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ABSTRACT

The peripartal dairy cow experiences a state of re-
duced liver function coupled with increased inflamma-
tion and oxidative stress. This study evaluated the ef-
fect of supplementing basal diets with rumen-protected
Met in the form of MetaSmart (MS) or Smartamine M
(SM) (both from Adisseo Inc., Antony, France) during
the peripartal period on blood and hepatic biomarkers
of liver function, inflammation, and oxidative stress.
Thirty-seven multiparous Holstein cows were fed the
same basal diet from —50 to —21 d relative to expected
calving [1.24 Mcal/kg of dry matter (DM); no Met
supplementation]. From —21 d to calving, the cows
received diets (1.54 Mcal/kg of DM) with no added
Met (control, CON; n = 13), CON plus MS (n = 11),
or CON plus SM (n = 13). From calving through 30 d
in milk (DIM), the cows received the same postpartal
diet (1.75 Mcal/kg of DM; CON), or CON plus MS or
CON plus SM. Liver and blood samples were harvested
at various time points from —21 to 21 d relative to
calving. Preplanned contrasts of CON versus SM + MS
during prepartum (—21 and —10 d before calving) and
postpartum (7, 14, and 21 d after calving) responses
were evaluated. Cows fed MS or SM compared with
CON had lower overall concentrations of plasma ce-
ruloplasmin and serum amyloid A (SAA). Compared
with CON, Met-supplemented cows had greater over-
all plasma oxygen radical absorbance capacity. Liver
concentrations of glutathione and carnitine also were
greater overall with Met supplementation. Milk cho-
line and liver phosphatidylcholine were lower overall
in cows fed Met compared with controls. Liver tissue
choline concentrations did not differ. Data indicate that
supplemental Met enhanced de novo glutathione and
carnitine synthesis in liver and, thus, increased antioxi-
dant and -oxidation capacity. The greater decrease of
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1L-6 after calving coupled with lower ceruloplasmin and
SAA in Met-supplemented cows indicated a reduction
in proinflammatory signaling within liver. The lower
hepatic phosphatidylcholine in Met-supplemented cows
might have been associated with greater assembly or
export of very low density lipoproteins. Overall, bio-
marker analyses in blood and tissue indicate that the
beneficial effect of feeding SM and MS on postpartal
cow performance is due in part to a better immuno-
metabolic status.

Key words: animal health, transition period, nutri-
tion, lactation

INTRODUCTION

Research in ruminant animals supports the hypoth-
esis that increasing the supply of Met could enhance
the capacity of liver to export triacylglycerol (TAG)
in the form of very low density lipoproteins (VLDL;
Durand et al., 1992; Auboiron et al., 1994, 1995) and
help ameliorate the negative effects of fatty acid accu-
mulation in the liver soon after parturition (Drackley,
1999). Within liver, Met also can be transformed into
S-adenosylmethionine (SAM), the most important
methyl donor (Martinov et al., 2010), and in turn SAM
can be used to methylate phosphatidylethanolamine
(PE) to produce phosphatidylcholine (PC), which is
a main constituent of VLDL. Besides the methylation
of PE, SAM also is involved in methylation of DNA,
a process that has profound regulatory effects on gene
expression (Kass et al., 1997).

The peripartal dairy cow experiences a state of re-
duced liver function coupled with increased inflamma-
tion and oxidative stress (Bionaz et al., 2007; Trevisi et
al., 2012). Bilirubin, glutamic-oxaloacetic transaminase
(GOT), ~-glutamyltransferase (GGT) along with al-
bumin and paraoxonase (PON) are commonly used
biomarkers of liver status around calving (Bertoni et
al., 2008). The liver is responsible for clearance of bili-
rubin (Bertoni et al., 2008), and higher GOT and GGT
are related to liver cell damage (i.e., lysis and necrosis).
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The peripartal inflammatory response is character-
ized by an increase in the production of positive acute-
phase proteins (posAPP) such as haptoglobin and
serum amyloid A (SAA) and a concomitant decrease
in the production of negative APP (negAPP) such as
albumin (Bertoni et al., 2008). At the level of liver, the
well-established triggers of these responses are the pro-
inflammatory cytokines IL-6, IL.-1, and tumor necrosis
factor (TNF)-a (Kindt et al., 2007). Bacterial con-
tamination of the uterus after calving also contributes
to the release of TNF-a and IL-6 (LeBlanc, 2012). The
concentrations of these cytokines in turn are driven by
several factors, including tissue damage, pathogen inva-
sion, and potentially excessive fat deposition (O’Boyle
et al., 2006; Loor et al., 2013a). The uterus can secrete
prostaglandin F (during calving) and prostaglandin E
(in response to bacteria), both of which can further
stimulate the proinflammatory response and contribute
to greater reactive oxygen metabolites (ROM) concen-
trations in circulation (Haeggstrom and Funk, 2011;
LeBlanc, 2012).

Oxidative stress is driven by the imbalance between
the production of ROM and the neutralizing capac-
ity of antioxidant mechanisms in tissues and in blood.
Some of the well-established antioxidants include glu-
tathione, superoxide dismutase (SOD), and vitamins
A and E (Bernabucci et al., 2005). Additionally, the
concentration of PON is inversely related to oxidative
stress partly because it helps protect both low-density
lipoprotein (LDL) and high-density lipoprotein (HDL)
against lipid peroxidation (Aviram and Rosenblat,
2004).

Our general hypothesis was that rumen-protected
Met supplementation in the form of MetaSmart (MS)
and Smartamine (SM) (both from Adisseo Inc., Ant-
ony, France) during the peripartal period ameliorates
the negative effects of peripartal adipose tissue lipolysis
that often leads to excessive liver TAG accumulation
and, consequently, places cows at greater risk of devel-
oping ketosis (Osorio et al., 2013). As such, supplemen-
tal Met would have a positive effect on liver function,
inflammation, and oxidative stress status. Blood serum
and plasma from cows fed MS and SM (Osorio et al.,
2013) were used to address this hypothesis. Concentra-
tions of total bilirubin (TB), GGT, GOT, cholesterol,
and PON were used to assess liver function and in-
tegrity; creatinine and urea to evaluate skeletal muscle
catabolism; ceruloplasmin, SAA, haptoglobin, and IL-6
to assess inflammation status; and concentrations of ni-
tric oxide (NOx) and constituents [nitrite (NO, ) and
nitrate (NO; )], oxygen radical absorbance capacity
(ORAC), ROM, retinol, tocopherol, 3-carotene, and
liver glutathione to assess oxidative stress status.
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MATERIALS AND METHODS

Animals, Experimental Design,
and Dietary Treatments

The Institutional Animal Care and Use Committee
(IACUC) of the University of Illinois approved all pro-
tocols for this study (protocol no. 09214). Details of
the experimental design have been published previously
(Osorio et al., 2013). Briefly, 37 multiparous Holstein
cows were fed experimental treatments consisting of a
basal control diet (CON, n = 13) with no Met supple-
mentation, CON plus MS (n = 11) at a rate of 0.19%
of DM, and CON plus SM (n = 13) at a rate of 0.07%
of DM. All cows received the same far-off diet from —50
to —21 d relative to expected calving (1.24 Mcal/kg of
DM, RDP at 10.3% of DM, RUP at 4% of DM, Lys at
7.3% of MP, and Met at 1.87% of MP), the same close-
up diet from —21 d to expected calving (1.54 Mcal/kg
of DM, RDP at 10% of DM, RUP at 5.1% of DM, Lys
at 6.66% of MP, and Met at 1.86% of MP), and from
calving through 30 DIM (1.75 Mcal/kg of DM, RDP
at 10.9% of DM, RUP at 6.5% of DM, Lys at 6.17% of
MP, and Met at 1.81% of MP). From —21 d to partu-
rition, Met supplements were top-dressed to increase
Met in MP from 1.86 (CON) to 2.35 (MS) and 2.38%
(SM). From calving to 30 DIM, Met supplements were
top-dressed to increase Met in MP from 1.81 (CON) to
2.15% (MS and SM).

As described in Osorio et al. (2013), all cows be-
fore calving were individually fed once daily at 0630
h using an individual gate system (American Calan,
Northwood, NH). Cows were housed in a ventilated,
enclosed barn during the dry period and had access to
sand-bedded freestalls until 3 d before expected partu-
rition, when they were moved to individual maternity
pens bedded with straw until parturition. After parturi-
tion, cows were housed in a tiestall barn, fed a common
lactation diet once daily, and milked 3x daily.

Blood, Liver, and Milk Samples,
and Biomarker Analyses

Details of the methodologies have been published
previously (Osorio et al., 2013); in brief, blood was
sampled from the coccygeal vein using a 20-gauge BD
Vacutainer needle (Becton Dickinson, Franklin Lakes,
NJ) at —25, —21, —10, 7, 14, and 21 d relative to calv-
ing. Blood was collected into Vacutainers (5 mL, BD
Vacutainer, Becton Dickinson) containing either serum
clot activator or lithium heparin.

Liver was sampled via puncture biopsy (Dann et al.,
2006) from cows under local anesthesia at approximate-
ly 0730 h on d —10, 7, and 21 relative to parturition.
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Tissue specimens were stored in liquid Ny until further
analysis.

Consecutive morning, midday, and evening milk
samples were collected once a week every Wednesday
until 30 DIM. Composite milk samples were prepared
in proportion to milk yield at each milking and stored
at —20°C until further analysis.

Blood samples were analyzed for albumin, choles-
terol, TB, creatinine, urea, GOT, haptoglobin, ceru-
loplasmin, PON, NOx, NO, ", NO;~, ROM, and GGT
using kits purchased from Instrumentation Laboratory
(Lexington, MA) following the procedures described
previously (Bionaz et al., 2007; Trevisi et al., 2012) us-
ing a clinical auto-analyzer (ILAB 600, Instrumentation
Laboratory). Total antioxidants were assessed through
the ORAC assay. This method measures a fluorescent
signal from a probe (fluorescein) that decreases in the
presence of radical damage (Cao and Prior, 1999).

Bovine IL-6 plasma concentration was determined
by a colorimetric sandwich ELISA using a Bovine IL-6
Screening Set (#ESS0029 Endogen, Pierce, Rockford,
IL). Coefficients of variation within and between assays
were 3.5 and 13.4%, respectively. The kit is designed
for the analysis of cell culture supernatants. Validation
of the kit for bovine plasma was performed via spike-in
recovery assessment (R&D Systems Inc., Minneapolis,
MN; spike and recovery Immunoassay Sample Valida-
tion Protocol), and linearity testing. The observed,
compared with expected, cytokine concentrations were
in the 85 to 120% range. The bovine plasma volume
used for the assay required a 2-fold dilution at least.

Liver tissue free carnitine (cat. no. K642-100; Bio-
Vision Inc., Milpitas, CA), PC (cat. no. K576-100;
BioVision Inc.), and choline (cat. no. K576-100; BioVi-
sion Inc.) were measured at 7 and 21 d postpartum
using commercial kits, whereas liver glutathione (cat.
no. NWK-GSHO1; Northwest Life Science Specialties
LLC, Vancouver, WA) was quantified at —10, 7, and
21 d relative to parturition. The concentration of milk
choline was determined at wk 3 postpartum using a
commercial kit (cat. no. KA1662; Abnova, Taipei City,
Taiwan).

Statistical Analysis

The data of blood and liver metabolites were analyzed
with the PROC MIXED of SAS 9.3 (SAS Institute Inc.,
Cary, NC). The fixed effects in the model included diet
(D), time (T), and their interaction (D x T). The ran-
dom effect was cow nested within treatment. Unequally
spaced data were analyzed using the exponential cor-
relation covariance structure SP for repeated measures.
Blood results obtained at —25 d for various biomarkers
were used as covariates. Least squares means separation
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between time points was performed using the PDIFF
statement. Statistical significance was declared at P <
0.05 and tendencies at P < 0.15.

RESULTS

Biomarkers of Muscle Mass
Catabolism and N Metabolism

Main effects of diet, time, and interactions are pre-
sented in Table 1. Unlike that of urea, the concentra-
tion of creatinine showed a trend for an interaction (P
= 0.10) of diet x time (D x T) that resulted from a
greater (P < 0.05) concentration at 7 d in CON cows
compared with MS + SM (Figure 1A). Although over-
all concentration of urea was affected (P = 0.005) only
by time (Figure 1B), this was mainly driven by a post-
partal time effect (P < 0.01; Supplemental Table S1;
http://dx.doi.org/10.3168/jds.2013-7679) where urea
reached nadir levels at 14 d postpartum.

Biomarkers of Liver Function

Main effects of diet, time, and interactions are
presented in Table 1. The interaction D x T was not
significant (P > 0.05) for any of the liver function
biomarkers. Among the biomarkers related to liver
function, only albumin showed a trend (P = 0.15) for
greater concentration in Met-supplemented cows com-
pared with CON. In fact, postpartal albumin tended
to be greater (P < 0.06) in Met-supplemented cows
than CON, whereas this effect was not observed (P =
0.69) during the close-up period (Table 2). The nadir of
albumin at 7 and 14 d postpartum in CON cows con-
firmed the latter (Figure 2A). The concentration of TB
(Figure 2B), GOT (Figure 2C), and cholesterol (Figure
2D) increased significantly over time (P < 0.01) after
calving (Table 1). Although the concentration of GGT
(Figure 2E) was mainly affected by time (P < 0.01), we
detected a trend for a diet effect (P = 0.11) postpartum
(Supplemental Table S1; http://dx.doi.org/10.3168/
jds.2013-7679). That effect could be associated with
a trend for greater concentration of GGT in SM over
CON (P = 0.09) and MS (P = 0.06) cows. In contrast,
PON (Figure 2F) was mainly affected by time (P <
0.01) and reached nadir levels at 7 d postpartum.

Biomarkers of Met Metabolism

Main effects of diet, time, and interactions are
presented in Table 1. The D x T interaction was not
significant (P > 0.05) for any of the Met metabolism
biomarkers. Liver carnitine (P < 0.01) and glutathione
(P = 0.04) were greater in Met-supplemented cows
than in CON cows throughout the experiment, whereas

Journal of Dairy Science Vol. 97 No. 12, 2014
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Table 1. Effects of supplementing cows with MetaSmart (MS; Adisseo Inc., Antony, France) or Smartamine M (SM; Adisseo Inc.) during the

peripartal period on blood, liver, and milk biomarkers

Treatment diet P-value
Marker CON MS SM SEM'  Diet (D) Met? Time (T) D x T
Muscle body mass
Creatinine (pmol/L) 97.5 96.6 95.7 1.56 0.38 0.43 <0.01 0.10
Urea (mmol/L) 4.87 4.87 4.87 0.19 0.70 0.97 0.005 0.90
Liver function
Total bilirubin® (pmol/L) 0.88 (1.84) 0.58 (1.49) 0.57 (1.48) 0.49 0.66 0.70 <0.01 0.97
AST/GOT (U/L) 98.7 95.8 86.6 7.04 0.39 0.34 <0.01 0.63
Cholesterol (mmol/L) 3.22 3.29 3.36 0.15 0.77 0.52 <0.01 0.96
GGT (U/L) 24.9 24.1 27.2 2.26 0.61 0.78 <0.01 0.48
PON (U/mL) 64.9 68.3 63.6 3.74 0.64 0.80 <0.01 0.81
Methionine metabolism
Milk
Choline (mg/L) 38.3 26.5 29.0 4.9 0.13 0.04
Liver
Carnitine (nmol/g of tissue) 37.5 98.2 66.0 14.2 0.01 <0.01 0.52 0.31
Glutathione (mM) 1.27 1.55 1.73 0.14 0.09 0.04 <0.01 0.45
PC (pmol/g of tissue) 10.6 7.7 9.1 1.1 0.15 0.07 0.99 0.36
Choline (pmol/g of tissue) 3.24 3.38 3.28 0.12 0.65 0.52 0.25 0.06
Inflammation and APP
Albumin (g/L) 35.1 36.1 35.7 0.53 0.28 0.15 0.04 0.20
Ceruloplasmin (pmol/L) 3.02 2.68 2.71 0.10 0.03 0.009 <0.01 0.67
SAA (pg/mL) 61 40.7 43.5 9.3 0.17 0.06 0.24 0.47
Haptoglobin® (g/L) —1.48 (0.36) —1.70 (0.31) —1.67 (0.31) 0.18 0.6 0.32 0.01 0.60
IL-6 (pg/mL) 612.1 546.3 447.4 93 0.40 0.29 <0.01 0.73
Oxidative stress
ROM (mg of H,0,/100 mL) 13.7 12.8 14.2 0.61 0.24 0.73 <0.01 0.62
ORAC (mol/L) 11.9 12.9 12.4 0.29 0.05 0.04 <0.01 0.66
NOx (pmol/L) 23.5 22.8 23.5 0.67 0.69 0.69 <0.01 0.06
NO, (pmol/L) 6.42 6.7 6.6 0.54 0.92 0.70 <0.01 0.27
NO;~ (pmol/L) 17 16.5 16.9 0.51 0.7 0.57 <0.01 0.04
Vitamins
Retinol (pg/100 mL) 40 37.7 42.3 2.3 0.40 0.98 <0.01 0.06
Tocopherol (pg/mL) 3.44 3.79 3.06 0.51 0.58 0.98 <0.01 0.21
B-carotene (mg/100 mL) 0.19 0.21 0.24 0.02 0.34 0.22 <0.01 0.22

!Greatest standard error of the mean.
*Contrast statement of control (CON) vs. MS-+SM.

*Data were log-transformed before statistics. Back-transformed least squares means are shown in parentheses. The standard errors of the means

associated with log-transformed data are in log scale.

milk choline was lower (P = 0.04) in Met-supplemented
cows (Table 1). Similar to milk choline, liver PC tended
to be lower (P = 0.07) in Met-supplemented cows
(Table 1). Although liver choline was not affected by
Met supplementation (Table 1), we detected a trend (P
= 0.06) for an interaction, which was attributed mainly
to an increase in liver choline concentration in CON
cows from 7 to 21 d after calving, whereas the concen-
tration in Met-supplemented cows remained unchanged
(Figure 3).

Biomarkers of Inflammation
and Acute-Phase Proteins

Main effects of diet, time, and interactions for inflam-
mation and acute-phase protein (APP) biomarkers are
presented in Table 1. The interaction D x T was not
significant (P > 0.05) for any of the inflammation or
APP biomarkers. Unlike haptoglobin and IL-6, cerulo-

Journal of Dairy Science Vol. 97 No. 12, 2014

plasmin (Figure 4A) showed an effect of diet (P = 0.03),
specifically because of lower (P = 0.009) concentration
in Met-supplemented diets (CON vs MS + SM). Simi-
larly, SAA concentration (Table 1) tended to be lower
(P = 0.06) in Met-supplemented cows than in CON.
Although diet had no overall effect on IL-6 concentra-
tion (Table 1), we detected a trend (P = 0.13) for lower
postpartal IL-6 concentration in Met-supplemented
cows compared with CON cows (Table 2).

Biomarkers of Oxidative Stress

Main effects of diet, time, and interactions for bio-
markers related with oxidative stress are presented in
Table 1. We observed a significant interaction of D x T
for NO;~ (P =0.04) and to a lesser extent in NOx (P =
0.06) concentration. These effects were associated with
a greater (P < 0.05) concentration of NOx in CON ver-
sus MS + SM cows at —21 d (Figure 5A), and a greater
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concentration of both NOx and NO; ™ (Figure 5B; P =
0.02) in SM versus CON at 7 d postpartum. However,
we detected a trend for lower prepartal NO;~ in Met-
supplemented cows compared with CON. Unlike NOx
and NO3;~, ORAC (Figure 5C; P = 0.04) was greater
in MS and SM cows than in CON. Although ROM
(Figure 5E) were only affected by time (Table 1), we
observed a postpartal trend (P = 0.14) for a diet effect
(Supplemental Table S1; http://dx.doi.org/10.3168/
jds.2013-7679), where the ROM concentration was
greater (P = 0.05) in SM than in MS cows. The con-
centration of NO,  was mainly affected by time (P <
0.01) and, similarly to NOx, it reached nadir levels at
7 d postpartum.

Vitamins

Main effects of diet, time, and interactions for vita-
mins are presented in Table 1. Among vitamins, only
retinol tended to be affected (P = 0.06) by the interac-
tion of D x T, due to an increase (P < 0.003) in SM at
21 d postpartum compared with other treatments (Fig-
ure 6A). Tocopherol and (-carotene were affected (P
< 0.01) by time (Table 1) but only 3-carotene showed
a trend (P = 0.10) for greater postpartal concentra-
tion in Met-supplemented cows compared with CON
(Supplemental Table S1; http://dx.doi.org/10.3168/
jds.2013-7679).

DISCUSSION

Supplementation with MS or SM improved milk pro-
duction at least in part by increasing postpartal DMI
and reducing liver lipid accumulation (Osorio et al.,
2013). Postpartal negative energy balance in dairy cows
is commonly associated with lower DMI with respect
to the greater energy requirements for milk produc-
tion. In the companion study, we observed that Met
supplementation (SM or MS) led to faster recovery
from negative energy balance toward a positive energy
balance during the first 4 wk postpartum (Osorio et al.,
2013). Supplemental Met also resulted in a tendency
for a lower incidence of ketosis postpartum.

Biomarkers of Muscle Mass and N Metabolism

Creatinine is an important indicator of body muscle
mass and its concentration typically decreases around
parturition (Kokkonen et al., 2005; Pires et al., 2013).
Although Pires et al. (2013) observed a decrease in
creatinine from 4 wk before to 7 wk after calving, the
differences reported between 4 wk before and 2 wk
after calving were marginal. Similarly, the time effect
observed for creatinine in the present study was due to
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Figure 1. Effects of supplemental MetaSmart (MS; Adisseo Inc.,
Antony, France) or Smartamine M (SM; Adisseo Inc.) on biomarkers
of muscle mass catabolism (creatinine, A) and N metabolism (urea, B)
in dairy cows during the transition period. Mean separation between
diets (P < 0.05) was evaluated via contrast: control (CON) versus
SM (*).

a marginal decrease in concentration of 4.6% from 3 wk
before to 3 wk relative to calving (Figure 1A). Thus,
although cows normally experience a decrease in BW
coupled with a decrease in both BCS and MP balance
after calving, the decrease in creatinine concentration
is more likely to occur during extended periods (>4
wk) of negative energy balance or negative MP balance.
Bell et al. (2000) estimated that within a week after
calving, cows are at least 600 g/d deficient in MP. It
appears that creatinine might not be sensitive enough
to rapid changes in MP status. Pires et al. (2013) also
observed that cows with a low BCS (<2.5) had lower
creatinine concentration compared with medium and
high BCS (>2.75) cows. We observed a similar effect
in CON cows, which had a greater postpartum BCS
than MS and SM cows (Osorio et al., 2013), and also

Journal of Dairy Science Vol. 97 No. 12, 2014
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Table 2. Effects of supplementing cows with MetaSmart (MS; Adisseo Inc., Antony, France) or Smartamine M (SM; Adisseo Inc.) during the
pre- and postpartum periods on blood inflammation and acute phase protein biomarkers

Treatment P-value

Marker CON MS SM SEM' Diet (D) Met®  Time (T) DxT
Albumin (g/L)

Close-up 36.0 36.2 35.5 0.30 0.32 0.69 0.06 0.14
Postpartum 34.6 36.2 36.4 0.75 0.17 0.06 0.01 0.51
Ceruloplasmin (pmol/L)

Close-up 2.70 2.35 2.25 0.14 0.05 0.02 0.17 0.42
Postpartum 3.30 2.90 3.01 0.15 0.11 0.05 0.27 0.75
SAA (pg/mL)

Close-up 64.7 33.0 35.4 14.4 0.18 0.07 0.07 0.35

Postpartum 59.3 37.1 46.0 9.56 0.21 0.10 0.24 0.39
Haptoglobin® (g/L)

Close-up ~1.35(0.39)  —1.38(0.38)  —1.68 (0.31) 0.27 0.61 0.55 0.03 0.76

Postpartum —1.56 (0.34)  —1.92(0.26)  —1.67 (0.31) 0.25 0.54 0.41 0.03 0.35
IL-6 (pg/mL)

Close-up 648.8 664.5 486.4 86.2 0.28 0.51 0.30 0.33

Postpartum 596.4 448.9 393.1 98.9 0.28 0.13 <0.01 0.74

!Greatest standard error of the mean.
*Contrast statement of control (CON) vs. MS-+SM.

*Data were log-transformed before statistics. Back-transformed least squares means are shown in parentheses. The standard error of the means

associated with log-transformed data are in log scale.

greater creatinine concentration (Figure 1A) at 7 d
postpartum.

Biomarkers of Liver Function

The fact that albumin is classified as a negAPP
implies that hepatic production (the main site in the
body) is commonly decreased during the onset of in-
flammation (Bertoni et al., 2008). Therefore, the sub-
stantial decrease of albumin in CON cows after calving
compared with MS and SM cows (Table 2) is consistent
with those animals experiencing more pronounced in-
flammatory conditions. The concentration of plasma
negAPP such as albumin, retinol-binding protein, and
total cholesterol in plasma have been used previously to
classify liver function into upper, upper-intermediate,
lower-intermediate, and lower quartiles (Bionaz et al.,
2007; Bertoni et al., 2008). Cows in the upper postpar-
tal liver function quartile have albumin concentrations
ranging between 33 and 35 g/L (Bionaz et al., 2007,
Bertoni et al., 2008). In the current experiment, albu-
min concentration in Met-supplemented cows albumin
was above 35 g/L throughout the peripartal period
(Figure 2A). Although albumin in CON cows was with-
in physiological levels, the concentration decrease of ~2
g/L from prepartum to 7 d postpartum was similar to
that observed by Bionaz et al. (2007) for cows in the
lower liver function group. Furthermore, the fact that
albumin in CON cows remained lower than prepartal
levels for ~2 wk was suggestive of additional liver dam-
age during this time.

Journal of Dairy Science Vol. 97 No. 12, 2014

During an acute phase response (APR), Cys is re-
leased from skeletal muscle protein and used not only
for synthesis of APP such as albumin (Reeds et al.,
1994) but also for synthesis of glutathione (Malmezat
et al., 2000). The latter suggests that unless Cys or
Cys precursors (e.g., Met) are adequate in the diet,
it is likely to be a limiting nutrient during the APR.
Because Met is an upstream precursor of Cys through
the transsulfuration pathway, it has been suggested
that Met plays an important role during the APR (Lu,
2009). In fact, Litvak et al. (2013) observed a signifi-
cant decrease in albumin concentration (38.3 vs 33.7
g/L) in growing pigs fed a Met-deficient diet before and
after an APR was induced via intramuscular injection
of Escherichia coli LPS. In contrast, albumin remained
unchanged in pigs fed adequate amounts of Met before
and after APR induction. Taking the above findings to-
gether, it is likely that inflammatory conditions create
a deregulation in the normal requirements of AA, and
especially an AA such as Cys, which can be prevented
or ameliorated by the supply of upstream precursors
such as Met.

The increase in GOT (57.6 vs. 119.7 U/L; Figure
2C) across treatments from —21 to 21 d postpartum
is, to some extent, consistent with the increase of GGT
(38.8%; Figure 2E) in all groups. Although GGT con-
centration tended to be greater in SM than in CON
and MS cows after calving, the concentration of GOT
increased at a lower rate after calving in SM cows. How-
ever, this lack of a diet effect could be partly explained
by transient effects due to animal variation rather than
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Figure 2. Effects of supplemental MetaSmart (MS; Adisseo Inc., Antony, France) or Smartamine M (SM; Adisseo Inc.) on biomarkers of liver
function in dairy cows during the transition period. Albumin (A), bilirubin (B), glutamic-oxalacetic transaminase (GOT, C), cholesterol (D),
~-glutamyl transferase (GGT, E), and paraoxonase (PON, F). Mean separation between diets (P < 0.05) was evaluated via contrast: control
(CON) versus MS + SM (*).

an actual treatment effect. Although this might suggest and GGT) in blood increase after calving (Bertoni et
that liver damage in SM cows was more severe, it is well — al., 2008; Graugnard et al., 2012). Overall, the concen-
known that the concentrations of both enzymes (GOT trations of GOT and GGT postpartum were within the
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typical range expected for early postpartal cows with-
out clinical disease (Bertoni et al., 2008; Graugnard et
al., 2012).

The decrease in PON around parturition and specifi-
cally at 7 d postpartum (Figure 2F) is in agreement with
previous work (Bionaz et al., 2007; Grossi et al., 2013).
The decrease in serum PON at the end of pregnancy
and after calving has been functionally linked to liver
dysfunction due to the reduction of HDL cholesterol,
which is the main carrier of paraoxonase molecules in
blood (Turk et al., 2005), and that is explained by in-
flammation and oxidative stress (Bionaz et al., 2007).

Biomarkers of Energy Balance and Met Metabolism

During the transition period cows will normally
experience an increase in adipose tissue lipolysis due
to changes in hormones such as insulin and growth
hormone; consequently, blood NEFA increase. As the
concentration of NEFA increases around calving or in
early lactation, more NEFA are taken up by the liver
(Loor et al., 2013b). Subsequently, NEFA can be oxi-
dized to provide energy to the liver, partially oxidized
to produce ketone bodies, or esterified to TAG. A ma-
jor site within hepatocytes for NEFA oxidation is the
mitochondria, and carnitine is essential for transport of
NEFA from cytosol into mitochondria for subsequent
B-oxidation (Drackley, 1999). Carnitine is derived en-
dogenously from trimethyllysine (TML); in turn, TML
supply is driven by turnover of proteins containing Lys
and Met, where Lys serves as the backbone while Met
is the methyl donor for TML synthesis (Carlson et al.,
2007D).

The greater hepatic concentration of free carnitine
(82.1 vs. 37.5 nmol/g of tissue) in Met-supplemented
cows (Table 1) indicates a greater bioavailability of Met
to methylate Lys. Interestingly, when comparing our re-
sults with those obtained by Carlson et al. (2007a), who
measured free carnitine in liver, our Met-supplemented
cows had greater (82.1 vs. 52.9 nmol/g of tissue) free
carnitine than cows fed a low dose (6 g/d) of carnitine
during early lactation (2 to 28 d postpartum); however,
liver carnitine was lower (82.1 vs. 154.4 nmol/g of tis-
sue) in our Met-supplemented cows than in the group
supplemented with a medium dose (50 g/d) of carnitine
in the previous study (Carlson et al., 2007a). In fact,
Carlson et al. (2007a) observed an average carnitine of
37.3 nmol/g of tissue from 2 to 28 d after calving in
the control group, which is comparable to the cows fed
CON (37.5 nmol/g of tissue) in our experiment.

The fact that the carnitine response in CON cows
mimicked that of control cows in Carlson et al. (2007a)
coupled with Met-supplemented cows having carnitine
concentrations falling between those fed low and me-
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Figure 4. Effects of supplemental MetaSmart (MS; Adisseo Inc., Antony, France) or Smartamine M (SM; Adisseo Inc.) on biomarkers of
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dium doses of carnitine strongly suggests that intrahe-
patic Met availability in Met-supplemented cows was
large enough to spare Met to synthesize carnitine. As
mentioned above, NEFA taken up by the liver can be
esterified into TAG and exported into the bloodstream
as VLDL, which requires apolipoprotein B (ApoB)-100,
cholesterol, and PC. Although PC tended (P = 0.07) to
be lower in Met-supplemented cows, this could suggest
a greater degree of utilization of PC for the assembly or
export of VLDL. In fact, we observed a trend for lower
plasma concentration of ApoB-100 in CON cows (Oso-
rio et al., 2013), suggesting that this molecule might
had limited the assembly or export of VLDL from liver
and consequently contributed to the buildup of PC in
CON cows.

Previous data suggest a lipotropic effect of Met in
ruminants by improving the assembly or export of
VLDL (Bauchart et al., 1998) and also a lower (11.4

vs. 16.1%) hepatic lipid content at 21 d postpartum in
Met-supplemented cows (Osorio et al., 2013). The in-
crease in hepatic choline in CON from 7 to 21 d (Figure
3) could be associated with greater hydrolysis of PC
into phosphatidic acid and choline via phospholipase
D. In fact, the greater PC in CON cows might have
promoted this effect.

The lower milk choline in Met-supplemented cows
could be related to greater utilization of hepatic PC
for VLDL than for choline synthesis. The fact that free
milk choline measured in our experiment was consider-
ably lower (31.2 vs. 114.7 mg/L) than total milk choline
published previously (Deuchler et al., 1998; Elek et al.,
2008) indicates that choline is an abundant component
of other intermediate metabolites such as acetylcholine,
lysophosphatidylcholine, and PC. In fact, Elek et al.
(2008) observed a significant increase of total milk
choline over the first 60 d postpartum, which suggests

Journal of Dairy Science Vol. 97 No. 12, 2014
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that, as cows progress through early lactation, the PC
available is redirected into choline rather than VLDL
synthesis. Such a hypothesis is supported by the fact
that as lactation progresses, the need to export lipid
out of the liver decreases.

7447
Biomarkers of Inflammation and APP

Concentrations of ceruloplasmin and SAA are likely
to increase during inflammatory episodes such as those
occurring in the peripartal period (Ceciliani et al.,
2012). Although ceruloplasmin was not affected by the
D x T interaction, it was 10.7% lower (Table 1) in Met-
supplemented diets, which was more noticeable at —10
d prepartum (Figure 4A). Despite the lack of time effect
for the concentration of SAA, most of the 30.9% increase
in CON cows compared with Met-supplemented cows
could be attributed to trends for greater concentrations
of SAA in CON cows during the close-up (P = 0.07)
and postpartum (P = 0.10; Table 2) periods. Although
IL-6 was not directly affected by Met supplementation
(Table 1), the tendency (P = 0.13) for lower postpartal
IL-6 concentration in Met-supplemented cows than
CON could be taken as indication that supplemental
Met decreased the synthesis of this proinflammatory
cytokine after calving. The latter could have elicited an
effect on the liver, effectively reducing the production
of posAPP such as ceruloplasmin and SAA.

It could be envisioned that any factor reducing the
synthesis of posAPP by the liver would spare some AA
for the synthesis of negAPP and perhaps for utilization
by the mammary gland. Under such a scenario, supple-
mental SM and MS would have increased Met avail-
ability to the mammary gland (more than otherwise
expected) and partly explain the greater overall pro-
duction of milk and ECM (Osorio et al., 2013). Similar
effects have been observed in chickens when they are
raised under stressful environments that induce both
an immune response and partitioning of nutrients (e.g.,
Lys and Met) toward immune cells (e.g., increasing IL-
1; Klasing and Barnes, 1988). The expected end result
is a reduction in the AA requirements for growth and
tissue accretion.

Biomarkers of Oxidative Stress

The total NO,” and NO;  concentration is a valid
estimation of NOx generation in biological samples
(Komine et al., 2004). The similar profiles in the con-
centration of NOx (Figure 5A), NO, (Figure 5D), and
NO;  (Figure 5B) agree with the proposed definition
of NOx. We are unaware of previous studies reporting
the pattern of NOx concentration in blood around calv-
ing. However, milk secretions sampled at 4-wk intervals
during the dry period and throughout lactation had
greater concentrations of NOx prepartum than post-
partum (Bastan et al., 2013), a finding similar to our
results in blood.

Previous work with dairy cows demonstrated that
NOx is a potent vasodilatory compound that can be
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produced locally by the mammary gland (Prosser et
al., 1996). In turn, an increase in local NOx and NO;3;~
could increase the flow and mammary uptake of fatty
acids and AA for milk synthesis (Bastan et al., 2013).
Therefore, the greater concentration of NOx in SM at 7
d is suggestive of a mechanistic role in the substantial
increase in milk production (42.7 kg/d greater than
CON), fat yield (4+0.48 kg/d greater than CON), and
protein yield (40.33 kg/d greater than CON) observed
in SM cows within the first week of lactation (Osorio
et al., 2013). The fact that cows supplemented with
MS did not have greater NOx concentrations but
had similar performance as SM cows complicates the
interpretation of NOx as a biological effector of milk
synthesis. Further research could help clarify the link
between rumen-protected Met, NOx, and local effects
on the mammary gland.

The ORAC capacity was 5.9% greater in Met-supple-
mented cows, which could have been affected at least in
part by the greater (22.6%) liver glutathione concentra-
tion and the greater concentration of vitamins such as
retinol (Figure 6A) and 3-carotene (Supplemental Ta-
ble S1; http://dx.doi.org/10.3168/jds.2013-7679). The
total liver glutathione effect can be directly associated
with Met supplementation because Met can be incorpo-
rated upstream in the pathway for de novo glutathione
synthesis (Halsted, 2013). The time effect observed for
liver glutathione could be mainly attributed to greater
prepartal concentration in Met-supplemented cows that
eventually decreased as lactation progressed (Figure 3).
In mice, liver glutathione has been described as a res-
ervoir for supplying AA such as Cys to the ~-glutamyl
cycle (Lu, 2009). Glutathione in dairy cows can supply
AA such as Cys to the mammary gland for milk syn-
thesis (Pocius et al., 1981). In fact, Pocius et al. (1981)
observed a low uptake of free plasma Cys by mammary
gland, which indicated that glutathione might be an
important source of Cys, because substantial uptake
of glutathione by the mammary gland was observed.
Taken together, it is plausible that the accumulation of
glutathione in liver during the close-up period in cows
fed MS and SM served, after calving, as a “buffer” to
spare Cys to promote milk synthesis, which was re-
flected by the greater milk component production, milk
protein percentage, and milk yield (Osorio et al., 2013).

The overall increase in ROM from pre- to postpar-
tum deviates slightly from findings observed previously
by Bionaz et al. (2007) and Trevisi et al. (2009), where
ROM concentration peaked at 7 d postpartum and
decreased substantially by 28 d. Despite the lack of
a D x T interaction, compared with CON and SM,
there was an evident reduction (15.6%) of ROM in MS
from 7 to 21 d postpartum (Figure 5E). These results,
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coupled with the greater postpartal neutrophil activity
in Met-supplemented cows (Osorio et al., 2013), indi-
cate that ROM concentration was not entirely driven
by concentrations of O, and H,O, (e.g., produced
during phagocytosis). Other underlying factors, such as
changes in NADH/NADPH oxidase, xanthine oxidase,
and arachidonic acid metabolism, might control overall
oxidative status (Cepinskas et al., 2002).

It could also be hypothesized that cows fed MS might
have relied on other antioxidant sources such as vitamin
E in the form of tocopherol or SOD to neutralize and
lessen ROM levels arising from oxidative stress around
parturition (Bionaz et al., 2007). Increases in the con-
centration of tocopherol of 91.3% and 106% between 7
and 21 d postpartum in cows fed MS and SM support its
use as an antioxidant. It has been observed previously
that postpartal activity of SOD is lower, particularly in
cows with greater BCS before calving (Bernabucci et
al., 2005). Taking that and the lower postpartal BCS
in Met-supplemented cows (Osorio et al., 2013) into ac-
count, SOD activity might have influenced, in part, the
reduction of ROM in MS cows after 7 d postpartum.
Although this idea should also hold for SM cows, it is
possible that rates of BCS loss postpartum (Bernabucci
et al., 2005) or reduction in zinc and copper availability
(Muehlenbein et al., 2001) after calving influenced SOD
activity in SM cows.

Vitamins

Overall, the decrease in concentration of vitamins
(Figure 6) from prepartum to 7 d postpartum is similar
to results observed by Graugnard et al. (2012). The
sharp increase from 7 to 21 d in concentrations of
retinol and tocopherol are in agreement with Bertoni
et al. (2008). Moreover, those increases in retinol and
tocopherol were particularly evident in the Met-sup-
plemented cows (Figure 6A and 6B). Thus, our results
agree with previous data that feeding methyl-deficient
(choline and folate) diets leads to a reduction of vita-
min concentrations (ascorbic acid, a- and ~-tocopherol,
and retinol) in tissues (i.e., lung, liver, and heart) and
plasma (Henning et al., 1997).

In the case of a-tocopherol, Henning et al. (1997)
attributed those effects to disturbances in VLDL syn-
thesis (as a result of feeding choline-deficient diets)
coupled with FA and TAG accumulation in liver. The
latter can affect the hepatic transport of a-tocopherol
in the VLDL (Jenkins et al., 1993; Henning et al., 1997).
Jenkins et al. (1993) attributed a decrease in plasma
retinol to an impairment of the release or transport of
retinol in the blood via retinol-binding proteins. From
the above discussion, it can be suggested that cows fed
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SM might have had greater ability to export or trans-
port retinol into the bloodstream at 21 d postpartum
(Figure 6A).

CONCLUSIONS

Overall, the responses observed at the level of IL-6
and APP in cows supplemented with Smartamine M
or MetaSmart revealed favorable alterations of the
inflammatory status of cows. The greater concentra-
tion of albumin in response to Met-supplementation
suggested that rumen-protected Met promoted liver
function. The responses in hepatic carnitine and PC
when Met was supplemented suggested greater poten-
tial for (-oxidation with a concomitant activation of
the assembly or export of VLDL. Biomarker analyses in
blood, milk, and tissue suggest that the beneficial effect
of feeding SM or MS on postpartal cow performance is
due, in part, to better immunometabolic status.
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