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ABSTRACT

Overfeeding energy in the dry period can affect glu-
cose metabolism and the energy balance of transition
dairy cows with potential detrimental effects on the
ability to successfully adapt to early lactation. The
objectives of this study were to investigate the effect of
different dry cow feeding strategies on glucose tolerance
and on resting concentrations of blood glucose, glu-
cagon, insulin, nonesterified fatty acids (NEFA), and
B-hydroxybutyrate (BHB) in the peripartum period.
Cows entering second or greater lactation were enrolled
at dry-off (57 d before expected parturition) into 1 of
3 treatment groups following a randomized block de-
sign: cows that received a total mixed ration (TMR)
formulated to meet but not exceed energy requirements
during the dry period (n = 28, controlled energy); cows
that received a TMR supplying approximately 150%
of energy requirements during the dry period (n = 28,
high energy); and cows that were fed the same diet
as the controlled energy group for the first 28 d, after
which the TMR was formulated to supply approxi-
mately 125% of energy requirements until calving (n =
28, intermediate energy). Intravenous glucose tolerance
tests (IVGTT) with rapid administration of 0.25 g of
glucose/kg of body weight were performed 28 and 10
d before expected parturition, as well as at 4 and 21 d
after calving. Area under the curve for insulin and glu-
cose, maximal concentration and time to half-maximal
concentration of insulin and glucose, and clearance
rates were calculated. Insulin resistance (IR) indices
were calculated from baseline samples obtained during
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IVGTT and Spearman rank correlations determined
between IVGTT parameters and IR indices. Treatment
did not affect IVGTT parameters at any of the 4 time
points. Correlation between IR indices and IVGTT pa-
rameters was generally poor. Overfeeding cows energy
in excess of predicted requirements by approximately
50% during the entire dry period resulted in decreased
postpartum basal plasma glucose and insulin, as well as
increased glucagon, BHB, and NEFA concentrations af-
ter calving compared with cows fed a controlled energy
diet during the dry period. In conclusion, overfeeding
energy during the entire dry period or close-up period
alone did not affect glucose tolerance as assessed by
IVGTT but energy uptake during the dry period was
associated with changes in peripartal resting concentra-
tions of glucose, as well as postpartum insulin, gluca-
gon, NEFA, and BHB concentrations.

Key words: dairy cow, transition period, energy,
glucose, insulin

INTRODUCTION

The transition period represents a metabolic challenge
to dairy cows because of the rapid increase of required
nutrients, particularly for milk production. Excessive
negative energy balance and hyperketonemia (defined
as a blood concentration of BHB >1.2 mmol/L) in the
postpartum period are associated with detrimental ef-
fects on health and productivity of dairy cows (Duffield
et al., 2009; McArt et al., 2013b). Feeding of high en-
ergy diets during the dry period increases the degree of
lipid mobilization and ketogenesis postpartum (Dann
et al., 2006; Janovick et al., 2011; Mann et al., 2015).
Several studies have attempted to elucidate the cause
of this postpartum effect on ketogenesis in dairy cows
overfed energy prepartum.

Schoenberg and colleagues (Schoenberg and Overton,
2011; Schoenberg et al., 2012) investigated how plane of
nutrition affected the response of dry cows to a glucose
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challenge in 2 experiments. In these experiments, cows
were fed either approximately 90 or 160%, or 120 and
170% of predicted energy requirements during the dry
period. Diet had no effect on the insulin response in
both studies, but cows fed 90% of energy requirements
tended to have higher glucose area under the curve,
decreased glucose clearance, and greater nonesterified
fatty acids (NEFA) response compared with overfed
cows. However, no measurements were taken postpar-
tum, including glucose tolerance tests. Holtenius et al.
(2003) found a numerically higher insulin peak and
higher glucose clearance prepartum, whereas glucose
clearance was reduced postpartum following a glucose
challenge in cows overfed energy during the dry period
compared with cows fed a lower energy diet. They hy-
pothesized that the observed postpartum changes are
evidence of a greater degree of insulin resistance (IR)
in cows overfed energy during the dry period, leading to
more lipolysis and higher blood NEFA concentration.
However, sample size was relatively small and different
genetic selection lines were used.

Several studies have aimed to describe how overfeed-
ing in the dry period affects resting concentrations of
insulin and glucose in the peripartum period. Overfeed-
ing energy during the far-off and close-up dry period
(Dann et al., 2006) and during the entire dry period
(Holtenius et al., 2003; Douglas et al., 2006; Janovick
et al., 2011) was associated with increased insulin
concentrations prepartum compared with controlled
or restricted fed cows. Overfeeding during the close-
up period (Dann et al., 2006) or the whole dry period
(Douglas et al., 2006) resulted in higher prepartum glu-
cose concentrations compared with cows fed restricted
energy. Cows fed a controlled energy diet during the
whole dry period tended to have greater insulin con-
centrations postpartum compared with overfed cows
(Janovick et al., 2011). However, other studies showed
no effect of overfeeding during the dry period on peri-
partal plasma glucose, glucagon, and insulin (Selim et
al., 2015) or postpartal glucose and insulin concentra-
tions (Khan et al., 2014; Schulz et al., 2014). In light
of the differences found in these studies, evidence is
lacking to assess whether overfeeding during the entire
dry period or during close-up alone leads to peripar-
tal changes in glucose disposal, glucose availability, or
both. Because excess energy intake affects insulin sensi-
tivity in humans (Capurso and Capurso, 2012; Johnson
and Olefsky, 2013), changes in resting concentrations of
insulin as well as insulin response to a glucose challenge
and glucose clearance are also of interest in this context
in the bovine species.

Our objective was therefore to investigate the ef-
fect of different dry period planes of energy on glucose
disposal by repeated intravenous glucose tolerance test
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in periparturient dairy cows and to evaluate the effect
on resting concentrations of blood glucose, insulin, and
glucagon as well as NEFA and BHB.

MATERIALS AND METHODS
Animals, Feeding, and Management

All procedures were approved by the Cornell Univer-
sity Institutional Animal Care and Use Committee. A
detailed description of animals, feeding, and manage-
ment was reported previously (Mann et al., 2015). In
brief, Holstein cows (n = 84) entering second or greater
lactation from the herd at the Cornell Teaching and
Research Center were enrolled between September 2012
and April 2013. All animals were housed in individual
sawdust-bedded tiestalls equipped with individual feed
bins. Cows were allocated to 1 of 3 dry-period dietary
treatment groups using a randomized block design to
control for time-dependent variation with 3 treatments
in 28 blocks on the day of dry off (approximately 57
d before expected parturition). Blocking was based on
expected calving date. Random sequence of allocation
within the block was determined with a random num-
ber generator (Research Randomizer v.4.0; Urbaniak
and Plous, 2012). Groups did not differ in BCS (on a
scale of 1.0 to 5.0 according to Edmonson et al., 1989)
of animals at enrollment or in the distribution of parity
(Mann et al., 2015). Animals were enrolled in 1 of 3
feeding groups: a TMR formulated to meet 100% of en-
ergy requirements at predicted ad libitum intake (con-
trolled energy, C); a TMR formulated to supply 150%
of energy requirements (high energy, H); and an inter-
mediate group that received the same TMR as group C
for the first 28 d after dry off and a TMR formulated to
supply 125% of energy requirements from d 28 before
expected parturition until calving (intermediate energy,
I, representing a 50:50 blend of both C and H diets).
On a DM basis, conventional corn silage accounted for
28.5, 42.2, and 55.9% in diets C, I, and H, respectively,
and wheat straw was included at 35.6, 24.0, and 12.4%
of DM in groups C, I, and H, respectively. All cows
received the same fresh cow TMR from the onset of
lactation until the end of the study period (42 DIM).
Milk yield was measured at every milking (0900 and
2100 h). Rations were formulated using the Cornell Net
Carbohydrate and Protein System software (CNCPS
version 6.1; Cornell University, Ithaca, NY). Samples
of all TMR were taken weekly and analyzed based on
a monthly composite at a commercial laboratory with
wet chemistry methods (Dairy One Cooperative Inc.,
Ithaca, NY). All diets were offered ad libitum fed once
daily at 0900 h, and amounts fed were adjusted to allow
for a minimum of 5% refusals.
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Intravenous Glucose Tolerance Test

Intravenous glucose tolerance tests (IVGTT) were
performed on all cows, targeting 28 and 10 d before
expected parturition and 4 and 21 d postpartum. On
sampling days, refusals were removed at 0700 h and
cows were kept in box stalls after morning milking,
which was completed at 1000 h. A 14-gauge x 140-mm
catheter with a 305 mL/min capacity (Abbocath-T,
Hospira, Sligo, Ireland) was placed in the jugular vein.
A 15- x 10-cm area was clipped and scrubbed with povi-
done iodine and 70% ethanol, and 2 mL of 2% lidocaine
(Vet One, Boise, ID) was injected subcutaneously. The
area was scrubbed again and the catheter was placed
approximately 10 min later and flushed with 10 IU of
heparin/mL of a 0.9% sterile saline solution (heparin:
Sagent Pharmaceuticals, Schaumburg, IL, saline solu-
tion: Abbott Animal Health, Abbott Park, IL). Cows
were allowed to rest with access to water, but not feed,
until the IVGTT was initiated.

Baseline samples were taken at 15 and 5 min before
and 0, 5, 10, 15, 20, 25, 30, 45, 60, 90, and 120 min
after completion of an intravenous bolus infusion of
0.25 g of glucose/kg of BW (50% dextrose solution,
Vet Onme) into evacuated tubes (Becton Dickinson
Vacutainer Systems, Franklin Lakes, NJ) with 158 US
Pharmacopeia (USP) units of sodium heparin. The
glucose solution was heated before use in a water bath
to body temperature and infusion completed within ap-
proximately 2 to 3 min through a large bore infusion set
(Jorgensen Laboratories, Loveland, CA). All samples
were immediately placed on ice and centrifuged within
30 min at 2,800 x ¢ for 20 min, and plasma samples
were stored as 1-mL aliquots in 1.7-mL microcentrifuge
tubes (VWR, Radnor, PA) to prevent multiple freeze-
thaw cycles after snap freezing with liquid nitrogen.
Samples were stored at —20°C until analysis.

Analysis of IVGTT Blood Samples

Plasma glucose (PGO enzyme preparation, Sigma
Aldrich, St. Louis, MO) and NEFA (HR Series NEFA-
HR (2); Wako Life Sciences, Mountain View, CA) con-
centrations were measured by colorimetric assay from
all baseline samples. In addition, NEFA concentration
was determined for all samples of each IVGTT at d 10
before and d 4 after parturition for animals in 19 out of
28 blocks only, and plasma concentration of glucose was
determined for all IVGTT samples at all time points.

Plasma concentration of insulin was determined for
all time points of each IVGTT for animals in 19 out of
28 blocks using a RIA kit (PI-12K Porcine Insulin RIA,
EMD Millipore Corp., Billerica, MA). The concentra-
tion of BHB was determined for all baseline samples
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using a handheld device (Precision Xtra meter, Abbott
Diabetes Care Inc., Alameda, CA) in whole blood im-
mediately after obtaining the sample. Plasma glucagon
concentration was determined for all baseline samples
of IVGTT from animals in 19 out of 28 enrollment
blocks using a RIA kit (Glucagon RIA kit, Millipore).

On sampling days, subcutaneous and muscle biop-
sies were taken from the area of the paralumbar fossa
(data not presented), and all animals received 2.2 mg/
kg flunixin meglumine (Prevail, VetOne) i.v. for minor
pain mitigation.

Weekly Blood Sampling

Blood sampling in the peripartum period is described
in detail in Mann et al. (2015). In brief, blood samples
(10 mL) were taken 3 times per week before feeding
(between 0600 and 0730 h) from the coccygeal vein
or artery, placed on ice, separated within 1 h by cen-
trifugation at 2,800 x ¢ for 20 min at 4°C, snap-frozen
in liquid N,, and stored at —20°C. All samples were
frozen in 4 aliquots to prevent multiple freeze-thaw
cycles. An animal was considered as hyperketonemic
when BHB concentrations obtained during morning
sampling reached 1.2 mmol/L (McArt et al., 2013a).
Cows exhibiting a concentration of BHB >2.5 mmol/L
were treated with 250 mL of a 50% dextrose solution
(Dextrose 50% inj, VetOne, i.v.) on 2 consecutive days
as well as 300 mL (approximately 310 g) of propylene
glycol orally for 5 consecutive days starting on the
day of diagnosis. Subsequent episodes after this initial
treatment were treated with another 5-d course of oral
propylene glycol alone and this was repeated until BHB
concentrations were determined to be <2.5 mmol/L.
Animals that had at least one episode of hyperketone-
mia within the first 21 DIM were considered as positive
cows (HYK) for statistical analysis. In addition to the
described analysis of IVGTT baseline samples, glucose,
glucagon, and insulin concentrations were determined
in all weekly plasma samples from 7 d before until 7 d
after parturition. Concentrations of BHB were deter-
mined 3 times per week in whole blood from 3 wk before
until 3 wk after parturition, and NEFA concentrations
were determined at the same time points in serum.

Analytical Approach: Molar Insulin:Glucagon Ratio
and Surrogate Indices

The molar ratio of insulin and glucagon was com-
puted after conversion of insulin from microunits per
milliliter to picomoles per liter by multiplication by a
factor 6.0 (Heinemann, 2010), and for glucagon from
picograms per milliliter to picomoles per liter by multi-
plying by the factor 0.287 (Banarer et al., 2002). Seven
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baseline samples (1, 2, and 4 in groups C, I and H,
respectively) had undetectable concentrations of insulin
as determined by RIA; for those samples, a value of 0
was used and samples were omitted from calculation
of molar insulin:glucagon ratio (IG) ratio as well as
surrogate index calculations.

The IR indices homeostasis model of insulin resistance
(HOMA-IR) according to Muniyappa et al. (2008),
quantitative insulin sensitivity check index (QUICKI)
according to Katz et al. (2000), revised QUICKI
(RQUICKI) according to Perseghin et al. (2001),
and revised QUICKI including BHB (RQUICKIgyg)
according to Balogh et al. (2008) were calculated as
follows:

HOMA-IR = {[glucose (mmol/L)
x insulin (pU/mL)]/22.5},

QUICKI = {1/[log insulin (nU/mL)
+ log glucose (mg/dL)]},

RQUICKI = {1/[log glucose (mg/dL)
+ log insulin (pWU/mL) 4 log NEFA (mmol/L)]},

RQUICKIpyp = {1/[log glucose (mg/dL)
+ log insulin (pU/mL) + log NEFA (mmol/L)
+ log BHB (mmol/L)]}.
Glucose clearance rate (CR) was calculated according
to the method described by Kerestes et al. (2009):

Glucose CR = [(In glucose at time point 0
— In glucose at time point 60)/60] x 100 = %/min.

Insulin CR was calculated as follows:

Insulin CR = [(In insulin at peak time point
— In insulin at time point 60)/60 — peak time point|
x 100 = %/min.

Statistical Analysis

The primary outcome of this study was the description
of measurements obtained during IVGTT and included
resting blood concentration as well as glucose, insulin
and NEFA response to the glucose challenge. Values from
both baseline samples of each IVGTT were averaged to
generate a single baseline value. Area under the curve
(AUQ) for insulin, glucose, and NEFA concentrations
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was calculated in SAS (version 9.3; SAS Institute Inc.,
Cary, NC) as the positive incremental area adjusting for
baseline according to the method described by Cardoso
et al. (2011). Mixed-effects ANOVA were carried out
with PROC MIXED with the independent variables
treatment group and HYK and dependent variables of
IVGTT parameters. The interaction of treatment and
HYK was tested for every ANOVA and included in
the model if P < 0.05. Enrollment block was included
as a random effect. Experiment-wise error rate for all
ANOVA was corrected with Tukey’s test, and reported
P-values for comparisons among groups represent those
corrected for multiple comparisons. Continuous data
were tested for normality. Data for the outcome param-
eters IG ratio, insulin, and BHB concentrations on d 4
postpartum, BHB concentrations on d 28 prepartum
and d 21 postpartum, maximal glucose concentration,
time to half-maximal glucose concentration, and AUC
for glucose and insulin were log-transformed to satisfy
this assumption. Results of corresponding least squares
means of log-transformed data were subsequently back
transformed and are reported as geometric means and
95% CI; results of untransformed data are reported as
mean and 95% CI. A chi-squared test was performed
with Proc FREQ for parity differences within treat-
ment. The assumption of homoscedasticity was tested
for each ANOVA with Levene’s test. In cases that this
assumption was violated, Welch’s test was performed.
The correlation between BHB and glucose concentra-
tion at d 4 postpartum was evaluated using Pearson
correlation.

For the analysis of secondary outcomes, repeated-
measures ANOVA was performed for resting concentra-
tions of glucose, glucagon, insulin, NEFA, BHB, and
IG ratio from 7 d prepartum to 7 d postpartum in
cows with and without hyperketonemia using PROC
MIXED in SAS. Three covariance structures were tested
(autoregressive 1, unstructured, compound symmetry)
and the one yielding the smallest Akaike information
criterion was chosen. Fixed effect was HYK group and
the REPEATED statement was time. The interaction
of HYK status and time was forced into every model.
When results of the ANOVA analysis yielded a P-value
of <0.05, Tukey’s post hoc test was used for comparison
of means across all groups to control experiment-wise
error rate. Normality of residuals was tested after each
model fit. Another secondary outcome was the correla-
tion between the IR indices and AUC as well as curve
parameters (time to maximal concentration, time to
half-maximal concentration, and maximal concentra-
tion), which were tested for each sampling day using
the Spearman rho correlation. Results were reported if
Spearman p > 0.50. The correlation between IR indices
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on d 4 postpartum calculated from morning samples
with those calculated from IVGTT baseline parameters
was also analyzed using Spearman correlation.

Descriptive statistical analyses using one-way ANO-
VA were carried out using Proc GLM for treatment dif-
ferences in BW at enrollment, BCS, dry period length,
milk production, sampling day relative to calving, and
IVGTT glucose dose. For the effect of time, correspond-
ing ANOVA were carried out to analyze the differences
in least squares means for IVGTT parameters using
period and group as fixed effects and including enroll-
ment block as random effect. Results are presented as
means or geometric means and 95% CI unless otherwise
stated.

RESULTS AND DISCUSSION

Cows were dry for an average of 55.5 d (C: 56.5 +
3.1, I 55.0 + 5.4, H: 55.2 &+ 4.3; P = 0.4). The aver-
age BW at enrollment was 672 (657-686) kg and did
not differ between groups (P > 0.43). A BCS score of
3.0 was predominant at dry-off (n = 40, 48%) with 13
animals at BCS 2.75 (15%) and 27 animals at BCS of
3.25 or 3.50 (32%); the remaining 4 animals (5%) had
a BCS of 3.75 (n = 3) or 4.0 (n = 1). On average, cows
in group H gained an additional (mean with 95% CI in
parentheses) 0.27 (0.18-0.36) point in BCS score com-
pared with group C [0.15 (0.07-0.24); P = 0.15), and
group I [0.11 (0.02-0.19); P = 0.03]. However, it has to
be taken into account that BCS may lack sensitivity
for the detection of differences in visceral fat mass, as
recently described (Drackley et al., 2014), and that the
small difference in BCS between the groups might result
in an underestimation of true differences in adipose tis-
sue gain. In fact, weight gain in the dry period was also
highest in group H [90.4 (82.7-98.1) kg] compared with

Table 1. Analyzed composition (mean £ SD) of diets
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group C [72.1 (64.3-79.8) kg; P = 0.004] and group I
[71.0 (63.3-78.8) kg; P = 0.002]. The majority of cows
(n = 51) were entering parity 2, and 33 animals were
entering parity 3 and greater; the distribution of parity
was not different between groups (P = 0.34). Selected
items from the chemical analysis of rations and pre-
dicted MP supplies for pre- and postpartum diets are
presented in Table 1. The complete list of ingredients of
each diet, wet chemistry analysis results, as well as milk
production and composition were previously described
(Mann et al., 2015). Overall, the averages of milk yield
in the first 2 wk of lactation [C: 36.2 (33.8-38.6), I:
35.9 (33.6-38.2), H: 37.0 (34.7-39.3) kg; P = 0.80] as
well as wk 3 and 4 of lactation [C: 47.7 (45.2-50.2), I:
46.2 (43.8-48.7), H: 45.8 (43.4-48.2) kg; P = 0.53] were
not different among dietary treatment groups. Cows
that became hyperketonemic in the first 21 DIM (n =
29) and those that did not (n = 55) had similar milk
production in the first 2 wk [37.0 (34.6-39.5) vs. 35.6
(33.9-37.4) kg; P = 0.35] and in wk 3 and 4 after calv-
ing [46.9 (44.5-49.4) vs. 46.0 (44.2-47.8) kg; P = 0.54].
Intra- and interassay coefficients of variation (CV) for
glucose, NEFA, insulin, and glucagon measurements
were 2.2 and 6.4%, 3.1 and 8.2%, 6.9 and 5.7%, and 4.6
and 12.9%, respectively.

Glucose and Insulin Response During IVGTT

The primary objective of this study was to evaluate
the effect of different dry period planes of energy on
glucose tolerance in peripartum dairy cows. The dose
of glucose administered during the IVGTT was smaller
than the one used in a previous study (Kerestes et al.,
2009), but similar to (Hove, 1978; Zachut et al., 2013),
the same as (Schoenberg and Overton, 2011; Schoen-
berg et al., 2012), or larger than that used in other

Treatment?

Component’ Controlled Intermediate High Fresh

MP? (g/d) 1,490 (1,272-1,738) 1,520 (1,241-1,808) 1,520 (1,223-1,774) 2,650 (1,673-3,009)
CP (% of DM) 142 £ 1.6 13.9 £ 0.7 12.5 £ 0.9 17.8 £ 0.9
NDF (% of DM) 48.4 £ 5.0 422 + 4.5 41.0 £ 4.2 354+ 23
ADF (% of DM) 30.1 £4.2 28.5 £ 3.2 26.55 £ 3.3 21.3 £ 44
Starch (% of DM) 15.0 £ 2.5 20.1 + 3.6 23.7 + 2.6 21.2 + 2.3
Fat (% of DM) 2.7+0.2 29£0.2 3.1 £0.1 4.1+ 0.3

!Chemical composition is presented as average of 11 monthly composites + SD.

*Treatments: Controlled energy prepartum diet, fed for ad libitum intake to control intake to 100% of energy requirements; intermediate energy
prepartum diet, fed for ad libitum intake to control intake to 100% of energy requirements from 57 to 29 d before expected parturition and ap-
proximately 125% of energy requirements from 28 d before expected parturition until calving; high energy prepartum diet, fed for ad libitum
intake to achieve energy intake at approximately 150% of requirements. All cows were fed the same fresh cow ration.

Prediction of MP supply for average DMI (range given for & 1 SD in DMI) in each treatment group for the last seven weeks before calving and
for overall average intakes (£1 SD in DMI) postpartum (CNCPS v.6.1; Cornell University, Ithaca, NY).
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studies (Holtenius et al., 2003), which should be taken
into consideration when comparing results between
studies.

The mean and SD of actual sampling day for IVGTT
was 26.6 + 4.2 and 7.9 £ 4.0 d before calving and 4.6
+ 1.2 and 21.0 £ 1.2 d postpartum. The average time
point of glucose infusion was 1230 h (1120 to 1340 h)
and approximately 5 h after morning blood sampling
and feed removal.

Figures 1 and 2 depict the mean and SD of glucose
and insulin concentrations during the IVGTT carried
out at the 4 different time points. Maximal concen-
trations of insulin and glucose, the clearance rate of
both, time to half-maximal values for both analytes,
and total AUC were not different among groups for
any of the time points (Table 2). Time to maximal
insulin concentration was also not different (Table 2).
The findings of our study are similar to those of a previ-
ous study by Schoenberg and Overton (2011), where no
differences were detected in IVGTT measurements of
insulin and glucose between dry-period energy treat-
ment groups during late gestation. In a second study,
RQUICKI, IVGTT parameters, and insulin sensitivity,
as assessed by the hyperinsulinemic-euglycemic clamp
tests, did not differ between treatment groups of vary-
ing energy levels in the dry period (Schoenberg et al.,
2012). Together, these studies and the current experi-
ment suggest that overfeeding during the dry period
does not alter the ability of dairy cows to respond to
a glucose challenge compared with cows being fed a
controlled energy diet.

Several measurements obtained from IVGTT were
different between the 4 different sampling time points
of the pre- and postpartum period and when control-
ling for differences between treatment groups. Glu-
cose clearance was highest at 21 d postpartum [2.05
(1.97-2.11) %/min], followed by rates on d 4 postpar-
tum [1.85 (1.78-1.93) %/min], and both were different
compared with both prepartum sampling time points
[28 d prepartum: 1.51 (1.44-1.59); 10 d prepartum:
1.61 (1.54-1.69) %/min; P < 0.0001]. The glucose CR
between d 21 and 4 postpartum was also different (P <
0.002). Maximum concentrations for glucose at 28 and
10 d prepartum [256 (247-266) and 266 (257-276) mg/
dL, respectively] were higher than those on d 4 and 21
postpartum [207 (197-216) and 221 (212-230) mg/dL;
P < 0.0001].

The increased glucose clearance is likely linked to
the onset of lactation (Debras et al., 1989). For every
kilogram of milk produced, 72 g of glucose is needed
(Kronfeld, 1982). This higher basal glucose turnover in
lactating cows has to be taken into account when com-
paring lactating cows to dry cows (De Koster and Op-
somer, 2013), and this limits comparability of IVGTT
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findings between nonlactating and lactating animals.
As opposed to previously reported findings (Kerestes
et al., 2009), we saw both increased glucose and insulin
clearance in cows postpartum. Numerically lower glu-
cose CR in animals fed higher energy diets postpartum
were observed previously and interpreted as increased
IR (Holtenius et al., 2003). Discrepancies in study de-
sign, sample size, and genetics could be variables that
account for the differences observed between that study
and the current one.

Insulin clearance was highest at 21 and 4 d postpar-
tum [21 d postpartum: 4.35 (4.03-4.66); 4 d postpar-
tum: 4.13 (3.81-4.45) %/min| compared with both pre-
partum time points [28 d prepartum: 2.16 (1.85-2.47);
10 d prepartum: 2.23 (1.92-2.53) %/min; P < 0.0001].
Maximum concentration of insulin was 160 (144-178),
112 (101-124), 50 (45-55), and 67 (60-74) pU/mL on
d 28 and 10 prepartum and 4 and 21 d postpartum,
respectively, and concentrations at all 4 time points
were different from each other (P < 0.001).

Zachut et al. (2013) hypothesized that the higher in-
sulin AUC to clear the same dose of glucose in the pre-
partum period compared with the postpartum period
indicates a degree of IR in late gestation, as described
by Bell (1995). Similar to our own findings, Bossaert et
al. (2008) reported lower insulin AUC in lactation and
attributed this to reduced insulin secretion, which could
be part of the physiologic homeorhetic adaptation to
early lactation. According to Malven et al. (1987), in-
sulin uptake into the mammary gland after parturition
is negligible and unlikely to play a role in the observed
increase in clearance rate postpartum. Because insulin
is predominantly metabolized in the liver (Ferrannini
and Cobelli, 1987) and liver blood flow increases sub-
stantially with lactation, the increased insulin clearance
could also be due to an increased rate of degradation
(Lomax and Baird, 1983). However, peak insulin con-
centrations observed postpartum were greatly reduced
compared with prepartum peak concentrations, and
could help explain the observed changes in insulin
clearance independently of changes in uptake by the
mammary gland or increased metabolization rate by
the liver.

Effect of Dry Period Plane of Energy on NEFA
Response During IVGTT

Figure 3 shows the percentage of reduction from
baseline of plasma NEFA concentrations at sampling
time points d 10 prepartum and d 4 postpartum, which
did not differ among treatment groups. This is in
contrast to both studies by Schoenberg and colleagues
(Schoenberg and Overton, 2011; Schoenberg et al.,
2012). Concentrations of NEFA reached a nadir around
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45 min after glucose infusion, which is similar to find-
ings by Zachut et al. (2013). This represents the rapid
inhibition of lipolysis by insulin (Ruan and Lodish,
2003), which we observed regardless of the differences
in insulin concentration from pre- to postpartum time
points and regardless of the large increase in NEFA
concentrations postpartum compared with prepar-
tum. Circulating NEFA are readily removed from the
bloodstream through lipid storage or uptake by the
liver, as well as by the mammary gland during lacta-
tion (Pethick, 2005). The absolute changes in NEFA
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concentrations expressed as AUC were not different on
d 10 prepartum [C: —25.8 (—19.4 to —32.2), I —22.0
(—15.6 to —28.4), H: —23.5 (—17.1 to —29.9) mmol-120
min/L; P = 0.70] and d 4 postpartum [C: —62.7 (—54.8
to —70.5), I: —56.7 (—48.9 to —64.6), H: —67.6 (—60.0
to —75.5) mmol-120 min/L; P = 0.15]. The authors of
a recent study investigating the effect of insulin on FA
metabolism in dry dairy cows differing in body condi-
tion found that inhibition of lipolysis remains intact in
overconditioned cows and lower insulin concentrations
are necessary for its action on FA metabolism compared
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Figure 1. Mean plasma concentration of glucose (mg/dL) during intravenous glucose tolerance test (IVGTT) performed at 28 and 10 d
prepartum, as well as 4 and 21 d postpartum. Error bars represent SD. Least squares means (95% CI) of area under the curve for time points 28
and 10 d prepartum as well as 4 and 21 d postpartum were 5.7 (5.2-6.1), 5.9 (5.4-6.4), 3.7 (3.2-4.1), and 3.4 (2.9-3.8) g-120 min/dL, respectively.
Baseline represents the average of samples taken 15 and 5 min before glucose infusion. Time point 0 represents sample taken immediately after
intravenous bolus administration of 0.25 g of glucose per kg of BW. C = controlled-energy prepartum diet, fed for ad libitum intake to control
intake to 100% of energy requirements; I = intermediate-energy prepartum diet, fed for ad libitum intake to control intake to 100% of energy
requirements from 57 to 29 d before expected parturition and approximately 125% of energy requirements from 28 d before expected parturi-
tion until calving; H = high-energy prepartum diet, fed for ad libitum intake to achieve energy intake at approximately 150% of requirements.
Values based on 28 animals in each group.
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Figure 2. Mean plasma concentration of insulin (WU/mL) during intravenous glucose tolerance test (IVGTT) performed at 28 and 10 d
prepartum as well as 4 and 21 d postpartum. Error bars represent SD. Least squares means (95% CI) of area under the curve for time points
28 and 10 d prepartum as well as 4 and 21 d postpartum were 5.7 (4.7-6.8), 4.2 (3.5-5.0), 1.4 (1.2-1.7), and 1.7 (1.4-2.0) mU-120 min/mL,
respectively. Baseline represents the average of samples taken 15 and 5 min before glucose infusion. Time point 0 represents the sample taken
immediately after bolus administration of intravenous 0.25 g of glucose per kg of BW. C = controlled-energy prepartum diet, fed for ad libitum
intake to control intake to 100% of energy requirements; I = intermediate-energy prepartum diet, fed for ad libitum intake to control intake
to 100% of energy requirements from 57 to 29 d before expected parturition and approximately 125% of energy requirements from 28 d before
expected parturition until calving; H = high-energy prepartum diet, fed for ad libitum intake to achieve energy intake at approximately 150%

of requirements. Values were based on 19 animals in each group.

with actions on glucose metabolism (De Koster et al.,
2015). The results of our study also suggest that even
a lower insulin response to glucose challenge (smaller
AUC, lower peak concentration) postpartum leads to a
similar effect on reduction of NEFA concentration and
therefore inhibition of lipolysis compared with prepar-
tum time points. In addition, the absence of a differ-
ence between the treatment groups in the present study
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indicates that inhibition of lipolysis and rate of removal
of NEFA were not affected by the energy level and con-
current differences in body condition and weight gain
during the dry period. These results, together with the
absence of differences in insulin response to a glucose
challenge, can be interpreted such that the increase in
BCS and BW in group H compared with groups C and
I did not alter the insulin response to a glucose chal-
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Table 2. Results of mixed effects ANOVA for treatment (T) differences in intravenous glucose tolerance test parameters at 28 and 10 d prepartum (—28 and —10) as well as 4 and
21 d postpartum (+4 and +21) for treatment groups and HYK? status

Treatment' HYK?
T x HYK
Measurement Controlled Intermediate High P-value No Yes P-value P-value
Maximal glucose concentration (mg/dL)*
—928d 260 (243-278) 258 (243-275) 256 (242-272) 0.76 260 (250-271) 256 (242-272) 0.87 0.50
-10d 259 (243-276) 261 (246-277) 269 (254-284) 0.54 268 (258-279) 258 244 ~272) 0.66 0.61
+4d 213 (203-225)" 209 (199 220)h 198 (188-209)° 0.08 211 (204-219) 203 (193 213) 0.20 0.10
+21d 220 (208-233) 217 (206-228) 210 (200-221) 0.58 219 (211-227) 212 (202-223) 0.36 0.32
Time (min) to half-maximal glucose concentration’
928 d 34.7 (28.5-42.3) 42.5 (35.6-50.8) 37.4 (31.6-44.4) 0.10 36.7 (32.4-41.5) 39.5 (33.3-47.0) 0.56 0.51
-10d 36.2 (30.9-42.4) 35.2 (30.5-40.5) 35.4 (30.9-40.6) 0.95 33.5 (30.3-36.9) 37.9 (33.1-43.5) 0.15 0.72
+4d 27.4 (24 4 30 7) 29.7 (26.5-33.2) 31.8 (28.5-35.5) 0.20 28.3 (26.2-30.6) 30.8 (27.6-34. 4) 0.22 0.02"
+21d 24.3 (21.5-26.7) 24.1 (22.1-26.7) 27.4 (25.0-30.0) 0.10 25.1 (23.4-26.8) 25.3 (23.1-27.8) 0.77 0.63
Glucose clearance rate (%/min)
—28d 1.6 (1.5-1.8) 1.5 (1.3-1.6) 1.5 (1.4-1.7) 0.20 1.5 (1.4-1.6) 15 (14-1.7) 0.76 0.54
~104d 1.6 (1.5-1.7) 1.6 (1.5-1.7) 1.6 (1.5-1.7) 0.99 1.6 (1.5-1.7) 1.6 (1.5-1.7) 0.77 0.87
+4d 1.9 (1.7-1.9) 1.8 (1.7-1.9) 1.8 (1.7-1.9) 0.30 1.9 (1.8-2.0) 1.8 (1.7-1.9) 0.17 0.26
+21d 2.1 (1.9-2.2) 2.1 (2.0-2.2) 2.0 (1.9-2.1) 0.47 2.1 (2.0-2.1) 2.0 (1.9-2.2) 0.91 0.75
Glucose AUC (g-120 min/dL)*
—28d 5.60 (5.05-6.21)™ 6.21 (5.64-6.83)" 5.33 (4.87-5.84)" 0.07 5.56 (5.21-5.94) 5.85 (5.34-6.40) 0.36 0.93
~104d 6.01 (5.45-6.64) 5.94 (5.42-6.51) 5.83 (5.35-6.36) 0.83 5.94 (5.58-6.33) 5.92 (5.43-6.45) 0.70 0.93
+4d 3.85 (3.48-4.26) 3.92 (3.57-4.31) 3.86 (3.63-4.22) 0.75 3.69 (3.47-3.92) 4.02 (3.68-4.40) 0.11 0.50
+21d ) 3.36 (3.05-3.70) 3.34 (3.06-3.64) 3.60 (3.31-3.91) 0.29 3.22 (3.02-3.43) 3.63 (5 33-3.94) 0.02 0.68
Maximal insulin concentration® (pIU/mL)
—28d 184 (148-227) 147 (120-182) 160 (130-197) 0.31 104 (133-180) 172 (141-211) 0.37 0.69
~104d 124 (103-150) 103 (85-124) 110 (91-133) 0.34 110 (96-127) lla (95-139) 0.74 0.93
+4d 57 (45-71) 1 (41-65) 42 (33-53) 0.13 54 (46-63) 43 (34-54) 0.08 0.56
+21d 73 (61-89) 65 (54-78) 60 (50-72) 0.24 69 (60-80) 63 (52-75) 0.33 0.54
Insulin AUC (mIU-120 min/mL)*
-28d 7.07 (5.58-8.97) 6.29 (5.07-7.79) 6.19 (5.00-7.67) 0.58 5.99 (5.16-6.94) 7.06 (5.73-8.71) 0.19 0.65
~104d 5.15 (4.24-6.26) 4.36 (3.62-5.26) 4.67 (3.87-5.63) 0.49 4.47 (3.93-5.09) 4.98 (4.17-5.94) 0.33 0.94
+4d 1.73 (1.42-2.11) 1.4 (1.18-1.76) 1.37 (1.13-1.67) 0.18 1.56 (1.34- 1.81) 1.46 (1.20-1.77) 0.56 0.50
+21d 2.08 (1.71-2.54) 1.93 (1.60-2.33) 1.75 (1.45- 2.11) 0.31 1.88 (1.65-2.15) 1.94 (1.63-2.32) 0.74 0.35
Time (min) to half-maximal insulin concentration®
—28d 48.6 (42.1-55.2) 49.8 (43.2-56.3) 50.9 (44.4-57.4) 0.89 47.9 (43.3-52.5) 51.6 (45.6-57.9) 0.25 0.38
~10d 49.4 (39.4-59.3) 56.2 (46.4-66.1) 54.1 (44.2-64.1) 0.51 51.4 (44.2-58.1) 55.1 (45.6-64.6) 0.30 0.07
+4d 29.1 (25.0-33.8) 28.7 (24.7-33.3) 26.5 (22.7-30.9) 0.63 28.7 (23.2-30.5) 28.7 (27.9-33.2) 0.64 0.74
+21d 29.4 (25.6-33.1) 29.6 (25.9-32.6) 29.3 (25.8-32.8) 0.23 27.8 (25.4-30.5) 28.9 (26.4-31.4) 0.48 0.48
Time (min) to maximal insulin concentration
—928d 12.4 (10 314.) 11.5 (9.3-13.6) 12.0 (9.9-14.1) 0.59 10.4 (8.9-11-9) 13.5 (11.4-15.6) 0.05 0.71
~10d 14 6 (11.5-17.6) 12.0 (9.0-15.1) 13.9 (10.4-17.6) 041 12.3 (9.6-14.9) 14 5 (10.9-18. 1) 0.08 0.74
+4d 1 (6. 69, 6) 6.8 (5.3-8.2) 7.7 (6.2-9.1) 0.32 7.3 (6.3-8.5) 6 (6.1-9.1) 0.75 0.16
+21d 3 (5.3-9. 2) 7.4 (5.5-9.3) 6.9 (5.0-8.7) 0.92 7.1 (5.7-8.5) 3 (5.4-9.1) 0.88 0.95
Insulin clearance rate (%/min)
—928 d 2.4 (2.0-2.8) 1.9 (1.6-2.3) 2.2 (1.8-2.6) 0.21 2.2 (1.9-2.5) 2.0 (1.6-2.4) 0.34 0.73
-10d 2.5 (2.0-3.0) 1.9 (1.4-2.4) 2.3 (1.8-2.8) 0.23 2.3 (1.9-2.7) 2.0 (14-2.5) 0.15 0.31
+4d 3.8 (3.2-4.5) 41 (3.4-4.7) 41 (3.4-4.7) 0.81 44 (3.9-4.9) 3.6 (2.9-4.2) 0.03 0.97
+21d 4.2 (3.6-4.9) 45 (3.9-5.1) 4.1 (3.5-4.7) 0.52 4.6 (4.1-5.0) 3.9 (3.2-4.5) 0.04 0.52

* “Means within a row with different superscript letters differ (Tukey post hoc test P < 0.10).

'The interaction between treatment and HYK was tested and retained in the analysis if P < 0.05. Enrollment block included as a random effect. Results reported as mean or geometric mean and
95% CIL. Treatments: Controlled-energy prepartum diet, fed for ad libitum intake to control intake to 100% of energy requirements; intermediate-energy prepartum diet, fed for ad libitum intake to
control intake to 100% of energy requirements from 57 to 29 d before expected parturition and approximately 125% of energy requirements from 28 d before expected parturition until calving; high-
energy prepartum diet, fed for ad libitum intake to achieve energy intake at approximately 150% of requirements.

*Hyperketonemia (HYK): animals with a BHB concentration >1.2 mmol/L at any time point within the first 21 DIM were considered as hyperketonemic for this analysis.

*Geometric mean and 95% CI for log-transformed data calculated as e*.

*For the interaction T x HYK, the least squares means (95% CI) were 27.4 (24.2-31.1), 31.1 (27.2-35.6), and 26.7 (23.1-30.8) min for the controlled, intermediate, and high group without HYK,
and 27.3 (22.0-33.9), 28.3 (23.6-33.9), and 37.9 (32.1-44.7) min for the same groups in case of HYK, respectively.
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lenge or the ability of adipose tissue to respond to the
insulin stimulus.

Resting Concentration of Pancreatic Hormones,
Glucose, and Markers of Negative Energy Balance

Measurement of baseline glucose, NEFA, insulin,
glucagon, BHB, and IG ratio was carried out as an
alternate assessment of metabolic status pre- and
postpartum and revealed notable differences on d 4
postpartum (Figure 4). Prepartum glucose concentra-
tions were higher in cows in group H compared with
both groups I and C at both prepartum time points [d
28 prepartum: group H: 77.8 (74.6-81.1) mg/dL vs. C:
73.9 (70.8-77.1) mg/dL; P = 0.07; and I: 73.4 (70.3—
76.5) mg/dL; P = 0.04; d 10 prepartum: group H: 75.9
(73.8-78.1) mg/dL vs. C: 69.6 (67.6-71.7) mg/dL; P =
0.004; and I: 70.6 (68.5-72.7) mg/dL; P = 0.008]. The
higher blood glucose concentration in prepartum cows
fed a higher energy diet has been observed by others
(Schoenberg and Overton, 2011) but could be due to
increased propionate conversion in the liver (Janovick
et al., 2011). We hypothesize that the higher prepartum
plasma glucose concentration in group H could have
been caused by availability of nutrients in the form of
starch in excess of requirements, resulting in greater
availability of propionate for hepatic gluconeogenesis.

© C = |
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Glucose concentrations were lowest in group H [56.0
(53.4-58.5) mg/dL| and highest in group C [59.9 (57.4—
62.4) mg/dL; P = 0.08] on d 4 postpartum. Baseline
values of NEFA increased greatly on d 4 postpartum
from prepartum values and were highest in group H
[1.63 (1.52-1.74) mmol/L] compared with both groups
C [1.37 (1.26-1.48) mmol/L; P = 0.004] and I [1.38
(1.27-1.50) mmol/L; P = 0.008]. This is in accordance
with a tendency for a more pronounced negative en-
ergy balance in group H compared with group C in
the postpartum period, which we previously described
(Mann et al., 2015). These findings are of particular
importance for future reproductive success as low blood
glucose concentrations after calving are associated with
subfertility due to its role as regulator of hormones
(such as insulin and IGF-1) and metabolites (such as
NEFA) controlling reproductive function (Garverick et
al., 2013; Lucy et al., 2013).

Insulin baseline concentrations decreased from values
measured on d —28 to reach the lowest concentration
on d 4 postpartum. Insulin baseline values on d 4 post-
partum were lowest in group H [0.95 (0.55-1.62) pU/
mL] compared with groups C [2.10 (1.22-3.58) pU/
mlL; P = 0.09] and I [2.32 (1.38-3.92) pU/mL; P =
0.05]. Baseline glucagon concentrations increased af-
ter calving and were different among groups on d 4
postpartum with the highest concentration in group H

4 H

4 d postpartum

NEFA (% from baseline)

Figure 3. Reduction of nonesterified fatty acid (NEFA) concentration (in % from baseline) during intravenous glucose tolerance test
(IVGTT) 10 d prepartum as well as 4 d postpartum. Error bars represent SD and time point 0 the sample taken immediately after intravenous
bolus administration of 0.25 g of glucose per kg of BW. Baseline represents the average of samples taken 15 and 5 min before glucose infusion.
C = controlled-energy prepartum diet, fed for ad libitum intake to control intake to 100% of energy requirements; I = intermediate-energy
prepartum diet, fed for ad libitum intake to control intake to 100% of energy requirements from 57 to 29 d before expected parturition and ap-
proximately 125% of energy requirements from 28 d before expected parturition until calving; H = high-energy prepartum diet, fed for ad libitum
intake to achieve energy intake at approximately 150% of requirements. Values were based on 19 animals in each group.
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Figure 4. Least squares means of baseline concentration of glucose (top left), nonesterified fatty acids (NEFA; top right), insulin (middle
left), glucagon (middle right), molar insulin:glucagon ratio (bottom left) and BHB (bottom right) at 28 and 10 d before expected calving as well
as 4 and 21 d after calving. Error bars represent 95% CI; enrollment block was included as a random effect. C = controlled-energy prepartum
diet, fed for ad libitum intake to control intake to 100% of energy requirements; I = intermediate-energy prepartum diet, fed for ad libitum
intake to control intake to 100% of energy requirements from 57 to 29 d before expected parturition and approximately 125% of energy require-
ments from 28 d before expected parturition until calving: H = high-energy prepartum diet, fed for ad libitum intake to achieve energy intake
at approximately 150% of requirements. Columns marked with different uppercase letters (A, B) are different at a level of P < 0.05 in ANOVA
and Tukey’s post hoc test; columns marked with different letters (a, b) are different at a level of P < 0.10 ANOVA and Tukey’s post hoc test.
Values were based on 19 animals in each group except glucose, which was based on 28 animals in each group.
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[137.2 (126.5-149.5) pg/mL] compared with groups C
[115.4 (103.8-126.9) pg/mL; P = 0.007] and I [117.1
(105.3-128.8) pg/mL; P = 0.009]. Cows experience a
natural decrease in insulin concentration as part of the
homeorhetic regulation to enable increased gluconeo-
genesis and lipolysis (Bell, 1995; Nielsen et al., 2014),
whereas glucagon is upregulated at the initiation of lac-
tation (De Koster and Opsomer, 2013) and increases the
oxidation of NEFA as well as plasma glucose concentra-
tions (Bobe et al., 2003). The combination of decreased
insulin and increased glucagon baseline concentrations
allows for increased protein degradation (Rooyackers
and Nair, 1997) and increased gluconeogenesis in the
liver (Aschenbach et al., 2010). This physiological
adaptation to the catabolic period (Holtenius and
Holtenius, 1996) was observed in all treatment groups
as a response to reduced glucose availability. However,
the decrease in insulin and glucose concentrations and
increase in glucagon concentration were most pro-
nounced in cows in group H. This was reflected in a
lower insulin:glucagon ratio in this group (Figure 4),
indicating a more severe negative energy balance, lead-
ing to increased ketogenesis during this period when
the capacity of gluconeogenesis becomes insufficient to
provide energy substrates (Heitmann et al., 1987). This
was further supported by the negative relationship of
BHB with glucose concentrations on d 4 postpartum (r
= —0.53, P < 0.0001; Figure 5). Animals with resting
BHB concentrations >1.2 mmol /L had lower concentra-
tions of glucose on this day compared with those having
BHB concentrations <1.2 mmol/L [51.6 (48.6-54.6) vs.
60.2 (58.7-61.8) mg/dL, P < 0.0001].

Lower insulin concentrations in cows postpartum
have previously been reported in cows overfed energy
in the dry period (Janovick et al., 2011). Because glu-
cose orchestrates whole-animal metabolism through
its effect on circulating concentrations of insulin and
other hormones (Lucy, 2008), these changes were likely
caused by the lower postpartum glucose concentrations
in the overfed group.

Because no differences were found in DMI, milk
production, or lactose yield between these treatment
groups (Mann et al., 2015) and based on the data pre-
sented here, we suggest that these differences in glucose
concentrations were not caused by differences in glu-
cose disposal (either into insulin-dependent tissues or
the mammary gland), but rather represent a problem
of limited glucose synthesis or availability of glucose
precursors, or both, in cows overfed energy during the
dry period. Several studies have investigated the effect
of overfeeding on markers of hepatic gluconeogenesis
in cows fed different energy levels in the dry period. In
the study by Rukkwamsuk et al. (1999), gluconeogenic
enzyme activity was reduced in the liver of overfed cows
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Figure 5. Scatterplot showing the relationship between resting
concentrations of blood BHB (mmol/L) and plasma glucose (mg/dL)
for all cows at d 4 postpartum.

from 1 wk prepartum to 2 wk postpartum. Decreased
expression of key enzymes for gluconeogenesis in liver
biopsied from 10 d before parturition until 10 d after
calving were also found in cows overfed energy dur-
ing the dry period (Selim et al., 2014). In the study
by Murondoti et al. (2004), a decreased rate of gluco-
neogenesis in overfed cows was measured even before
development of fatty liver and was thought to be due to
a larger amount of ileal-digestible but rumen-undegrad-
able starch. Despite the fact that glucose transporters
are present in the whole gastrointestinal tract, only a
few feedstuffs such as corn provide enough digestible
starch to amount to significant quantities of absorbed
glucose, and between 5 to 20% of consumed starch is
digested postruminally (Huntington, 1997; Aschenbach
et al., 2010). Therefore, more work is needed to deter-
mine if direct absorption of glucose alters regulation of
gluconeogenesis in cows overfed energy during the dry
period.

Effect of Hyperketonemia on IVGTT Measurements
and Baseline Parameters

A secondary objective was the evaluation of IVGTT
and baseline parameters in cows with and without post-
partum hyperketonemia. In the first 21 d postpartum,
7,10, and 12 animals in groups C, I, and H, respectively,
became hyperketonemic. Complete information of all
analytes was available for 20 hyperketonemic and 37
nonhyperketonemic animals. Characteristics of IVGTT
for cows with and without postpartum hyperketonemia
revealed an increase in glucose AUC, as well as reduced
insulin CR postpartum (Table 2). The NEFA AUC on
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d 4 was also not different for HYK versus non-HYK
cows [—60.5 (—66.1 to —54.9) vs. —65.8 (—73.5 to
—58.2) mmol-120 min/L; P = 0.27]. Figure 6 shows
the repeated-measures least squares means of resting
concentration of glucose, glucagon, insulin, NEFA, and
BHB, as well as molar IG ratio from 7 d prepartum
to 7 d postpartum for cows that did and did not be-
come hyperketonemic. Compared with animals that did
not become hyperketonemic, glucose baseline of those
animals that did become hyperketonemic within the
first 21 DIM was decreased on d 4 [54.5 (51.9-57.0)
vs. 60.4 (58.7-62.1) mg/dL; P = 0.0002] and on d 21
postpartum [56.5 (53.8-59.2) vs. 63.9 (62.1-65.8) mg/
dL; P < 0.0001]. Insulin baseline concentration was
also decreased on d 21 postpartum [3.81 (2.57-5.1 uIU/
mL)] compared with nonhyperketonemic animals [5.7
(4.7-6.6) pIU/mL; P = 0.02] whereas glucagon [134.7
(123.0-146.4) vs. 120.0 (111.3-128.5) pg/ml; P =
0.05] and NEFA concentrations [1.6 (1.5-1.7) vs. 1.3
(1.3-1.4) mmol/L; P = 0.01] were increased on d 4
postpartum in this group.

In a study by Hove (1978), ketotic cows were char-
acterized by lower insulin response to a glucose chal-
lenge and lower glucose concentrations preceding the
challenge. Insulin also increased to a smaller degree
after feeding in hyperketonemic, hypoglycemic animals
compared with nonhyperketonemic animals (Hove and
Halse, 1978). In both studies, the authors hypothesized
that the decreased secretion of insulin might be caused
by the lower secretory capacity of the pancreas devel-
oped during the days of lower glucose concentrations in
blood preceding the IVGTT and feeding. Sakai et al.
(1996) also measured lower blood insulin concentration
in ketotic cows after glucose infusion. The decreased
insulin concentration allows for lipolysis during hy-
poglycemia and ketogenesis (Hove, 1974). Prolonged
negative energy balance can lead to reductions in
pancreatic islet cell and size, lower insulin secretion,
hypoinsulinemia, lower glucose concentration, and a
lower glucose clearance rate (Hayirli, 2006).

IR Indices and Correlation with IVGTT Parameters

Surrogate IR indices were evaluated to assess the
association with IVGTT parameters. The results and
statistical analysis of the calculations for surrogate
indices for the treatment groups and hyperketonemia
status are shown in Supplementary Table S1 (http://
dx.doi.org/10.3168/jds.2015-9908). We observed no dif-
ferences in surrogate indices between treatment groups,
but indices changed over time, reflecting the changes
between time points in glucose, insulin, NEFA, and
BHB concentrations as described.
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Spearman correlation results between IR indices and
IVGTT parameters with p > 0.50 included a positive
correlation between NEFA AUC on d 10 prepartum and
RQUICKI (p = 0.75, P < 0.001), as well as RQUICK-
Tpug (p = 0.76, P < 0.001) on the same day. None of
the other tested correlations between IR indices and
IVGTT parameters yielded a correlation coefficient
>0.50.

We observed that postpartum BHB concentrations
increased from morning blood sampling to those con-
centrations measured in baseline samples of IVGTT
[difference on d 4 postpartum: 0.20 (0.15-0.25), differ-
ence on d 21 postpartum: 0.44 (0.36-0.52) mmol/L].
On d 4 postpartum, insulin concentrations in samples
obtained during morning blood sampling were, on aver-
age, 2.82 (2.13-3.51) pU/mL higher than concentra-
tions measured in baseline samples. These differences
were not affected by treatment group. Concentration
of NEFA on this day increased substantially during
this timeframe [0.65 (0.54-0.75) mmol /L] and increases
were different for the 3 treatment groups [C: 0.45
(0.28-0.62), I. 0.68 (0.51-0.85), H: 0.83 (0.66-1.01)
mmol/L; P = 0.009]. The correlation between IR indi-
ces calculated on d 4 postpartum from samples taken
in the morning and those taken on average 5 h later
yielded the following Spearman correlation coefficients:
p = 0.58 for HOMA-IR and QUICKI (P < 0.0001), 0.38
for RQUICKIgyp (P = 0.007), and 0.37 for RQUICKI
(P = 0.008). In comparison with the values obtained
from the morning samples, HOMA-IR decreased by
0.34 (95% CI: —0.48 to —0.20), QUICKI increased by
0.12 (0.08 to 0.16), RQUICKI increased by 0.05 (0.01
to 0.08), and RQUICKIpyp increased by 0.03 (—0.01
to 0.06). No treatment differences were observed for
any of the IR indices on d 4 postpartum from morning
samples (P > 0.39).

Insulin resistance indices are widely used in hu-
man medicine and are interpreted such that increased
HOMA-IR and decreased QUICKI indices represent an
increase in IR. With the exception of RQUICKIzyg, IR
indices in the current study would be interpreted as
the highest degree of IR at 28 d prepartum with the
smallest degree of IR on d 4 postpartum. Similar to
findings reported by Schulz et al. (2014), we did not
measure significant differences between RQUICKI in
cows overfed energy in the dry period and those fed a
normal control diet. Insulin resistance indices are sub-
ject to potential variation caused by stage of lactation
and pregnancy (De Koster and Opsomer, 2013), and
usefulness in dairy cows is questionable because glucose
and insulin kinetics are very different from those in
human medicine, where IR indices were established,
especially after the onset of lactation (Schoenberg and
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Overton, 2011). The poor correlation observed in this
study is in accordance with findings by Kerestes et al.
(2009). Others have found better correlations between
indices and parameters of clamp tests (Haarstrich,
2011), but cows were sampled in mid lactation. An
interesting finding of this study was the relatively poor
correlation between samples taken at 2 different time
points on d 4 postpartum, which can be explained by
changes in insulin, NEFA, and BHB over the course of
several hours and, in this case, potentially exacerbated
by feed deprivation. Differences in measurements can
be caused by diurnal changes in metabolites as well as
changes induced by a fasted state (Nielsen et al., 2003;
Schoenberg et al., 2012), such as an increase in NEFA
and decrease in insulin concentrations (Schoenberg
and Overton, 2011). It is also possible that increased
handling of animals led to a higher degree of stress
during IVGTT sampling compared with the morning
sampling, which could alter concentrations of certain
metabolites such as NEFA (Gupta et al., 2005; Saco et
al., 2008).

CONCLUSIONS

Overfeeding cows during the dry period was not asso-
ciated with differences in glucose tolerance as assessed
by IVGTT in this study, but feeding a high-energy
dry-period diet did lead to differences in resting pre-
and postpartum concentrations of glucose, as well as
postpartum concentrations of insulin, NEFA, BHB, and
glucagon. The usefulness of IR indices in dairy cows is
questionable, and values obtained in different stages of
lactation and pregnancy should not be compared with
each other.
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