3: lupines extruded at 150°C; x RLS: raw lupines added with reducing sugars; H
ELS1: lupines added with reducing sugars extruded at 115°C; @ ELS2: lupines added with reducing sugars extruded at 135°C; A ELS3: lupines
added with reducing sugars extruded at 150°C; RMSE: root mean square error. (A) Y = 0.124 (£ 0.031) + 0.092 (£ 0.014) x X (n = 31, adjusted
R? = 0.60, RMSE = 0.022, P < 0.01). (B) Y = 0.381 (& 0.025) + 0.052 (& 0.011) x X (n = 31, adjusted R* = 0.43, RMSE = 0.017, P < 0.01).

(£0.011) x AN, imadier (%0); adjusted R* = 0.16, root
mean square error (RMSE) = 0.020]. The intra-animal
variation of AN, i Was positively related (P <
0.01) to the predicted RPB in g/kg DM of the diets
[APN,imardier (%0) = 2.05 (£0.075) + 0.013 (£0.004)
x RPB (g/kg DM); adjusted R* = 0.61, RMSE =
0.14]. The intra-animal variation of AN, 1 4w Was
negatively related to the plasma urea concentration
[APN,imardiet (%0) = 2.61 (£0.200) — 1.69 (+0.900) x
plasma urea (g/L); adjusted R* = 0.66, RMSE = 0.15].
However, the AN, .14t Was not related (P = 0.79)
with the milk urea concentration. Eventually, the PDI
use efficiency was not related (P = 0.22) to the intra-
animal variation of A™N, i diet.

Journal of Dairy Science Vol. 106 No. 11, 2023

DISCUSSION

In the present study, the main objective of the pre-
treatment with the addition of reducing sugars in in-
teraction with different expected output temperatures
of extrusion (115°C, 135°C, 150°C) was to generate
different profiles of MRC with consequently different
CML concentrations in the lupines to evaluate their
effects on ruminal CP degradability, ruminal fermen-
tation, N use efficiency for milk production, and the
productive performance of dairy cows. The effects of
the pretreatment of leguminous seeds with the addition
of reducing sugars before their extrusion were tested
with faba beans in a previous experiment (Mendowski
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et al., 2020). Our study was therefore not designed to
test the quantitative effect of the addition of reducing
sugars to lupines per se on dairy performance and N
use efficiency for milk production.

Extrusion of Lupines, Addition of Reducing Sugars,
and Dietary Supply of CML

The ED1 of extruded lupines was numerically lower
than that of raw lupines, and numerically decreased
proportionally to the actual temperature measured in
the ultimate section of the extruder, in accordance with
our first hypothesis. The predicted EDg_N values were
in accordance with those reported for lupines extruded
at 140°C and 160°C by Mendowski et al. (2019). The
addition of reducing sugars had the numerical greatest
effect on the concentration of CML and the ratio of
CML to total Lys at the highest temperature of extru-
sion (i.e., 150°C). Contrary to our third hypothesis, the
addition of reducing sugars did not numerically alter
the effect of temperature of extrusion on EDI. Simi-
larly, Mendowski et al. (2020) showed that the addition
of reducing sugars before extrusion of faba beans did
not reduce the ED1 further than extrusion at the same
expected temperature without the addition of reducing
sugars, but in faba beans the addition of reducing sug-
ars promoted the initiation of Maillard reactions with
the formation of early Maillard compounds (e.g., furo-
sine). Although lupine extrusion numerically increased
the ratio of CML to total Lys, the absolute concentra-
tion of CML in the basal mixed diet was relatively high
compared with extruded lupines, so the basal mixed ra-
tion provided most of the dietary CML in both experi-
ments. So far, few publications have reported the con-
tent of MRC in forages and common feeds for livestock.
Hofmann et al. (2020) quantified CML in commercial
feeds with similar concentrations to those found in our
experimental feeds. The proteolytic processes occurring
during wilting, harvest, and conservation of the forages
also induce nonenzymatic glycosylation and consequent
formation of MRC (van Soest and Mason, 1991). In ad-
dition to the conserved forages (grass and corn silages,
hay), the pelleted concentrate (11% of the dietary DM
in the present study) including technologically heat-
treated feeds and byproducts such as sugar beet pulp,
rapeseed meal, soybean meal, and sugar molasses may
also supply additional MRC in the basal mixed ration
(Hofmann et al., 2020).

The concentration of melanoidins, which are brown-
colored compounds derived from the final stages of
advanced-stage protein glycation, induced visible dif-
ferences in color (data not shown) among experimental
lupines. Nevertheless, the DMI did not differ among
tested lupines in either experiment, which indicates that
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the palatability of the lupines was not compromised by
extrusion even at 150°C. Maillard reaction compounds,
and in particular terminal compounds such as CML,
may therefore be valuable proxies for the efficiency of
technological treatments such as the pretreatment and
extrusion.

Effects of Extrusion on Indicators of Ruminal CP
Degradability and Protein Intestinal Digestibility

Consistent with the numerically lower ED1 of ex-
truded lupines, the molar proportion of BCVFA to total
VFA in the ruminal fluid sampled by stomach tubing
5 h after feeding was lower with lupines extruded at
150°C than with raw lupines in both experiments, sug-
gesting a lower in vivo ruminal CP degradability, as ru-
minal BCVFA are primarily derived from the bacterial
degradation of dietary true proteins, BCAA, and the
resulting AA (Miura et al., 1980). In contrast, no effect
of dietary treatment on ruminal BCVFA concentrations
was observed in rumen-cannulated cows. The lower CP
degradability and predicted higher supply of MP in the
small intestine with lupines extruded at 150°C are also
supported by higher concentrations of BCAA (i.e., Ile,
Leu, Val) in the plasma of cows fed EL3 (+100 pM)
than in those fed RL and the intermediate values with
EL1 and EL2 in EXP1, whereas the difference between
RLS and ELS3 (+57 pM) in EXP2 was only numerical.
A higher supply of MP, without great variations in the
nature of MP and its AA profile, at similar milk true
protein yields, results in increased BCAA in plasma
(Omphalius et al., 2019). Nevertheless, Omphalius et
al. (2019) also observed higher concentrations of total
plasma EAA at greater MP supply, which was not the
case in either experiment of the present study.

Despite the relatively high proportion of CP provided
by lupines in the diet (45% of dietary CP), the expected
lower ruminal CP degradability was not supported by a
reduction in ruminal NH; concentration with extruded
lupines. In samples collected by stomach tubing 5 h af-
ter feeding, the NH; concentration was even numerically
lower with RL than with EL3. In rumen-cannulated
cows, NH; kinetics were also discordant, as the greatest
reduction in NHj concentration 5 h after feeding was
observed with EL1 compared with RL, whereas the
ED1 of EL2 and EL3 were numerically lower than that
of EL1. Nevertheless, the observed numeric reduction in
mean ruminal NHj; concentration in rumen-cannulated
cows fed extruded lupines, was similar (—16.1 mg/L
vs. —11.8 mg/L) to that previously reported by Men-
dowski et al. (2021) in a meta-analysis of the effects of
technological treatments of lupines on the ruminal NH;
concentration. Ruminal NH; concentration may not be
a completely unbiased indicator of ruminal CP degrad-
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ability. In fact, ruminal NH; concentration depends on
hydrolysis and deamination rates of dietary protein, NH;
utilization by microorganisms, urea exchange through
the rumen wall and urea recycling through saliva, as
well as on the digesta passage rate. The high intercow
variability of ruminal NH; concentration (Huhtanen et
al., 2015), the single sampling via stomach tube and
its poorly controlled location (Shen et al., 2012), in
addition to the stratification of the digesta and their
kinetics in the rumen (Smith et al., 1956), may have
been sources of variability in ruminal NH; and VFA
concentrations, leading to results contrasting our hy-
pothesis. In addition, a slightly lower realized feeding
level in rumen-cannulated compared with intact cows
may have contributed to discrepancies in data obtained
from samples collected via stomach tube or ruminal
cannula 5 h after feeding in the present experiment.

Effects of Extrusion on N Partition, N Use Efficiency,
and Dairy Performance

As expected, the A™N, e Was negatively related
to the N use efficiency for milk production, when con-
sidering cows >50 DIM (Correa-Luna et al., 2022). Fur-
thermore, the AN, i dee Was lower (P < 0.01) with
lupines extruded at 150°C than with all other dietary
treatments, except EL2, in the respective experiments.
In fact, AN, inadqie; measured in plasma proteins has
been significantly correlated with ruminal NH; con-
centration and ruminal N use efficiency in dairy cows
(Cantalapiedra-Hijar et al., 2016). Accordingly, a lower
APN, imaldier iNtra-animal (i.e., within the same animal)
was related to a lower predicted RPB expressed in g/
kg DM, despite a low contribution of RPB to the in-
dividual variability of A™N, iuaLdie 0 accordance with
Cantalapiedra-Hijar et al. (2016). Assuming similar
endogenous CP outflow from the rumen, a lower pre-
dicted RPB indicates a higher protection of dietary CP
from degradation or higher microbial protein synthesis
in the rumen. The observed negative relation between
intra-animal variation of A™N, i .qe and plasma urea
concentration may also indicate a higher efficiency of N
utilization in the rumen through reduced ruminal CP
degradability of extruded lupines. In line with these
observations, we found a lower concentration of milk
urea (Huhtanen et al., 2015) with lupines extruded at
150°C than with raw lupines, irrespective of sugar addi-
tion. Nevertheless, plasma urea concentrations did not
differ among dietary treatments in either experiment,
probably in relation to the preprandial blood sampling
(Cattaneo et al., 2023). In contrast to the highly signifi-
cant relationship observed by Cantalapiedra-Hijar et al.
(2016), the AN, imaiaer Was not related to the milk
urea concentration in the present experiments, perhaps
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as a result of intramammary urea synthesis from Arg,
and the consequent weakening of the relationship be-
tween AN, e and milk urea concentration.
Contrary to our second hypothesis, urinary N excre-
tion and N balance were not affected by dietary treat-
ments in both experiments. However, as expected, the
APN, imaLdier Was positively related to the ratio of uri-
nary N to N intake. The mean N balances were 40.0 +
4.08 g/d in EXP1 and 32.0 + 6.70 g/d in EXP2, respec-
tively. Experimental determination of N partitioning
is often biased by a non-negligible N balance default,
which generally overestimates N retention (Spanghero
and Kowalski, 2021). Outcomes of both experiments
were in line with the average N balance of 38.5 g/d
found in the updated meta-analysis of N balance stud-
ies by Spanghero and Kowalski (2021), with 307 dietary
treatments. Assuming a N retention caused by protein
retention (33 g of protein per 1 UFL/d balance; INRA,
2018) for the synthesis of body tissues in relation to
the observed positive NE balance (on average +2.05
UFL/d for the set of n = 4 cows in EXP1, and +1.63
UFL/d for the set of n = 4 cows in EXP2) and protein
loss with scurf (0.032 g N/BW"® kg; INRA, 2018), the
estimated average N balance default (measured N bal-
ance — true N retention) was 27.5 g/d in EXP1 and
21.8 g/d in EXP2. Thus, at least in EXP1, the N bal-
ance default may have exceeded the magnitude of the
numerical variation in urinary N excretion (—20.3 g/d
on average) with extruded compared with raw lupines.
In EXP1, N use efficiency for milk production in-
creased by 10% with EL3 compared with all other lu-
pines, whereas in EXP2 it did not differ among dietary
treatments, although it increased numerically by 8.0%
from RLS to ELS3. In contrast, irrespective of the addi-
tion with reducing sugars, no increase of N use efficiency
for milk production was observed with lupines extruded
at 115°C and 135°C, as it was previously observed for
lupine:linseed (90:10) blends extruded at 140°C and
160°C (Mendowski et al., 2019) or faba beans:linseed
(90:10) blends extruded at 140°C (Mendowski et al.,
2020). This suggests that the temperature of extrusion
may be a key parameter affecting N use efficiency for
milk production, which would require testing on a larger
number of animals. Pretreatment with reducing sugars
may not be as effective and could be further refined.
Milk true protein yield was not affected in either ex-
periment, but observed milk protein yields (on average
+30 g/d in EXP1, and +45 g/d in EXP2) were in line
with the expected decreased ruminal CP degradability
and higher (P < 0.01) predicted MP supply with ex-
truded than with raw lupines (+253 g PDI/d in EXP1,
and +280 g PDI/d, in EXP2). However, assuming a
marginal efficiency of PDI utilization for milk protein
synthesis of 19% when cows produce at their potential



Manzocchi et al.: RAW VERSUS EXTRUDED LUPINES FOR DAIRY COWS

and the available PDI covers protein expenditure (Dan-
iel et al., 2016), the observed increased PDI supply
leads to a predicted increased milk protein synthesis
of +48 g/d in EXP1 and +53 g/d in EXP2. Thus,
the observed marginal milk true protein yield obtained
with the extrusion of lupines in both experiments was
slightly lower than predicted.

In contrast to observations by Cantalapiedra-Hijar et
al. (2016), the AN, imadier Was not related to the PDI
use efficiency estimated in these experiments. However,
the lower PDI use efficiency with all extruded lupines
than with raw lupines, partly agreed with the observed
higher predicted PDI intake with all extruded lupines,
as lower efficiency of MP utilization at higher predicted
MP supply is classically observed (Metcalf et al., 2008;
Moraes et al., 2018). Altogether, these observations
suggest that the variations observed in N use efficiency
for milk production with the highest temperature of
extrusion (150°C) without addition of reducing sugars
may be mainly related to ruminal N use efficiency rath-
er than to absorptive or postabsorptive mechanisms.

Still, the extrusion at 150°C may have reduced the
bioavailability of Lys in the intestine compared with
the lower temperatures of extrusion applied in these
experiments, as supported by the tendency (P = 0.09)
toward an effect on the apparent total-tract digestibility
of total Lys in EXP1 in line with the increased CML to
total Lys proportion especially with EL3. Lysine is the
A A most susceptible to glycation and its lower bioavail-
ability in the intestine may result from overprotection
from proteases and peptidases due to CML formation.
Nevertheless, this may not have affected the dairy per-
formance, as Lys may not have been limiting compared
with Met as LysDI represented 6.6% of predicted PDI,
which is close to LysDI requirements (i.e., 7.0% of PDI)
according to INRA (2018). Furthermore, dietary Lys
accounts for only around one-third of fecal Lys, whereas
around two-thirds is of microbial or endogenous origin,
which may have masked the effects of extrusion on the
bioavailability of Lys in the intestine.

In both experiments, lupines extruded at 150°C in-
duced lower plasma taurine concentrations in compari-
son with raw lupines and lupines extruded at 115°C.
Taurine derives from cysteine following Met catabolism
through the transsulfuration pathway (Seymour et al.,
1990). It is not used for milk protein synthesis and is
therefore only sparingly taken up in the bovine mam-
mary gland. Only in EXP2, the plasma Met concentra-
tion was lower in cows fed ELS3 than in cows fed RLS,
despite the supplementation with rumen-protected Met
to reach 2.3% of MetDI in PDI in diets with lupines
extruded at 135°C and 150°C. Overall, this might sug-
gest also a lower intestinal bioavailability of Met, a
lower absorption, and consequently a less extensive ca-
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tabolism of Met in cows fed lupines extruded at 150°C,
especially with added reducing sugars.

Eventually, the dietary inclusion of lupines has often
been reported to reduce milk fat concentration and yield
(Froidmont and Bartiaux-Thill, 2004) as a consequence
of their relatively high content of crude fat (9.6% in the
DM; INRAE-CIRAD-AFZ, 2022) compared with other
leguminous seeds. Thermo-mechanical treatments such
as extrusion may further increase the availability of the
lipids in the rumen and lead to the observed lower milk
fat content in EXP1 or tendency toward lower milk
fat content in EXP2 (Mendowski et al., 2021), which
was balanced out by higher milk yield in EXP1, and
tendency toward a higher milk yield in EXP2.

Apparent Total-Tract Digestibility, Partition,
and Excretion of CML

In addition to being potential proxies for ruminal CP
degradability in feed production, dietary MRC such as
CML are known to have immunomodulatory effects
that may also be relevant in livestock (Teodorowicz et
al., 2018). Current knowledge on the digestibility and
partition of MRC is mainly based on research in humans
and rodents, and therefore further investigations on
dairy cows were required. In the present experiments,
the apparent total-tract digestibility of CML in the
total diet was lower (on average 41 vs. 71%) than previ-
ously reported by Mendowski et al. (2020), due to the
relatively lower CML intake [416 4+ 47 mg/d in present
experiments vs. 748 + 120 mg/d in the experiment by
Mendowksi et al. (2020)] and similar fecal CML excre-
tion [246 + 39 mg/d in the present experiments vs. 226
+ 34 mg/d in the study by Mendowski et al. (2020)].
Furthermore, the estimated marginal increase in digest-
ibility of CML with increasing CML intake from lupines
(84%) was similar to the estimated digestibility of CML
provided by faba beans (88%; Mendowski et al., 2020),
whereas the marginal increase in digestibility of CML
from the basal mixed ration was relatively lower (62%)
and similar to the digestibility of CML provided by
all dietary components except for the faba bean:linseed
blend (60%) estimated by Mendowski et al. (2020).
The absorption of free MRC with low molecular weight
such as CML probably occurs by simple diffusion into
the intestinal epithelial cells, whereas MRC included
in dipeptides may be absorbed through the action of
PEPT-1 transporters (Grunwald et al., 2006; Hellwig
et al., 2011). Differences between marginal increases in
CML digestibility observed for different feeds (lupines
vs. basal mixed ration) suggest that CML available af-
ter ruminal degradation and enzymatic digestion may
differ in chemical form by source. The CML in legumi-
nous seeds might be available in the intestine rather in
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free AA form, while CML from the basal mixed ration,
in particular from forages, might be in peptides, or un-
digested proteins, implying more selective absorption
into gastrointestinal epithelial cells.

Beyond the dietary supply and fecal excretion of
CML measured in the present experiments, we cannot
a priori exclude the formation and degradation of CML
in the gastrointestinal tract. For example, isolated hu-
man gut bacteria have been reported to degrade CML
in vitro (Hellwig et al., 2015; Bui et al., 2019). Re-
cently, also a soil bacterium was found to degrade CML
(Mehler et al., 2022). However, 5 Escherichia coli strains
degraded CML only under aerobic conditions in vitro
(Hellwig et al., 2019), and other bacteria capable of
degrading CML were shown to have highly specialized
mechanisms (Hellwig et al., 2015; Mehler et al., 2022),
which to our knowledge have not yet been described in
the ruminant digestive system.

To our knowledge, this is the first study reporting the
partition of apparently digested CML between the urine
and milk of dairy cows. We suppose that CML recov-
ered in milk and urine did not derive from proteolysis
and glycation occurring after urine and milk harvest,
as the samples were frozen to —20°C immediately after
collection and lyophilized before CML analysis. Our
results showed that independently of the dietary treat-
ment, lactating dairy cows excreted 26 + 2.1% of the
apparently digested CML in urine, whereas the secre-
tion of CML in milk was limited to 0.63 4 0.05% of the
apparently digested CML. Previous literature reports
indicate that urinary excretion of apparently digested
CML accounts on average for 55% in rats (Alamir et al.,
2013) and 26% in young adults (Delgado-Andrade et
al., 2012), the kidneys being the main organ responsible
for the removal of advanced glycation end products
from the bloodstream and their excretion. However, a
greater CML urinary excretion in relation to higher di-
etary CML intake was also observed in human infants,
rodents, dogs, and cats (Sebekové et al., 2008; Alamir
et al., 2013; Palaseweenun et al., 2021). On the con-
trary, Delgado-Andrade et al. (2012) found proportion-
ally lower urinary CML excretion at higher CML intake
in young adults eating MRC-enriched meals. We did
not observe any difference among dietary treatments in
either experiment, either in the concentration of CML
in urine and milk or in the absolute daily excretion of
CML in urine or milk.

Although CML is one of the best studied advanced
glycation end products in milk after thermal process-
ing (Milkovska-Stamenova and Hoffmann, 2019; Wolk
et al., 2021), to the best of our knowledge the quan-
titative relation between CML intake and absolute
excretion and secretion has never been investigated
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in any lactating animal. Schwarzenbolz et al. (2016)
hypothesized a relation between the dietary intake of
MRC and their concentration in bulk milk depending
on the dairy production system (e.g., organic, conven-
tional), but this hypothesis has never been tested under
controlled experimental conditions. The concentration
of CML in raw milk in the present study (33 + 0.7
pg/kg) was relatively lower than that found in human
breast milk (133 £+ 83 pg/kg) by Dittrich et al. (2006)
and in line with those previously found in bulk milk
(on average 21 £+ 0.3 pg/kg) from German organic
and conventional farms (Schwarzenbolz et al., 2016).
Nevertheless, the CML concentration in human breast
milk was determined with an immunochemical assay,
which may have different specificity for CML, whereas
in the survey of Schwarzenbolz et al. (2016) and in our
experiments CML was analyzed by LC-MS/MS, which
limits to some extent between-species comparisons of
the reported absolute CML concentrations in milk.

A substantial proportion of the ingested (i.e., 30 £
1.8%) and apparently digested CML (i.e., 74 + 2.2%)
was not recovered in the analyzed excretory routes,
which is in accordance with observations in other
species, including humans (Delgado-Andrade et al.,
2012) and rats (Alamir et al., 2013). Interestingly, the
estimated amount of CML apparently retained in the
body was higher with EL3 than with RL. Despite sig-
nificantly higher CML supply with ELS3 than with all
other treatments and a 55% numerically greater CML
balance with ELS3 than RLS in EXP2, we observed
no significant effect on the CML balance, hinting to-
ward a low statistical power of EXP2. In mice, CML
accumulates primarily in the kidneys but also in other
tissues such as in the ileum, colon, and lungs, except
in adipose tissue where it seems not to accumulate ow-
ing to its hydrophilic properties (Tessier et al., 2016).
The endogenous formation of CML through oxidative
reactions also at the body temperature (38-39°C) of
dairy cows, as reported in other species such as humans
(Thorpe and Baynes, 2002) and rodents (Alamir et al.,
2013), was not evaluated in the present study but can-
not be excluded a priori. Finally, any diurnal pattern
in urinary CML concentration is not included in the
present measurements and calculations of CML parti-
tion and excretion, which may limit to some extent
the comparability of our results with those obtained in
other species. Further investigations are warranted to
determine the metabolism, tissue distribution, excre-
tion kinetics, and possible deposition of CML and other
dietary or endogenous advanced glycation end prod-
ucts, and their influence on inflammatory and oxidative
status, as well as their long-term effects on the health
status of dairy cows.
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CONCLUSIONS

Extrusion of lupines numerically decreased enzymatic
CP degradability, especially at the highest extrusion
temperature (150°C) confirming our first hypothesis.
The decreased CP degradability was associated with
numerically increased CML concentration and CML to
total Lys ratios, irrespective of reducing sugars, par-
tially refuting our third hypothesis. The overall effects
of the extrusion on milk production and composition
were limited to lower milk urea concentrations and
lower fat:protein ratio with lupines extruded at 150°C
without greatly affecting N partition, partially refuting
our second hypothesis. Milk yield and N use efficiency
for milk production increased with extrusion at 150°C
only without reducing sugars, in partial agreement with
our second but largely refuting the third hypothesis.
Regardless of reducing sugars, the AN, det Was
lower with lupines extruded at 150°C than with raw
lupines. CML appeared to be partially digested and
then excreted mainly in urine and to a much lesser
extent in milk.
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