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ABSTRACT

The objectives of this study were to evaluate the 
effects of rumen-protected choline (RPC) supplementa-
tion from 21 d pre- to 21 d postpartum on markers 
of metabolic status and inflammatory response, con-
centrations of liposoluble vitamins, and plasma total 
Ca in parous Holstein cows. The hypotheses were that 
supplementing RPC during the transition period would 
reduce hepatic triacylglycerol accumulation postpar-
tum and attenuate markers of inflammatory response 
following parturition, and collectively, such responses 
were expected to benefit health of dairy cows. Parous 
cows at 241 d of gestation were blocked by parity group 
and 305-d milk yield, and within block, they were as-
signed randomly to receive either 0 g/d [no choline 
in transition (NT), n = 55] or 12.9 g/d choline ion 
[choline in transition (CT), n = 58] from 21 d pre- to 
21 postpartum. The RPC product was individually top-
dressed onto the total mixed ration once daily. Prepar-
tum, treatments were supplemented (mean ± standard 
deviation) for the last 18.8 ± 5.7 and 19.2 ± 5.0 d of 
gestation in NT and CT, respectively. Supplementing 
RPC prepartum did not affect concentrations of plasma 
metabolites and inflammatory markers during the last 3 
wk of gestation. Postpartum, cows fed RPC had greater 
hepatic concentration of hepatic triacylglycerol (NT = 
3.4 vs. CT = 4.4%) and tended to have increased con-
centration of β-hydroxybutyrate (NT = 0.48 vs. CT = 
0.53 mM) in plasma. In spite of the increased hepatic 
triacylglycerol in cows fed RPC, treatment did not 
affect the concentrations of the inflammatory marker 
tumor necrosis factor-α or of the positive acute phase 
proteins, haptoglobin and fibrinogen. Supplementing 
choline tended to increase the concentration of plasma 

triacylglycerol by 0.69 mg/dL in the first 21 d post-
partum and reduced the incidence of subclinical hypo-
calcemia by 20.9 percentage units compared with NT. 
Supplementing transition cows with RPC did not affect 
the concentrations of liposoluble vitamins in the first 7 
d postpartum or the incidence of individual diseases or 
morbidity in early lactation. The inability of supple-
mental choline to reduce hepatic triacylglycerol might 
have been a consequence of the increased productive 
performance without additional dry matter intake.
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INTRODUCTION

Calving and the onset of lactation increases the risk 
of diseases in a period in which cows undergo exten-
sive tissue mobilization because of negative nutrient 
balance. The rapid increase in demands for nutrients 
to support the accelerated fetal growth and onset of 
lactation, accompanied by a 30 to 35% decrease in 
feed intake during the final week of gestation (Bertics 
et al., 1992), and insufficient early postpartum intake 
(Bell, 1995) results in negative nutrient balance, rapid 
adipose tissue mobilization, and consequently increased 
ketogenesis and hepatic infiltration of fat (Bobe et al., 
2004). Most diseases of dairy cows occur within the 
first 3 wk of lactation (Ribeiro et al., 2016), and dis-
ease results in inflammation that promotes further liver 
fat accumulation (Bradford et al., 2009). It is thought 
that the success of the transition period determines, 
to a large extent, the success of the entire lactation. 
Therefore, nutritional manipulations that improve me-
tabolism, reduce inflammation, or reduce the risk of 
disease are expected to benefit productive performance 
(Drackley, 1999).

Choline, a micronutrient considered to be a quasi-
vitamin (Combs, 2012), is supplemented to dairy 
cows in part because its lipotropic functions (Erdman 
et al., 1984). Nevertheless, choline needs to be fed as 
rumen-protected because it is extensively degraded by 
microbes in the rumen (Sharma and Erdman, 1988). 
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Protecting choline by lipid coating in rumen-protected 
choline (RPC) products prevents microbial degrada-
tion and supplies choline ions for postrumen absorption. 
Rumen-protected choline has been effective to prevent 
and alleviate hepatic triacylglycerol infiltration in non-
lactating pregnant cows under induced feed restriction 
(Cooke et al., 2007; Zenobi et al., 2018b) and during 
early lactation when supplemented to transition cows 
(Santos and Lima, 2009; Zom et al., 2011; Elek et al., 
2013), although response in postpartum cows has been 
inconsistent (Piepenbrink and Overton, 2003; Zahra et 
al., 2006; Zenobi et al., 2018a).

It has been proposed that choline might play impor-
tant roles other than reducing hepatic triacylglycerol ac-
cumulation. Zenobi et al. (2018b) suggested that choline 
might improve integrity of the gastrointestinal mucosa 
and enhance absorption of nutrients in prepartum cows 
either helping repair a damaged protective barrier in 
the intestine or by improving synthesis of lipoproteins. 
Supplementing choline to feed-restricted cows increased 
plasma triacylglycerol concentration after a challenge 
with fatty acids (Zenobi et al., 2018b). Also, feeding 
RPC has been reported to increase concentrations of 
α-tocopherol in dairy cows (Pinotti et al., 2003; Sun et 
al., 2016) possibly because of improved lipid absorption 
and transport of fat-soluble vitamins across the entero-
cytes. Interestingly, supplementing RPC to transition 
cows also increased the concentration of plasma total 
calcium (tCa) in the first 7 d postpartum (Zenobi et 
al., 2018a), thereby resulting in reduced prevalence of 
subclinical hypocalcemia. Authors suggested possible 
improved gastrointestinal absorption of Ca, altered 
vitamin D availability, or attenuated inflammatory sta-
tus, all of which were expected to increase plasma Ca.

If choline plays a role in intermediary metabolism, 
can attenuate inflammation, and improve nutrient ab-
sorption, then it is plausible to suggest that it might re-
duce the risk of periparturient diseases, many of which 
are of metabolic or inflammatory nature. Recently, 
Arshad et al. (2020) showed that supplementing diets 
of transition dairy cows with RPC tended to reduce 
the incidence of retained fetal membranes and mastitis 
postpartum.

The hypotheses were that supplementing RPC dur-
ing the transition period would reduce hepatic triacyl-
glycerol content and markers of inflammatory response 
following parturition. Collectively, such responses were 
expected to benefit health of dairy cows. Therefore, the 
objectives of the experiment were to evaluate the ef-
fects of RPC supplementation initiated 21 d prepartum 
and continued through early lactation on the metabolic 
status, markers of inflammatory response, concentra-
tions of liposoluble vitamins, and Ca homeostasis of 
parous Holstein cows. This paper is a companion to 

Bollatti et al. (2020) in which productive responses are 
reported.

MATERIALS AND METHODS

The experiment was conducted at the University of 
Florida Dairy Unit from November 2016 to September 
2017. All procedures involving cows in the experiment 
were carried out according to the University of Florida’s 
Institutional Animal Care and Use Committee.

Cows, Housing, Feeding Management,  
and Treatments

At 241 ± 2.2 d of gestation (SD; 241 to 251), 113 
pregnant nonlactating Holstein cows that had com-
pleted at least one previous lactation were enrolled in 
the experiment. Selection criteria included apparently 
healthy pregnant cows with no history of disease in 
the 90 d preceding experiment enrollment. Details of 
cows, housing, and general management are presented 
in Bollatti et al. (2020).

Description of the diets, and details of feed ingredi-
ents and chemical analyses are presented elsewhere in 
Bollatti et al. (2020). All cows were fed the same diet 
individually using feeding gates (Calan gates, American 
Calan Inc., Northwood, NH) within the pre- and the 
postpartum periods. Diets pre- and postpartum were 
formulated to supply adequate amounts of MP and 
metabolizable methionine (Bollatti et al., 2020). The 
DCAD of the prepartum diet was (mean ± SD) −104 
± 17 mEq/kg.

The experiment followed a randomized block design 
with cow as the experimental unit. Weekly cohorts of 
prepartum cows at 241 d of gestation were blocked by 
parity (lactation 1 vs. lactation >1) and 305-d milk 
yield, and within block, they were assigned randomly to 
no choline in transition (NT, n = 55) or supplementa-
tion with choline in transition (CT, n = 58). Cows in 
NT received 200 g/d of ground corn and dried molasses 
in an 80:20 ratio as top-dress, whereas CT cows were 
supplemented with a RPC product containing 28.8% 
choline chloride to supply a daily dose of 12.9 g of cho-
line ion (60 g/d ReaShure, Balchem Corp., New Hamp-
ton, NY). The RPC product was mixed with ground 
corn and dried molasses in a 30:56:14 ratio (as-is basis) 
and top-dressed at 200 g/d onto the TMR concurrent 
with the morning feeding. Supplementation started at 
d −21 prepartum until 21 d postpartum.

Blood Sampling and Processing

Blood was collected on the day of experiment enroll-
ment, which was denoted as d −21, then once weekly 
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prepartum, and again on d 0, 1, 2, 3, 7, 14, and 21 
postpartum by puncture of the coccygeal vessels into 
evacuated tubes (Vacutainer, Becton Dickinson, Frank-
lin Lakes, NJ) containing lithium heparin. Prepartum 
samples closest to the expected day prepartum were 
analyzed (−14 ± 4 and −7 ± 4 d relative to calv-
ing). All blood samplings were performed early in the 
morning before feeding, except for the day of calving in 
which blood was collected within 2 h after parturition 
regardless of the time of the day. Upon collection, tubes 
were placed on ice and then centrifuged within 30 min 
of collection at 1,125 × g for 15 min at room tempera-
ture, plasma was harvested, and multiple aliquots of 1.5 
mL were frozen at −30°C until analysis.

Blood Assays

Plasma samples collected on d −21, −14, −7, 0, 7, 
14, and 21 relative to calving were assayed for BHB, 
fatty acids, glucose, urea N, fibrinogen, and haptoglo-
bin. Triacylglycerol in plasma was assayed on samples 
collected on d −21, −14, −7, 0, 3, 7, 14, and 21 relative 
to calving. Samples collected on d 3, 7, and 14 postpar-
tum were assayed for tumor necrosis factor-α (TNFα). 
Samples collected on d 0, 3, and 7 postpartum were 
assayed for concentrations of α-tocopherol, retinol, 
β-carotene, and calcidiol, whereas those collected on d 
0, 1, 2, and 3 postpartum were assayed for concentra-
tions of tCa. Plasma samples from cows that received 
treatments with Ca or dexamethasone were removed 
from statistical analyses. All assays followed the initial 
randomization with blocks, such that samples from 
each block were analyzed in the same assay. In every 
assay, 2 plasma samples were included in duplicate at 
the beginning and again at the end to calculate intra- 
and interassay coefficients of variation (CV).

Plasma concentrations of fatty acids (NEFA-C kit; 
Wako Diagnostics Inc., Richmond, VA; according to 
Johnson and Peters, 1993) and BHB (Wako Auto-
kit 3-HB; Wako Diagnostics Inc.) were determined in 
single and duplicate samples, respectively. Intra- and 
interassay CV were, respectively, 3.3 and 4.4% for fatty 
acids and 11.7 and 10.2% for BHB. Plasma triacylg-
lycerol concentration was analyzed in duplicates with 
a commercial kit (Stanbio Triglycerides LiquiColor 
Procedure No. 2100, Stanbio Laboratory, Boerne, TX), 
and intra- and interassay CV were 7.4 and 12.4%. 
A Technicon Autoanalyzer (Technicon Instruments 
Corp., Chauncey, NY) was used to measure concentra-
tions of plasma glucose (Bran and Luebbe Industrial 
Method 339–19; Gochman and Schmitz, 1972) and urea 
N (Bran and Luebbe Industrial Method 339–01; Marsh 
et al., 1965). The intra- and interassay CV were 7.2 and 

8.7% for glucose and 3.4 and 13.0% for plasma urea N, 
respectively.

Plasma concentrations of haptoglobin were assayed 
using a colorimetric procedure that measured haptoglo-
bin-methemoglobin complexing by estimating differenc-
es in peroxidase activity (Makimura and Suzuki, 1982). 
Results were expressed as optical density (OD) reading 
at 450 nm. The OD values were expressed multiplied 
by 100 for statistical analysis. Samples were analyzed in 
duplicate and the intra- and interassay CV were 5.6 and 
7.2%, respectively. Plasma concentrations of fibrinogen 
were determined using a fibrinogen determination kit 
(TriniCLOT Fibrinogen kit no. T1301; Tcoag, Ireland 
Limited, Ireland) by estimating clotting time using 
a BBL fibrometer coagulation analyzer (Rankin Bio-
medical Corp., Holly, MI). Samples were analyzed in 
duplicate and the intra- and interassay CV were 2.2 
and 2.5%, respectively. Plasma concentrations of TNFα 
were assayed as described by Farney et al. (2011) using 
bovine-specific antibodies (#ENPBOTNFABI; EN-
PBOTNFAI) and bovine-specific recombinant protein 
(#ENRBOTNFAI, Thermo Fisher Scientific, Rockford, 
IL). The intra- and interassay CV were 8.4 and 4.7%, 
respectively.

Concentrations of α-tocopherol, retinol, and 
β-carotene were measured by high-performance liquid 
chromatography (Waters Aquity H-class UPLC, Wa-
ters Corporation, Milford, MA) as described by Blanco 
et al. (2000). Briefly, 200 µL of plasma was added to 
200 µL of ethanol containing 1 µg/mL retinyl-acetate 
(Sigma-Aldrich, St. Louis, MO) as an internal stan-
dard. Samples were vortexed for 10 s, then 1.5 mL of 
hexane was added to samples and vortexed for 10 min. 
The lipid-soluble fraction was separated by centrifuga-
tion for 15 min at 1,000 × g at room temperature. 
The hexane layer was collected and dried with vacuum 
centrifuge. The extracts were reconstituted in 200 µL 
of ethanol and filtered through a 0.2-µm filter. Samples 
were assayed in single, and the intra- and interassay CV 
were, respectively, 2.2 and 8.6% for α-tocopherol, 7.8 
and 9.0 for retinol, and 5.0 and 14.9% for β-carotene. 
Calcidiol is the standard vitamin D quantified to deter-
mine adequacy because it is the predominant metabo-
lite found in plasma and has a long half-life (Nelson 
et al., 2016; Rodney et al., 2018). Concentrations of 
calcidiol were analyzed in single by ELISA (Eagle 
Bioscience VID31-K01 25-OH vitamin D ELISA assay 
kit, Eagle Biosciences, Amherst, NH) according to the 
manufacturer’s instructions, except that a custom stan-
dard prepared in bovine serum was used in place of the 
standard provided with the kit, as described Nelson et 
al. (2016). The intra- and interassay CV were 12.5 and 
22.5%, respectively. Plasma concentrations of tCa were 
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analyzed using an atomic absorption spectrophotom-
eter (AAnalyst 200, Perkin-Elmer Inc., Waltham, MA) 
with the flame technique and acetylene gas. The intra- 
and interassay CV were 0.5 and 1.2%, respectively.

Liver Collection and Measurements

Liver tissue was sampled on d 7, 14, and 21 post-
partum as described by Zenobi et al. (2018a). At each 
sampling day, approximately 1.0 g of tissue was col-
lected, rinsed with sterile saline, and then sliced into 3 
sections. Samples were transferred into individual cryo-
vials, snap-frozen in liquid N, and stored at −80°C until 
analysis of concentrations of triacylglycerol. One vial 
containing at least 300 mg of hepatic tissue was thawed 
on ice, and the sample transferred to filter paper to dry 
the surface. A 300-mg sample was homogenized in 3 mL 
of saline solution using an Ultra-Turrax T25 homog-
enizer (Rose Scientific Ltd., Edmonton, AB, Canada). 
Six milliliters of 1:1 saline: methanol was added to each 
sample and then split into 3 equal aliquots. One aliquot 
was used to analyze tissue DM in triplicate. A second 
aliquot was used to analyze triacylglycerol. The third 
aliquot was frozen and later analyzed for total DNA 
content.

Dry matter was determined in triplicate, each sample 
containing 0.5 mL dried at 55°C for 48 h in a forced-air 
oven. A second aliquot was analyzed for concentration 
of triacylglycerol in triplicate. Lipids were extracted 
in triplicate using chloroform: methanol 2 to 1 solution 
(Folch et al., 1957). Each of the 3 extracted samples 
were assayed for triacylglycerol using a colorimetric 
method (Foster and Dunn, 1973). The intra- and in-
terassay CV averaged 4.2 and 5.6%, respectively. The 
third aliquot was assayed for total DNA (Labarca and 
Paigen, 1980). The intra- and interassay CV averaged 
3.3 and 7.8%, respectively.

Characterization and Diagnosis of Health Problems

Incidence of diseases was evaluated for the first 21 
d postpartum. Milk fever was diagnosed based on 
clinical signs of recumbency that responded to an i.v. 
administration of a solution containing 10.8 g of Ca as 
Ca borogluconate (Cal-Dex CMPK injection, Agrilabs, 
St. Joseph, MO) and confirmed based on plasma tCa 
concentration. A blood sample was collected before 
therapy and plasma tCa was analyzed and the 3 cows 
with clinical hypocalcemia had plasma tCa <1.4 mM. 
Retained fetal membranes was defined as a cow that 
failed to expel the fetal membranes within 24 h after 
parturition.

All cows underwent a complete physical examination 
on d 4, 7, 10, and 12 postpartum. In addition, any cow 

with altered behavior that might indicate disease such 
as inappetence or a decline in milk yield by more than 
15% relative to the production on the previous day were 
also examined. Rectal temperature was measured, and 
fever was considered when greater than 39.5°C. Cows 
were palpated transrectally and presence of an enlarged 
flaccid uterus with fetid watery reddish-brownish dis-
charge was defined as metritis. Metritis concurrent with 
fever was considered puerperal metritis. Diagnosis of 
displaced abomasum was performed by percussion and 
auscultation of the left and right flanks and confirmed 
during surgical intervention for correction by omento-
pexy. Immediately before every milking, all cows were 
examined for signs of clinical mastitis by the herd 
personnel based on the presence of abnormal milk in 
one or more quarters. Cows with increased respiratory 
frequency with increased lung sounds at auscultation 
and fever were considered to have respiratory disease. 
Morbidity included the following clinical diseases: milk 
fever, retained placenta, metritis, displaced abomasum, 
mastitis, and respiratory disease. Cows with more than 
one clinical disease were classified as having multiple 
diseases.

Urine was sampled on d 4, 7, 10, and 12 postpartum, 
and on any day a cow was suspected of having ketosis. 
Cows diagnosed as having moderate (~0.4 mM) or 
large ketone concentrations (>0.8 mM) in urine were 
considered to have hyperketonuria (URS-1K, Teco 
Diagnostics, Anaheim, CA). Incidence of subclinical 
hypocalcemia was based on at least 1 sample with 
plasma tCa <2.0 mM (Reinhardt et al., 2011) on d 0, 
1, 2, or 3 postpartum. Daily prevalence of subclinical 
hypocalcemia was evaluated from 0 to 3 d postpartum. 
Hyperketonemia was defined as plasma BHB concen-
trations >1.20 mM on at least one sample collected on 
d 0, 7, 14, and 21 postpartum based on McArt et al. 
(2011). Incidence of fatty liver was determined based 
on at least 1 sample of hepatic tissue with triacylglyc-
erol content greater than 5% of wet tissue (Gaal et al., 
1983) on d 7, 14, or 21 postpartum. The prevalence of 
fatty liver was also evaluated in weekly samples col-
lected from 7 to 21 d postpartum.

Vaginal discharge was collected at 21 ± 3 d postpar-
tum using the Metricheck device (Kiwikit Ltd., Wales, 
New Zealand) and scored as described by Lima et al. 
(2013). Cows having a vaginal discharge score >2 were 
classified as having endometritis (Lima et al., 2013).

Statistical Analyses

The experiment was a randomized block design. Cow 
was the experimental unit, and both cow and block 
were considered as random effects in the statistical 
models. At the time of treatment assignment, prepar-
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tum cows at 241 d of gestation were blocked by parity 
group prepartum (lactation 1 vs. lactation >1), and 
within parity group, ranked by 305-d milk yield from 
lowest to highest such that each 4 cows within par-
ity group and level of milk yield were assigned to a 
block. Within block, cows were assigned randomly to 
treatments such that 2 cows received NT and 2 cows 
CT. Data were analyzed separately for the pre- and 
postpartum periods.

The statistical analyses were performed using the 
MIXED procedure of SAS version 9.4 (SAS/STAT, 
SAS Institute Inc., Cary, NC). Normality of residuals 
and homogeneity of variance were examined for each 
continuous dependent variable analyzed after fitting the 
statistical model. Responses that violated the assump-
tions of normality were subjected to power transfor-
mation according to the Box-Cox procedure (Box and 
Cox, 1964) using PROC TRANSREG in SAS (SAS/
STAT, SAS Institute Inc.). The variables transformed 
were plasma BHB to the reciprocal (1/y), and plasma 
fibrinogen, haptoglobin, TNFα, and β-carotene to the 
natural logarithm. The least squares means and respec-
tive standard error of the mean for each treatment were 
back transformed for presentation of the results accord-
ing to Jørgensen and Pedersen (1998).

All statistical models were pre-planned to address 
the experimental design implemented and to allow 
testing the specific hypotheses of the experiment. The 
models included the fixed effects of treatment (NT vs. 
CT), day of measurement, and the interaction between 
treatment and day, and the random effects of block 
and cow nested within treatment. Values measured 
before treatment administration (d −21) were used as 
covariates in the statistical models of data analyzed 
prepartum. Also, the exact day relative to calving when 
blood was sampled prepartum was used as covariate to 
adjust for the deviation in sampling day prepartum. 
Body weight at enrollment and calf category (singleton 
male, singleton female, or twin) also were covariates in 
all statistical models. The Kenward-Roger method was 
used to calculate the approximate denominator degrees 
of freedom for the F tests. Also, in all statistical models 
with repeated measures, the REPEATED statement 
was used for dependent variables measured over time. 
Cow was nested within treatment and was the error 
term for testing the effects of treatment. The covariance 
structure with the lowest Akaike information criterion 
was selected for each variable, and spatial power was the 
covariance structure of choice when intervals between 
times of sampling were not spaced evenly. When an 
interaction between treatment and day of measurement 
resulted in P < 0.10, then treatment means at different 
days were partitioned using the SLICE command of 
SAS (SAS/STAT, SAS Institute Inc.).

Binary data were analyzed by logistic regression 
with the GLIMMIX procedure of SAS (SAS/STAT, 
SAS Institute Inc.). The statistical models included 
the fixed effects of treatment, BW at enrollment, and 
calf category, and the random effect of block. For 
binary data with repeated measures within cow such 
as daily prevalence of subclinical hypocalcemia, fatty 
liver, and hyperketonemia, then the statistical mod-
els also included the fixed effects of day, interaction 
between treatment and day, and the random effect of 
cow nested within treatment. Statistical significance 
was considered at P ≤ 0.05 and tendency at 0.05 < P 
≤ 0.10.

RESULTS

One hundred thirteen parous Holsteins cows were 
enrolled in the experiment and all of them contributed 
data for incidence of diseases; however, 14 were removed 
for reasons detailed in Bollatti et al. (2020) and they did 
not contribute with data for analyses of blood or liver 
composition. Therefore, 55 NT and 58 CT were used 
for disease incidence, whereas 50 NT and 49 CT cows 
contributed data for blood and liver composition. De-
scriptive statistics of measures collected at the time of 
enrollment and at parturition for the 113 cows enrolled 
in the experiment are presented in Supplemental Table 
S1 (https: / / doi .org/ 10 .3168/ jds .2019 -17294). Data for 
the 99 cows that contributed with blood and liver data 
are presented in Bollatti et al. (2020). In the prepartum 
period, treatments were supplemented (mean ± SD) for 
the last 18.8 ± 5.7 and 18.9 ± 5.4 d of gestation in NT 
and CT cows, respectively.

Details of lactation and reproductive performance 
are reported in Bollatti et al. (2020). Briefly, supple-
menting diets with RPC during the transition period 
did not affect DMI, BCS, BW, or net energy balance 
prepartum. During the first 21 d postpartum, feeding 
CT increased percentage of milk fat by 0.20 percent-
age units and yields of fat and ECM by 0.16 and 3.1 
kg/d, respectively, compared with NT. Postpartum 
DMI did not differ between treatments, but cows fed 
CT tended to be in a lesser net energy balance than 
cows fed NT. Treatment did not affect reproduction 
in dairy cows. Cows fed CT consumed 11.6 kg of DM 
per day prepartum, which provided 94 g/d of Cl ions 
and a resulting DCAD of −104 mEq/kg (Bollatti et al., 
2020). Supplemental choline as choline chloride resulted 
in an additional intake of Cl ions of 4.36 g/d (total 
of 98.36 g/d), which reduced the DCAD of the diet 
consumed by CT cows to −112 mEq/kg. Such a small 
difference is unlikely to affect acid-base balance and 
mineral metabolism in periparturient cows.
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Prepartum Plasma Concentrations of Metabolites 
and Inflammatory Markers

Supplementation with RPC during the last 3 wk of 
gestation did not affect the plasma concentrations of 
fatty acids, BHB, glucose, triacylglycerols (Figure 1), 
and urea N (Table 1). Likewise, treatment did not affect 
the concentrations of acute-phase proteins, fibrinogen, 
and haptoglobin (Figure 2; Table 1).

Postpartum Plasma Concentrations of Metabolites 
and Inflammatory Markers

Supplementing RPC did not affect postpartum con-
centrations of glucose or fatty acids (Table 2). Concen-
tration of glucose (Figure 1A) sharply increased (day, 
P < 0.001) on the day of calving to 6.3 mM and then 
declined to 2.9 mM by 7 d postpartum after which it 
remained somewhat constant until 21 d postpartum. 

Likewise, plasma concentration of fatty acids increased 
as cows approached parturition (Figure 1B) and then 
decreased (day, P = 0.001) postpartum. Cows fed CT 
tended (P = 0.09) to have greater concentrations of 
BHB in the first 21 d postpartum than those fed NT 
(Figure 1C). In addition, CT cows tended (P = 0.09) 
to have greater concentration of plasma triacylglycerol 
than cows fed NT during the first 21 d postpartum 
(Figure 1D). Supplementation with RPC did not affect 
concentrations of plasma urea N.

Treatment did not affect concentrations of fibrino-
gen, haptoglobin, and TNFα and they all increased 
in the postpartum period (Figure 2). Likewise, rectal 
temperature was not affected by supplementation with 
RPC (Figure 2D), and treatment did not affect the 
incidence of fever in the first 12 d postpartum (Table 
3) or the daily prevalence of fever (NT = 28.6 vs. CT 
= 29.8%; P = 0.87; and treatment × day interaction, 
P = 0.97).

Bollatti et al.: RUMEN-PROTECTED CHOLINE IN TRANSITION DAIRY COWS

Figure 1. Concentrations of glucose (A), fatty acids (B), BHB (C), and triacylglycerol (D) in plasma of Holstein cows supplemented from 
21 d pre- to 21 d postpartum with either 0 (∆, NT) or 12.9 g/d of choline ion (♦, CT) as rumen-protected choline. Panel A, prepartum: effects 
of treatment (P = 0.76) and interaction between treatment and day (P = 0.56); postpartum: effects of treatment (P = 0.56) and interaction 
between treatment and day (P = 0.97). Panel B, prepartum: effects of treatment (P = 0.54) and interaction between treatment and day (P = 
0.21); postpartum: effects of treatment (P = 0.37) and interaction between treatment and day (P = 0.15). Panel C, prepartum: effects of treat-
ment (P = 0.17) and interaction between treatment and day (P = 0.14); postpartum: effects of treatment (P = 0.09) and interaction between 
treatment and day (P = 0.77). Panel D, prepartum: effects of treatment (P = 0.99) and interaction between treatment and day (P = 0.73); 
postpartum: effects of treatment (P = 0.09) and interaction between treatment and day (P = 0.65). Error bars represent SEM.
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Postpartum Plasma Concentrations of Liposoluble 
Vitamins and Total Calcium

Treatment did not affect the concentrations of 
α-tocopherol, retinol, or calcidiol in plasma in the first 

7 d postpartum; however, cows fed CT had less (P = 
0.02) plasma concentration of β-carotene than cows fed 
NT (Figure 3; Table 4). Treatment did not affect the 
mean concentrations of tCa in plasma in the first 3 
d postpartum (Figure 4A). Nevertheless, cows fed CT 
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Figure 2. Concentrations of fibrinogen (A), tumor necrosis factor-α (TNFα; B), haptoglobin (C; expressed as optical density, OD) in plasma, 
and rectal temperature (D) of Holstein cows supplemented from 21 d pre- to 21 d postpartum with either 0 (∆, NT) or 12.9 g/d of choline ion 
(♦, CT) as rumen-protected choline. Panel A, prepartum: effects of treatment (P = 0.90) and interaction between treatment and day (P = 0.16); 
postpartum: effects of treatment (P = 0.80) and interaction between treatment and day (P = 0.49). Panel B: effects of treatment (P = 0.56) 
and interaction between treatment and day (P = 0.30). Panel C, prepartum: effects of treatment (P = 0.23) and interaction between treatment 
and day (P = 0.20); postpartum: effects of treatment (P = 0.25) and interaction between treatment and day (P = 0.19). Panel D: effects of 
treatment (P = 0.72) and interaction between treatment and day (P = 0.43). Error bars represent SEM.

Table 1. Prepartum concentrations of metabolites and inflammatory markers in plasma of cows supplemented with either 0 (NT) or 12.9 g/d 
of choline ion (CT) as rumen-protected choline during the transition period

Item1

Treatment

SEM

P-value2

NT CT TRT Day TRT × day

Glucose, mM 3.73 3.70 0.06 0.76 0.56 0.56
Fatty acids, mM 0.240 0.255 0.027 0.54 0.01 0.21
BHB,3 mM 0.352 0.326 0.020 0.17 0.01 0.14
Triacylglycerol, mg/dL 18.30 18.32 1.10 0.99 0.58 0.73
Urea N, mg/dL 9.19 9.33 0.30 0.71 0.48 0.65
Fibrinogen,3 mg/dL 141.5 143.7 19.7 0.90 0.17 0.16
Haptoglobin,3 OD4 × 100 4.17 3.73 0.39 0.23 0.02 0.20
1Analyzed in samples collected on d −14 and −7 relative to parturition.
2TRT = effect of treatment (NT vs. CT); day = effect of day prepartum; TRT × day = interaction between TRT and day.
3The BHB was transformed to the reciprocal (1/y), and fibrinogen and haptoglobin to the logarithm for statistical analyses, and the LSM and 
respective SEM were back transformed according to Jørgensen and Pedersen (1998) for data presentation.
4OD = optical density.
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tended (P = 0.07) to have less incidence of subclinical 
hypocalcemia (Table 3), mostly because of an interac-
tion (P = 0.09) between treatment and day postpar-
tum. The prevalence of subclinical hypocalcemia was 
less (P = 0.04) in CT than NT on day of calving (NT 
= 40.3 vs. CT = 12.4%) and tended (P = 0.06) to be 
less for CT than NT on d 2 postpartum (3.4 vs. 0.6%; 
Figure 4B).

Postpartum Hepatic Concentrations  
of Triacylglycerol

The concentration of hepatic triacylglycerol was the 
greatest on d 14 postpartum (12.1 ± 1.0% of tissue 
DM; day, P < 0.001) compared with d 7 and 21 post-
partum. Cows fed CT had a greater (P < 0.05) con-
centration of hepatic triacylglycerol than those fed NT 
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Table 2. Postpartum concentrations of metabolites and inflammatory markers in plasma, and rectal temperature of cows supplemented with 
either 0 (NT) or 12.9 g/d of choline ion (CT) as rumen-protected choline during the transition period

Item

Treatment

SEM

P-value1

NT CT TRT Day TRT × day

Glucose,2 mM 3.73 3.80 0.15 0.56 0.001 0.97
Fatty acids,2 mM 0.511 0.540 0.036 0.37 0.001 0.15
BHB,2,3 mM 0.477 0.526 0.030 0.09 0.001 0.77
Triacylglycerol,4 mg/dL 10.40 11.09 0.59 0.09 0.001 0.65
Urea N,2 mg/dL 7.41 7.57 0.33 0.59 0.001 0.92
Fibrinogen,2,3 mg/dL 216.5 211.6 20.4 0.80 <0.01 0.49
Haptoglobin,2,3 OD5 × 100 4.16 3.78 0.36 0.25 0.001 0.19
TNFα,3,6 pg/mL 9.53 8.69 1.83 0.56 0.16 0.30
Rectal temperature,7 °C 39.39 39.37 0.06 0.72 0.61 0.43
1TRT = effect of treatment (NT vs. CT); day = effect of day postpartum; TRT × day = interaction between TRT and day.
2Analyzed in samples collected on d 0, 7, 14, and 21 postpartum.
3The BHB was transformed to the reciprocal (1/y), and fibrinogen, haptoglobin, and tumor necrosis factor α (TNFα) to the logarithm for sta-
tistical analyses, and the LSM and respective SEM were back transformed according to Jørgensen and Pedersen (1998) for data presentation.
4Analyzed in samples collected on d 0, 3, 7, 14, and 21 postpartum.
5OD = optical density.
6Analyzed in samples collected on d 3, 7, and 14 postpartum.
7Rectal temperature measured on d 4, 7, 10, and 12 postpartum.

Table 3. Effect of supplementing diets of transition cows with rumen-protected choline on risk of diseases in 
Holstein cows in the first 21 d postpartum

Item

Treatment1

P-valueNT CT

Twins 5.5 (3/55) 12.1 (7/58) 0.44
Clinical disease    
 Milk fever 1.8 (1/55) 3.4 (2/58) 0.77
 Retained fetal membranes 12.7 (7/55) 17.2 (10/58) 0.93
 Metritis 10.9 (6/55) 17.2 (10/58) 0.62
 Puerperal metritis 7.4 (4/54) 7.3 (4/55) 0.48
 Displaced abomasum 3.6 (2/55) 1.7 (1/58) 0.39
 Mastitis 5.5 (3/55) 5.2 (3/58) 0.97
 Respiratory 1.8 (1/55) 1.7 (1/58) 0.99
 Morbidity 25.5 (14/55) 34.5 (20/58) 0.55
 Multiple diseases 9.1 (5/55) 10.3 (6/58) 0.86
Hyperketonuria 18.2 (10/55) 22.4 (13/58) 0.49
Fever 52.7 (29/55) 63.8 (37/58) 0.52
Endometritis 32.7 (16/49) 28.0 (14/50) 0.55
Subclinical disease    
 Hypocalcemia2 46.9 (23/49) 26.0 (13/50) 0.07
 Hyperketonemia3 24.5 (12/49) 30.0 (15/50) 0.17
1Supplementation from 21 d pre- to 21 d postpartum with either 0 (NT) or 12.9 g/d of choline ion (CT) as 
rumen-protected choline.
2Reinhardt et al. (2011). Based on at least 1 blood sample with total Ca <2.0 mM on d 0, 1, 2, or 3 postpartum.
3McArt et al. (2011). Based on at least 1 blood sample with blood sample with BHB >1.20 mM on d 0, 7, 14, 
and 21 postpartum.
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(Figure 5A), resulting in an increase of 2.5 percentage 
units of triacylglycerol expressed on tissue DM (Table 
5). Consequently, cows fed CT had greater (P = 0.04) 
prevalence of fatty liver in the first 21 d postpartum 
(Figure 5B), resulting in a tendency (P = 0.10) for a 
greater proportion of cows of cows diagnosed with fatty 
liver at least once in the first 21 d postpartum (Table 
5).

Postpartum Diseases

Treatment did not affect the incidence of postpartum 
diseases (Table 3). Furthermore, despite the tendency 
for greater concentration of BHB in CT than NT cows, 
the incidence of cows with hyperketonuria or hyper-
ketonemia did not differ between treatments (Table 
3); however, the daily prevalence of hyperketonemia 
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Figure 3. Concentrations of liposoluble vitamins: α-tocopherol (A), retinol (B), β-carotene (C), and calcidiol (D; 25-hydroxycholecalciferol) 
in plasma of Holstein cows supplemented from 21 d pre- to 21 d postpartum with either 0 (∆, NT) or 12.9 g/d of choline ion (♦, CT) as rumen-
protected choline. Panel A: effects of treatment (P = 0.25) and interaction between treatment and day (P = 0.91). Panel B: effects of treatment 
(P = 0.81) and interaction between treatment and day (P = 0.65). Panel C: effects of treatment (P = 0.02) and interaction between treatment 
and day (P = 0.11). Panel D: effects of treatment (P = 0.37) and interaction between treatment and day (P = 0.23). Error bars represent SEM.

Table 4. Postpartum concentrations of liposoluble vitamins and total Ca in plasma of cows supplemented with either 0 (NT) or 12.9 g/d of 
choline ion (CT) as rumen-protected choline (RPC) during the transition period

Item

Treatment

SEM

P-value1

NT CT TRT Day TRT × day

α-Tocopherol,2 µg/mL 4.10 3.90 0.16 0.25 0.001 0.91
Retinol,2 ng/mL 147.0 144.9 8.2 0.81 0.001 0.65
β-Carotene,2,3 µg/mL 1.06 0.92 0.08 0.02 0.001 0.11
Calcidiol,2 ng/mL 43.86 42.54 1.75 0.37 0.001 0.23
Total Ca,4 mM 2.45 2.41 0.06 0.45 0.001 0.77
1TRT = effect of treatment (NT vs. CT); day = effect of day postpartum; TRT × day = interaction between TRT and day.
2Analyzed in samples collected on d 0, 3, and 7 postpartum.
3β-Carotene was transformed to the logarithm for statistical analyses, and the LSM and respective SEM were back transformed according to 
Jørgensen and Pedersen (1998).
4Analyzed in samples collected on d 0, 1, 2, and 3 postpartum.
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tended (P = 0.08) to increase in CT compared with 
NT cows (7.4 vs. 15.1%) because of a tendency (P = 
0.10) for an interaction between treatment and day. On 
d 7 postpartum, cows fed CT had greater (P = 0.01) 
prevalence hyperketonemia than those fed NT (NT = 
6.1 vs. CT = 18.8%).

Morbidity in the first 21 d postpartum affected 30.1% 
of the cows, and 15.9% of the cows were diagnosed with 
more than 1 clinical disease. Treatment did not affect 
morbidity or incidence of multiple diseases for the first 
21 d postpartum (Table 3).

DISCUSSION

Most diseases that affect dairy cows are first diag-
nosed in the first weeks of lactation and, to a large 
extent, diseases occur because of inadequate nutrient 

intake and dysregulated immune response associated 
with increased inflammation. Choline is an essential 
nutrient and has been shown to attenuate triacylglyc-
erol infiltration into the liver (Zenobi et al., 2018b) 
and inflammatory responses (Zenobi et al., 2017). It 
was hypothesized that supplementing 12.9 g/d of cho-
line ion as RPC to cows during the transition period 
would improve metabolic status and reduce measures 
of inflammatory response postpartum. Nevertheless, 
supplementing RPC to transition dairy cows had 
no effects on concentrations of blood metabolites or 
markers of inflammatory responses postpartum. Fur-
thermore, supplementing RPC during the transition 
period did not affect the risk of diseases in early lacta-
tion, except for a reduction in subclinical hypocalce-
mia, but increased prevalence of hyperketonemia and 
fatty liver.
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Figure 4. Concentrations of total Ca (A) and prevalence of subclinical hypocalcemia (B; SCH = total Ca <2.0 mM; Reinhardt et al., 2011) 
in plasma of Holstein cows supplemented from 21 d pre- to 21 d postpartum with either 0 (gray, NT) or 12.9 g/d of choline ion (black, CT) as 
rumen-protected choline. Panel A: effects of treatment (P = 0.45) and interaction between treatment and day (P = 0.77). Panel B: effect of 
interaction between treatment and day (P = 0.09) for prevalence of SCH. At each day relative to parturition, differences between treatments 
were found: *P ≤ 0.05, and †0.05 < P ≤ 0.10. Error bars represent SEM.

Table 5. Effect of supplementing diets of transition cows with rumen-protected choline (RPC) on concentrations of hepatic triacylglycerol and 
risk of fatty liver in Holstein cows postpartum

Item

Treatment1

SEM

P-value2

NT CT TRT Day TRT × day

Hepatic triacylglycerol3       
 % of DM 10.00 12.52 0.99 0.01 0.001 0.87
 % of wet weight 3.38 4.37 0.38 0.01 0.001 0.95
 µg of triacylglycerol:µg of DNA 6.48 8.84 0.86 0.01 0.001 0.64
Fatty liver4       
 Prevalence 7.2 23.1 6.1 0.04 0.04 0.79
 Incidence 32.7 (16/49) 42.0 (21/50) — 0.10 — —
1Supplementation from 21 d pre- to 21 d postpartum with either 0 (NT) or 12.9 g/d of choline ion (CT) as RPC.
2TRT = effect of treatment (NT vs. CT); day = effect of day postpartum; TRT × day = interaction between TRT and day.
3Liver collected for biopsy on d 7, 14, and 21 postpartum.
4Gaal et al. (1983). Based on at least 1 liver sample with liver triacylglycerol >5% on a wet basis on d 7, 14, or 21 postpartum. The prevalence 
was evaluated weekly from 7 to 21 d postpartum.
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Lipotropic effects of choline in enhancing lipid export 
from the liver and preventing triacylglycerol accumu-
lation have been widely documented in the literature 
(Yao and Vance, 1988; Chandler and White, 2017), 
and in dairy cows, choline is thought to reduce the 
risk of fatty liver because supplementation with RPC 
reduces triacylglycerol accumulation in the hepatic 
tissue (Cooke et al., 2007; Zenobi et al., 2018b). Sur-
prisingly, contrary to our initial hypothesis, CT cows 
had greater content of triacylglycerol in the liver and 
tended to have greater plasma BHB concentrations in 
the first 21 d postpartum than NT cows. Consequently, 
CT cows had greater prevalence of fatty liver. In spite 
of the changes in hepatic triacylglycerol content, the 
concentrations of inflammatory markers in plasma 
postpartum were unaffected by treatment. In many 
species, the rate of very-low density lipoprotein export 
is strongly related to the rate of hepatic phosphatidyl-
choline synthesis (Cole et al., 2012), and dairy cows 
affected by fatty liver during the transition period dis-
play smaller concentrations of phosphatidylcholine and 
sphingomyelins in plasma than cows without fatty liver 
(Imhasly et al., 2014). Plasma concentrations of most 
choline-related phospholipids decreases at the end of 
gestation until calving and then progressively increases 
as the lactation progresses in dairy cows (Artegoitia et 
al., 2014; Imhasly et al., 2015). Zenobi et al. (2018b) 
demonstrated that increasing the amounts of choline 
ion from 0 to 25.8 g/d as RPC reduced the concen-
tration of liver triacylglycerol and plasma haptoglobin 
in a linear fashion in dry Holstein cows in negative 
nutrient balance. Perhaps the 12.9 g/d was insufficient 
to reduce hepatic triacylglycerol accumulation postpar-
tum in light of the increased yield of ECM with no 
corresponding increase in DMI (Bollatti et al., 2020). 

Arshad et al. (2020) identified 8 experiments in which 
cows were supplemented or not with RPC and postpar-
tum hepatic triacylglycerol concentration was reported. 
They showed no effect of supplementing RPC during 
the transition period on hepatic triacylglycerol (Arshad 
et al., 2020). Similar to the present experiment, supple-
menting RPC increased yield ECM. The conflicting re-
sults between the reduction in hepatic triacylglycerol in 
dry cows (Cooke et al., 2007; Zenobi et al., 2018b) and 
those of the present experiment or reported by Arshad 
et al. (2020) might be related to the effect of choline 
stimulating milk yield, which can affect nutrient bal-
ance. Triacylglycerol accumulation in hepatic tissue is 
associated with net energy balance (Bobe et al., 2004), 
and cows in CT had more negative energy balance in 
the first 21 d postpartum compared with cows fed NT. 
Therefore, it is possible that the lipotropic effects of 
choline might have been overshadowed by the improved 
efficiency of ECM yield per kilogram of DMI resulting 
in more negative net energy balance in the first 21 d 
postpartum. To understand the link between treat-
ment, hepatic triacylglycerol, and energy balance, an 
additional statistical analysis was performed for hepatic 
triacylglycerol including the mean net energy balance 
in the first 21 d postpartum in the model. Energy bal-
ance was negatively related to hepatic triacylglycerol 
content (β = −0.23; SE = 0.03) supporting the concept 
that cows in more negative energy balance had greater 
hepatic triacylglycerol; however, the effect of treatment 
remained significant, although the magnitude of differ-
ence between treatments was reduced by half. These 
results suggest that the differences in hepatic triacyl-
glycerol between treatments were in part explained by 
the differences in net energy balance, and the fact that 
cows fed CT had smaller net energy balance postpar-
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Figure 5. Concentrations of liver triacylglycerol (A) and prevalence of fatty liver (B; >5% triacylglycerol wet basis; Gaal et al., 1983) in 
Holstein cows supplemented from 21 d pre- to 21 d postpartum with either 0 (∆ or gray bars, NT) or 12.9 g/d of choline ion (♦ or black bars, 
CT) as rumen-protected choline. Panel A: effects of treatment (P = 0.01) and interaction between treatment and day (P = 0.95). Panel B: ef-
fects of treatment (P = 0.04) and interaction between treatment and day (P = 0.79). Error bars represent SEM.
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tum (Bollatti et al., 2020) might have negated a reduc-
tion in hepatic triacylglycerol by RPC. It is suggested 
that the increase in hepatic triacylglycerol in cows fed 
RPC is the result of improved lactation performance 
not followed by changes in DMI, which resulted in more 
negative energy balance. Experiments with lactating 
cows in which RPC increased production and reduced 
hepatic triacylglycerol also observed an increase in DMI 
(Santos and Lima, 2009; Zom et al., 2011).

Cows in CT tended to have a greater plasma concen-
tration of BHB in the first 21 d postpartum, although 
incidence of hyperketonemia and ketonuria did not dif-
fer between NT and CT cows. Because cows fed CT 
tended to be in more negative net energy balance in the 
first 21 d postpartum (Bollatti et al., 2020), it is expect-
ed that hepatic ketogenesis might be enhanced. Also, 
supplementing choline to dairy cows usually increases 
tissue content of carnitine (Coleman et al., 2019), and 
carnitine facilitates the transport of fatty acids into the 
mitochondria for β-oxidation and, consequently, might 
increase disposal of hepatic lipids through synthesis of 
ketones (Bremer, 1983). The increased concentrations 
of BHB were not accompanied by an increased preva-
lence of cows with concentrations above the threshold 
considered critical for postpartum health (McArt et al., 
2011), and cows fed CT were more productive than 
those fed NT; thus, it is suggested that the increased 
concentrations of BHB were a consequence of enhanced 
disposal of hepatic fatty acids. Beta-hydroxybutyric 
acid can be used as an energy source by multiple tissues 
or as precursor for synthesis of milk fat in the mam-
mary gland. Others have reported greater postpartum 
BHB concentrations accompanied with a positive car-
ryover effect on yields of ECM in early lactation dairy 
cows (Albornoz and Allen, 2018). Establishment of 
critical thresholds for plasma BHB were based on epi-
demiological studies (McArt et al., 2011), but designed 
experiments showed that induced hyperketonemia by 
continuous i.v. infusion of BHB to values of 1.74 mM 
did not result in negative effects on intake or milk yield 
in dairy cows (Zarrin et al., 2013).

Some researchers have suggested that abrupt changes 
in DMI around parturition can alter the gastrointestinal 
barrier in dairy cows (Kvidera et al., 2017), and supple-
menting choline may enhance integrity of enterocytes 
and absorption of nutrients by either repairing a dam-
aged protective barrier in the small intestine or improv-
ing synthesis of chylomicrons (Zenobi et al., 2018b). We 
found that RPC supplementation tended to increase 
plasma concentration of triacylglycerols in plasma in 
the first 21 d postpartum, and RPC decreased the in-
cidence of subclinical hypocalcemia by 3 d postpartum 
compared with NT. It is possible that these responses 
might be related to the effects of choline on intestinal 

integrity (Takahashi et al., 1982). At this point, it is 
interesting to note that this is the second experiment 
that has detected changes in incidence of subclinical 
hypocalcemia in dairy cows (Zenobi et al., 2018a).

Contrary to our initial hypothesis, supplementing 
choline to transition dairy cows did not influence con-
centrations of α-tocopherol, retinol, and calcidiol in 
plasma of dairy cows in the first week postpartum. In 
fact, β-carotene concentration was less in plasma of CT 
compared with that of NT cows. Choline supplemen-
tation as RPC has been reported to increase plasma 
concentration of α-tocopherol in some experiments 
with transition cows (Pinotti et al., 2003; Sun et al., 
2016). On the other hand, Coleman et al. (2019) dem-
onstrated that the infusion of choline chloride into the 
abomasum of mid-lactation Holsteins cows in negative 
nutrient balance did not affect the concentrations of 
α-tocopherol, retinol, and β-carotene in plasma. There-
fore, the effect of choline on the absorption and me-
tabolism of liposoluble vitamins does not seem to be a 
consistent response and warrants further investigation.

Collectively, the improvements in performance ob-
served by Bollatti et al. (2020) do not seem to have 
been mediated by a reduction in hepatic triacylglycerol, 
incidence of clinical diseases, or reduced signs of inflam-
mation based on the findings of the present manuscript. 
In the companion manuscript (Bollatti et al., 2020), the 
authors discussed a potential role of choline stimulat-
ing mammary cell proliferation; briefly, choline and its 
derivative molecules might play roles in mammary cells 
by stimulating cell proliferation (Ramírez de Molina et 
al., 2004). Therefore, it is possible that supplemental 
choline as RPC might benefit cows in late gestation and 
early lactation when concentrations of choline metabo-
lites are lowest and mammary cell accretion remains 
active.

CONCLUSIONS

Supplementing 12.9 g/d choline ion in a rumen-pro-
tected form as a top-dress to parous Holstein cows from 
21 d pre- to 21 d postpartum resulted in greater hepatic 
triacylglycerol content and plasma BHB concentration 
in the first 21 d postpartum, but concentrations of in-
flammatory markers and liposoluble vitamins in plasma 
were unaffected. Treatment did not affect incidence 
of clinical diseases; however, RPC increased the con-
centration of plasma triacylglycerol, but reduced the 
incidence of subclinical hypocalcemia. It is suggested 
that the increase in hepatic triacylglycerol in cows fed 
RPC is partly mediated by the improvements in lacta-
tion performance not followed by concurrent changes in 
DMI, which resulted in more negative energy balance. 
Based on the current findings, the improvements in lac-
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tation performance and feed efficiency observed in the 
companion manuscript with supplementing 12.9 g/d of 
choline ion cannot be explained by reduced fatty liver 
or improved peripartum health or inflammatory sta-
tus. Other mechanisms are suggested and they might 
be related to potential effects of choline on mammary 
epithelial cell proliferation or enhanced uptake of nu-
trients.
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