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ABSTRACT

Recent studies in mid- and late-lactation dairy cows
showed that (3-hydroxybutyrate (BHB) infusion had a
considerable effect on glucose metabolism and immune
response during intramammary lipopolysaccharide
challenge. The objective of the present study was to
infuse BHB during the dry period and after parturi-
tion to investigate the effects of elevated plasma BHB
concentrations on metabolism and endocrine changes in
transition dairy cows. The hypothesis tested was that
regulation of glucose metabolism would change at differ-
ent physiological stages and an additional elevation of
BHB concentration would alter glucose concentration.
Multiparous Holstein cows in wk —2 (antepartum, a.p.;
n = 6) and wk +2 (postpartum, p.p.; n = 8) relative to
calving were infused (4 h from 0800 to 1200 h) with a
BHB solution to increase plasma BHB concentration to
1.5 to 2.0 mmol/L (HyperB). The same period the next
day without any infusion was considered the control
period (CON). Blood samples were taken 1 h before
the start of infusion as reference samples and every
30 min during the following 6 h (4 h of infusion and
2 h after infusion) in the HyperB and CON periods,
and analyzed for glucose, BHB, insulin, and glucagon
concentrations. During the steady state period (the lat-
ter 2 h of the 4-h infusion), plasma BHB concentration
reached 1.87 + 0.05 mmol/L (a.p.) and 1.93 £+ 0.05
mmol/L (p.p.) in HyperB compared with 0.55 + 0.06
mmol/L (a.p.) and 0.64 £+ 0.04 mmol/L (p.p.) in CON,
respectively. The 4-h average BHB infusion rate was
12.4 + 1.0 and 13.3 + 0.9 pmol/kg of BW per minute
in wk —2 and +2, respectively. Infusion of BHB caused
a decrease of plasma glucose concentrations relative
to preinfusion levels both before and after parturition,
although basal glucose concentrations were different
before and after calving. Infusion of BHB increased

Received July 7, 2016.
Accepted December 7, 2016.
! Corresponding author: josef.gross@vetsuisse.unibe.ch

plasma insulin concentrations a.p. but not p.p., despite
a higher basal insulin concentration before than after
parturition. These findings show that effects of hyper-
ketonemia on plasma glucose concentrations are similar
before and after calving but that endocrine adaptation
to hyperketonemia differs before and after parturition.
We assume that BHB is a metabolic key regulator in
early lactating dairy cows and may affect glucose con-
centration by further pathways such as gluconeogenesis
and altered lipolysis.
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INTRODUCTION

As actual energy and nutrient requirements for
maintenance and milk synthesis cannot be covered by .
adequate feed intake, a negative energy balance (NEB)": l
exists at the onset of lactation in high-yielding dairy
cows (Drackley et al., 2001; Gross et al., 2011). During
NEB in early lactation, low plasma glucose concentra- 4
tions are observed and, concomitantly, concentrations.g
of plasma free fatty acids (FFA) and subsequently ke- &
tone bodies are increased (Drackley et al., 2001; Gross
et al., 2011). B-Hydroxybutyrate, the most prominent
circulating ketone body in ruminants, can be used
as energy source in many tissues such as brain and
heart (Laffel, 1999; Veech, 2004), kidney (Weidemann
and Krebs, 1969), skeletal muscle (Ruderman and
Goodman, 1973), and the lactating mammary gland
(Shaw, 1942). However, an elevation of plasma BHB
concentration above 1.2 mmol/L indicates subclinical
ketosis in dairy cows, which has detrimental effects on
animal health and performance (Ospina et al., 2010).
The elevation of plasma BHB concentration reduced
circulating glucose concentration in ewes (Schlumbohm
and Harmeyer, 2004) and increased the risk of clinical
ketosis, displaced abomasum, and metritis with subse-
quent decrease of milk production in dairy cows (Duff-
ield et al., 2009). Although ketone bodies may exert
detrimental effects on animal health, they serve as an
alternative energy source in metabolism.
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B-HYDROXYBUTYRATE INFUSION IN TRANSITION DAIRY COWS

Table 2. Chemical composition and nutrient values (g/kg of DM
unless otherwise noted) of hay and concentrate provided during the
experiment

Nutrient Hay Concentrate’
DM content (%) 88 89
Energy content (MJ of NE; /kg of DM) 5.7 8.9
Crude ash 97 23
CP 146 98
Absorbable protein at the duodenum 93 100
Crude fat ND? 76
Crude fiber 246 26
Ca ND 0.4
P ND 3.2
Mg ND 1.0
Na ND 1.7

!Concentrate consisting of 30.4% barley, 30.0% corn, 30.0% wheat,
5.6% hydrogenated vegetable fat, 3.05% molasses, 0.35% (3-carotene,
0.6% salt and mineral premix.

*Not determined.

ing cows was provided and the amount of concentrate
(fed twice daily in equal portions) was adjusted every
week according to the calculated energy and nutrient
requirements (Agroscope, 2015). Chemical composition
and nutrient values of the hay and concentrate provided
are shown in Table 2. Individual feed intake and milk
yield were recorded daily, and BW and milk composi-
tion were determined weekly. Energy balance (EB) was
calculated as the difference between energy intake via
feed and energy expenditure for maintenance and milk
production (Agroscope, 2015). Water was continuously
available for cows.

Experimental Design and BHB Infusion

In wk 2 a.p. (20.7 + 7.9 d a.p., range 35 to 14 d a.p.)
and in wk 2 p.p. (12.8 + 1.2 d p.p., range 11 to 14 d
p-p.), 6 animals were intravenously infused through an
indwelling catheter with 1.7 M Na-D1L-3-OH-butyrate
for 4 h starting at 0800 h on d 1 to achieve an el-
evated plasma BHB concentration (HyperB: 1.5 to 2.0
mmol /L, above the subclinical ketosis threshold of 1.2
mmol/L). On the next day, the same sampling period
but without any infusions was designated the control
period (CON) in the same individuals. Because BHB
solution remained after the treatment of the first 6
cows, we decided to infuse 2 more cows. However, at
that time no antepartum cows were available. Conse-
quently, 2 additional cows were infused with BHB only
in wk 2 p.p. Cows were fed between 0630 and 0730 h,
after the morning milking. Based on previous studies
(Zarrin et al., 2013), infusion of BHB started at a rate
of 12 to 13 pmol of BHB/(kg of BW X min) and was
thereafter adjusted at 5-min intervals according to the

3

continuously determined plasma BHB concentrations.
Details on the preparation of solutions and infusion
procedures were explained in Zarrin et al. (2013).

Blood Sampling and Analysis

One day before the start of infusions and the control
period, respectively, both jugular veins of cows were fit-
ted with indwelling intravenous catheters (32 cm x 16
gauge; Cavafix Certo Splittocan, B. Braun Melsungen
AG, Germany). During the periods of BHB infusions
and days without infusions, blood (~9 mL into tubes
containing tri-potassium EDTA) was sampled from the
catheter contralateral to the infusion site at 30-min
intervals starting at 0800 h. Sampling was performed
during the 4 h of BHB infusion and continued for 2 h
after the end of infusion until 1400 h. For the first 2 h
of infusion, additional blood samples (1 mL) were taken
and analyzed immediately for BHB concentration to
adjust the BHB infusion rate every 5 min. Plasma BHB
concentrations were kept at a steady state between 2
and 4 h after the start of infusions. Samples were im-
mediately placed on wet ice and centrifuged for 20 min

at —20°C until analysis.
Plasma concentrations of glucose, FFA, and BHB
were measured enzymatically using an automated

analyzer (Cobas Mira 2, Hoffmann-La Roche, Basel,:

Switzerland) and commercial kits as described by Gross
et al. (2011). Plasma concentrations of insulin and glu-
cagon were measured by RIA as described by Vicari

;

(3,000 x g, 4°C), and the harvested plasma was storedl

et al. (2008) and Zarrin et al. (2013), respectively. o
addition, the molar ratio of insulin to glucagon was 8

calculated according to Muller et al. (1971).

Statistical Analysis

Statistical analysis was performed using SAS soft-
ware (version 9.4, SAS Institute Inc., Cary, NC). The
UNIVARIATE procedure of SAS was used to check for
normal distribution of data. When variables were not
normally distributed, data were log-transformed. Data
presented in text and figures are means + SEM. Dif-
ferences in basal concentrations of plasma metabolites
and endocrine parameters between a.p. and p.p., and
between control and infusion day in wk —2 and +2
relative to calving were evaluated using the MIXED
procedure of SAS with time points (a.p., p.p.) and
paired experimental days (HyperB, CON) as fixed ef-
fects. The individual cow was used as repeated subject
in the statistical model. Concentrations of metabolites
and endocrine parameters were considered dependent
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4 ZARRIN ETAL.

variables. The model was run with the variance com-
ponents (VC) default setting as covariate structure and
the Bonferroni correction to adjust for multiple com-
parisons. Significant effects were assumed at P < 0.05.

RESULTS
DM, EB, Milk Yield, and BHB Infusion Rates

Dry matter intake was lower in late gestation (15.7
+ 0.9 kg/d, wk 2 a.p.) compared with early lactation
(18.6 + 0.4 kg/d in wk 2 p.p.; P = 0.03, Table 1).
Energy balance decreased from 31.7 + 5.9 MJ of NE; /d
in wk 2 a.p. to —28.9 + 5.1 MJ of NE./d in wk 2 p.p.
(P < 0.001, Table 1). The average daily milk yield was
33.5 £ 2.2 kg/d (SD: 6.9, range: 22.8 to 42.3 kg/d) in
wk 2 p.p.

The BHB infusion rates summarized at 30-min
intervals during the 4 h of infusions before and after

parturition are shown in Figure 1. The average infusion
rates of BHB during the steady state period from 2 to
4 h after the start of infusions were slightly higher (P
= 0.06) in wk 2 p.p., being 12.2 + 0.4 and 13.3 £+ 0.3
pmol/(kg of BW x min) in wk 2 a.p. and wk 2 p.p.,
respectively. After 4 h, infusion of BHB was stopped
and sampling continued for additional 2 h (Figure 1).
The amount of the BHB solution infused during 4 h did
not differ between before (1,182 + 57 mL) and after
parturition (1,302 & 80 mL, P = 0.09). The target BHB
concentration during the steady state period was 1.87
+ 0.06 and 1.93 £ 0.05 mmol/L (in wk 2 a.p. and wk
2 p.p., respectively, Figure 2, P = 0.51). Plasma BHB
concentration decreased after the end of infusion and
reached preinfusion levels faster in wk 2 p.p. than in
wk 2 a.p. (1 vs. 1.5 h after infusion stop; Figure 2, P
= 0.02). No effects of the individual cow and parity
number on infusion characteristics a.p. or p.p. were
observed.
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Figure 1. Infusion rates of BHB during the 4-h infusion period in wk 2 before parturition (antepartum, a.p., n = 6, solid line) and in wk
2 after parturition (postpartum, p.p., n = 8, dashed line). Data represent mean infusion rates (mean + SEM) at 30-min intervals during the
adaptation phase (0 to 2 h relative to the start of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery

phase (infusion rate = 0; 4 to 6 h relative to the start of infusion).
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B-HYDROXYBUTYRATE INFUSION IN TRANSITION DAIRY COWS

Changes in Plasma Metabolites and Endocrine
Parameters During Lactational Stages
and BHB Infusions

Plasma BHB concentration was higher before the
start of infusions in wk 2 p.p. (0.76 = 0.05 mmol/L)
compared with wk 2 a.p. (0.50 £ 0.05 mmol/L, P =
0.004), whereas glucose concentration was lower p.p.
(3.17 £ 0.14 vs. 3.64 £ 0.13 mmol/L, P = 0.04). Insulin
but not glucagon concentrations in plasma were higher
in wk 2 a.p. (19.6 £ 3.2 pU/mL and 155.3 £+ 14.4 pg/
mL, respectively) compared with wk 2 p.p. (6.5 £+ 0.8
pU/mL, P < 0.001, and 136.4 £+ 10.6 pg/mL, P = 0.30,
respectively). The molar ratio of insulin:glucagon was
higher before parturition (3.09 + 0.63) compared with
after parturition (1.14 & 0.15, P < 0.001). Observations
reflected the expected changes in dairy cows during
transition from late pregnancy to early lactation.

Due to the BHB infusion, plasma glucose concentra-
tion decreased by 0.44 + 0.09 mmol/L in wk 2 a.p. (P
< 0.01) and by 0.55 £ 0.07 mmol/L in wk 2 p.p. (P
< 0.001). The extent of the decline in plasma glucose
concentration did not differ between wk 2 a.p. and wk 2
p.p. (P =0.41). After the end of BHB infusions, plasma
glucose concentrations recovered within 1.5 h and 1 h
in wk 2 a.p. and wk 2 p.p., respectively (Figure 3).
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Plasma insulin concentration increased only during
BHB infusion before parturition (P = 0.01) but not
after parturition (P = 0.64, Figure 4). Infusion of BHB
did not affect plasma glucagon concentration in wk 2
a.p. or in wk 2 p.p. (P = 0.45 and P = 0.16, respective-
ly; Figure 5). During the steady state period (between
2 and 4 h of BHB infusion), the molar insulin:glucagon
ratio was elevated in wk 2 a.p. (P = 0.03) but unaf-
fected in wk 2 p.p. (P = 0.92, Figure 6).

DISCUSSION

Effects of Stage of Lactation and BHB Infusion
on Glucose Concentration

Ketone bodies, and BHB in particular, are known to
be involved in the expression of subclinical and clinical
ketosis, to depress feed intake, and to negatively affect
fertility in dairy cows (Duffield et al., 2009; Ospina et
al., 2010; Laeger et al., 2010; Raboisson et al., 2014).
Recent studies on BHB infusions were shown to affect
gluconeogenesis and the immune system. However, the
studies of Zarrin et al. (2013) were carried out in mid-
to late-lactation dairy cows to increase plasma BHB

study aimed to better define glucose homeostasis in
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Figure 2. Plasma BHB concentration in cows with BHB infusion (HyperB) and on a day without infusion (CON) in wk 2 before parturition

(A; n = 6) and wk 2 after parturition (B; n = 8). Data represent mean values + SEM during the adaptation phase (0 to 2 h relative to the start
of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery phase (infusion rate = 0; 4 to 6 h relative to the
start of infusion). *P < 0.05: differences between HyperB and CON during the steady state period, and differences between HyperB and CON
at single time points during the recovery phase.
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6 ZARRIN ETAL.

A Wk 2 before parturition B Wk 2 after parturition
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Figure 3. Plasma glucose concentration in cows with BHB infusion (HyperB) and on a day without infusion (CON) in wk 2 before parturi-
tion (A; n = 6) and wk 2 after parturition (B; n = 8). Data represent mean values = SEM during the adaptation phase (0 to 2 h relative to the
start of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery phase (infusion rate = 0; 4 to 6 h relative
to the start of infusion). *P < 0.05: differences between HyperB and CON during the steady state period; *P < 0.05 and +P < 0.10: differences
between HyperB and CON at single time points during the recovery phase.

transition dairy cows exposed to elevated BHB con- absence of nutrient requirements for milk production)
centrations. We investigated the effects of infused BHB and in early gestation (i.e., during NEB caused by high
on metabolic and endocrine adaptation of dairy cows milk production and simultaneous inadequate feed in-
during the dry period (i.e., during late gestation in the take). We hypothesized that the regulation of glucose
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Figure 4. Plasma insulin concentration in cows with BHB infusion (HyperB) and on a day without infusion (CON) in wk 2 before parturi-
tion (A; n = 6) and wk 2 after parturition (B; n = 8). Data represent mean values = SEM during the adaptation phase (0 to 2 h relative to the
start of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery phase (infusion rate = 0; 4 to 6 h relative
to the start of infusion). *P < 0.05: differences between HyperB and CON during the steady state period.

Journal of Dairy Science Vol. 100 No. 3, 2017

L
]
0
S
L



B-HYDROXYBUTYRATE INFUSION IN TRANSITION DAIRY COWS 7
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Figure 5. Plasma glucagon concentration in cows with BHB infusion (HyperB) and on a day without infusion (CON) in wk 2 before parturi-
tion (A; n = 6) and wk 2 after parturition (B; n = 8). Data represent mean values = SEM during the adaptation phase (0 to 2 h relative to the
start of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery phase (infusion rate = 0; 4 to 6 h relative

to the start of infusion).

homeostasis changes at different physiological stages,
and that an additional elevation of BHB beyond the
metabolic adaptation after parturition might change

The present study revealed commonalities but also

differences in adaptation responses to BHB infusion in
dry and early-lactation cows. Infusion of BHB directly

glucose concentration in early-lactation dairy cows. depicts a nutrient source whose immediate availability".

A Wk 2 before parturition B Wk 2 after parturition
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Figure 6. The molar insulin:glucagon ratio in plasma of cows with BHB infusion (HyperB) and on a day without infusion (CON) in wk 2
before parturition (A; n = 6) and wk 2 after parturition (B; n = 8). Data represent mean values = SEM during the adaptation phase (0 to 2 h
relative to the start of infusion), the steady state period (2 to 4 h relative to the start of infusion), and the recovery phase (infusion rate = 0; 4
to 6 h relative to the start of infusion). *P < 0.05: differences between HyperB and CON during the steady state period.
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requires adjustments in fuel homeostasis to manage the
short-term surplus of nutrients. The target concentra-
tion of BHB maintained during the steady state phase
of infusions in wk 2 a.p. and wk 2 p.p. was above the
threshold of 1.2 to 1.4 mmol/L indicating subclinical
ketosis (Duffield et al., 2009; Ospina et al., 2010) but
similar to results obtained in mid- to late-lactation dairy
cows conducted by Zarrin et al. (2013). The observed
changes in basal concentrations of plasma metabolites
and hormones (elevated BHB, lower glucose, glucagon,
and insulin concentrations after parturition compared
with late gestation) in the present study are in agree-
ment with previous reports on transition dairy cows
(Drackley et al., 2001; Gross et al., 2011). However,
it must be emphasized that the present observations
are derived from a limited number of animals. As we
placed catheters the day before infusions to avoid ad-
ditional stress on the infusion day and to obtain all
necessary samples to adjust for infusion rates, we
decided to perform the infusion of BHB on the first
day after catheterization. As we have observed in other
infusion experiments, the risk of clotting and involun-
tary removal of catheters increases the longer catheters
are placed. Therefore, we kept the catheter inside the
animal for the minimal amount of time and obtained
control samples after the actual infusions. Baseline
values of the same animal before infusions could also
be used for the comparison with the infusion period in
case the catheters could not be maintained over 2 d.
Although we did not see effects of the previous infusion
day on parameters investigated on the following day, a
longer BHB infusion period might have a more sustain-
able effect. The elevation of BHB for a short time as in
the present study might have different effects compared
with long-term exposure of an animal’s metabolism to
BHB due to insufficient FFA oxidation, as commonly
observed in early lactating dairy cows.

The clearest effect of BHB infusion was the decline
in plasma glucose concentration within 1.5 h in both
pre- and postpartum lactational stages. This finding
confirmed our earlier reports in mid-lactation dairy
cows infused with BHB (Zarrin et al., 2013) and is con-
sistent with observations on decreased plasma glucose
concentrations associated with elevated BHB via infu-
sion in other species than cattle; for instance, in preg-
nant sheep (Schlumbohm and Harmeyer, 2003, 2004)
and pigs (Miiller et al., 1984). Based on the present
results, it seems that the BHB effect on plasma glucose
concentration occurs consistently in cows of different
lactational stages.

Zarrin et al. (2013, 2014a,b) assumed that inhibition
of gluconeogenesis via reduced glucagon concentrations
due to BHB infusion in mid-lactation dairy cows re-
sulted in a partial replacement of glucose by BHB as

Journal of Dairy Science Vol. 100 No. 3, 2017

energy source for lactation, peripheral tissues, and the
immune system. Hence, the inevitable question on the
fate of a surplus of BHB supply in transition dairy cows
arose. Dry cows in late gestation in the present study
were in positive EB, whereas after parturition fresh
lactating cows experienced a marked energy and nutri-
ent deficiency. The high glucose demand for lactose,
and consequently milk synthesis, in early-lactation
cows is commonly thought to cause low plasma glucose
concentrations in addition to the insufficient rates of
gluconeogenesis to meet glucose demands after partu-
rition (Aschenbach et al., 2010). Although a reduced
gluconeogenesis rate due to BHB is not unlikely, further
potential effects of BHB and endocrine changes during
the transition period on glycogenolysis, fatty acid, and
amino acid breakdown must also be considered.

Adipose tissue, liver, and the mammary gland may act
differently upon a surplus of ketone bodies depending on
their endocrine responsiveness. Huhtanen et al. (1993)
found that ruminally infused butyrate and subsequent
ketogenesis caused reduced gluconeogenesis and hypo-
glycemia in ruminants. In humans, therapeutic ketone
body infusion is known to reduce glucose production
and consequently circulating glucose concentrations
in diabetic patients (Kesl et al., 2016). Interestingly,
the extent of decline in plasma glucose concentration
following BHB infusion was similar before and after
calving, but glucose concentration decreased further
despite its already low concentration. Despite a higher
basal BHB concentration p.p., however, infusion rate
and total amount of BHB infused tended to be higher
after parturition than in late gestation. Weber et al.
(2013) observed that hepatic glycogen concentrations
were higher in dry cows 15 d before parturition than in
early-lactation cows at 14 d p.p. Our observations on
the comparable changes of glucose concentration due to
BHB infusions in wk —2 and +2 relative to calving fur-
ther suggest that gluconeogenesis rather than glycogen
turnover are affected by hyperketonemia.

Effects of BHB Infusions on Insulin Concentrations
and Tissue Responsiveness

In the present study, insulin concentration was in-
creased during BHB infusion only before parturition;
postpartum, insulin is known to be secreted at a much
lower rate and peripheral tissues become refractory to-
ward insulin to ensure a prioritized nutrient supply for
the lactating mammary gland (Bell, 1995; De Koster
and Opsomer, 2013). Before parturition, peripheral tis-
sues, including adipose, can be assumed to be in an
anabolic state (McNamara et al., 2016) and responsive
toward insulin (De Koster and Opsomer, 2013). How-
ever, a NEB and mobilization of adipose tissue may
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already exist before parturition. Recently, Méatis et al.
(2015) showed that butyrate increases pancreatic insu-
lin secretion and affects insulin receptor expression in
chicken. Yan and Ajuwon (2015) investigated the acti-
vation of the AMP-activated protein kinase (AMPK)
signaling pathway by butyrate, resulting in reduced
lipolysis of adipocytes. Furthermore, butyrate stimu-
lated adiponectin expression and glucose uptake into
adipocytes, and triggered triglyceride formation and
accumulation (Yan and Ajuwon, 2015). We assume that
BHB infusion stimulated insulin secretion during the
infusion before parturition. Butler et al. (2003) found
that greater insulin concentrations in early-lactation
dairy cows also inhibited lipolysis and decreased FFA
concentration in plasma. During the nonlactating state
of animals in the current study, before parturition with
a positive EB, the infused BHB represented a surplus
of nutrients that were not needed. Although we did not
measure FFA during the BHB infusion, we can specu-
late that lipolysis was inhibited, at least before parturi-
tion, due to increased insulin following BHB infusion.
Although it seems unlikely that butyrate from rumen
fermentation contributes to the increased plasma BHB
concentration during the short-term infusions, the ex-
cess energy in the circulation in terms of BHB provided
by infusion affects the control of energy homeostasis.
Laeger et al. (2010) and Rojas-Morales et al. (2016)
reported that BHB is a signal for abundant energy that
concomitantly reduces feed intake. At least prepar-
tum, the elevated plasma insulin concentration during
BHB infusion in the present study could contribute to
lowering plasma glucose beyond reduced lipolysis by
formation of body fat reserves, as shown previously by
Newman and Verdin (2014) and Coomans et al. (2011).
B-Hydroxybutyrate itself can be used as an alternative
energy source in various tissues, as reported previously
(Veech, 2004; Zarrin et al., 2013). However, looking
closer at the adaptation phase during BHB infusion in
the present study, the decline in plasma glucose con-
centration a.p. occurred approximately 30 min before
the increase of insulin. According to previous studies,
elevated ketone body concentrations exert only a nar-
row effect on insulin secretion in ruminants (Jordan
and Phillips, 1978; Heitmann and Fernandez, 1986).
In sheep and mid-lactation dairy cows, changes in in-
sulin concentration did not explain the glucose decline
during elevated BHB concentrations (Schlumbohm and
Harmeyer, 2003; Zarrin et al., 2013). Instead, insulin
was shown to suppress glucose production through
inhibition of regulatory enzymes involved in gluconeo-
genesis (Brockman and Laarveld, 1986; Huhtanen et
al., 1993; Hayirli, 2006). Direct inhibitory effects of
BHB on gluconeogenesis of lactating dairy cows at the
posttranscriptional level were suggested by Zarrin et

al. (2013). The rate of gluconeogenesis predominantly
mediated by glucagon was reduced by BHB infusion in
mid-lactation dairy cows (Zarrin et al., 2013). Despite
the low activity of gluconeogenic enzymes and low rate
of gluconeogenesis directly after parturition resulting in
low plasma glucose concentrations (Aschenbach et al.,
2010), the additional BHB elevation through infusion
further decreased glucose concentration in the present
study. Subclinical and clinical cases of ketosis occurring
in early lactation might further reduce and limit glu-
cose availability. However, the present findings relied
on a limited number of animals. Further investigations
are needed to clarify potential differences between a
“naturally” occurring ketosis and effects of ketone bod-
ies provided via infusion.

In agreement with literature reports, our plasma
glucagon concentrations were higher before parturition
than after parturition. Contrary to our previous find-
ings (Zarrin et al., 2013) in mid-lactation cows, gluca-
gon concentration was not affected by BHB infusion in
dry cows and was only slightly reduced during the BHB
infusion period in early-lactation cows in the present

only speculate as to whether more animal observationsf

study, possibly due to a lack of statistical power. We can‘E

would have improved the significance level for glucagon+
differences in early lactation. Although ketone bodies

have been shown to reduce glucagon concentrations in

some species (Gerich et al., 1974, 1976; Goberna et al., -
1974), the concomitant physiological state of the ani-
mal seems to affect adaptation of glucagon concentra-
tion. Glucagon has a ketogenic effect when present at

A

high concentrations (Williamson et al., 1969; Alberti et ©

. . . D
al., 1978). In cases of low insulin concentrations, as in T
early-lactation dairy cows, glucagon has a stimulatory -ﬂn

effect on lipolysis (Alberti et al., 1978). The inhibitory
effect of BHB on lipolysis (as discussed earlier for dry
cows in positive energy balance) in early lactation can
be speculated to additionally decrease glucagon in early
lactation.

Ketone body infusion decreases peripheral glucose
utilization in nonruminants (Neptune et al., 1961;
Williamson and Krebs, 1961; Mebane and Madison,
1962). Although BHB administration in pregnant sheep
decreased glucose production by inhibition of hepatic
gluconeogenesis, utilization of available glucose was not
affected (Schlumbohm and Harmeyer, 2004). Likewise,
early-lactation dairy cows in the present study exposed
to a NEB with limited availability of glucose that was
further depressed by BHB infusion immediately used
the supplementary BHB, as indicated by a tendency to-
ward a higher infusion rate and amount of BHB applied
compared with that in late-gestation cows (i.e., in the
a.p. period) to achieve the same target concentration.
Independent of the insulin resistance in peripheral tis-
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10 ZARRIN ETAL.

sues of early-lactation cows (De Koster and Opsomer,
2013), the high energetic requirements for maintenance
(including the immune system) and lactation support
the utilization of ketone bodies as an alternative energy
source. Most likely, our observations on reduced glucose
concentrations during elevated BHB concentrations
can be explained by decreased gluconeogenesis. Further
research is warranted to elucidate the effect of ketone
bodies on pathways involved in glucose homeostasis
such as glycogen formation, glycogenolysis, and gluco-
neogenesis.

CONCLUSIONS

A decline in plasma glucose concentration was ob-
served following BHB infusion in both pre- and post-
partum transition dairy cows. In both periods, this
effect was not identically mediated by insulin and glu-
cagon. The exacerbation of hypoglycemia by exogenous
BHB after parturition supposes its intrinsic regulatory
ability in glucose metabolism. A possibly increased
clearance of BHB after parturition assumes adaptation
of numerous tissues involved in lipid and carbohydrate
metabolism. Most likely, our observations on reduced
glucose concentrations during elevated BHB concentra-
tions can be explained by decreased gluconeogenesis.
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