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ABSTRACT

The objectives of this study were to characterize the
change in blood metabolites over time, and to evaluate
the effect of dietary energy concentration on ketone
body accumulation in periparturient cows. Twenty-
eight multiparous Holstein cows were listed in order of
their anticipated due dates and assigned randomly to
1 of 2 groups: with or without a transition diet. The
control group received a nonlactating cow diet [1.54
Mcal/kg of net energy for lactation (NEL), 10.9% crude
protein (CP), 53.1% neutral detergent fiber (NDF)] from
28 d before expected parturition, and a lactation diet
(1.77 Mcal of NEL/kg, 16.8% CP, 29.9% NDF) after par-
turition. The treatment group received a transition diet
(1.71 Mcal of NEL/kg, 16.8% CP, 35.2% NDF) from 17
d before parturition to 14 d after calving and was fed
the same diets as cows in the control group during the
third week of lactation. Blood from the coccygeal vein
was sampled 3 times per week from 21 d before expected
parturition to 21 d postpartum for analysis of glucose,
nonesterified fatty acids (NEFA), β-hydroxybutyrate,
acetoacetate, acetone, and glycerol. There were no sig-
nificant differences in dry matter intake, milk yield,
milk components, body weight change, and body condi-
tion score change during the postcalving period. Plasma
concentrations of different ketone bodies changed in
parallel, stayed relatively constant precalving, peaked
after parturition, and then decreased but remained
high compared with concentrations late in gestation.
Plasma concentrations of NEFA and glycerol changed
in a pattern similar to those of the ketone bodies. Feed-
ing a transition diet resulted in a greater area under
the curve (AUC) for glucose in the last 17 d of gestation,
but in no effect within the first 21 d in milk. Acetoace-
tate AUC was greater for treatment cows than for con-
trol cows across the first 21 d in milk. The AUC of
NEFA and glycerol between d 15 and 21 postpartum
were greater for treatment cows than for control cows.
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Feeding a transition diet both before and after parturi-
tion was associated with greater mobilization of adipose
tissue and greater exposure to ketone bodies in early
lactation compared with abruptly changing to a lacta-
tion diet after parturition.
Key words: periparturient cow, ketone body, glycerol

INTRODUCTION

Suboptimal transition from the late-gestation period
to lactation can impair production and reproductive
performance, and cause economic losses (Drackley,
1999; Overton and Waldron, 2004). The transition pe-
riod is the most stressful time in the production cycle
of a dairy cow because of depressed feed intake and
endocrine and metabolic changes at parturition. The
rapid increase in energy demands after parturition has
resulted in recommendations for a greater energy den-
sity of diets for transition cows for 2 to 3 wk before
parturition (NRC, 2001). These energy demands were
defined more specifically as being for carbohydrates (ei-
ther fiber or starch) and are not satisfied by dietary
fat (Overton and Waldron, 2004). In addition to the
physiological changes associated with parturition,
there may be additional effects of suddenly changing
the diet on the day of parturition.

Optimal transition requires a comprehensive under-
standing of the biochemical events occurring during
the periparturient period. Most of the available data
describing the metabolism of dairy cows during transi-
tion are based on a few measurements obtained over a
large interval of time, such as a week or longer. How-
ever, measurements of blood metabolites are associated
with great variations, indicating large fluctuations in
metabolite profiles during the periparturient period
(Drackley, 1999). Measurements of blood metabolites
should use more frequent sampling to capture the dy-
namic changes in the periparturient period. The objec-
tives of this study were to characterize blood metabolite
profiles during the transition period, and to evaluate
the effects of abruptly changing the diet vs. maintaining
the same diet before and after parturition.
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Table 1. Ingredient and nutrient composition of diets offered1

Diet

Item Nonlactating Transition Lactation

Ingredient (% of DM)
Alfalfa-wheat silage 41.9 23.4 24.9
Timothy hay 30.0 — —
Corn silage 27.9 41.7 18.7
Corn, high moisture — 16.7 37.5
Soybean meal, 49% CP — 7.5 7.5
Soybean roasted — 6.7 6.7
Salt and premix 1.22 4.03 4.02

Chemical composition
DM, as fed 42.9 43.2 50.7
NDF 53.1 35.2 29.9
ADF 32.3 19.3 15.7
Lignin 5.5 4.2 2.4
CP 10.9 16.8 16.8
NDF-CP4 0.26 0.28 0.27
ADF-CP5 0.10 0.10 0.06
Ether extract 2.8 4.0 4.1
Starch 9.2 25.1 28.6
Ash 8.0 5.8 6.4
NFC6 25.7 39.0 43.7
NEL

7 1.54 1.71 1.77

1Nonlactating diet (offered 28 d before expected calving), transition
diet (offered 17 d before calving through 14 DIM for the treatment
group), and lactation diet (offered after calving).

2Contained 23.8% CP, 5.0% NaCl, 1.7% P, 4.7% Mg, 0.05% K, 8
mg/kg of Se, 330 kU/kg of vitamin A, 82.6 kU/kg of vitamin D, and
2.6 kU/kg of vitamin E.

3Contained 29.84% CP, 5.36% Ca, 6.1% NaCl, 0.9% P, 2.1% Mg,
0.59% K, 5.25 mg/kg of Se, and 130 kU/kg of vitamin A.

4Neutral detergent-insoluble CP.
5Acid detergent-insoluble CP.
6Calculated by difference: 100 − [(NDF − NDF-CP) + CP + ether

extract + ash].
7Calculated according to the NRC (2001).

MATERIALS AND METHODS

Cows, Diets, and Treatments

The experiment was conducted at the University of
Maryland Central Research Farm in Clarksville, Mary-
land, from August 22, 2004 to January 15, 2005. All
procedures with animals were reviewed and approved
by the University of Maryland Animal Care and Use
Committee. Twenty-eight multiparous Holstein cows
were blocked according to parity and expected calving
date and assigned at random to 1 of 2 groups: treatment
or control. From 28 d before expected calving, animals
were fed a nonlactating cow diet (Table 1) for 14 d. One-
half of the cows remained on the nonlactating cow diet
as the control group, and the other half were fed a
transition diet (Table 1) until 14 d after calving as the
treatment group. A lactation diet was offered to control
cows after calving and to treatment cows 14 d after
calving. All cows were fed ad libitum and individually
throughout the experiment. Thus, cows assigned the
transition treatment continued to receive the diet with
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intermediate energy density after parturition for 2 wk,
which is not a recommended practice for commercial
herds.

Measurements

Cows were tied in individual stalls. Diets were offered
ad libitum once daily in the morning as TMR. The
amount of TMR offered and refused was measured daily
for each cow. Feed intake was obtained by subtracting
feed refused from feed offered. Samples of diets were
obtained on Monday, Wednesday, and Friday through-
out the trial, dried at 55°C for 120 h, ground through
a Wiley mill (1-mm screen; Arthur H. Thomas, Philadel-
phia, PA), composited weekly, and analyzed for starch
(AOAC, 1990) by using a commercially available kit
(STA-20, Sigma Chemical Co.), and sequentially ana-
lyzed for NDF, ADF, and lignin (Mertens, 2002), ash
(550°C for 24 h), neutral detergent-insoluble CP, acid
detergent-insoluble CP (Licitra et al., 1996), and CP
(AOAC, 1990) on a DM basis. The nonlactating cows
were weighed before feeding, and the lactating cows
were weighed after the morning milking on Monday,
Wednesday, and Friday. Body condition score was as-
sessed by 2 individuals on Wednesdays on a 5-point
scale (1 = thin to 5 = fat) at 0.25-unit increments (Ed-
monson et al., 1989). Calf weights were recorded before
the first colostrum was fed.

Cows were milked twice daily, and milk production
was recorded at each milking. Morning and evening
milk samples were obtained on Monday, Wednesday,
and Friday, and analyzed by Lancaster DHIA (Man-
heim, PA) by using automated wet chemistry proce-
dures for fat, protein, and TS (model 300, Bentley In-
struments, Chaska, MN) and for MUN (Chemspec 150,
Bentley Instruments). Lactose was analyzed in our lab-
oratory (Bergmeyer et al., 1983).

Blood samples were collected by puncture of the coc-
cygeal vein with 20-gauge needles and Vacutainer tubes
containing sodium fluoride (Becton Dickinson, Franklin
Lakes, NJ) before and at 3.5 h after the morning feeding
on Monday, Wednesday, and Friday. To compare the
coccygeal vein sampling regimen, the first 22 cows en-
tering the study were fitted with a sterile jugular cathe-
ter (0.04 cm i.d. and 0.08 cm o.d.) on the Thursday
between 5 and 12 DIM; patency was maintained by
3.6% citrate in physiological saline solution. On the
next day, 5 mL of jugular blood was collected hourly
from 0700 to 1900 h into Vacutainer tubes containing
sodium fluoride (Becton Dickinson). Samples were im-
mediately placed on ice, and within 30 min were centri-
fuged at 1,000 × g for 10 min. Plasma was stored on
dry ice and transported to the laboratory within 9 h.
Upon arrival, plasma samples were analyzed for aceto-
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acetate (ACAC; Harano et al., 1983). Acetone was de-
termined by gas chromatography (model 6890; Agilent
Technologies Inc., Wilmington, DE) in a 2-mm glass
column packed with Carbopack 1176 (Supelco Inc.,
Bellefonte, PA). Helium was used as the carrier gas at
a flow rate of 20.0 mL/min, and the injector, column,
and detector temperatures were 220, 60, and 200°C,
respectively. Plasma was deproteinized with 15% per-
chloric acid (1:1, ratio of plasma to acid). The superna-
tant was mixed with 2 M tribasic phosphate buffer (4:1
ratio of supernatant to buffer). The standard for acetone
analysis was prepared according to method 973.69 of
AOAC (2000). The rest of the split samples were stored
at −25°C until later analyses for NEFA (Johnson and
Peters, 1993), glucose (Raabo and Terkildsen, 1960; us-
ing the commercially available kit 510, Sigma Chemical
Co.), glycerol (Foster et al., 1978; using the commer-
cially available kit GY105, Randox, San Diego, CA) and
BHBA (Harano et al., 1983). The intraassay coefficient
of variation was less than 5%.

Statistical Analyses

The effects of days receiving the transition diet pre-
partum and pretreatment BW and BCS initially were
analyzed as covariates, and the effects of expected due
dates and parity initially were analyzed as block fac-
tors. The covariates were not significant and were sub-
sequently excluded from the final model. The measure-
ments were analyzed by ANOVA by using PROC
MIXED (SAS Institute, 1999). The statistical model
was:

Yijk = u + Bh + Pi + Tj + Ck(j) + Pi × Tj + εhijk,

where Yijk is the observations for dependent variables;
u is the overall mean; Bh is the block effect of expected
due date and parity; Pi is the effect of time (the last 17
d of gestation, the first 14 DIM, and from d 15 to d 21
postpartum); Tj is the effect of treatment; Ck(j) is the
random effect of cow within treatment; Pi × Tj is the
interaction between time and treatment; and εijk is the
residual error. The covariance between residuals within
cow was modeled as compound symmetry determined
by goodness-of-fit measures. Significance was declared
at P < 0.05, unless otherwise noted.

The concentrations of coccygeal blood metabolites be-
fore and after the morning feeding within a day were
averaged to reduce daily variation. Area under the
curve (AUC) over the entire sampling period for blood
metabolites was calculated by using the trapezoidal
rule (Jones, 1997).

Agreement of sampling regimens between the coccyg-
eal and jugular veins was examined by using the statis-
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tical procedures of Bland and Altman (1986). The differ-
ences between blood samples drawn from the jugular
and coccygeal veins at the same time were calculated,
and the standard deviation of the differences was used
to measure random fluctuations about this mean. The
95% limits of agreement were calculated as the mean
difference ± 1.96 times the standard deviation of the
differences. The 2 sampling regimens were considered
as not significantly different if the difference between
the average concentrations of blood metabolites before
and after the morning feeding from the coccygeal vein
and the average concentrations across the first 12 h
after the morning feeding from the jugular vein were
within the 95% limit of agreement. This analysis guards
against type II error to determine the limits of substi-
tuting one analysis for another.

RESULTS

Composition of Diets

Ingredient and chemical compositions of the diets are
presented in Table 1. The energy values of the diets
were calculated to be 1.54, 1.71, and 1.77 Mcal of NEL/
kg for the nonlactating, transition, and lactation diets,
considering the discount factors based on total digest-
ible nutrients intake above maintenance requirements
(NRC, 2001). The differences in energy densities be-
tween the transition and lactation diets resulted from
different high-moisture corn and corn silage contents
in the 2 diets. Likewise, NFC and starch contents were
greater in the lactation diet compared with the transi-
tion diet. All the other nutrients were consumed in
quantities sufficient to meet NRC requirements (2001).

Health and Calf Weight

Thirty cows were initially selected for the trial, but
2 cows from the treatment group failed to complete the
trial. One cow on the transition diet was diagnosed with
clinical ketosis at d 2 after calving and was adminis-
tered i.v. 1,000 cc of 5% dextrose on d 2 and 3 postpar-
tum. Another cow received the transition diet for only
3 d before calving, and delivered twin calves. Unfortu-
nately, data from the ketotic cow could not be collected
during the critical time points when ketosis was evi-
dent. Data from this ketotic cow and the one that calved
early were not included in the statistical analysis. The
incidence of other health problems for each treatment
could not be statistically analyzed in a trial of this size.
Calf weights at birth were not affected by the transition
diet (P = 0.53).
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Table 2. Effect of a transition diet from 17 d before calving through 14 DIM on DMI, BW, BCS, and energy balance

Prepartum1 Postpartum2 Carryover3

Item Treatment4 Control5 SEM P Treatment Control SEM P Treatment Control SEM P

Cows, n 14 14 — — 14 14 — — 14 14 — —
DMI, kg/d 14.8 12.2 0.51 0.002 16.4 16.2 0.44 0.75 21.3 20.2 0.65 0.23
DMI, % BW 1.90 1.66 0.083 0.048 2.37 2.51 0.077 0.20 3.21 3.25 0.110 0.77
Energy intake,6 Mcal/d 24.9 18.8 0.78 <0.001 28.1 28.7 0.77 0.63 37.6 35.7 1.16 0.26
Energy balance,6 Mcal/d 10.0 4.2 0.89 <0.001 −8.9 −5.8 0.98 0.03 −6.5 −5.2 1.21 0.45
BW,7 kg 780 746 22.3 0.29 698 650 22 0.13 672 629 22 0.17
BW change,8 kg 9.4 4.0 6.95 0.57 −22.5 −25.7 6.10 0.71 −16.6 −10.1 3.5 0.20
BCS9 2.89 2.63 0.126 0.15 2.30 2.22 0.11 0.45 2.32 2.20 0.107 0.41
BCS change8 −0.08 −0.03 0.032 0.24 −0.38 −0.31 0.042 0.25 −0.11 −0.09 0.04 0.75

1Last 17 d of the gestation period.
2First 14 d of the lactation period.
3From d 15 to 21 of the lactation period.
4Treatment cows were offered a transition diet in the last 17 d of gestation and the first 14 d of lactation, and a lactation diet from d 15

to 21 of lactation.
5Control cows were offered a nonlactating cow diet in the last 17 d of gestation, and a lactation diet in the first 21 DIM.
6Calculated according to the NRC (2001).
7Prepartum = mean BW from 3 wk precalving to calving; postpartum = mean BW from calving to 2 wk postcalving; carryover = mean

BW in the third week of lactation.
8Prepartum = difference between pretreatment and calving data; postpartum = difference between calving data and data at 2 wk postcalving;

carryover = difference between data at 2 wk postcalving and data at 3 wk postcalving.
9BCS: 1 = thin, 5 = fat. Prepartum = mean BCS at 3 wk precalving; postpartum = mean BCS at 2 wk postcalving; carryover = mean BCS

at 3 wk postcalving.

DMI, BW, BCS, and Energy Balance

The average length of time cows consumed the transi-
tion diet before calving was 17 d (minimum = 12 d;
maximum = 26 d). Thus, data from the last 17 d of
gestation were used to determine prepartum treatment
effects. Using the last 12 d of gestation (minimum time
on the transition diet) resulted in the same statistical
conclusions (data not shown). Precalving DMI was
greater for the treatment group compared with the con-
trol group (P = 0.002; Table 2 and Figure 1). Postcalving

Figure 1. Dry matter intake around the time of calving (pooled
SEM = 1.41) for cows fed a nonlactating diet prepartum and a lacta-
tion diet postpartum (control, ◆), or a transition diet from 17 d prior
to calving through 14 DIM (treatment, ▲). Each dot represents the
average of 2 contiguous days. The treatment group had greater DMI
in the last 17 d of gestation than the control group (P = 0.002).
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DMI did not differ between the treatment and control
groups while cows were on the treatment in the first
14 DIM (P = 0.44) and after the treatment from d 15
to 21 of lactation (P = 0.23). Likewise, animals fed the
transition diet had greater energy intake during the
prepartum period compared with animals in the control
group (24.9 vs. 18.8 Mcal/d; P < 0.01), but there was no
difference postcalving (P > 0.10). All the cows were in
positive energy balance before calving and in negative
energy balance after calving (Figure 2). The treatment
cows had a greater energy balance prepartum (10.0 vs.
4.2 Mcal/d; P < 0.01) and a lower negative energy bal-
ance in the first 14 DIM (−8.9 vs. −5.8 Mcal/d; P = 0.03).

Initial BW and BCS were similar between the treat-
ment and control groups [P > 0.10; 758 (SE = 16.2)
kg, and 2.76 (SE = 0.126), respectively]. The observed
changes of BCS and BW were typical changes in the
herd. No treatment effect was observed for changes in
BW and BCS throughout the trial (P > 0.15; Table 2).

Milk Yield and Composition

In the previous lactation, the 305-d mature-equiva-
lent milk yields and fat and protein percentages did
not differ between the 2 groups (P > 0.10), and were
11,577 (SE = 381) kg, 3.92% (SE = 0.08), and 2.98%
(SE = 0.03), respectively. No treatment effect was found
for milk yield or milk components in the first 21 DIM
(P > 0.05; Table 3). The patterns of milk yield were
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Figure 2. Energy balance around the time of calving (pooled
SEM = 1.60) for cows fed a nonlactating diet prepartum and a lacta-
tion diet postpartum (control, ◆), or a transition diet from 17 d prior
to calving through 14 DIM (treatment, ▲). Each dot represents the
average of 2 contiguous days. Energy balance was calculated ac-
cording to the NRC (2001). Treatment cows had a greater energy
balance in the last 17 d of gestation (10.0 vs. 4.2 Mcal/d; P < 0.01),
and a lower negative energy balance in the first 14 DIM (−8.9 vs.
−5.8 Mcal/d; P = 0.03) than control cows.

similar between the treatment and control groups (Fig-
ure 3).

Blood Metabolites

Plasma concentrations of glucose, NEFA, glycerol,
ACAC, BHBA, and acetone at 0 and 3.5 h after the
morning feeding from the coccygeal vein, and at each
hour within 12 h postprandial from the jugular vein
are presented in Figure 4. The average concentrations
of acetone at 0 and 3.5 h after the morning feeding from

Table 3. Effect of a transition diet from 17 d before calving through 14 DIM on calf weight, milk yield, and
milk composition

Postpartum1 Carryover2

Item Treatment3 Control4 SEM P Treatment Control SEM P

Cows, n 14 14 — — 14 14 — —
Calf weight, kg 44.6 43.5 1.26 0.53 — — — —
Milk yield, kg/d 33.4 32.9 1.4 0.79 41.1 40.3 1.4 0.68
4% FCM, kg/d 37.2 34.5 1.5 0.21 41.7 39.0 1.6 0.25
Fat, % 4.54 4.33 0.11 0.20 4.06 3.82 0.17 0.33
Fat, kg/d 1.57 1.43 0.07 0.17 1.69 1.53 0.08 0.19
Protein, % 3.70 3.49 0.11 0.13 2.94 2.87 0.06 0.39
Protein, kg/d 1.27 1.15 0.05 0.10 1.20 1.15 0.04 0.50
Lactose, % 4.24 4.16 0.05 0.31 4.48 4.31 0.07 0.11
Lactose, kg/d 1.47 1.37 0.06 0.23 1.85 1.74 0.07 0.31
SNF, % 5.33 5.32 0.05 0.93 5.68 5.65 0.07 0.77
SNF, kg/d 1.84 1.75 0.07 0.41 2.33 2.28 0.09 0.69
MUN, mg/dL 8.1 9.3 0.54 0.11 8.8 8.7 0.54 0.96

1First 14 d of the lactation period while on the transition or control diet.
2From d 15 to 21 of the lactation period while all cows were on the same lactation diet.
3Treatment cows were offered a transition diet in the last 17 d of gestation and the first 14 d of lactation,

and a lactation diet from d 15 to 21 of lactation.
4Control cows were offered a nonlactating cow diet in the last 17 d of gestation, and a lactation diet in

the first 21 DIM.
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Figure 3. Milk yield during the first 21 DIM (pooled SEM = 1.2)
for cows fed a nonlactating diet prepartum and a lactation diet post-
partum (control, ◆), or a transition diet from 17 d prior to calving
through 14 DIM (treatment, ▲). Each dot represents the average of
2 contiguous days.

the coccygeal vein were different from the averages at
each hour within 12 h postprandial from the jugular
vein (P < 0.05). The averages of ACAC were also differ-
ent between tail and jugular vein plasma samples (P <
0.05). The differences between jugular and coccygeal
vein blood drawn at the same time are presented in
Table 4.

The glucose concentration profiles in the control and
treatment groups are shown in Figure 5. In both groups,
plasma glucose concentrations increased at calving and
then dropped dramatically after calving. During the
last 17 d of gestation, AUC for glucose in the treatment
group was greater than that in the control group (P <
0.05; Table 5).
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Figure 4. Concentrations of metabolites at each hour throughout a 12-h period from the jugular vein (◆) and at 0 and 3.5 h after feeding
from the coccygeal vein (�) in lactating cows between d 5 and 12 DIM (pooled SEM = 0.13, 0.05, 0.004, 0.029, 0.054, and 0.026 mM for
glucose, NEFA, glycerol, acetoacetate, BHBA, and acetone, respectively). The average concentrations of tail samples at 0 and 3.5 h after
feeding were different from those of jugular samples at each hour throughout a 12-h period for acetoacetate and acetone (P < 0.05).

The NEFA concentrations in all cows remained rela-
tively constant in late gestation but began to increase as
parturition approached. These concentrations declined
for 10 d after parturition (Figure 5). The average NEFA
concentrations in the third week of lactation remained
elevated compared with the concentrations before 17 d

Table 4. The concentrations of glucose, NEFA, glycerol, acetoacetate, BHBA, and acetone from the jugular
and coccygeal veins drawn at the same time1

Item Acetone Acetoacetate BHBA Glucose NEFA Glycerol

Jugular, mM 0.095 0.063 0.44 2.92 0.47 0.040
Coccygeal, mM 0.084 0.065 0.49 3.10 0.45 0.030
Difference, mM −0.011 0.003 0.05 0.18 −0.02 −0.010
Difference,2 % 12.3 4.7 10.8 6.0 4.3 28.6
SDD,3 mM 0.0213 0.0370 0.220 0.812 0.156 0.0127
UCL,4 mM 0.031 0.075 0.48 1.77 0.28 0.015
LCL,5 mM −0.053 −0.070 −0.38 −1.41 −0.32 −0.035

1From 22 cows between 5 and 12 DIM. Blood was drawn before the morning feeding.
2Difference calculated as (tail − jugular)/(tail/2 + jugular/2) × 100%.
3Standard deviation of the differences.
4Upper confidence limit = mean difference + 1.96 × SDD (Bland and Altman, 1995).
5Lower confidence limit = mean difference − 1.96 × SDD (Bland and Altman, 1995).
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relative to calving (P < 0.01) in both groups. Cows in
the treatment group had greater AUC for NEFA in the
third week of lactation compared with the control group
(P = 0.004; Table 5). Changes in plasma glycerol concen-
trations followed patterns similar to those in NEFA
(Figure 5). Feeding the transition diet increased AUC
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Figure 5. Changes in plasma glucose, NEFA, glycerol, acetoacetate, BHBA, and acetone around the time of calving for cows fed nonlactating
and lactation diets prepartum and postpartum (control, ◆) or a transition diet from d −17 through d 14 relative to calving (treatment, ▲).
Each dot represents the average of 2 contiguous days (pooled SEM = 0.30, 0.08, 0.004, 0.0139, 0.071, and 0.0135 mM for glucose, NEFA,
glycerol, acetoacetate, BHBA, and acetone, respectively). In the last 17 d of gestation, the area under the curve (AUC) for glucose in the
treatment group was greater than that in the control group (P = 0.048). In the first 14 d of lactation, AUC for acetoacetate in the treatment
group was greater than that in the control group (P = 0.04). Between d 15 and 21 postpartum, AUC for acetoacetate, NEFA, and glycerol
in the treatment group were greater than those in the control group (P < 0.05).

for glycerol across the third week of lactation (P < 0.03;
Table 5). At d 3 postpartum, the average concentration
of NEFA was 0.8 mM in the treatment group. With
these data, 11.8 mol of NEFA and 3.9 mol of glycerol
would be predicted to be released from lipid tissue ac-
cording to the empirical model:

entry rate of fatty acid = 130 + 0.732 × NEFA

(R2 = 0.49; Pullen et al., 1989), where entry rate is the
entry rate of fatty acids in mol/h per kg of BW, and
NEFA is the plasma concentration (micromolar) of
NEFA. Assuming all the glycerol was converted into
glucose, approximately 354 g of glucose could be synthe-
sized from glycerol by gluconeogenesis at d 3 post-
partum.

During the periparturient period, plasma concentra-
tions of ACAC followed a pattern similar to those of
acetone and BHBA (Figure 5). The treatment group
had greater AUC for ACAC than the control group in
the first 14 DIM (P = 0.04; Table 5) and in the third
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week of lactation (P = 0.04). For all cows, the ratios of
ACAC and acetone to BHBA postpartum were greater
than those prepartum (P < 0.01). The increases in ratios
occurred between 5 d before and after calving (Figure 6).

DISCUSSION

Production Performance

Cows fed the transition diet in this study were in a
more positive energy balance prepartum and a more
negative energy balance postpartum compared with
control cows. The prepartum difference in energy bal-
ance resulted from the greater energy intake in this
group. The postpartum difference resulted from the
nonsignificantly (P > 0.1) greater milk yield and lower
energy intake for the treatment group. In practice, cows
are transitioned to a high-energy diet immediately after
parturition despite whether an intermediate diet is fed
(Overton and Waldron, 2004). However, because the
transition diet remained the same after parturition in
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Table 5. Effect of a transition diet from 17 d before calving through 14 DIM on area under the curve (AUC) for different time periods for
glucose, NEFA, glycerol, acetoacetate, BHBA, and acetone

Prepartum2 Postpartum3 Carryover4

Concentration1 Control5 Treatment6 SEM P Control Treatment SEM P Control Treatment SEM P

NEFA, mM 0.25 0.23 0.034 0.72 0.43 0.53 0.052 0.15 0.22 0.36 0.034 0.004
Glucose, mM 2.96 3.86 0.278 0.048 3.25 3.31 0.126 0.75 3.23 3.44 0.124 0.22
Acetone, mM 0.031 0.036 0.0033 0.12 0.077 0.091 0.0079 0.21 0.060 0.070 0.0076 0.33
Glycerol, mM 0.015 0.018 0.0020 0.27 0.027 0.032 0.0025 0.18 0.014 0.021 0.0020 0.03
BHBA, mM 0.32 0.39 0.035 0.17 0.45 0.54 0.043 0.16 0.38 0.46 0.037 0.14
Acetoacetate, mM 0.028 0.036 0.0035 0.15 0.061 0.082 0.0071 0.04 0.050 0.077 0.0086 0.04

1Average concentrations calculated as AUC/d per period.
2Last 17 d of the gestation period.
3First 14 d of the lactation period.
4From d 15 to 21 of the lactation period.
5Control cows were offered a nonlactating cow diet in the last 17 d of gestation, and a lactation diet in the first 21 DIM. Number of cows =

14.
6Treatment cows were offered a transition diet in the last 17 d of gestation and the first 14 d of lactation, and a lactation diet from d 15

to d 21 of lactation. Number of cows = 14.

this study, the metabolic changes that resulted from
parturition alone (treatment) can be compared with the
changes that resulted from both parturition and a
change in diet (control). Energy balance and DMI were
similar for both treatments on the day of parturition,
and energy balance was more negative for the transi-
tion treatment after parturition. In this study, an
abrupt change in diet on the day of parturition appeared
to diminish metabolic changes compared with feeding
the same intermediate diet throughout lactation.

Feeding a diet high in NSC before calving resulted
in increased DMI and energy intake, in agreement with
other studies (Minor et al., 1998; Holcomb et al., 2001;
Keady et al., 2001; Rabelo et al., 2003). With a high
NSC content, ruminal DM digestibility is greater,
allowing for faster ruminal absorption and evacuation,

Figure 6. Ratio of plasma acetoacetate to BHBA and acetone to BHBA around the time of calving for cows fed nonlactating and lactation
diets prepartum and postpartum (control, ◆) or a transition diet from d −17 through 14 relative to calving (treatment, ▲). Each dot represents
the average of 2 contiguous days (pooled SEM = 3.0 and 2.5, respectively). For all the cows, the ratios of acetoacetate and acetone to BHBA
postpartum were greater than those prepartum (P < 0.01).
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and consequently higher DMI, compared with high-for-
age diets. This would be especially true immediately
prior to parturition, when space in the body cavity is
limited by the fetus and placenta.

A positive effect on milk yield and milk constituents of
increasing dietary energy density precalving had been
reported in some studies (Keady et al., 2001; McNamara
et al., 2003). However, such an effect had not been
observed in other experiments (Mashek and Beede,
2000; Holcomb et al., 2001). Many factors may contrib-
ute to the ambiguity of the response, such as variations
in cow parity, BCS, basal diet, or the genetic potential
of the cows (McNamara et al., 2003). Feeding a high-
concentrate diet after parturition increased milk yield
(McNamara et al., 2003). The response to postcalving
concentrates also depended on the prepartum dietary
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energy density (McNamara et al., 2003). In the current
study, the treatment cows received a diet with greater
energy density precalving and lower energy density
postcalving compared with the control cows. Applica-
tion of the transition diet both before and after parturi-
tion may be the reason that no significant effect was
detected on milk yield and milk components in the pres-
ent study.

Blood Samples from the Coccygeal
and Jugular Veins

The average concentration of a blood metabolite
across a period of time within a day would be more
representative than a single measurement at a specific
time point. Blood sampling from the tail vein has be-
come a widely used technique because it produces less
disturbance, requires less restraint, and access is easier
to obtain compared with jugular vein samples. Thus,
the average concentration of blood metabolites from the
coccygeal vein at 0 and 3.5 h after feeding was used in
the present study. To justify the representation of blood
metabolites, the average concentrations from the coc-
cygeal vein at 0 and 3.5 h after feeding were compared
with the average hourly concentrations across 12 h in
jugular vein samples, with the difference between coc-
cygeal and jugular blood drawn at the same time used
as a reference. The difference in blood sampling regi-
men between the coccygeal and jugular veins was sig-
nificant only for acetone and ACAC, which may be re-
lated to the complicated metabolism in peripheral tis-
sues and to the relatively low energy requirements of
the tail.

AUC

Blood metabolites are highly regulated and coordi-
nated to meet body requirements. However, blood me-
tabolites, especially blood glucose, showed considerable
variation after parturition. It was difficult to detect any
treatment effect at any specific time point because of the
great variation associated with those measurements. In
the present study, AUC, which is a measure of exposure
to a blood metabolite across a period of time, was used
to account for the nonsteady state.

Blood Glucose

Cows in the treatment group had greater AUC for
glucose before parturition than cows in the control
group. Rukkwamsuk et al. (1999) reported that high-
energy diets increased concentrations of plasma glucose
in the last week of gestation. However, Baird et al.
(1980) infused propionate in multiparous nonlactating
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cows and observed no change in blood glucose. The de-
crease in glucose concentration in the control cows dur-
ing the last 21 d of gestation may have resulted from
fetal growth and mammary gland development. The
increase in glucose concentrations at calving was ob-
served in the present study as well as by Studer et al.
(1993). Glucose concentrations at calving are mainly
mediated by cortisol and glucagons (Tucker, 1985).
Sampling time relative to calving may affect glucose
concentration measurements. After calving, glucose
concentrations were lower compared with prepartum
concentrations in the treatment group, as has been re-
ported previously (Vazquez-Anon et al., 1994; Green-
field et al., 2000). However, this pattern was not ob-
served in the control cows, probably because of the lower
glucose availability before parturition or more consis-
tent energy balance as the control group progressed
from prepartum to postpartum compared with the
treatment group.

Blood NEFA and Glycerol

The change in NEFA concentrations and the response
to the transition diet parallel results from previous
studies. Feeding a high-NSC diet lowered NEFA con-
centrations in the late-gestation period (Minor et al.,
1998). As parturition approached, NEFA concentra-
tions increased (Dann et al., 1999), and peaked after
parturition. The magnitude of increase in NEFA con-
centrations after parturition was inversely related to
the DMI before parturition (Holtenius et al., 2003). In
contrast, McNamara and Hillers (1986) found no effect
of dietary energy restriction on the maximal capacity
for lipolysis in adipose tissue. The NEFA concentrations
in plasma reflect the rate of adipose mobilization (Pul-
len et al., 1989). In the current study, greater AUC for
NEFA in the treatment cows indicated that less adipose
tissue was mobilized in the control cows after calving.
This decrease in fat catabolism could be explained by
the lower energy density in the transition diet compared
with the lactation diet. The slightly greater milk yield
in the treatment group may be another explanation.
Force-feeding cows during the prefresh period only par-
tially reduced the magnitude of NEFA increase postpar-
tum (Bertics et al., 1992). These observations indicated
that part of the increase in plasma NEFA was hormon-
ally induced. Cows undergo tremendous endocrine
changes during and immediately after calving
(Drackley et al., 2001). Most of those changes are also
involved in adipose mobilization, such as that mediated
by cytokines, catecholamines, estradiol, insulin, and so-
matotropin (Bell, 1995). In the current study, no dietary
effect on plasma NEFA was observed in the first 14
DIM, possibly because the dietary effect was over-
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whelmed by the change in endocrine status. The dietary
effect on NEFA was found only in the carryover period
(the third week of lactation), perhaps because the effect
of the endocrine changes weakened. The carryover ef-
fect on NEFA indicated that feeding a transition diet
around parturition was associated with greater mobili-
zation of adipose tissue.

The treatment effect on plasma glycerol was also ob-
served in the carryover period, but not in the first 14
DIM, probably for the same reason as for NEFA. Glyc-
erol, as well as NEFA, released into the blood predomi-
nantly reflects fat mobilization. The greater AUC for
glycerol in the treatment cows indicated that feeding a
transition diet around parturition resulted in greater
adipose mobilization compared with that of the control
cows. It has been widely accepted that fat mobilization
in periparturient cows results from a negative energy
balance. At d 3 postpartum, the treatment cows were
estimated to mobilize approximately 33 Mcal/d of NEFA
from lipid tissue, approximately 4.4 times the calcu-
lated negative energy balance of the treatment cows.
Bell (1995) estimated that cows at d 4 of lactation had
a NEFA entry rate of 10.7 mol/d, which is equivalent
to 30 Mcal/d. Any living creature is a self-regulating
chemical engine, continually adjusting for maximum
economy (Nelson and Cox, 1999). The excessive lipid
mobilization could not be caused by negative energy
balance per se.

The explanation of why the cows mobilized more fat
than needed to meet energy requirements may relate
to the characteristics of ruminant glucose metabolism.
During the periparturient period, the demand for glu-
cose is increased greatly by fetal growth and milk syn-
thesis, at a time when feed intake is depressed. Glyco-
gen content of the liver remained low in the first 21
DIM compared with the content at d 19 prior to calving
(Vazquez-Anon et al., 1994). The increased milk synthe-
sis, depressed DMI, and depletion of liver glycogen sug-
gest that cows could be in a state of glucose deficiency
during the periparturient period.

The potential need for glycerol as a glucose precursor
has been reviewed (Bell, 1995; Drackley et al., 2001).
In the present study, concentrations of glycerol peaked
immediately after calving and remained high during
the first 21 DIM compared with prepartum concentra-
tions. Measurements of liver pyruvate carboxylase (EC
4.1.1.31) mRNA have indicated an increased gluconeo-
genesis in the days following parturition (Greenfield et
al., 2000). Reynolds et al. (2003) reported that net liver
removal of glycerol increased greatly in early lactation.
In the current study, the amount of glucose from glyc-
erol via fat mobilization would account for 24% of milk
lactose synthesis at d 3 postpartum in the treatment
group. This estimate agrees with the report by Bell
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(1995) that approximately 15 to 20% of the glucose de-
mand may be provided by plasma glycerol at d 4 post-
partum. The profiles of NEFA and glycerol in the cur-
rent study indicated that maximum gluconeogenesis
from glycerol occurred mainly in the first week of lac-
tation.

The concept that glycerol is a glucose precursor is
not new (Lomax and Baird, 1983). However, the contri-
bution of glycerol to gluconeogenesis immediately after
calving has not been studied as extensively as that
of AA. Although all AA, except Lys and Leu, are also
gluconeogenic substrates, Ala and Gln account for 40
to 60% of the glucogenic potential of all the AA (Berg-
man and Heitmann, 1978). However, pyruvate may be
the ultimate source of the carbon skeleton for Gln and
Ala synthesis in vivo (Wolfe, 2001), and a majority of
pyruvate is produced by glucose and propionate metab-
olism in ruminants. In a study by Komaragiri et al.
(1998), 12 kg of body protein was mobilized between
−2 and 5 wk postpartum. Bauman and Elliot (1983)
concluded that over the period up to peak lactation, the
contribution of mobilized tissue protein to gluconeogen-
esis is small. Glycerol has several advantages over AA
for gluconeogenesis. First, periparturient cows are al-
ready in negative N balance, and excessive gluconeo-
genesis from AA could further exacerbate the protein
deficiency. Second, glycerol enters into the metabolic
pathway closer to glucose than do glucogenic AA. Third,
NEFA and ketone bodies can be used by many periph-
eral tissues to conserve glucose, whereas excessive am-
monia can only be discharged via ureagenesis, which
consumes more energy. Finally, the major part of body
lipids are stored in adipose tissues and can be mobilized,
whereas protein mobilization is attenuated if total pro-
tein mobilization exceeds a certain proportion of total
body protein mass (Clowes et al., 2003) to prevent exces-
sive depletion. Therefore, the contribution of glycerol
from lipolysis may be critical to glucose metabolism
during the first week of lactation.

Blood Ketone Bodies

In the first 21 DIM, cows fed the transition diet had
greater AUC for ACAC, and thus were exposed to more
ketone bodies and were more susceptible to ketosis com-
pared with control cows. The lower concentrate in the
transition diet compared with the lactation diet may
account for the larger AUC for ketone bodies in the
treatment cows. The increases in ketone body concen-
trations in this study as well as in others (Greenfield et
al., 2000; Dorshorst and Grummer, 2002) are probably
related to adipose mobilization and elevated hepatic
metabolism when DMI is depressed (Dorshorst and
Grummer, 2002).
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In our study, as reported previously (Menaha et al.,
1967), the ratio of ACAC to BHBA increased as the
total ketone bodies increased. The proportion of ACAC
to BHBA was in equilibrium with the NAD:NADH ratio
in a reaction catalyzed by BHBA dehydrogenase (EC
1.1.1.30; Williamson et al., 1967). Conversion of NAD
to NADH, mediated through glycolysis, may depend on
glucose availability in the cytosol. When less glucose is
available for glycolysis, less NADH would be generated,
which would increase the ratio of ACAC to BHBA. In
ketotic cows, the ratio of ACAC to BHBA is high (Heit-
mann et al., 1987), and NAD:NADH is high in the cyto-
sol. In the present study, the increase in the
ACAC:BHBA ratio implies that glucose deficiency de-
veloped within 5 d of parturition, and the cows re-
mained in a negative glucose balance for the remainder
of the experiment. This implication is in agreement
with the previous observation that hepatic glycogen
content, an indicator of carbohydrate status, remained
low in the first 21 DIM compared with the content at
d 19 prior to calving (Vazquez-Anon et al., 1994).

CONCLUSIONS

Production performance was not significantly af-
fected by offering a transition diet from 2 wk before
parturition to 2 wk after parturition. The positive ef-
fects of increased energy density before parturition
were offset by the negative effects of lower energy den-
sity after parturition. Feeding the transition diet before
and after parturition was associated with greater mobi-
lization of adipose tissue and greater exposure to ketone
bodies in early lactation, compared with abruptly
changing from the nonlactation diet to a peak-lactation
diet at parturition.
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