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ABSTRACT

The immunometabolic status of peripartal cows is 
altered due to changes in liver function, inflammation, 
and oxidative stress. Nutritional management during 
this physiological state can affect the biological com-
ponents of immunometabolism. The objectives of this 
study were to measure concentrations of biomarkers in 
plasma, liver tissue, and milk, and also polymorphonu-
clear leukocyte function to assess the immunometabolic 
status of cows supplemented with rumen-protected 
methionine (MET) or choline (CHOL). Forty-eight 
multiparous Holstein cows were used in a randomized 
complete block design with 2 × 2 factorial arrange-
ment of MET (Smartamine M, Adisseo NA) and CHOL 
(ReaShure, Balchem Inc., New Hampton, NY) level 
(with or without). Treatments (12 cows each) were 
control (CON), no MET or CHOL; CON and MET 
(SMA); CON and CHOL (REA); and CON and MET 
and CHOL (MIX). From −50 to −21 d before expected 
calving, all cows received the same diet [1.40 Mcal of net 
energy for lactation (NEL)/kg of DM] with no MET or 
CHOL. From −21 d to calving, cows received the same 
close-up diet (1.52 Mcal of NEL/kg of DM) and were 
assigned randomly to each treatment. From calving to 
30 d, cows were on the same postpartal diet (1.71 Mcal 
of NEL/kg of DM) and continued to receive the same 
treatments until 30 d. The MET supplementation was 
adjusted daily at 0.08% DM of diet, and CHOL was 
supplemented at 60 g/cow per day. Liver (−10, 7, 21, 
and 30 d) and blood (−10, 4, 8, 20, and 30 d) samples 
were harvested for biomarker analyses. Neutrophil and 
monocyte phagocytosis and oxidative burst were as-
sessed at d 1, 4, 14, and 28 d. The MET-supplemented 
cows tended to have greater plasma paraoxonase. 

Greater plasma albumin and IL-6 as well as a tendency 
for lower haptoglobin were detected in MET- but not 
CHOL-supplemented cows. Similarly, cows fed MET 
compared with CHOL had greater concentrations of 
total and reduced glutathione (a potent intracellular 
antioxidant) in liver tissue. Upon a pathogen challenge 
in vitro, blood polymorphonuclear leukocyte phagocy-
tosis capacity and oxidative burst activity were greater 
in MET-supplemented cows. Overall, liver and blood 
biomarker analyses revealed favorable changes in liver 
function, inflammation status, and immune response in 
MET-supplemented cows.
Key words: inflammation, oxidative stress, transition 
cow, nutrition

INTRODUCTION

During the peripartal period, dairy cattle experi-
ence a state of negative energy and MP balance due 
to reduced DMI and increased nutrient requirements 
to support fetal growth and lactation (Drackley, 1999; 
Bell et al., 2000). Although some cows are able to adapt 
physiologically without being afflicted with metabolic 
and infectious diseases, the metabolic and immunologic 
challenges that occur during the peripartal period are 
important factors that limit the ability of most cows 
to achieve optimal performance and immunometabolic 
status (Drackley, 1999; Loor et al., 2013).

Due to extensive microbial degradation in the ru-
men, dietary availability of key methyl donors [(e.g., 
methionine (MET) and choline (CHOL)] are limited 
(Sharma and Erdman, 1989; Girard and Matte, 2005). 
Therefore, a negative methyl donor balance also may 
be an important challenge for the peripartal dairy cow 
owing to the fact that the synthesis of key compounds 
such as phosphatidylcholine (PC) and carnitine in tis-
sues requires methyl donors (Pinotti et al., 2002). The 
biological role of methyl donors goes beyond metabolism 
because they are important sources of the intracellular 
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antioxidants glutathione (GSH) and taurine (Brosnan 
and Brosnan, 2006).

In the context of liver metabolism and function, 
endogenous synthesis of PC from supplemental MET 
or CHOL could play a role in the ability of the tis-
sue to handle the incoming fatty acids produced from 
lipolysis of adipose tissue. It is well-established that 
excessive hepatic fatty acid infiltration (Drackley, 1999) 
can negatively affect the normal functions of the liver. 
In addition to hepatic fat infiltration, the peripartal 
period is characterized by an increase of reactive oxy-
gen metabolite (ROM) production, the accumulation 
of which could deplete intracellular antioxidants such 
as GSH and give rise to oxidative stress that may cause 
substantial tissue damage (Bertoni et al., 2009; Sordillo 
et al., 2009; Trevisi et al., 2012). Increased oxidative 
stress likely leads to inflammation and could compro-
mise the leukocyte responses during the peripartal 
period.

Biomarkers in plasma, such as cholesterol and para-
oxonase (PON), among others, have been used suc-
cessfully to assess the degree of liver function around 
parturition (Bionaz et al., 2007; Bertoni et al., 2008; 
Loor et al., 2013). Furthermore, because parturition 
also is characterized by inflammatory conditions (Bi-
onaz et al., 2007), proinflammatory cytokines (e.g., 
IL-1β; Trevisi et al., 2015) and the changes in con-
centrations of positive (e.g., haptoglobin) and negative 
acute-phase proteins (APP) offer a valuable tool to 
evaluate the functional welfare of the cow (Loor et al., 
2013). Changes in inflammatory cytokines are closely 
linked with PMNL development and immunity-related 
activities (Burton et al., 2005); thus, coupling plasma 
biomarkers with measures of leukocyte function provide 
a more holistic view of the cow immune system. Im-
mune dysfunction is a feature of the transition period 
and is characterized by impaired neutrophil trafficking, 
phagocytosis, and killing capacity (Kehrli et al., 1989; 
Goff and Horst, 1997), but also different ability of leu-
kocytes to produce cytokines (Jahan et al., 2015). In 
the context of transition period management, the avail-
able data provide benchmarks that could be used to 
assess relationships among liver function, performance, 
and fertility (Bertoni and Trevisi, 2013).

Milk from dairy cows is high in methylated com-
pounds and the levels secreted into milk are maintained 
even at the cost of depleting liver tissue reserves (Pi-
notti et al., 2002). Such an effect would exert an even 
greater challenge on the cow soon after calving, and 
coupled with the needs of cells to synthesize sulfur-
containing antioxidants the supplementation of MET 
(and potentially CHOL) may be beneficial. However, 
to date, data demonstrating whether CHOL alone or 
in combination with MET provide equal or different 

benefits to the immunometabolic status in transition 
cows are limited.

Our general hypothesis was that supplementation of 
rumen-protected MET or CHOL improves liver func-
tion and alleviates inflammation and oxidative stress 
during the peripartal period. Therefore, the objectives 
of the present study were to measure concentrations of 
biomarkers in plasma, liver tissue, and milk, as well as 
PMNL function to assess the immunometabolic status 
of cows supplemented with MET or CHOL.

MATERIALS AND METHODS

Experimental Design and Dietary Treatments

All procedures for this study (protocol no. 13023) 
were approved by the Institutional Animal Care and 
Use Committee of the University of Illinois. Details 
of the experimental design have been described pre-
viously (Zhou et al., 2016b). Briefly, the experiment 
was conducted as a randomized complete block design 
with 2 × 2 factorial arrangement of MET (Smartamine 
M, Adisseo NA) and CHOL (ReaShure, Balchem Inc., 
New Hampton, NY) level (with or without). Cows were 
blocked according to expected calving date. Each block 
had 12 cows (except for the last block). Cows within 
each block were balanced for parity, previous lactation 
milk yield, and BCS before the close-up treatments 
were assigned. A total of 81 cows were used in a ran-
domized, complete, unbalanced block design with 2 × 
2 factorial arrangement of MET and CHOL level (with 
or without). Treatments were control (CON, n = 20), 
with no MET or CHOL supplementation; Smartamine 
(SMA, n = 21), CON plus MET at a rate of 0.08% of 
DM; Reashure (REA, n = 20), CON plus CHOL at 
60 g/d; or Smartamine and Reashure (MIX, n = 20), 
CON plus MET plus CHOL. Dosage of MET was based 
on Osorio et al. (2013), whereas CHOL was supple-
mented following the manufacturer’s recommendations. 
Per Institutional Animal Care and Use Committee 
guidelines, a subset of 48 multiparous cows (12 cows/
treatment) were used for this portion of the study. All 
cows received the same far-off diet (1.40 Mcal/kg of 
DM, 10.2% RDP, and 4.1% RUP) from −50 to −22 
d before expected calving, close-up diet (1.52 Mcal/
kg of DM, 9.1% RDP, and 5.4% RUP) from −21d to 
expected calving, and lactation diet from calving (1.71 
Mcal/kg of DM, 9.7% RDP, and 7.5% RUP) through 
30 DIM.

The MET and CHOL supplements were both top-
dressed from −21 ± 2 to 30 DIM once daily at the 
morning feeding using approximately 50 g of ground 
corn as carrier for all treatments. Supplementation of 
SMA (0.08% DM of TMR offered) was calculated daily 
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for each cow. Smartamine M was supplied as small beads 
containing a minimum of 75% dl-Met, physically pro-
tected by a pH-sensitive coating, which is considered to 
have a Met bioavailability of 80% (Graulet et al., 2005); 
therefore, per 10 g of SMA, the cows received 6 g of 
metabolizable MET. The REA supplement is reported 
to contain 28.8% choline chloride and is protected by 
microencapsulation. The product is considered to have 
CHOL bioavailability of 72% (Benoit, 2009); therefore, 
per 60 g of REA, the cows received 12.4 g of metaboliz-
able choline chloride. To our knowledge, neither SMA 
nor REA have specific characteristics that may affect 
palatability of diets.

Animal Management

Dry cows were housed in a ventilated enclosed barn 
during the dry period and fed individually once daily 
at 0630 h using an individual gate system (American 
Calan Inc., Northwood, NH). Cows had access to sand-
bedded freestalls until 3 d before expected parturi-
tion, when they were moved to individual maternity 
pens bedded with straw until parturition. On average, 
cows remained in the maternity pen for 3.69 ± 3.61 d. 
After parturition, cows were housed in a tiestall barn 
and were fed a common lactation diet once daily and 
milked 3 × daily at approximately 0600, 1400, and 2200 
through the end of the trial at 30 DIM. Feed offered 
was adjusted daily to achieve ~10% refusals.

Blood, Milk, and Liver Sample Collection  
and Biomarker Analyses

Blood was sampled for biomarker analysis from the 
coccygeal vein on d −10 relative to expected calving 
date and on d 4, 8, 20, and 30 relative to actual calving 
date before the morning feeding. An additional tube of 
plasma was collected on d 1, 4, 14, and 28 relative to 
calving for neutrophil and monocyte phagocytosis and 
oxidative burst analyses. Samples were collected into 
evacuated tubes (BD Vacutainer; BD and Co., Franklin 
Lakes, NJ) containing either clot activator or lithium 
heparin for serum and plasma, respectively.

Consecutive morning, midday, and evening milk 
samples were collected every Wednesday and Saturday 
until 30 DIM (Zhou et al., 2016b). Weekly composite 
milk samples were prepared in proportion to milk yield 
at each milking and frozen at −20°C until analysis.

Liver was sampled via puncture biopsy (Dann et al., 
2005) from cows under local anesthesia at approximate-
ly 0800 h on d −10, 7, 20, and 30 d relative to parturi-
tion. Liver was frozen immediately in liquid nitrogen 
and stored until analysis.

Serum or plasma was analyzed for creatinine, urea, 
bilirubin, aspartate aminotransferase, gamma-glutamyl 
transferase, cholesterol, PON, albumin, ceruloplasmin, 
haptoglobin, myeloperoxidase (MPO), ROM, and 
ferric-reducing ability of plasma using kits purchased 
from Instrumentation Laboratory (Lexington, MA) fol-
lowing the procedures described previously (Jacometo 
et al., 2015) using the clinical auto-analyzer (ILAB 600, 
Instrumentation Laboratory). Bovine IL-1β (Cat. No. 
ESS0027; Thermo Scientific, Rockford, IL) and IL-6 
(Cat. No. ESS0029; Thermo Scientific) plasma concen-
tration were determined using commercial kits. Plasma 
phosphatidylcholine (Cat. No.10009926; Cayman 
Chemical, Ann Arbor, MI) and free CHOL (Cat. No. 
K615–100; Biovision Inc., Milpitas, CA) concentration 
were quantified using commercial kits. The concentra-
tion of free CHOL in milk was determined in weekly 
composite samples (Cat. No. KA1662; Abnova, Taipei 
City, Taiwan).

The simultaneous phagocytosis capacity and oxida-
tive burst activity of peripheral monocytes and neutro-
phils was determined upon challenge with enteropatho-
genic bacteria (Escherichia coli 0118:H8) as described 
by Hulbert et al. (2011) with modifications. Briefly, 200 
µL of whole blood with 40 µL of 100 µM dihydrorho-
damine 123 (Sigma-Aldrich, St. Louis, MO), and 40 
µL of propidium iodine-labeled bacteria (109 cfu/mL) 
were incubated at 38.5°C for 10 min. After red blood 
cells were lysed with ice-cold distilled deionized water, 
cells were resuspended in PBS solution. Subsequently, 
monocytes were marked with allophycocyanin-labeled 
anti-CD14 antibody (Cat. No. 301808; Biolegend, San 
Diego, CA) whereas neutrophils were stained with 
CH138A primary anti-bovine granulocyte monoclonal 
antibody (Cat. No. BOV2067, Washington State Uni-
versity, Pullman) and phycoerythrin-labeled second-
ary antibody (Cat. No. 1020–09S, Southern Biotech, 
Birmingham, AL). Lastly, the cells were resuspended 
in PBS solution for flow cytometry analyses (LSR II; 
Becton Dickinson, San Jose, CA). Neutrophils and 
monocytes were gated based on their side scatter 
properties in combination with the phycoerythrin and 
allophycocyanin signal, respectively. Compared with 
the negative controls, the neutrophils and monocytes 
from E. coli-stimulated samples with greater emissions 
of propidium iodine were considered positive for phago-
cytosis. Similarly, compared with negative controls the 
E. coli-stimulated samples with greater emissions of 
rhodamine 123 were considered positive for oxidative 
burst. Data are reported as percentages of CD14- and 
CH138A-positive cells with phagocytosis and oxidative 
burst capability. The detailed protocol of the assay is 
described in the supplemental materials (http://dx.doi.
org/10.3168/jds.2016-10986).
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Liver tissue total and oxidized GSH were measured 
at −10, 7, 20, and 30 d relative to parturition using a 
commercial kit (Cat. No. NWH-GSH01; Northwest Life 
Science Specialties LLC, Vancouver, WA). Reduced 
GSH was calculated as reduced GSH = total GSH – 
oxidized GSH.

Statistical Analysis

Data were analyzed using PROC MIXED of SAS 
(SAS Institute Inc., Cary, NC) according to the follow-
ing model:

 yijklm = µ + bi + Mj + Ck + MCjk + Tl + TMjl   

+ TCkl + TMCjkl + Am:ijk + εijklm,

where yijklm is the dependent, continuous variable; 
µ is the overall mean; bi is the random effect of the 
ith block; Mj is the fixed effect of MET (j = with or 
without); Ck is the fixed effect of CHOL (k = with or 
without); Tl is the fixed effect of time (day or week) of 
the experiment; Am:ijk is the random effect of the mth 
animal (cow) nested within block × MET × CHOL; 
and εijklm is the residual error. The covariate for parity 
(second vs. third lactation and above) was maintained 
in the model for all variables when significant (P < 
0.05). Blood metabolites and liver composition were 
analyzed at various time points that were not equally 
spaced. Therefore, an exponential correlation covariance 
structure SP (POW) was used for repeated measures. 
Least squares means separation between time points 
was performed using the PDIFF statement. Statistical 
differences were declared significant at P ≤ 0.05 and 
tendencies at P ≤ 0.10.

RESULTS

Biomarkers of Muscle Mass Catabolism  
and N Metabolism

Main effects of MET, CHOL, time, and interac-
tions are presented in Table 1. As expected, creatinine 
concentrations in all treatments gradually decreased 
after calving (Supplemental Figure S1; http://dx.doi.
org/10.3168/jds.2016-10986). A lower creatinine con-
centration in plasma was detected due to the main ef-
fect of CHOL (P = 0.02, Supplemental Figure S1B) but 
not MET (P > 0.05, Supplemental Figure S1A). Unlike 
creatinine, overall concentration of urea in plasma did 
not differ in response to MET or CHOL, and was only 
affected by time (P < 0.01) because of an increase after 
calving.

Biomarkers of Liver Function

Main effects of MET, CHOL, time, and interactions 
for liver function biomarkers are summarized in Table 1. 
Neither MET or CHOL supplementation had an effect 
on cholesterol concentrations or aspartate aminotrans-
ferase (P > 0.10, Table 1). However, a tendency (P = 
0.07) was detected in cows fed MET due to an overall 
greater increase in PON concentrations compared with 
cows without MET supplementation, especially after 
calving. Although concentration of PON in cows fed 
CHOL also increased (P < 0.01) over time after calv-
ing, CHOL did not result in greater PON compared 
with cows without CHOL supplementation (P = 0.87, 
Figure 1D).

Biomarkers of CHOL Metabolism

The main effect of MET, CHOL, and their interac-
tions for blood and milk CHOL metabolism biomarkers 
are reported in Table 1. The main effects of MET and 
CHOL and their interactions were not significant (P 
> 0.05) for any of the CHOL metabolism biomarkers 
(Table 1). Regardless of treatment, plasma PC and free 
CHOL concentrations decreased (P < 0.05) around 
calving and reached a nadir at 4 d after parturition. 
Unlike PC, plasma free CHOL concentration remained 
low after 4 d and did not return to prepartum levels 
by 30 DIM (Supplemental Figure S2; http://dx.doi.
org/10.3168/jds.2016-10986), which could be mainly 
attributed to the constant increase in milk CHOL re-
gardless of treatment (P < 0.01, Supplemental Figure 
S2).

Biomarkers of Inflammation and APP

Among the APP determined in the present study, 
MET-supplemented cows had greater albumin con-
centration (P = 0.04) compared with cows without 
MET. In fact, plasma albumin in MET cows increased 
(P < 0.05, Figure 2C) after calving, whereas albumin 
concentration in cows without MET supplementation 
remained unchanged compared with the prepartum pe-
riod (P > 0.05). As expected, plasma haptoglobin con-
centration increased (P < 0.01, Figure 2A and 2B) soon 
after calving. Although plasma haptoglobin reached a 
zenith on d 4 regardless of treatment, a tendency (P = 
0.08) for lower haptoglobin was detected in response to 
MET supplementation but not CHOL (P = 0.94).

For proinflammatory cytokines, we observed no main 
effect or interactions for CHOL. In contrast, a main 
effect with greater IL-6 in MET-supplemented cows 
was detected (P = 0.03, Figure 3G); IL-1β concentra-
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tion did not change (P = 0.14, Figure 2E) in MET-
supplemented cows.

Biomarkers of Oxidative Stress

Although no main effect or interactions of MET 
and CHOL were detected for plasma MPO, ROM, or 
ferric-reducing ability of plasma, the concentration of 
ROM increased after calving and did not return to pre-
partum level by 30 DIM regardless of treatment (data 
not shown). In accordance with the temporal changes 
in ROM, liver total and reduced GSH concentrations 
decreased after calving and did not return to prepar-
tum level by 30 DIM. However, unlike ROM, liver total 
(P = 0.01, Figure 3A) and reduced GSH (P = 0.01, 
Figure 3C) were greater in MET-supplemented cows, 
which was mainly attributed to greater concentration 
of total and reduced GSH on d −10 and 30 relative to 
parturition.

Whole Blood Phagocytosis and Oxidative Burst

Upon challenge, a greater increase in neutrophil 
phagocytosis capability was detected in cows supple-
mented with MET (P = 0.01, Figure 4A) but not 
CHOL (P = 0.81, Figure 4B). In contrast, for blood 
monocytes, phagocytosis capability did not change in 
response to MET (P = 0.28, Supplemental Figure S3A; 
http://dx.doi.org/10.3168/jds.2016-10986) or CHOL 
(P = 0.15, Supplemental Figure S3B).

As expected, MET supplementation also resulted 
in greater blood neutrophil oxidative burst (P = 0.03, 
Figure 4C). In contrast, blood neutrophil oxidative 
burst did not change in response to CHOL supplemen-
tation (P = 0.54, Figure 4D). Although differences in 
monocyte oxidative burst capability were not detected 
for the main effects of MET or CHOL (P > 0.10), a 
significant MET × CHOL interaction (P < 0.01, Table 
2) occurred mainly due to increased monocyte oxida-
tive burst capability in SMA- and REA-supplemented 
cows. No temporal changes were detected for blood 
monocyte (P = 0.77, Supplemental Figure S3; http://
dx.doi.org/10.3168/jds.2016-10986) and neutrophil (P 
= 0.45, Figure 4) oxidative burst activity.

DISCUSSION

Biomarkers of Muscle Mass and N Metabolism

During the periparturient period, the inability of 
cows to consume sufficient protein leads to negative 
MP balance and lower plasma AA, especially around 
parturition (Bell et al., 2000; Zhou et al., 2016a). Con-
sidering that the demands for fetal development in late 

Figure 1. Effects of supplementing multiparous Holstein cows dur-
ing the peripartal period with rumen-protected methionine (MET; 
Smartamine M, Adisseo NA) or rumen-protected choline (CHOL; 
ReaShure, Balchem Inc., New Hampton, NY) on blood cholesterol (A, 
B) and paraoxonase (C, D). Values are means, with standard errors 
represented by vertical bars; MET × CHOL interactions were not 
significant (P > 0.05) for any of the parameters, and thus only MET 
and CHOL main effects are plotted.
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Figure 2. Effects of supplementing multiparous Holstein cows during the peripartal period with rumen-protected methionine (MET; 
Smartamine M, Adisseo NA) or rumen-protected choline (CHOL, ReaShure, Balchem Inc., New Hampton, NY) on blood haptoglobin (A, B), 
albumin (C, D), IL-1β (E, F), and IL-6 (G, H). Values are means, with standard errors represented by vertical bars; MET × CHOL interactions 
were not significant (P > 0.05) for any of the parameters, and thus only MET and CHOL main effects are plotted.
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pregnancy and the onset of lactation greatly increase 
the tissue requirements for AA, muscle mobilization 
during this period can be expected. Creatinine is a 
suitable indicator of body muscle mass, and the plasma 
level of creatinine has been used as an indirect marker 
for evaluation of body muscle catabolism both in the 
peripartal period (Kokkonen et al., 2005; Osorio et al., 
2014) and mid lactation (Pires et al., 2013). Thus, the 
lower plasma concentration of creatinine in CHOL cows 
indicated less body mass in these cows and, therefore, a 
higher degree of muscle mass mobilization. The mecha-
nism for such response is unclear; however, it is likely to 
be associated with reduced insulin sensitivity in these 
cows because blood glucose-to-insulin ratio was lower in 
response to CHOL supplementation during the peripar-
tal period (Zhou et al., 2016b).

Biomarkers of Liver Function  
and Choline Metabolism

It is well-known that cholesterol is required for 
synthesis of the hydrophobic core of lipoproteins syn-
thesized in liver or the intestine (Cohen, 2008), and 
the concentrations of the various lipoprotein fractions 
are modified greatly around parturition (Bionaz et al., 
2007). The suitability of cholesterol as a biomarker of 
liver function during the peripartal period is partly 
because the variation in concentrations depends to a 
large extent on the lipoprotein level in blood (Bionaz 
et al., 2007).

As lipotropic agents, MET and CHOL fed to ru-
minants may help clear lipid from the liver through 
stimulating very low-density lipoprotein formation 
and export (Waterman and Schultz, 1972). Previous 
reports from both nonruminant and ruminant studies 
have illustrated the importance of adequate lipotropic 
agents in the prevention of hepatic lipidosis (Cooke et 
al., 2007; Corbin and Zeisel, 2012).

As precursor of PC, which is essential for very low-
density lipoprotein synthesis (Auboiron et al., 1995), 
CHOL supplementation also was expected to improve 
liver function at least in part by enhancing lipoprotein 
export from liver. In contrast with this notion, results 
from previous reports either observed no differences 
(Guretzky et al., 2006) or detected a lower concentra-
tion (Zahra et al., 2006) of blood cholesterol in response 
to CHOL supplementation. Thus, the lack of change in 
plasma cholesterol in CHOL-supplemented cows is not 
entirely surprising (Table 1). In agreement with these 
results, the fact that plasma PC concentration also was 
not affected by CHOL supplementation, together with 
the higher liver triacylglycerol on 20 d in the CHOL-
supplemented cows (Zhou et al., 2016b), indicated that 
the export of lipoproteins from liver was not increased.

Figure 3. Effects of supplementing multiparous Holstein cows dur-
ing the peripartal period with rumen-protected methionine (MET; 
Smartamine M, Adisseo NA) or rumen-protected choline (CHOL, 
ReaShure, Balchem Inc., New Hampton, NY) on liver total glutathi-
one (A, B) and reduced glutathione (C, D). Values are means, with 
standard errors represented by vertical bars; MET × CHOL interac-
tions were not significant (P > 0.05) for any of the parameters, and 
thus only MET and CHOL main effects are plotted.
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Paraoxonase is synthesized in the liver, after which 
it is released into the blood stream where it associ-
ates with high-density lipoprotein and protects it from 
oxidative damage (Turk et al., 2004). Therefore, PON 
concentration has been used as one biomarker of liver 
function in peripartal cows (Bionaz et al., 2007). In 
fact, cows with high concentrations of PON in plasma 
(average = 92 U/mL) postpartum produced more milk 
compared with those with low PON concentrations 

(average = 54.3 U/mL) (Bionaz et al., 2007). Although 
of a lower magnitude, the difference in PON detected 
between cows with or without MET supplementation 
(94.9 vs. 85.1 U/mL) seems to support the idea they 
were in better health and, hence, produced more milk 
(Zhou et al., 2016b).

The general trend of decrease in PON around partu-
rition with a nadir at 4 d postpartum (Figure 1C) was 
in agreement with previous work (Bionaz et al., 2007; 

Figure 4. Effects of supplementing multiparous Holstein cows during the peripartal period with rumen-protected methionine (MET; 
Smartamine M, Adisseo NA) or rumen-protected choline (CHOL; ReaShure, Balchem Inc., New Hampton, NY) on phagocytosis (A, B) and 
oxidative burst (C, D, E, F). CON = control; SMA = Smartamine M (0.08% of DMI); REA = ReaShure (60 g/d); MIX = SMA+REA. Values 
are means, with standard errors represented by vertical bars. 
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Grossi et al., 2013; Osorio et al., 2014). It was proposed 
previously that excessive deposition of triacylglycerol in 
liver and its negative effect on hepatocytes was partly 
responsible for the decrease in PON after calving (Turk 
et al., 2004). However, the fact that liver triacylglycerol 
increased after calving (Zhou et al., 2016b) regardless 
of treatment does not seem to support a negative effect 
on PON. What is apparent from the present study and 
data on high-density lipoprotein profiles after calving 
(Bernabucci et al., 2004) is that PON plays a role in 
lipoprotein metabolism besides potentially alleviating 
negative effects of oxidative stress (Aviram and Rosen-
blat, 2004). In that context, it is noteworthy that the 
overall correlation between PON and cholesterol was 
positive regardless of treatment (240 observations total; 
r = 0.50, P < 0.01).

Biomarkers of Inflammation and APP

As a negative APP, hepatic production of albumin is 
commonly decreased during inflammation and serves as 
a useful biomarker to evaluate the inflammatory status 
of cows (Bionaz et al., 2007; Bertoni et al., 2008; Ceci-
liani et al., 2012). For instance, cows experiencing fewer 
(or none) cases of milk fever, retained placenta, metritis, 
ketosis, lameness, or mastitis during the first month of 
lactation and producing higher levels of milk (Bertoni 
et al., 2008) than those cows experiencing one or more 
of these health complications had albumin concentra-
tions ranging between ~34 and ~35 g/L at 7 through 28 
d postpartum [(Table 2 in Bionaz et al. (2007); Figure 1 
in Bertoni et al., (2008)] and levels of haptoglobin >0.3 
g/L (suggestive of serious inflammation; Bertoni et al., 
2008; Bionaz et al., 2007). Therefore, although plasma 
albumin concentrations in cows with or without MET 
or CHOL were above 35 g/L throughout the peripartal 
period (Figure 2), the greater concentration of albumin 
(1 g/L) in MET-supplemented cows could be taken as 
indication that they were in better health.

It also is noteworthy that cows without MET main-
tained a constant concentration of albumin throughout 
the study whereas the concentration in MET cows was 
already numerically greater at d 4 compared with −10 
relative to parturition and continued to increase at 8 
d postpartum. Considering the detoxification function 
of albumin upon binding to nonesterified fatty acids as 
well as bilirubin, the greater concentration of albumin 
in MET-supplemented cows may have helped alleviate 
inflammation (Weinberg, 2006; van der Vusse, 2009) 
during the peripartal period. It is also noteworthy that, 
in spite of an apparently greater hepatic synthesis of 
albumin in MET-supplemented cows, they also had 
greater overall milk protein percentage and milk yield 
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(Zhou et al., 2016b). It has been suggested that a re-
duction in the synthesis of albumin within the liver 
would spare AA for gluconeogenesis and production of 
hepatic proteins, especially positive APP (Ceciliani et 
al., 2012).

Production of the positive APP, such as haptoglobin 
and ceruloplasmin, are expected to increase during 
an inflammatory event. In transition cow research, 
haptoglobin has been of particular interest due to its 
quick increase during the acute-phase response and has, 
therefore, been used as diagnostic biomarker previously 
(Hirvonen et al., 1999; Sheldon et al., 2001). In terms 
of the peripartal period, haptoglobin concentration in 
blood is commonly elevated as a consequence of com-
mon inflammatory conditions around calving (Bionaz 
et al., 2007); for example, stimulation of parenchymal 
cells by fatty acid infiltration of the liver in transition 
cows (Eckersall, 2000; Katoh et al., 2002). The overall 
positive correlation (240 observations total; r = 0.14, P 
= 0.03) between haptoglobin and IL-1β was indicative 
of a proinflammatory state during the transition period 
because evidence exists that IL-1β (proinflammatory 
cytokine) can stimulate transcription and synthesis 
of haptoglobin (Baumann et al., 1990). In accordance 
with the greater albumin in MET cows, the tendency 
for a lower concentration of blood haptoglobin offers 
some support for the idea that these cows were under a 
less pronounced inflammatory state.

Although IL-6 is well-known for its proinflamma-
tory properties, recent findings have revealed an anti-
inflammatory property for this cytokine (Scheller et al., 
2011). In fact, the anti-inflammatory activities of IL-6 
are mediated by gp130 and IL-6R (classic signaling), 
whereas proinflammatory activities are mediated by 
the IL-6-soluble IL-R complex (trans-signaling; Scheller 
et al., 2011). Therefore, depending on a given stimulus 
inducing a given signaling pathway, IL-6 should be 
considered as both a pro- and an anti-inflammatory 
cytokine. Because IL-6 does not upregulate major in-
flammatory mediators and directly inhibits TNFα and 
IL-1 expression and their signal transduction (Rehman 
et al., 1997), the current view is that IL-6 has primar-
ily an anti-inflammatory effect (Pedersen et al., 2001; 
Lauder et al., 2013; Hunter and Jones, 2015). There-
fore, considering the tendency for lower haptoglobin 
as well as the markedly greater albumin in MET-sup-
plemented cows, it is reasonable to speculate that the 
higher IL-6 concentration in MET-supplemented cows 
reflected a less pronounced inflammatory status. It also 
is possible that the greater IL-6 concentration in MET-
supplemented cows served to maintain a certain degree 
of peripheral tissue inflammation (Vailati-Riboni et al., 
2016).

Biomarkers of Oxidative Stress

Oxidative stress, defined as the serious imbalance 
between oxidants and antioxidants as a consequence 
of augmented ROM production due to the increased 
demand for nutrients and energy, can exert pleiotropic 
actions in peripartal dairy cows (Sordillo et al., 2009). 
In fact, ROM has been widely adopted as a biomarker 
for oxidative stress in both nonruminants (Fukui et al., 
2011; Jansen et al., 2013) and ruminants (Bernabucci 
et al., 2002, 2005; Trevisi et al., 2009; Celi et al., 2010). 
Although ROM concentrations in the present study 
were not affected by MET or CHOL supplementation, 
the substantially higher ROM starting at 4 d postpar-
tum was indicative of an increased risk for the onset 
of oxidative stress. In that context, it is noteworthy 
that cows supplemented with MET had clear signs of 
a reduced inflammatory status. The reason for this is 
unclear but it could have been related to the differences 
between groups in the concentration of intracellular 
antioxidants such as GSH. In fact, GSH is the most 
abundant endogenous antioxidant due to its marked 
ability to scavenge ROM and free radicals. Hence, 
concentration of GSH has been used as biomarker in 
various oxidative stress-related diseases (Romeu et al., 
2010; Vetrani et al., 2013; Saharan and Mandal, 2014). 
The overall decrease in total and reduced GSH con-
centration after parturition could have been due to the 
increased production of ROM and free radicals.

Previous work with dairy cows has demonstrated a 
positive effect of MET supplementation on intrahepatic 
GSH concentration during the peripartal period (Osorio 
et al., 2014). Such an effect may be directly associated 
with MET supplementation, considering that MET 
can be incorporated upstream in the de novo synthesis 
pathway for GSH (Halsted, 2013). Studies with nonru-
minants have also observed reduced concentrations of 
hepatic GSH in cases of protein-energy malnutrition, 
with GSH being replenished when sulfur AA or methyl 
donors are supplemented (Cho et al., 1984; Bauman 
et al., 1988; Goss et al., 1994). In fact, both in vitro 
(Hartman et al., 2002) and in vivo (Tabachnick and 
Tarver, 1955) studies using radioactive-labeled methio-
nine have demonstrated hepatic incorporation of [35S] 
into GSH. Therefore, the higher GSH concentration in 
MET-supplemented cows was in agreement with these 
reports and confirm a direct association between MET 
supplementation and hepatic GSH concentration.

Although CHOL does not contain sulfur, MET can 
be generated in tissues such as the liver from CHOL 
when homocysteine accepts a methyl group from 
CHOL through betaine (Wong and Thompson, 1972; 
Li and Vance, 2008). Therefore, an increase in hepatic 
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GSH also was expected from CHOL supplementation, 
but it did not occur (Figure 3). Because cysteine is 
the limiting substrate for GSH synthesis and receives 
sulfur from MET (Franklin et al., 2009), it is reason-
able to speculate that lack of sulfur was a key limiting 
factor for GSH synthesis from CHOL supplementation. 
Alternatively, it also is possible that MET synthesis 
from CHOL was limited during the peripartal period, 
either as a result of insufficient expression or activity of 
key enzymes (e.g., betaine homocysteine methyltrans-
ferase), or because CHOL was predominantly used for 
synthesis of other compounds such as PC or acetylcho-
line. The specific mechanisms for this response merit 
further study.

Blood Neutrophil and Monocyte Killing Capacity

Compromised neutrophil and monocyte phagocytic 
capacity and oxidative burst activity in response to 
pathogen challenge are direct indicators of an impaired 
immune response, resulting in increased risk of bacte-
rial infections to the host (Unanue, 1976). Data avail-
able to date seem to indicate that peripartal dairy cows 
have a dysfunctional immune system around calving 
(Loor et al., 2013). Therefore, the greater neutrophil 
phagocytosis and oxidative burst in blood from MET-
supplemented cows indicated a better immune system 
status. However, the precise mechanisms for the prim-
ing effect are unknown. Human studies have reported 
that greater Ca2+ flux into PMNL increases markedly 
the oxidative burst intensity and the initiation of the 
oxidative burst (Bei et al., 1998). It is noteworthy that 
IL-6 increases intracellular stores of Ca2+, which is the 
known basis for PMNL activation and degranulation 
of oxidative burst oxidase-containing granules (Sitara-
man et al., 2001). Therefore, considering the sustained 
greater concentration of IL-6 together with the overall 
lower disease incidence in MET-supplemented cows 
(Zhou et al., 2016b), it can be speculated that MET 
supplementation enhanced phagocytosis and oxidative 
burst in PMNL at least in part by increasing intracel-
lular Ca2+ stores, which sensitized or primed these cells 
for pathogen challenge.

Although the intensity of the oxidative burst in 
monocytes stimulated by E. coli was reported to be 
lower than in PMNL (Yan et al., 2012), monocytes also 
have the ability to phagocytose and carry out oxida-
tive burst (Keogh et al., 2011). The fact that CHOL 
supplementation lead to greater monocyte oxidative 
burst indicates the existence of alternative mechanisms. 
Mechanisms related directly to metabolism of MET 
and CHOL or their metabolites by innate immune 
cells also could play a role. For instance, the respira-
tory burst in monocytes is accompanied by increased 

uptake of GSH (Seres et al., 2000). Studies with GSH 
reductase-deficient mice indicated they had an im-
paired oxidative burst and produced less ROM due to 
GSH depletion (Yan et al., 2012). In agreement with 
this, reduced neutrophil oxidative burst in humans was 
detected in response to chronic oxidative stress (Amer 
and Fibach, 2005). As precursors of GSH upstream in 
methionine cycle via transsulfuration pathway, it could 
be possible that supplemental MET and CHOL con-
tributes to increased phagocytosis and oxidative burst 
upon challenge through increasing GSH availability to 
neutrophils and monocytes.

CONCLUSIONS

Overall, the changes observed in plasma PON, 
haptoglobin, and higher albumin revealed favorable 
alterations of liver function as well as inflammation 
status during lactation in MET-supplemented cows. 
Supplementation of MET resulted in better immune 
response in terms of greater phagocytosis and oxidative 
burst capabilities upon pathogen challenge. Biomarker 
analyses in blood, milk, and liver indicated that the 
effect of feeding MET on postpartal cow performance is 
likely due, in part, to a better immune and feed intake 
response. Although some previous studies have dem-
onstrated beneficial effects of CHOL supplementation 
on performance, the contrasting responses detected 
between MET and CHOL supplementation on immu-
nometabolic biomarkers in this study could be due, for 
example, to the fact that CHOL supplementation was 
insufficient for cows during the transition period. The 
requirements of CHOL and MET during the transition 
period, along with potential interactions at a mechanis-
tic level, merit further study.
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