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  ABSTRACT 

  A conventional approach in dairy cow nutrition pro-
grams during late gestation is to feed moderate-energy 
diets. The effects of the maternal plane of nutrition on 
immune function and metabolism in newborn calves 
are largely unknown. Holstein cows (n = 20) were fed 
a controlled-energy (CON) diet (1.24 Mcal/kg) for the 
entire dry period (~50 d) or the CON diet during the 
first 29 d of the dry period followed by a moderate-
energy (OVE) diet (1.47 Mcal/kg) during the last 21 d 
prepartum. All calves were weighed at birth before first 
colostrum intake. Calves chosen for this study (n = 6 
per maternal diet) had blood samples harvested before 
colostrum feeding (d 0) and at 2 and 7 d of age. Blood 
samples were used to determine metabolites, acute-
phase proteins, oxidative stress markers, hormones, 
phagocytic capacity of polymorphonuclear leukocytes 
(PMN) and monocytes, and total RNA was isolated 
from PMN. Calves from OVE dams weighed, on aver-
age, 5 kg less at birth (44.0 vs. 48.6 kg) than calves 
from CON dams. Blood glucose concentration in OVE 
calves had a more pronounced increase between 0 and 
2 d than CON, at which point phagocytosis by PMN 
averaged 85% in OVE and 62% in CON. Compared 
with CON, calves from OVE had greater expression of 
TLR4, but lower expression of PPARA and PPARD
at birth. Expression of PPARG and RXRA decreased 
between 0 and 2 d in both groups. Concentrations of 
leptin, cholesterol, ceruloplasmin, reactive oxygen me-
tabolites, myeloperoxidase, retinol, tocopherol, IgG, and 
total protein, as well as expression of SOD2 and SELL 
increased markedly by 2 d in both groups; whereas, 
cortisol, albumin, acid-soluble protein, NEFA, insulin, 

as well as expression of IL6, TLR4, IL1R2, LTC4S, and 
ALOX5 decreased by 2 d. By 7 d of age, the concen-
tration of haptoglobin was greater than precolostrum 
and was lower for OVE than CON calves. Our data 
provide evidence for a carry-over effect of maternal 
energy overfeeding during the last 3 wk before calving 
on some measurements of metabolism in the calf at 
birth and the phagocytic capacity of blood neutrophils 
after colostrum feeding. It might be feasible to design 
nutrient supplements to fortify colostrum in a way that 
metabolic and immunologic capabilities of the calf are 
improved. 
  Key words:    fetal programming ,  transcriptomics ,  nu-
trition ,  dairy cow 

  INTRODUCTION 

  Hormones such as insulin play a key role during ges-
tation in dictating the partitioning of dietary nutrients 
between mother and fetus. As in humans, cows in late 
lactation redirect glucose, a major nutrient required for 
fetal growth, from peripheral tissues to the placenta 
(Newbern and Freemark, 2011), that is, they experience 
a pseudodiabetic state. Human and rat studies reported 
that influence of the pituitary on fetal growth might 
be overridden by hormones, such as growth hormone, 
lactogen, and leptin (Farley et al., 2010; Newbern and 
Freemark, 2011). As such, endocrine peripheral changes 
directly or indirectly affected by placenta can, in turn, 
determine the fate of nutrients and ensuing metabolic 
changes (Newbern and Freemark, 2011). 

  Transition cow nutrition has been the subject of ex-
tensive research and several recent experiments have 
examined how the prepartal level of energy intake can 
affect early lactation performance of cows (Rabelo et 
al., 2003; Hayirli et al., 2011; Janovick et al., 2011). 
Interestingly, overfeeding energy to cows as late as d 
21 before parturition triggered a robust upregulation 
of lipogenic gene expression in adipose tissue without 
dampening signaling through the pathway (Ji et al., 
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2012), suggesting that insulin sensitivity may not be 
impaired by the hyperinsulinemic response to overfeed-
ing energy (Janovick et al., 2011; Ji et al., 2012). If 
that scenario holds true, it could mean that glucose and 
other nutrients (e.g., acetate, essential FA, AA) may be 
partly channeled to the cow’s adipose depots.

Maternal overfeeding in sheep has been associated 
with type 2 diabetes, hypertension, and fetal growth 
retardation in the offspring (Wallace et al., 1999; Wang 
et al., 2010). To our knowledge, prepartal maternal 
nutrition effects on early life performance of newborn 
calves have been evaluated primarily through observa-
tional data, such as morbidity and mortality (Quigley 
and Drewry, 1998). Recently Gao et al. (2012) observed 
that calves born to cows underfed energy had low birth 
BW as well as decreased immune and antioxidant func-
tion.

Understanding how markers of stress and inflamma-
tion change during the neonatal period and are affected 
by prenatal nutrition can help researchers develop strat-
egies to ameliorate the initial stress of birth (Bertoni 
et al., 2009). Transcriptomics have been used in recent 
years to gain a better understanding of the molecular 
mechanisms controlling basic functions of immune cells 
during stressful periods (Weber et al., 2006; Moyes et 
al., 2010). Though the nutritional physiology of the 
neonatal calf has been well-studied (Blum, 2006), the 
extent to which prenatal energy nutrition of the dam 
affects the profiles of stress and inflammatory markers, 
metabolites, and polymorphonuclear leukocyte (PMN) 
function and gene expression in neonatal calves are yet 
to be defined.

Our hypothesis was that the level of energy intake 
of cows during late gestation could affect neonatal 
immune and metabolic markers. The objective of this 
study was to conduct an initial evaluation of feeding a 
moderate-energy diet during the last 21 d prepartum 
on metabolite, hormonal, and gene expression profiles 
of blood PMN and link that information with PMN 
function during the neonatal period.

MATERIALS AND METHODS

The Institutional Animal Care and Use Committee 
(IACUC) of the University of Illinois approved all pro-
cedures for this study (protocol #09214). The experi-
ment was conducted as a randomized complete block 
design with 20 multiparous Holstein cows assigned 
randomly (n = 10/diet) to either a controlled energy 
diet (CON; high-straw) with 1.24 Mcal of NEL/ kg of 
DM or a 2-step moderate-energy close-up diet (OVE) 
with 1.47 Mcal of NEL/kg of DM. A subset of calves 
from those cows (n = 6/group) was recruited at calving 
if they fulfilled the enrollment criteria explained below 

(Table 1). Ingredient composition of the prepartal diets, 
as well as animal husbandry and feeding management, 
were reported by Ji et al. (2012). Cows in both groups 
were fed the CON diet during the far-off period (−50 to 
−21 d relative to calving). During the close-up period 
(−21 d to parturition) cows were assigned to either 
CON or OVE dietary treatments.

Heifer Calf Enrollment Criteria

Variability of cow or calf pairs was minimized by 
applying the following inclusion criteria: (1) calving 
difficulty score <3, (2) single calf, (3) colostrum quality 
assessed by hydrometer of >60 mg/L of IgG (estimated 
based on specific gravity), (4) colostrum intake from 
the same dam at 3.8 L, and (5) calf birth weight >36 
kg (Johnson et al., 2007). On d 2 and 7 calves were bled 
~3 h after feeding.

Animal Management

Cows were housed in a ventilated enclosed barn dur-
ing the dry period (the photoperiod was 8 h of light to 
16 h of dark) and had access to sand-bedded freestalls 
until 5 d before expected calving date, when they were 
moved to an individual maternity pen bedded with 
straw. After parturition, cows were moved within 2 h 
to an individual chute and then milked with a porta-
milker vacuum pump (Nasco, Fort Atkinson, WI; Cat. 
no. Z15664N). Colostrum volume was recorded and IgG 
content was estimated based on specific gravity with a 
bovine colostrometer (Nasco; Cat. no. C10978N).

Calves were processed within 2 h after calving; calf 
handling included weighing, navel disinfection with 
a 7% tincture of iodine solution (First Priority Inc., 
Elgin, IL), and vaccination with TSV II (Pfizer Inc., 
New York, NY) via nostril application. Subsequently, 
calves were moved to individual pens bedded with 
straw, bled, and fed 3.8 L of first milking colostrum 

Table 1. Summary of excluded calves born to cows fed a controlled-
energy diet (CON; 1.24 Mcal/kg of DM) during the dry period or 
a controlled-energy diet followed by a moderate-energy (OVE; 1.47 
Mcal/kg) diet during the last 21 d prepartum 

Item

Treatment

CON OVE

Cows (n) 10 10
 Twins 1 2
 Dystocia 0 1
 Low colostrum yield <3.8 L 3 0
 Low colostrum quality1 1 0
 Suckling calf2 0 1
1Quality = <60 mg/L of IgG.
2Calf started suckling before taking precolostrum blood sample.
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from the respective dam. Calves were offered first milk 
colostrum again on the second feeding at 4 h after birth 
if colostrum intake had not reached the 3.8 L required. 
A milk replacer (Advance Excelerate, Milk Specialties, 
Carpentersville, IL; 28.5% CP, 15% fat) was provided 
at a rate of 680 g/d after colostrum consumption dur-
ing the first week of age. Calves had ad libitum access 
to starter grain (19.9% CP, 13.5% NDF) beginning at 
2 d of age. During the first week of age calves were 
housed in individual maternity pens bedded with straw.

Sample Collection

Blood samples were collected from the jugular vein 
using 20-gauge BD Vacutainer needles (Becton Dick-
inson, Franklin Lakes, NJ) before receiving colostrum 
(baseline), 2 d after receiving colostrum for the first 
time, and 7 d after birth. During the first sampling 
(baseline, precolostrum) 180 mL of total blood were 
collected by vacutainer (5 mL, BD Vacutainer, Becton 
Dickinson) containing serum clot activator, sodium 
heparin, or solution A of trisodium citrate, citric acid, 
and dextrose (ACD). After blood collection, tubes with 
ACD and sodium heparin were placed on ice and tubes 
with clot activator were kept at 21°C until centrifuga-
tion (~30 min). Serum and plasma were obtained by 
centrifugation of clot activator and sodium heparin 
tubes, respectively, at 1,900 × g for 15 min. Prior to 
centrifugation, a total of 300 μL of heparinized whole 
blood was used to determine the phagocytic capacity 
of leukocytes. Serum or plasma was used according to 
the manufacturer’s specifications for determination of 
blood metabolites, acute-phase proteins, hormones, 
and IgG. The RNA from PMN was harvested from 170 
mL of blood in ACD vacutainers (Moyes et al., 2010). 
Subsequent blood samples on 2 and 7 d were collected 
and processed as above.

Blood Metabolites and Hormones

Concentrations of IgG, BHBA, NEFA, total protein 
(TP), glucose, and albumin were analyzed using com-
mercial kits at the Veterinary Diagnostics Laboratory, 
College of Veterinary Medicine, University of Illinois. 
Concentration of insulin was analyzed using a commer-
cial kit from Mercodia (cat. no. 10-1201-01). Concen-
trations of cortisol, haptoglobin (HP), and acid-soluble 
protein were analyzed according to a previous protocol 
(Hulbert et al., 2011). Triacylglycerol, fibroblast growth 
factor 21 (FGF-21; bovine), and leptin (bovine) con-
centrations were determined using commercial kits 
from Wako (cat. no. 290-63701; Richmond, VA), Bio-
Vendor Inc. (cat. no. RD291108200R; Asheville, NC), 
and Cusabio (cat. no. CSB-E06771b; Wuhan, China), 

respectively. Alkaline phosphatase (ALP), cholesterol, 
ceruloplasmin, reactive oxygen metabolites (ROM), 
myeloperoxidase (MPO), retinol, and tocopherol were 
determined as previously described (Bionaz et al., 
2007). The activity of MPO was determined via colo-
rimetry (Bradley et al., 1982) based on the reaction of 
MPO contained in the plasma sample with hydrogen 
peroxide, which forms H2O and O−; the O− dianisidine 
dihydrochloride, an electron donor, reacts with the O−, 
releasing H2O and a colored compound.

Apparent Efficiency of Immunoglobulin Absorption

Colostrum IgG was measured using a kit from Zep-
tometrix (cat. no. 0801198; Franklin, MA). Apparent 
efficiency of absorption was estimated by measuring 
the IgG content in both first milking colostrum and 
calf serum at 48 h after colostrum ingestion. Apparent 
efficiency of absorption was calculated as plasma IgG 
(g/L) × plasma volume (L)/IgG intake (g) (Quigley et 
al., 2002).

Whole Blood Phagocytosis

Complete details are presented in Supplemental 
Materials. The phagocytic capacity of PMN isolated 
from heparinized whole blood was determined using the 
Phagotest kit (Orpegen Pharma, Heidelberg, Germany) 
following the manufacturer’s instructions. In brief, 20 
μL of bacteria Escherichia coli was added to 1 of 3 
whole blood samples (100 μL) in test tubes (Falcon, 
Becton Dickinson) and incubated for 10 min at 37°C. 
The cells were resuspended in 200 μL of DNA-staining 
solution, and light-protected in an ice bath until ana-
lyzed by flow cytometry (LSR II, Becton Dickinson, 
San Jose, CA).

PMN Isolation

Neutrophils were isolated based on procedures de-
scribed by (Moyes et al., 2010) with modifications. 
Briefly, blood collected in ACD Vacutainer tubes was 
mixed well by inversion and placed on ice until isolation. 
Samples were centrifuged at 600 × g for 30 min at 4°C. 
The plasma, buffy coat, and approximately one-third 
of the red blood cells were removed and discarded. The 
remaining sample was poured into a 50-mL conical tube 
(Fisher Scientific, Pittsburgh, PA). Twenty-five milli-
liters of deionized water at 4°C was added to lyse red 
blood cells, followed by addition of 5 mL of 5 × PBS 
at 4°C to restore an iso-osmotic environment. Samples 
were centrifuged at 200 × g for 10 min at 4°C and the 
supernatants were decanted. The pellet was washed 
with 10 mL of 1 × PBS and centrifuged for 5 min (200 
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× g at 4°C) and the supernatants were decanted. Eight 
milliliters of deionized water at 4°C was added, followed 
by addition of 2 mL of 5 × PBS at 4°C. Samples were 
centrifuged at 500 × g for 5 min at 4°C and the super-
natants were decanted. Two subsequent washings using 
10 mL of 1 × PBS at 4°C were performed with samples 
centrifuged at 500 × g for 5 min at 4°C and supernatants 
decanted. Neutrophils were immediately homogenized 
in 2 mL of Trizol Reagent (Invitrogen, Carlsbad, CA) 
with 1 μL of liner acrylamide (Ambion Inc., Austin, 
TX) using a Polytron power homogenizer at maximum 
speed. The suspension was transferred equally into 2 
RNA-free microcentrifuge tubes (2 mL; Fisher Scien-
tific) and stored at −80°C until further analysis.

RNA Isolation, Primer Design  
and Evaluation, and Quantitative PCR

Complete details are presented in Supplemental Ma-
terials. Primers were selected and evaluated based on 
key biological functions: inflammatory and oxidative 
stress response, inflammatory regulators, receptors, 
and transcription regulators (Supplemental Table 2, 
available online at http://www.journalofdairyscience.
org/). All sequences were confirmed using the National 
Center for Biotechnology Information and the Univer-
sity of California, Santa Cruz’s cow Genome Browser 
Gateway and are shown in Supplemental Table 3 (avail-
able online at http://www.journalofdairyscience.org/). 
For this study we used GAPDH, ribosomal protein S9 
(RPS9), and ubiquitously-expressed transcript (UXT) 
as internal control genes, which were verified as suit-
able in previous publications from our research group 
(Piantoni et al., 2008; Kadegowda et al., 2009).

Statistical Analysis

Data were analyzed with the Proc MIXED procedure 
of SAS 9.2 (SAS Institute Inc., Cary, NC). Fixed ef-
fects in the model were diet, time, and diet × time. 
Random effect was calf within diet. The exponential 
correlation covariance structure SP for repeated mea-
sures was used for analysis of immunometabolites and 
gene expression. Blood metabolites and gene expression 
results were log-scale transformed if needed to comply 
with normal distribution of residuals, and subsequently 
back-transformed. Least squares means separation 
among sampling days were 0 and 2 d and 0 and 7 d and 
were performed using the P-diff statement. Significance 
was declared at P ≤ 0.10.

RESULTS
Birth Weight and Apparent Efficiency of Absorption

Calf birth weight was affected by maternal diet (P 
= 0.05), where CON (48.6 kg) calves weighed ap-

proximately 5 kg more than OVE (44.0 kg) calves. This 
effect, however, was not statistically significant (P = 
0.18) when all calves monitored for inclusion in the 
study were analyzed together. Calves in CON averaged 
47.9 kg, compared with 45.7 kg for OVE calves. In 
contrast with calf birth weight, colostrum IgG was not 
affected (P = 0.78) by maternal diet and averaged 81.3 
± 9.2 mg of IgG/mL. Similarly, apparent efficiency of 
absorption was not affected (P = 0.93) by maternal 
diet, averaging 35.3 ± 10.9%. Similar to colostrum IgG, 
the length of gestation was not affected (P = 0.58) by 
maternal diet. Average gestation time was 271.5 ± 1.4 
d for cows fed CON and 270.3 ± 1.4 d for cows fed 
OVE.

Hormones and Growth Factors

Main effects and interactions for hormones were not 
different (P > 0.10) except for a time effect (P = 0.04) 
observed for leptin (Figure 1A) with lower precolos-
trum concentration compared with 2 and 7 d regardless 
of diet. In contrast to the response in leptin, no diet, 
time, or diet × time interaction effect was observed for 
insulin and FGF-21.

Metabolites

Main effects of diet, time, and interactions for me-
tabolites are shown in Figure 2. Glucose concentration 
was greater (diet P = 0.01) overall in OVE calves 
namely due to the response on d 2 after colostrum 
consumption, at which point concentration was 35.8 
mg/dL greater than CON (Figure 2A). Total protein 
(Figure 2B; P = 0.001), IgG (Figure 2C; P = 0.006), 
and cholesterol (Figure 2D; P < 0.001) were greater on 
d 2 and 7 than d 0 in both groups. In contrast, NEFA 
(Figure 2E; P < 0.001) and the NEFA to insulin ratio 
(Figure 2F; P = 0.05) were lower on d 2 and 7 than d 
0 regardless of dietary treatment. The concentrations 
of BHBA (Figure 2G) and triacylglycerol (Figure 2H) 
were not affected by the maternal diet.

Stress and Inflammation Markers

Main effects of diet and interactions for stress- and 
inflammation-related markers are shown in Figure 3. 
The lower (P = 0.07) overall concentration of HP in 
OVE than CON calves was due to a lower (P = 0.004) 
concentration in OVE at d 7 (Figure 3A). In contrast, 
ALP (Figure 3B) tended to be greater (P = 0.11) in 
OVE calves than CON. Both ALP (P = 0.001) and 
ceruloplasmin (Figure 2C; P < 0.001) increased from 
birth to d 7 in all calves. Unlike ALP and ceruloplas-
min, acid-soluble protein (Figure 3D; P < 0.001) and 
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cortisol (Figure 3E; P = 0.001) decreased from 0 to 
7 d regardless of treatment. Albumin decreased (P < 
0.01) from birth to 2 d; however, by 7 d it returned to 
concentrations observed at birth.

Oxidative Stress

Main effects of diet, time, and interactions for oxi-
dative stress-related markers are shown in Figure 4. 
Although concentrations of ROM (Figure 4A), MPO 
(Figure 4B), retinol (Figure 4C), and tocopherol (Fig-
ure 4D) were not affected by maternal diet, a consistent 
increase (P < 0.05) in concentration was observed for 
all these markers from 0 to 7 d.

Phagocytosis

Main effects of diet, time, and interactions for phago-
cytosis capacity of PMN and monocytes are shown in 
Figure 5. Phagocytosis by leukocytes and differential 
analysis of leukocytes are presented in Supplemental Fig-
ures 1 and 2 (available online at http://www.journalof 
dairyscience.org/). Phagocytosis by PMN (Figure 5A) 
was greater (P = 0.04) in OVE calves and increased 
over time (P < 0.001). That response was associated 
with differences (P = 0.11) observed on d 2, which were 
consistent with an increase (P = 0.03) on d 2 compared 
with d 0 in OVE calves, whereas no change (P = 0.56) 
was observed in CON calves. Phagocytosis by monocytes 
was not affected by diet, time, or diet × time.

Gene Expression

Inflammatory and Oxidative Stress Genes. 
Main effects of diet, time, and interactions for inflam-
matory and oxidative stress-related genes are shown in 
Figure 6. The time effect (P = 0.09) for the expression 
of SOD2 was associated with an increase (P = 0.03) in 
its expression from 0 to 2 d, with a return to initial val-
ues on d 7. Although the same pattern (P = 0.02) was 
observed in CON calves from 0 to 2 d, the expression 
in OVE calves remained unchanged, but that response 
did not reach statistical significance (P = 0.18). Con-
trary to SOD2, the expression of LTC4S decreased (P 
= 0.03) from 0 to 2 d and returned to initial levels on d 
7, resulting in an overall time effect (P = 0.09). Similar 
to SOD2 and LTC4S, mRNA expression of PLA2G4A, 
ALOX5, and ALOX5AP had a time effect (P < 0.01); 
however, that effect resulted from a consistent decrease 
(P < 0.03) in expression from 0 to 7 d regardless of 
treatment. The expression of LTA4H and AKT1 was 
not affected by diet, time, or their interaction.

Inflammatory Regulators. Main effects of diet, 
time, and interactions for inflammatory regulator genes 

Figure 1. Blood hormones and cytokines in calves born to dams 
fed a conventional diet (CON = 1.24 Mcal/kg of DM) during the entire 
dry period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of 
DM) during the last 21 d prepartum. Data are from samples at birth 
(precolostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values 
for the main effect of diet (D) and time (T) and D × T are shown. 
Mean separation between time points was evaluated via contrasts: d 
0 versus 2 or d 0 versus 7. Significant differences between times (P < 
0.10) are denoted by an asterisk. FGF-21 = fibroblast growth factor 
21.
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are shown in Figure 7. A time effect (P = 0.04), similar 
to LTC4S, was observed for mRNA expression of IL6 
(Figure 7) due to a marked decrease (P = 0.01) from 
0 to 2 d. Expression of TNF increased modestly over 
time (P = 0.13). The expression of IL10, NFKB1, and 

STAT3 was not affected by diet, time, or their interac-
tion.

Immune Receptors and Adhesion Molecules. 
Main effects of diet, time, and interactions for immune 
receptors and adhesion molecule-related genes are 

Figure 2. Blood metabolites in calves born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) during the entire dry period or 
overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from samples at birth (precolostrum; d 
0), d 2 (postcolostrum), and d 7 of age. The P-values for main effect of diet (D) and time (T) and D × T are shown. Mean separation between 
time points was evaluated via contrasts: d 0 versus 2 or d 0 versus 7. Significant differences between times (P < 0.10) are denoted by an asterisk. 
TAG = triacylglycerol.
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shown in Figure 8. Expression of TLR4 was greater (P 
= 0.08) in OVE compared with CON and decreased (P 
< 0.01) regardless of maternal diet on d 2, after which 
it remained unchanged. Similar to the pattern observed 
with TLR4, ALOX5, ALOX5AP, and PLA2G4A, the 
expression of IL1R2 decreased (P = 0.005) over time 
regardless of treatment. In contrast, the expression of 
SELL had a time effect (P < 0.04) due to an increase 
over time regardless of treatment. The expression of 
HLA-DRA and TLR2 was not affected by diet, time, or 
their interaction.

Nuclear Receptors. Main effects of diet, time, and 
interactions for long-chain FA-responsive nuclear recep-

tors are shown in Figure 9. A lower (P ≤ 0.10) mRNA 
expression of PPARA and PPARD was observed in OVE 
calves. An overall decrease (P < 0.02) in the expression 
of PPARA, PPARG, and RXRA over the first week of 
age was observed regardless of treatment. In the case 
of PPARA, the decrease in expression occurred mainly 
in CON calves on d 2 compared with d 0 (P = 0.004) 
and remained low at d 7 (P = 0.002), whereas OVE 
remained unchanged (P ≥ 0.11). The overall expres-
sion of PPARG followed a similar pattern to PPARA, 
IL1R2, TLR4, and ALOX5, with lower expression on 
d 2 (P < 0.001) relative to 0 d and persisted to be 
lower on d 7 (P < 0.001). However, only the decrease 

Figure 3. Blood markers immune, stress, and liver function in calves born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) 
during the entire dry period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from 
samples at birth (precolostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values for main effect of diet (D) and time (T) and D × T are 
shown. Mean separations between D at the same T (P < 0.10) are denoted with lowercase a or b. Mean separation between time points was 
evaluated via contrasts: d 0 versus 2 or d 0 versus 7. Significant differences between times (P < 0.10) are denoted by an asterisk, and a tendency 
(P = 0.12) is denoted by a double asterisk. ALP = alkaline phosphatase; OD = optical density.
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in PPARG expression was common to CON and OVE 
calves. The expression of RXRA did not change from 
0 to 2 d (P = 0.22), but decreased on d 7 (P = 0.005).

DISCUSSION

Metabolic Markers

Although an effect of handling before blood sampling 
on biomarkers cannot be discounted, the similar meta-
bolic profiles at precolostrum in OVE and CON calves 
suggest a similar degree of flow of nutrients from the 
mother to the calf through the umbilical cord. Even 
though precolostrum insulin was not significantly (P = 
0.35) affected by the maternal diet in OVE compared 
with CON (0.42 ± 0.34 μg/L and 1.20 ± 0.38 μg/L, re-
spectively), substantial evidence exists in the literature 
that greater maternal level of intake during pregnancy 
might lead to greater insulin levels in the neonate and 
predispose them to insulin insensitivity (Aerts and van 
Assche, 1977; Heerwagen et al., 2010).

Postcolostrum metabolic changes on d 2 were likely 
induced by colostrum intake, either through compo-
nents in the colostrum or the response of the calf to 
those components (e.g., insulin, cortisol, prolactin, 

IGF-1, and progesterone) are present in colostrum at 
a wide range of concentrations (Blum and Hammon, 
2000). More recent studies also provide evidence of the 
presence of acute-phase proteins (e.g., HP and serum 
amyloid A) in colostrum (Reinhardt and Lippolis, 2008). 
The postcolostrum hormonal and metabolic changes 
observed on d 2 and 7 might have been driven primarily 
by the consumption of the low-fat or high-carbohydrate 
milk replacer. Such responses could partly explain the 
substantial increase in glucose concentration on d 2 and 
7 in comparison to precolostrum levels, which repre-
sented a 172 and 117% increment, respectively.

Adipokines and Hepatokines in Blood

Regardless of maternal diet, the concentration of 
leptin before colostrum was approximately 1.9 ng/
mL and was lower than the 5.0 ng/mL previously 
observed at birth and before the first meal in dairy 
calves (Blum et al., 2005). Although the maternal diet 
did not affect FGF-21 at birth, it was within a range 
(1,775 pg/mL) of what has been observed in other 
studies with mice (Hondares et al., 2010; Yu et al., 
2012; i.e., approximately 1,500 pg/mL on d 2 after 
birth; Figure 1C).

Figure 4. Blood markers related to oxidative stress in calves born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) during 
the entire dry period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from samples 
at birth (precolostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values for main effect of diet (D) and time (T) and D × T are shown. 
Mean separation between time points was evaluated via contrasts: d 0 versus 2 or d 0 verus 7. Significant differences between times (P < 0.10) 
are denoted by an asterisk. ROM = reactive oxygen metabolites.
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Inflammation Markers and Phagocytosis

The greater concentration of HP in CON compared 
with OVE calves on d 7 of life was unlikely to be related 
with colostrum intake. This response is comparable to 
previous work (Orro et al., 2008) where the highest 
concentration of plasma HP in dairy calves was ob-
served on d 10 of life. However, it disagrees with data 
from Bertoni et al. (2009), who observed a peak of HP 
on d 2 of age, which would agree with the pattern of 
expression we observed in PMN for IL10. Similar to 
the liver, the mammary gland produces HP (Hiss et al., 
2004) and is a protein found in colostrum (Reinhardt 
and Lippolis, 2008). Although the ability of colostral 
HP ingestion to induce hepatic HP synthesis in dairy 
calves is unknown, this has been observed previously in 
neonatal swine (Hiss-Pesch et al., 2011). No difference 
in maternal prepartal serum HP was observed (data 
not shown), thus, it is unlikely that colostrum HP con-
centration differed.

Alkaline phosphatase, specifically from neutrophils, 
increases during inflammatory responses induced by 
E. coli mastitis (Heyneman and Burvenich, 1992). In-
terleukin-8, an important chemoattractant, can induce 
the release of ALP from secondary granules and conse-
quently promote the production of ROM by PMN dur-
ing chemotaxis (Seguchi and Kobayashi, 2002; Paape et 
al., 2003). The greater (P = 0.11) concentration of ALP 
in OVE suggest a greater PMN activity and chemotac-
tic environment in these calves, which was consistent 
with greater phagocytosis. It remains to be determined 
if the PMN response in OVE calves was related with 
greater glucose use as has been shown in nonruminants 
(Healy et al., 2002; Paape et al., 2003; Calder et al., 
2007).

PMN Gene Expression

Inflammatory and Oxidative Stress Enzymes. 
The increase in SOD2 expression on d 2 regardless of 
treatment could have been linked with an increase in 
oxidative stress status, which would partly explain the 
similar response in percentage phagocytosis observed. 
It is possible that additional components in colostrum 
besides carbohydrates might have triggered these differ-
ential adaptations in mRNA expression. For instance, it 
is known that SOD2 can be induced by various stimuli, 
such as tumor necrosis factor-α, IFNγ, IL-1, and IL-6 
(Valdivia et al., 2009), and colostrum contains variable 
amounts of immune-related proteins (Reinhardt and 
Lippolis, 2008). The concentration of tumor necrosis 
factor-α was greatest in first-milking colostrum than 
subsequent milkings (Blum and Hammon, 2000).

Besides cytokines and chemokines, lipid mediators 
such as leukotrienes trigger an inflammatory response 

Figure 5. Phagocytic performance of leukocytes and differential 
analysis of polymorphonuclear leukocytes and monocytes in calves 
born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) 
during the entire dry period or overfed a moderate energy diet (OVE 
= 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from 
samples at birth (precolostrum; d 0), d 2 (postcolostrum), and d 7 of 
age. The P-values for main effect of diet (D) and time (T) and D × T 
are shown. Mean separations between D at the same T (P < 0.10) are 
denoted with lowercase a or b. Mean separation between time points 
was evaluated via contrasts: d 0 versus 2 or d 0 versus 7. Significant 
differences between times (P < 0.10) are denoted by an asterisk.
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Figure 6. Expression of genes related to oxidative stress (SOD2) and inflammation (PLA2G4A, AKT1, ALOX5, ALOX5AP, LTA4H, and 
LTC4S) in polymorphonuclear leukocytes of calves born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) during the entire dry 
period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from samples at birth (preco-
lostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values for main effect of diet (D) and time (T) and D × T are shown. Mean separation 
between time points was evaluated via contrasts: d 0 versus 2 or d 0 versus 7. Significant differences between times (P < 0.10) are denoted by 
an asterisk.
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to attract leukocytes to sites of bacterial infection (Ru-
bin et al., 2005). The release of arachidonic acid from 
membrane phospholipids is the first step in the produc-
tion of leukotrienes, and PLA2G4A mediates this ini-
tial step (Leslie, 1997). The gradual downregulation of 
PLA2G4A, ALOX5, and ALOX5AP in PMN suggested 
that availability of arachidonic acid for leukotriene A4 
synthesis (Haeggström and Funk, 2011) decreased dur-
ing the neonatal period, potentially indicating a decline 
in the inflammatory state as the calf adjusted to an 
extra-uterine environment. Overall, it is likely that leu-

kotriene production is greater at birth and decreases as 
the calf adjusts to the extra-uterine environment.

Inflammatory Regulators. The decrease in IL6 
over the first week of life is consistent with a decrease 
in leukotriene production-related genes (PLA2G4A, 
ALOX5, and ALOX5AP), presumably due to a decline 
in inflammatory conditions after birth. Even though 
TLR4 expression, an important activator of the innate 
immune system, was greater in OVE compared with 
CON PMN, it was not associated with greater expres-
sion of the proinflammatory genes NFKB1 and TNF. 

Figure 7. Expression of genes related to pro- (TNF, IL6, STAT3, NFKB1) and anti-inflammatory (IL10) response in polymorphonuclear leu-
kocytes of calves born to dams fed a conventional diet (CON = 1.24 Mcal/kg of DM) during the entire dry period or overfed a moderate energy 
diet (OVE = 1.47 Mcal/kg of DM) during the last 21 d prepartum. Data are from samples at birth (precolostrum; d 0), d 2 (postcolostrum), 
and d 7 of age. The P-values for main effect of diet (D) and time (T) and D × T are shown. Mean separation between time points was evaluated 
via contrasts: d 0 versus 2 or d 0 versus 7. Significant differences between times (P < 0.10) are denoted by an asterisk.
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In fact, a moderate increase (P = 0.13) in TNF and no 
change was observed in NFKB1 over time.

The lack of time effect on STAT3 could have dimin-
ished the ability of IL6 to induce this transcription fac-
tor (Ling et al., 2004), or perhaps this effect was related 
to a similar abundance of membrane or soluble IL-6 
receptor, which can determine the anti- or proinflam-
matory activity of this cytokine (Scheller et al., 2011). 
Besides IL6, other factors might have played a role in 
the results observed; for example, serum leptin con-
centration (Figure 1A) has been observed to increase 

STAT3 (Bates and Myers, 2004). Consequently, STAT3 
could be a reflection of leptin concentration during the 
same time frame.

Adhesion Molecules. The greater overall TLR4 
and blood glucose in OVE compared with CON could 
have exerted a priming effect, resulting in a greater 
phagocytosis activity on d 2. The cause of the different 
TLR4 at birth is not clear, but is potentially important 
because placenta is known to serve as a selective mater-
nal-fetal barrier against the transmission of microbes. 
It could be argued that the maternal diet might have 

Figure 8. Expression of genes associated with immune-related receptors in polymorphonuclear leukocytes of calves born to dams fed a 
conventional diet (CON = 1.24 Mcal/kg of DM) during the entire dry period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) 
during the last 21 d prepartum. Data are from samples at birth (precolostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values for main 
effect of diet (D) and time (T) and D × T are shown. Mean separation between time points was evaluated via contrasts: d 0 versus 2 or d 0 
versus 7. Significant differences between times (P < 0.10) are denoted by an asterisk.
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affected normal placental function. In fact, supporting 
data in sheep exists that relates maternal obesity with 
placental inflammation and the upregulation of TLR4 
expression of in placental cotyledons (Zhu et al., 2010).

The lower expression of SELL at birth compared 
with d 2 of age might have been related with the higher 
corresponding concentrations of cortisol (Weber et al., 
2001). l-Selectin is an important glycoprotein for adhe-
sion of leukocytes to endothelial cells (Abdelrahman 
et al., 2005). The marked increase in SELL expression 
on d 2 of age likely reflected the potential for immune-
related proteins in colostrum to trigger inflammation 
and prime the innate immune responses.

The sharp decrease in the expression of IL1R2 dur-
ing the first week of age might have been related with 
a greater need to mount anti-inflammatory responses 
at birth, a response that helps truncate IL-1 signaling 
in nonruminants (Hagiwara et al., 2005). The latter 
is correlated with decreased concentration of IL1R2 in 
colostrum than mature milk (Hagiwara et al., 2005).

Nuclear Receptors. In nonruminants, PPARA 
regulates hepatic FA oxidation and ketogenesis at the 

transcriptional level, and initiation of thermoregulation 
in the neonate via upregulation of FGF-21 mRNA and 
protein (Hondares et al., 2010). Independently of the 
role of PPARA in PMN, it has been observed that blood 
NEFA is negatively correlated with immune responses 
(Calder et al., 1990; Moyes et al., 2009). However, the 
fact that OVE had a greater NEFA to insulin ratio at 
birth but lower PPARA and similar RXRA expression 
compared with CON calves was suggestive of either a 
lack of use of NEFA by PMN as fuels, an inhibition of 
NEFA use by PMN (e.g., insulin insensitivity), or a lack 
of a role of PPARA in PMN when cows were fed OVE. 
The latter seems to contrast with greater PPARA in 
CON calves and the marked decrease after d 2 of age. 
That response, along with lower PMN phagocytosis, 
could indicate that the negative effects of NEFA can 
be mediated via activation of PPARA, consequently 
inducing an anti-inflammatory response, such as lower 
PMN activity.

Similar to PPARA, PPARD has been associated 
with anti-inflammatory activity in PMN by negatively 
regulating the expression of proinflammatory genes 

Figure 9. Expression of genes associated with transcription regulation in polymorphonuclear leukocytes from calves born to dams fed a 
conventional diet (CON = 1.24 Mcal/kg of DM) during the entire dry period or overfed a moderate energy diet (OVE = 1.47 Mcal/kg of DM) 
during the last 21 d prepartum. Data are from samples at birth (precolostrum; d 0), d 2 (postcolostrum), and d 7 of age. The P-values for main 
effect of diet (D) and time (T) and D × T are shown. Mean separations at the same day (P < 0.10) are denoted with lowercase a or b. Mean 
separation between time points was evaluated via contrasts: d 0 versus 2 or d 0 versus 7. Significant differences between times (P < 0.10) are 
denoted by an asterisk.
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induced in response to macrophage differentiation and 
activation (von Knethen and Brune, 2003). Thus, it 
is conceivable that both PPARA and PPARD worked 
in concert to reduce inflammatory conditions in CON 
calves, which are commonly present at birth. These 
data suggest a lower anti-inflammatory state in OVE 
than CON cows at birth, which agrees with the marked 
level of ceruloplasmin on d 7 (as well as the lower level 
of albumin and retinol). Overexpression of TLR4 in 
OVE calves at birth suggests antagonism between 
PPAR and TLR genes and, in fact, PPARA has been 
observed to modulate the TLR pathway in diseased 
states (Ding et al., 2013). Further studies should help 
clarify the role of PPAR in PMN biology, including 
potential anti-inflammatory roles (e.g., PPARA acti-
vation suppresses the expression of STAT3 in rodent 
hepatocytes; Stienstra et al., 2007).

CONCLUSIONS

In summary, calf body mass at birth provided evi-
dence that maternal overfeeding of energy during late 
gestation elicited developmental effects that could have 
played a role in some of the physiological responses of 
the newborn calf at the metabolic, immunological, and 
transcriptomic level. The response of calves to colos-
trum feeding also suggested potential effects of over-
feeding at the level of the mammary gland. Thus, al-
terations of the endocrine environment in utero and the 
colostrum nutrient composition induced by maternal 
energy overfeeding prepartum can affect metabolic and 
immune responses of the neonatal calf. From a manage-
ment standpoint, these data suggest that it might be 
feasible to design nutrient supplements to compliment 
colostrum in a way that metabolic and immunologic 
capability of the calf is improved. Additional research 
in this area seems warranted.
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