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ABSTRACT

Multiparous cows (n = 34, 89 d in milk, 537 kg)
housed in environmental chambers were fed a control
total mixed ration or one containing monensin (450
mg/cow per day) during 2 experimental periods (P):
(1) thermal neutral (TN) conditions (constant 20°C)
with ad libitum intake for 9 d, and (2) heat stress (HS,
n = 16) or pair-fed [PF; in TN (PFTN); n = 18] for 9 d.
Heat-stress was cyclical with temperatures ranging from
29.4 to 38.9°C. Rectal temperatures and respiration
rates increased in HS compared with PFTN cows (38.4
to 40.4°C, 40 to 93 breaths/min). Heat stress reduced
dry matter intake (DMI, 28%), and by design, PFTN
cows had similar intakes. Monensin-fed cows consumed
less DMI (1.59 kg/d) independent of environment. Milk
yield decreased 29% (9.1 kg) in HS and 15% (4.5 kg)
in PFTN cows, indicating that reduced DMI accounted
for only 50% of the decreased milk yield during HS.
Monensin had no effect on milk yield in either environ-
ment. Both HS and PFTN cows entered into calculated
negative energy balance (—2.7 Mcal/d), and feeding
monensin increased feed efficiency (7%) regardless of
environment. The glucose response to an epinephrine
(EPI) challenge increased (27%) during P2 for both
HS and PFTN cows, whereas the nonesterified fatty
acid response to the EPI challenge was larger (56%)
during P2 in the PFTN compared with the HS cows.
Compared with P1, whole-body glucose rate of appear-
ance (Ra) decreased similarly during P2 in both HS
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and PFTN cows (646 vs. 514 mmol/h). Although hav-
ing similar rates of glucose Ra, HS cows synthesized
approximately 225 g less milk lactose; therefore, on a
milk yield basis, glucose Ra decreased (3.3%) in PETN
but increased (5.6%) in HS cows. Regardless of environ-
ment, monensin-fed cows had increased (10%) glucose
Ra per unit of DMI. From the results we suggest that
the liver remains sensitive but adipose tissue becomes
refractory to catabolic signals and that glucose Ra
(presumably of hepatic origin) is preferentially utilized
for processes other than milk synthesis during HS.
Key words: heat stress, metabolism, monensin, in-
sulin

INTRODUCTION

Despite advances in environmental management and
cooling systems (Burgos et al., 2007), heat stress contin-
ues to be a costly issue for the global animal agriculture
industries (St. Pierre et al., 2003). Factors contributing
to reduced revenue include decreased milk produc-
tion, increased metabolic disorders and health prob-
lems (e.g., rumen acidosis, death), slow heifer growth,
compromised milk quality, and reduced reproductive
performance (Collier et al., 1982; West, 1999). Heat
stress markedly reduces DMI and milk yield and it was
traditionally accepted that reduced nutrient intake was
primarily responsible for the diminished milk synthesis
(see reviews by Fuquay, 1981; Beede and Collier, 1986;
West, 1999). However, we have recently demonstrated
(using a pair-feeding experimental design) that reduced
feed intake accounts for only about 50% of the heat
stress-induced decrease in milk synthesis (Rhoads et
al., 2009; Wheelock et al., 2010). This illustrates that
an environmental thermal load directly affects milk
yield by mechanisms independent of reduced nutrient
intake.

A key component of the direct effect of heat stress
appears to be on postabsorptive energetics. For ex-
ample, we recently demonstrated that heat-stressed
cows do not display the typical metabolic profile (i.e.,
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increased NEFA levels) of an animal on a lowered plane
of nutrition (Shwartz et al., 2009) and this is espe-
cially noticeable when compared with pair-fed thermal
neutral controls (Rhoads et al., 2009; Wheelock et
al., 2010). Furthermore, heat-stressed cows are typi-
cally hypoglycemic and have increased glucose disposal
rates, both of which may be explained by increased
basal and glucose-stimulated insulin levels (Itoh et al.,
1998; O’Brien et al., 2010; Wheelock et al., 2010). We
propose that enhanced extra-mammary tissue glucose
utilization may be a key mechanism explaining the
decrease in milk yield during heat stress. Two glucose
molecules are the substrate for lactose (the primary os-
motic regulator of milk yield) synthesis and, on a molar
basis, lactose is nearly equivalent (95%) to 2 mol of
glucose. Heat-stressed cows secrete about 370 g less lac-
tose (Rhoads et al., 2009) or have approximately twice
as much of a decrease in milk lactose yield compared
with pair-fed thermal neutral controls (Wheelock et al.,
2010). Therefore, heat-stressed cows in our previous
experiments are secreting almost 400 g less glucose/d
than thermal neutral counterparts on a similar plane
of nutrition.

An alternative explanation for the decrease in milk
carbohydrate output is heat-induced liver dysfunction,
which has been suggested in previous reports (Ronchi et
al., 1999; Bernabucci et al., 2010). Hepatic dysfunction
may be manifested by changes in responsiveness to nutri-
ent supply or endocrine regulators, as has recently been
demonstrated in the case of growth hormone (Rhoads
et al., 2010). Such changes would directly affect the
liver’s ability to coordinate whole-body nutrient flux
by altering key metabolic pathways such as gluconeo-
genesis. Indeed, recent reports indicate that HS causes
hepatic gluconeogenic gene expression changes perhaps
associated with different precursor supply (Rhoads et
al., 2011). Consequently, reduced milk lactose output
during a heat load may simply reflect altered rates of
hepatic gluconeogenesis, which would ultimately reduce
glucose delivery to the mammary gland.

Monensin is a well-described rumen modifier that in-
creases the production of propionate (Schelling, 1984),
the predominant gluconeogenic precursor in ruminants
(Huntington, 1990). Feeding monensin increases glu-
coneogenic rates in beef cattle (Schelling, 1984), and
although it presumably acts similarly in lactating dairy
cows, it has not been as extensively evaluated as in
feedlot animals. The increase in carbon conservation
during fermentation is a key mechanism in how monen-
sin increases feed efficiency in growing and lactating
ruminants (Schelling, 1984).

We hypothesize that inadequate glucose status (via
reduced gluconeogenesis or increased extra-mammary
glucose utilization) compromises animal well-being
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and limits milk synthesis during periods of acute heat
stress. Study objectives were to evaluate the ability of
monensin to increase gluconeogenesis and glucose ho-
meostatic parameters during heat stress.

MATERIALS AND METHODS
Animals and Experimental Design

Thirty-six multiparous (2.0 £ 0.0 parity), lactating
Holstein cows (89.2 + 8.1 DIM, 537.2 + 41.0 kg of
BW) were randomly assigned to individual tie stalls in
1 of 2 environmental chambers (6 cows/chamber) at the
University of Arizona’s William J. Parker Agricultural
Research Complex. Throughout the experiment, cows
were milked twice daily (0500 and 1700 h) and milk
yields were recorded at each milking. All cows were
individually fed a TMR twice daily (0500 and 1700 h),
and orts were recorded daily before the a.m. feeding.
The TMR was formulated by Dairy Nutrition Services
(Chandler, AZ) to meet or exceed the predicted re-
quirements (NRC, 2001) of energy, protein, minerals,
and vitamins (Table 1). Alfalfa hay was the primary
forage, with steam-flaked corn as the primary concen-
trate. The TMR was sampled weekly and analyzed by
wet chemistry methods (Dairy Nutrition Services). All
procedures were reviewed and approved by the Uni-
versity of Arizona Institutional Animal Care and Use
Committee.

All cows received 1 of 2 dietary treatments: (1) control
TMR containing 0 mg of monensin/cow per day (n =
17) or (2) the control TMR top-dressed with monensin
(Rumensin, Elanco Animal Health, Greenfield, IN) tar-

Table 1. Ingredients and chemical composition of diets'

Ttem Value
Ingredient, % of DM
Alfalfa hay 63.0
Steam-flaked corn 24.2
Whole cotton seed 8.0
Supplement? 3.4
Maxxer” 1.1
Chemical analysis, % of DM
Cp 18.8
NDF 37.6
ADF 27.5
NE, Mcal/kg of DM 1.74

"Values represent an average of samples (n = 3) collected throughout
the trial (n = 1/replicate). Diet DM averaged 48.2%.

*The supplement contained 1.14% fat, 10.42% Ca, 4.49% P, 3.80%
Mg, 0.49% S, 0.19% K, 15.83% Na, 7.52% Cl, 2,029.06 mg/kg of Zn,
1,991.82 mg/kg of Mn, 974.24 mg/kg of Fe, 583.45 mg/kg of Cu, 67.86
mg/kg of Co, 12.28 mg/kg of Se, 6.81 mg/kg of Mo, 43.68 mg/kg of
I, 304.9 IU/g of vitamin A, 30.2 IU/g of vitamin D, and 1.0 IU/g of
vitamin E.

*Calcium salts of palm oil (Tarome Inc., Eloy, AZ).
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geted at 450 mg/cow per day (n = 17) for 19 d before
entering the climatic chambers. After entering the cli-
matic chambers, cows were allowed 3 d for acclimation.
Cows in both dietary treatment groups were exposed to
constant thermal neutral (TIN) conditions [20°C, 20%
humidity (temperature-humidity index, THI = 64)
with 14-h light and 10-h dark cycles] and allowed to eat
ad libitum for 9 d [experimental period (P) 1]. Period
1 and P2 were separated by 2 d and cows remained in
TN conditions during this time. During P2 (9 d), cows
in both dietary treatment groups either remained un-
der the TN conditions (n = 18; group 1 cows) or were
heat-stressed (HS; n = 16; group 2 cows). Two cows
from the HS group (1 control and 1 monensin) were re-
moved from the trial for temperament issues, and their
respective data were not included in the analysis. The
HS cows endured cyclical temperatures (in an attempt
to mimic daily variation) ranging from 29.4 to 38.9°C
with constant 20% humidity and 14-h light and 10-h
dark cycles and were fed for ad libitum consumption.
Between 0000 and 0700 h, the THI remained at 73;
thereafter, the conditions became increasingly warm
until peaking at a THI of 82 between 1300 and 1500 h.
After peak THI, temperatures gradually declined until
the THI again reached 73 at 2300 h. Reductions in
P2 daily feed intake by HS cows were determined as a
percentage of their mean daily ad libitum intake in P1.
Cows in group 1 were pair-fed (PF) in TN conditions
(PFTN) during P2 to match the percentage reduction
in intake of the HS cows. Initiation of P2 for the PF
cows occurred 2 d after P2 began for the HS cows so
that the percentage reduction in daily feed intake of the
HS cows could be calculated and used to determine the
amount offered to the PF cows in TN conditions.

Thermal Status Measurements

Body temperature indices (respiration rate, skin and
rectal temperatures) were obtained 3 times daily (0600,
1500, and 1800 h). Respiration rates were determined
by counting flank movements, and skin temperatures
were measured on a shaved patch (approximately 5
cm®) on the shoulder with an infrared temperature
gun (Raynger MX model RayMX4PU, Raytek, Santa
Cruz, CA). Rectal temperatures were measured using
a standard digital thermometer (GLA M700 Digital
Thermometer, GLA, San Luis Obispo, CA).

Milk and Blood Sampling

Milk samples from each cow (from the morning milk-
ing) were collected daily from each period and stored
at 4°C with a preservative (bronopol tablet; D&F Con-
trol System, San Ramon, CA) until analysis by Ari-
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zona DHIA (Tempe, AZ) using AOAC (2000)-approved
infrared analysis equipment and procedures for milk
components.

Bilateral indwelling jugular catheters were inserted
into all cows before P1. Blood samples were collected
daily at 1100 h during both periods from the jugular
catheter into evacuated glass tubes containing 250 units
of sodium heparin (BD Vacutainer, Franklin Lakes,
NJ). Plasma was harvested following centrifugation at
1,500 x ¢ for 15 min, and subsequently frozen at —20°C
until analysis.

Net Energy Balance Analysis

Body weights were obtained on all animals on d
1, 3, 4, 5 and 9 of each period following the morning
milking and before the a.m. feeding and were used to
calculate net energy balance (EBAL) using the fol-
lowing equation: EBAL = net energy intake — (NEy; +
NEp). Maintenance energy requirement was calculated
using the equation NEy= (0.08 x BW"™; NRC, 2001)
and was increased by 25% during the HS conditions as
recommended (NRC, 1989). Net energy for lactation
was calculated as NE; = [(0.0929 x fat %) + (0.0547
x CP %) + (0.0395 x lactose %)] x milk yield (NRC,
2001). The following equations (NRC, 2001) were used
to calculate 3.5% FCM: 3.5% FCM = (0.432 x milk
yield) 4+ (16.23 x milk fat yield). Feed efficiency was
calculated using the following equation: feed efficiency
= 3.5% FCM/DML

Whole-Body Glucose Production

Whole-body glucose production was determined
on d 6 of each period using a primed, continuous
infusion (14 pmol/kg priming dose followed by 11.5
umo}(kg-h)*1 stable isotopically labeled glucose,
6,6-dideuterated glucose, D2-glucose; Sigma Aldrich,
St. Louis, MO) and tracer kinetic methodologies as
described previously (Waldron et al., 2006). A base-
line (0 min) blood sample was obtained via a jugular
catheter at approximately 1200 h (approximately 6 h
after the morning feeding) and the primed, continuous
infusion (3M 3000 Modular Infusion Pump, 3M Health
Care, St. Paul, MN) of D2-glucose tracer began im-
mediately thereafter. Blood samples were obtained at
165, 180, 195, and 210 min after the priming dose for
the subsequent determination of plasma glucose en-
richment with D2-glucose. The continuous D2-glucose
infusion was terminated immediately after the 210 min
blood sampling. Blood was centrifuged at 1,500 x g¢
for 15 min, and plasma was harvested and stored at
—20°C until isotopic analysis.
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Isotopic Analysis

Plasma glucose enrichment of D2-glucose and the
subsequent calculation of plasma glucose rate of ap-
pearance (Ra) were performed as described previously
(Waldron et al., 2006). Enrichment was measured in
samples from the 0, 165, 180, 195, and 210 min time
points. Frozen plasma was thawed, deproteinized using
acetone, and derivatized to the butyl boronate deriva-
tive as discussed by Weiko and Sherman (1976). Plasma
D2-glucose enrichment was determined by GC-MS (col-
umn = 30 m DB1, 0.25-mm ID, 0.25-pm film thickness,
split ratio was 60:1, flow at 1 mL/min, injector port
temperature was 272°C, oven temperature was 232°C;
MS conditions: SIM ions 299/297 in EI mode, expected
retention time of 4.0 min).

Glucose Tolerance Test

A glucose tolerance test (GTT; 250 mg/kg of BW)
was administered to all cows, as described previously
by Wheelock et al. (2010), on d 7 of each period at
1200 h. A 50% dextrose solution (AGRIpharm Prod-
ucts, Grapevine, TX) was administered via the jugular
catheter and immediately flushed with 12 mL of ster-
ile saline. Blood samples were collected at —30, —20,
—10, 0, 5, 7.5, 10, 20, 30, 45, 60, and 90 min relative
to glucose administration. Samples were collected into
disposable glass culture tubes, containing 250 units of
sodium heparin and immediately placed on ice. After
centrifugation, plasma was split into 2 aliquots, which
were both frozen at —20°C, and 1 aliquot was later
analyzed for plasma glucose and insulin concentra-
tions.

Epinephrine Challenge

Epinephrine challenges (EPI; 1.4 pg/kg of BW)
were administered, as described previously by Baum-
gard et al. (2002), on d 8 of each period at 1200 h.
Epinephrine HCI (1 mg/mL; Anpro Pharmaceutical,
Arcadia, CA) was administered via the jugular cath-
eter and immediately flushed with 12 mL of sterile
saline. Blood samples were collected at —30, —20,
—10, 0, 2.5, 5, 7.5, 10, 20, 30, 45, 60, 90, and 120
min relative to epinephrine administration. Samples
were collected by syringe into disposable glass culture
tubes containing 250 units of sodium heparin and im-
mediately placed on ice. After centrifugation, plasma
was divided into 2 aliquots, which were both frozen at
—20°C for subsequent analysis of plasma NEFA and
glucose concentrations.
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All plasma glucose, NEFA, and plasma urea N
(PUN) concentrations were measured enzymatically
using commercially available kits validated for use in
our laboratory (Autokit Glucose C2; Wako Chemicals
USA, Richmond, VA; NEFA C kit; Wako Chemicals
USA; PUN, Urease, Color Endpoint kit; Advanced
Bio-Screen, Fullerton, CA). The insulin assays were
conducted in duplicate using a bovine insulin ELISA
(Mercodia AB, Uppsala, Sweden). The intra- and inter-
assay CV were 3.72 and 3.40, 2.62 and 2.47, 6.25 and
7.16, and 3.02 and 2.77% for glucose, NEFA, PUN, and
insulin assays, respectively.

Calculations

The glucose and insulin responses to the GTT and
the glucose and NEFA response to the epinephrine chal-
lenge were calculated as area under the curve (AUC)
by use of linear trapezoidal summation between suc-
cessive pairs of respective metabolite or hormone con-
centrations and time coordinates after correcting for
the mean baseline levels (Baumgard et al., 2002). Base-
line concentrations were defined as the mean of the 3
samples before the GTT or epinephrine administration.
The AUC was determined for 30-, 45-, 60-, and 90-min
intervals after the GTT or epinephrine administration,
and statistical and biological interpretation of these
results did not differ among the intervals. In response
to the GTT, the glucose AUC was reported from 0 to
60 min and the insulin response was reported from 0
to 45 min. In response to the EPI challenge, the NEFA
AUC was reported from 0 to 45 min and glucose AUC
reported from 0 to 90 min.

Enrichment

Calculation of plasma glucose enrichment with D2-
glucose at each time point was performed as described
previously (Waldron et al., 2006). Briefly, a set of known
standards composed of different concentrations of D2-
glucose relative to unlabeled glucose was prepared and
analyzed by GC-MS. The ratio of (mass + 2)/mass
glucose fragments versus mole fraction (mol of labeled
glucose x mol of unlabeled glucose ) of 6,6-D2-glucose
was plotted to serve as standards for the GC-MS analy-
sis. The ratios of (mass + 2)/mass glucose fragments
in derivatized samples were determined and the per-
cent mole fraction determined relative to the known
standards. The 0 min percent mole fraction (natural
basal enrichment of plasma glucose with D2-glucose)
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was subtracted from values for all other time points
for each cow to yield the measure of enrichment, the
percent mole fraction excess (also called atom percent
excess or mole percent excess).

Kinetics

Under steady-state conditions, the rate of glucose
appearance (Ra) equals rate of disappearance. The Ra
was calculated by dividing the tracer (D2-glucose) infu-
sion rate by plasma enrichment (mole percent excess) at
isotopic steady state and then subtracting the amount
of tracer infused from the total rate of appearance. This
subtraction is necessary to correct for infused tracer
mass because stable isotope tracers must be infused at
higher rates than radiolabeled tracers and thus cannot
be considered mass-less.

Statistical Analysis

The 2 x 2 x 2 factorial design included 9 controls
and 9 monensin-fed cows in the PF treatment and 8
controls and 8 monensin-fed cows in the HS treatment.
Twelve cows were housed in the environmental cham-
bers at one time, and 3 replicates were necessary to
conduct the entire experiment. Effects of replication
(1, 2, or 3), diet (control or monensin), period (1 or
2), and group (pair-fed vs. heat stress) and their in-
teractions were assessed as a completely randomized
design using PROC MIXED (SAS Institute, 2005).
A repeated-measures analysis with an autoregressive
covariance structure and day as the repeated effect
was used to determine effects of day, diet, period, and
group, and their interaction on repeated measurements
(e.g., DMI, milk yield, daily metabolites). Interactions
were removed from the model if their respective P >
0.15. Results are reported as least squares means and
means were considered to differ when P < 0.05 and
tended to differ if P < 0.10.

RESULTS

Few or no group differences were observed in body
temperature indices during P1 (when all cows were
housed in TN conditions), but at 0600, 1500, and 1800
h during P2, rectal temperatures and respirations rates
were markedly increased (P < 0.01; Table 2) in group
2 (HS) cows. Maximum differences between group 1
(PFTN) and group 2 cows in rectal temperature (2.0°C)
and respiration rate (~53 breaths/min) occurred at
1500 h (Table 2). Overall and compared with controls,
monensin-fed cows had increased (P < 0.01) rectal tem-
peratures and this increase averaged 0.18°C during the
entire experiment (Table 2). Compared with controls,
monensin-fed cows had an overall increase (P = 0.02;
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Table 2) in respiration rates at 0600 and 1800 h, but
this was due to the difference (~8.7 breaths/min) dur-
ing P2. During P2, control and monensin-fed cows had
similar respiration rates at 1500 h (Table 2).

A group effect was detected on DMI (P < 0.01; Table
3) as group 2 cows consumed more (~1.8 kg/d) feed
than group 1 cows, but this difference existed in P1 and
continued in P2. During P2, HS conditions decreased
(P < 0.01) feed intake similarly between control and
monensin-fed cows (Table 3). By d 7 to 9 of P2, HS
decreased DMI by 5.86 kg and, by design, PF'TN cows
had a similar reduction (5.85 kg) in DMI (data not
shown). Overall, cows fed monensin consumed less
(1.59 kg/d; P < 0.01) DM than control-fed cows (Table
3). The differences between main and interaction ef-
fects and the temporal pattern of decreased DMI were
similar when evaluated on a BW basis (Table 3).

Compared with P1, during P2, group 1 and 2 cows
had decreased (P < 0.01) milk production (Table 3).
However, by d 7 to 9 of P2, PF'TN cows had a reduction
of 4.46 kg (15%) in milk yield, whereas those under HS
conditions (group 2) had a decrease of 9.09 kg (29.4%;
data not shown). No main effects of diet (P > 0.50)
were observed, but monensin-fed cows tended to have a
more severe decrease in milk yield (regardless of group)
during P2 (2.33 vs. 5.91 kg; P = 0.08). The changes in
3.5% FCM due to treatment were similar to those for
actual milk yield, except that monensin and control-
fed cows had a comparable reduction (3.68 kg) in milk
yield during P2 (Table 3). In addition, milk yield as
a percentage of BW changed similarly to actual milk
yield, although a group effect (P = 0.02) was found,
as group 1 cows produced more milk (5.56 vs. 5.26%),
but this difference existed in P1 and continued during
P2 (Table 3).

Milk fat content from cows in both groups fed either
diet increased (P < 0.01) similarly during P2 (3.62 vs.
3.87%; Table 3). An overall diet effect (P < 0.01) was
found on milk fat percentage, as monensin-fed cows had
reduced levels (3.85 vs. 3.63%; Table 3). Milk protein
content did not differ between groups, but decreased (P
< 0.01) during P2 compared with P1 (2.66 vs. 2.55%;
Table 3). Overall and compared with control-fed cows,
monensin-fed cows had reduced (P < 0.01) milk protein
levels (2.65 vs. 2.56%; Table 3). Compared with group
2, group 1 cows tended (P = 0.10) to have reduced milk
lactose content (4.75 vs. 4.81%; Table 3), but this dif-
ference existed in P1 and continued during P2. Overall,
milk SNF decreased during P2 (8.40 vs. 8.22%; Table
3) and was decreased (P = 0.02) in monensin-fed cows
(8.38 vs. 8.24%; Table 3).

A period effect was observed on EBAL, as cows were
in positive EBAL during P1 but entered negative EBAL
during P2 (3.31 vs. —2.71 Mcal/d; Table 3; P < 0.01)
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Table 2. Effects of diet (control or monensin) and environment (pair-feeding or heat stress) on heat parameters in lactating Holstein cows'

Period (Per) 1 Period 2
Group (Grp) 1 Grp 2 Grp 1 Grp 2
(TN) (TN) (PFTN) (HS) P-value
Grp Diet G x P

Parameter Con  Mon Con  Mon Con  Mon Con  Mon SEM (G) Per(P) (D) GxP PxD GxD x D
Rectal temperature, °C

0600 h 38.46  38.53 38.35 38.42 38.34  38.48 39.08 39.59 0.07 <0.01 <0.01 <0.01 <0.01 0.01 0.04 0.04

1500 h 38.43 38.64 38.49  38.47 38.30  38.40 40.15 40.56 0.12  <0.01 <0.01 0.01 <0.01 0.34 0.82 0.29

1800 h 38.50  38.60 38.50  38.63 38.47  38.56 39.76  40.04 0.07 <0.01 <0.01 <0.01 <0.01 0.45 0.28 0.42
RR,? breaths/min

0600 h 39.5 39.8 38.6 40.6 374 374 64.5 73.7 1.6 <0.01 <0.01 0.02  <0.01 0.16 0.02 0.11

1500 h 42.8 40.6 41.6 41.2 40.7 39.1 90.0 95.4 2.2 <0.01 <0.01 0.70  <0.01 0.30 0.16 0.39

1800 h 38.8 39.9 38.4 40.3 38.1 37.7 81.2 89.3 1.7 <0.01 <0.01 0.02  <0.01 0.32 0.05 0.12
Skin temperature, °C

0600 h 32.09 32.10 31.45  31.55 31.39  31.32 34.93 3490 0.22 <0.01 <0.01 0.84 <0.01 0.72 0.82 0.94
SR,? g/m* per hour

0600 h 24.90 24.93 26.85  29.52 16.92  16.10 2794 2884 1.70 <0.01 <0.01 0.46  <0.01 0.59 0.37 0.85

"During period 1, cows fed both diets (control, Con, or monensin, Mon) were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During period 2, cows fed
both diets were either heat-stressed and allowed to eat ad libitum (HS) or pair-fed and kept in TN conditions (PFTN).

*Respiration rate.
SSweating rate.

Table 3. Effects of diet (control or monensin) and environment (pair-feeding or heat stress) on production and metabolism variables in lactating Holstein cows'

Period (Per) 1 Period 2
Group (Grp) 1 Grp 2 Grp 1 Grp 2
(TN) (TN) (PFTN) (HS) P-value
Grp Diet G x P
Parameter Con  Mon Con  Mon Con Mon Con Mon SEM (G) Per(P) (D) GxP PxD GxD x D
DMI, kg/d 19.81  18.53 21.52  20.90 15.70 13.52 17.34 15.07  0.78  <0.01 <0.01 0.01 0.69 0.25 0.79 0.73
DMI, % of BW 3.77 3.58 3.91 3.77 3.09 2.69 3.20 2.79  0.12 0.05 <0.01 <0.01 0.69 0.14 0.88 0.87
Milk yield, kg/d 3037 29.62 30.13  33.67 28.32 25.62 25.51 25.87  1.09 0.69 <0.01 0.56 0.04 0.08 0.01 0.69
Milk yield, % of BW 5.80 5.73 5.48 6.09 5.61 5.11 4.69 4.78  0.18 0.02  <0.01 0.49 0.02 0.05 0.01 0.86
3.5% FCM, kg/d 31.40  29.94 31.54 32.81 30.70 26.80 27.24 26.84  1.00 0.94 <0.01 0.17 0.04 0.22 0.52 0.96
Milk components
Fat, % 3.73 3.57 3.81 3.36 3.91 3.82 3.95 3.78  0.09 0.59 0.01  <0.01 0.59 0.17 0.10 0.39
Protein, % 2.70 2.58 2.72 2.66 2.56 2.48 2.63 2.51  0.05 0.18 <0.01 <0.01 0.97 0.94 0.91 0.51
Lactose, % 4.77 4.81 4.85 4.78 4.71 4.69 4.84 4.77  0.06 0.10 0.24 0.50 0.32 0.62 0.33 0.70
SNF, % 8.41 8.35 8.48 8.37 8.24 8.07 8.37 8.18 0.10 0.25 0.01 0.02 0.59 0.55 0.80 0.95
EBAL,? Mcal/d 291 1.94 5.16 3.21 -231  —-3.68 —-0.80 —4.06 0.73 0.01 <0.01 <0.01 0.25 0.41 0.17 0.67
Feed efficiency® 1.61 1.63 1.47 1.60 1.95 2.03 1.59 1.81  0.05 <0.01 <0.01 <001 <0.01 0.24 0.06 0.75

"During period 1, cows fed both diets (control, Con, or monensin, Mon) were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During period 2, cows fed
both diets were either heat-stressed and allowed to eat ad libitum (HS) or pair-fed and kept in TN conditions (PFTN).

Energy balance.
#3.5% FCM/DMI.
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G x P
x D
0.52
0.35
0.82
0.35

0.91
0.41

<0.01
0.72

0.17
0.86
0.80
0.12

GxP PxD GxD

P-value
0.13
0.23
0.07
0.11

(D)
0.22
<0.01
0.33
0.28

Diet

0.67

Per (P)
<0.01
<0.01
<0.01

Grp
(&)
0.43
1.44 <0.01
0.68
<0.01

SEM

23.5
0.72
0.04

0.89

'"During period 1, cows fed both diets (control, Con, or monensin, Mon) were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During period 2, cows fed

both diets were either heat-stressed and allowed to eat ad libitum (HS) or pair-fed and kept in TN conditions (PFTN).

*Milk yield.

Mon

477.5
37.04
20.52

Grp 2
(HS)
512.3
32.90
22.55
0.95

Period 2
Grp 1
(PFTN)

Mon

507.2
39.77 42.46
20.43 21.22
1.10 1.01

Con
559.5

31.54
19.40
1.17

Mon
647.0

Grp 2
(TN)
Con
657.0
30.89
21.41
1.19

Period (Per) 1
Mon
647.6
37.61
22.18
1.25

Group (Grp) 1
(TN)
Con
632.2
32.14
20.89
1.21

mmol/h/kg of DMI
mmol/h/kg of MY?
mmol/h/kg of BW

mmol/h

Table 4. Effects of diet (control or monensin) and environment (pair-feeding or heat stress) on glucose appearance in lactating Holstein cows'

Glucose appearance

Parameter
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for both PFTN and HS cows. The negative EBAL nadir
(—4.56 Mcal) occurred on d 4 of P2 for both PFTN and
HS cows (data not shown). Overall, group 2 cows had a
greater (P < 0.01) calculated EBAL than group 1 cows
(—0.28 vs. 0.88 Mcal/d; Table 3), but this difference
existed in P1 and continued during P2. Overall, cows
fed monensin had a lower calculated EBAL compared
with control-fed cows (1.24 vs. —0.65 Mcal/d; Table
3) and increased (P < 0.01) feed efficiency (1.65 vs.
1.77, Table 3). A group by period interaction (P <
0.01) occurred as efficiency increased more (0.33 units)
during P2 in PFTN cows than it did (0.17 units) during
P2 in HS cows (Table 3). During P2, both groups lost
(P < 0.01) BW, but PFTN cows lost more (P < 0.01)
than HS cows (—32.4 vs. —16.7 kg; data not shown).
Monensin had no effect on BW loss.

Total glucose Ra decreased (P < 0.01) from P1 to
P2 (646 vs. 514 mmol/h), but was unaffected by group
or diet (Table 4; Figure 1). Overall, group 1 cows pro-
duced more (P < 0.01) glucose per unit of DMI than
group 2 cows (38 vs. 33 mmol/h per kg of DMI), but
this difference existed in P1 and continued during P2
(Table 4). Compared with that in P1, glucose Ra on a
DMI basis increased (15%; P < 0.01) during P2 (Table
4). Compared with control-fed cows, monensin-fed
cows had an overall greater (P < 0.01) glucose Ra on
a DMI basis (34 vs. 37 mmol/h per kg of DMI; Table
4; Figure 2). No significant main effects were found on
glucose Ra per unit of milk yield (Table 4), but a group
by period interaction (P = 0.07) tended to occur as
glucose Ra per unit of milk yield decreased in PFTN
cows from P1 to P2 (21.5 vs. 20.8 mmol/h per kg of
milk) but increased in HS cows from P1 to P2 (20.4 vs.
21.5 mmol/h per kg of milk; Table 4). On a BW basis,
PEFTN cows produced more (P < 0.01) glucose than
HS cows (1.14 vs. 1.05 mmol/h per kg of BW), but this
difference existed in P1 and remained in P2 (Table 4).
Overall glucose Ra on a BW basis decreased (P < 0.01)
in P2 compared with P1 (1.21 vs. 0.99 mmol/h per kg
of BW; Table 4).

A group by period interaction (P < 0.01) was ob-
served for basal plasma glucose levels as glucose con-
tent did not change from P1 to P2 in PFTN cows (67.8
vs. 68.1 mg/dL; Table 5), but decreased from P1 to P2
in HS cows (67.7 vs. 64.6 mg/dL). Monensin had no
overall effect on daily plasma glucose content (Table 5).
Overall and compared with control-fed cows, monensin-
fed cows had a slight increase (P < 0.01) in basal NEFA
levels (103 vs. 123 wEq/L; Table 5). A group by period
interaction (P < 0.01) was observed as basal NEFA de-
creased in group 1 cows during P2 (120 vs. 111 pEq/L)
but increased slightly in group 2 cows during P2 (106
vs. 117 pEq/L; Table 5). A period by diet interaction
(P < 0.01) was also found as control-fed cows had a
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Figure 1. Effects of period (P) and group (1 or 2) on whole-animal glucose rate of appearance in lactating Holstein cows. During P1, all
cows were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During P2, cows were exposed to heat stress (HS, group 2)

or exposed to TN conditions and pair-fed (group 1) with the HS cows.

small decrease in blood NEFA levels from P1 to P2
(110 vs. 96 pEq/L), but monensin-fed cows had a slight
increase (115 vs. 132 pEq/L; Table 5). A trend was ob-
served for a group by period interaction (P = 0.07) on
PUN as levels remained similar in PF'TN cows from P1
to P2, but PUN content increased (~10%) from P1 to
P2 in HS cows (Table 5). No main or interaction effects
were found for basal insulin levels or the glucose:insulin
ratio (Table 5).

The glucose response (AUC) to the epinephrine chal-
lenge was greater (P < 0.01) in P2 compared with P1
(1,759 vs. 2,230 mg/dL-min), but was unaffected by

group or diet (Table 6). A trend was observed for a
group by period interaction (P = 0.08; Table 6) on the
lipolytic response to the epinephrine challenge as the
increase in NEFA from P1 to P2 was larger (3,446 vs.
6,725 pEq/L-min) in PFTN cows compared with HS
cows (2,714 vs. 4,301 pEq/L-min; Figure 3).

A trend (P = 0.09) was detected for a group by pe-
riod interaction on glucose disposal following the GT'T
as glucose AUC increased more from P1 to P2 in HS
cows (from 2,643 to 3,607 mg/dL-min) than in PFTN
cows (from 2,673 to 3,240 mg/dL-min; Table 6). Com-
pared with control-fed cows, monensin-fed cows tended

Figure 2. Effects of diet (control or monensin) on whole-body glucose production per unit of DMI in lactating Holstein cows. Bars with

different letters (a, b) differ at P < 0.01.

Journal of Dairy Science Vol. 94 No. 11, 2011
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X
x D
0.60
0.27
0.35

0.03
0.23
0.16

<0.01
0.56
0.84

0.04
0.01
0.07

P-value
GxP PxD GxD

(D)
<0.01
0.34
0.22

Diet

Per (P)
0.80
0.03
0.05

(&)
0.49
<0.01

Grp
<0.01

0.9
0.4

SEM
7.1
0.1

Grp 2
(HS)
Mon
142
64.3
13.6

Period 2
Co
93
65.3
13.3

Grp 1
(PFTN)
Mon
121
67.6
11.6

Con
100

68.5

11.0

Mon
113

66.9

12.0

Grp 2
(TN)

Con
99

68.5
12.5

Period (Per) 1

Mon
118

68.4

11.7

Group (Grp) 1
(TN)

67.2

10.7

Co
122

NEFA, pEq/L
Glucose, mg/dL
PUN,? mg/dL

Table 5. Effects of diet (control or monensin) and environment (pair-feeding or heat stress) on daily metabolite variables in lactating Holstein cows'

Daily metabolites

Parameter
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0.34
0.94

0.11
0.16

0.38
0.60

0.40
0.33

0.24
0.35

0.16
0.16

0.29
0.45

0.46
173

0.64 0.58 0.46 0.54 0.47 0.54
135 147 164 161 161 144

0.53
144

Insulin, ng/mL

Glucose:insulin

13.7

lDurimg period 1, cows fed both diets (control, Con, or monensin, Mon) were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During period 2, cows fed

both diets were either heat-stressed and allowed to eat ad libitum (HS) or pair-fed and kept in TN conditions (PFTN).

2 .
Plasma urea nitrogen.

BAUMGARD ET AL.

(P = 0.05) to have a reduced ability to dispose of blood
glucose following the GTT (2,927 vs. 3,156 mg/dL-min;
Table 6). A group by period interaction (P = 0.03)
was observed on the insulin response to the GTT as
the response decreased during P2 in PFTN cows (165
vs. 119 ng/mL-min), but remained similar in HS cows
during P2 (Table 6; Figure 4). The glucose:insulin ratio
during the GTT was increased (P < 0.01) during P2
compared with P1 (20.9 vs. 29.9; Table 6), but was
unaffected by diet or group.

DISCUSSION

Utilizing the pair-feeding experimental design en-
abled us to evaluate thermal stress while eliminating
the confounding effects of dissimilar nutrient intake
between thermal neutral and heat stress conditions.
This model also allowed us to evaluate bioenergetic
variables, which are sensitive to small differences in
energy intake.

Exposing cows to an environmental heat load well
above the bovine thermal comfort zone resulted in a
marked increase of all body temperature variables mea-
sured (all of which were characteristic of extreme hyper-
thermia). In fact, HS cows still exhibited elevated rectal
temperatures (0.92°C) and increased respiration rate
(31 breaths/min) at 0600 h, indicating that heat strain
was maintained for the entire 24 h of each day. Interest-
ingly, monensin-fed cows had a slight increase in rectal
temperature even during TN conditions (0.18°C) and
in respiration rates during the morning and evening of
HS conditions. This is surprising because monensin-fed
cows produced similar amounts of milk (milk synthe-
sis is proportional to metabolic heat production) but
had reduced feed intake and thus presumably had less
overall digestion-induced heat production. Regardless,
understanding why monensin-fed cows had a slightly
elevated rectal temperature and whether this is biologi-
cally significant is of interest.

Thermal stress caused an immediate and precipitous
decrease in DMI, and the temporal pattern and magni-
tude of decrease (~28%) closely resembles that of our
previous experiments (Rhoads et al., 2009; Shwartz et
al., 2009; Wheelock et al., 2010). By design, the PFTN
cows had a parallel pattern of reduced nutrient intake.
Compared with controls, monensin-fed cows had a sim-
ilar reduction in feed intake during P2, but consumed
less feed overall (~1.6 kg) than controls and this was
expected because decreased nutrient intake is a well-
documented monensin effect in growing and lactating
ruminants (Schelling, 1984; Ipharraguerre and Clark,
2003).

The heat load markedly reduced milk yield (33%),
and the decrease in the HS cows was more than twice
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Table 6. Effects of diet (control or monensin) and environment (pair-feeding or heat stress) on metabolite variables in response to an epinephrine (EPI) challenge and glucose

tolerance test (GTT) in lactating Holstein cows'

Period (Per) 1 Period 2
Group (Grp) 1 Grp 2 Grp 1 Grp 2
(TN) (TN) (PFTN) (HS) P-value
Grp Diet G x P

Parameter Con  Mon Con  Mon Con Mon Con Mon  SEM (G)  Per (P) (D) GxP PxD GxD x D
EPI challenge

Glucose response

AUC? 1,842 1,688 1,721 1,783 2,328 2,478 2,069 2,045 223 0.25  <0.01 0.96 0.29 0.73  0.95 0.54
NEFA response

AUC? 3,328 3,566 2,461 2,968 6,366 7,084 3,889 4,715 694 <0.01 <0.01 0.24 0.08 0.68  0.85 0.93
GTT

Glucose response

AucC! 2,548 2,799 2,578 2,710 3,067 3,414 3,514 3,701 165 0.15  <0.01 0.05 0.09 0.75  0.55 0.93
Insulin response

AUC? 159.0  172.0 146.5 145.1 1219  116.2 151.2  179.6 21.8 0.38 0.38 0.58 0.03 0.8  0.75 0.43
Glucose:insulin 18.5 21.0 19.2 249 33.0 32.9 29.3 244 5.3 0.61 0.01 0.83 0.27 0.39  0.92 0.59

"During period 1, cows fed both diets (control, Con, or monensin, Mon) were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During period 2, cows fed

both diets were either heat-stressed and allowed to eat ad libitum (HS) or pair-fed and kept in TN conditions (PFTN).
?Area under the curve (mg/dL-min) at 90 min post-epinephrine administration.

Area under the curve (uEq/L-min) at 45 min post-epinephrine administration.

(
*Area under the curve (
(

mg/dL-min) at 60 min post-glucose administration.

)
®Area under the curve mg/dL-min) at 45 min post-glucose administration.
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Figure 3. Effects of period (P) and group (1 or 2) on NEFA response (area under the curve; AUC) to the epinephrine challenge in lactat-
ing Holstein cows. During P1, all cows were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During P2, cows were
exposed to heat stress (HS, group 2) or exposed to TN conditions and pair-fed (group 1) with the HS cows. Bars with different letters (a, b)

differ at P < 0.10.

that of the PFTN group (9.09 vs. 4.46 kg), despite
both having similar reductions in nutrient intake. This
indicates that approximately 50% of the decrease in
heat-induced milk production is caused by reduced feed
intake and this value is consistent with our previous
results supporting the reproducibility of this model
system (Rhoads et al., 2009; Wheelock et al., 2010).
Feeding monensin did not ameliorate or prevent the
decrease in heat-induced milk yield as we had hypoth-
esized.

Both PFTN and HS cows entered negative EBAL
(averaged —2.71 Mcal/d) during P2 (the temporal
pattern closely resembles the reduced DMI) and nadir
occurred on d 4 (—4.56 Mcal), which agrees with our
previous results (Shwartz et al., 2009; Wheelock et al.,
2010). The loss of BW (24.5 kg) supports the EBAL
calculations, but the proportion of reduced BW due to
decreased gut fill (because of reduced feed intake) is

not clear. Compared with controls, monensin-fed cows
had an overall reduced calculated EBAL (1.89 Mcal),

Figure 4. Effects of period (P) and group (1 or 2) on the insulin response (area under the curve; AUC) to the glucose tolerance test in
lactating Holstein cows. During P1, all cows were housed in thermal neutral (TN) conditions and allowed to eat ad libitum. During P2, cows
were exposed to heat stress (HS, group 2) or exposed to TN conditions and pair-fed (group 1) with the HS cows. Bars with different letters (a,

b) differ at P < 0.05.

Journal of Dairy Science Vol. 94 No. 11, 2011
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which was due to the reduced DMI, as milk yield did
not differ between diets. However, EBAL is probably
underestimated in monensin-fed cows because the ben-
eficial effects of monensin on digestibility energetics are
currently not incorporated into the NRC (2001) EBAL
equations. Furthermore, BW loss was similar between
controls and monensin-fed cows, suggesting that actual
EBAL was similar between diets.

Overall environment or diet did not affect milk lac-
tose content. However, due to the difference in milk
production during P2, milk lactose yield in HS and
PFTN cows (d 7-9) decreased by 436 and 209 g/d, re-
spectively. Thus, HS cows secreted 227 g less lactose/d
or about 238 g less glucose/d, which agrees with our
previous research (Rhoads et al., 2009; Wheelock et al.,
2010). Similar calculations can be made on milk fat and
protein differentials, but based upon our previous bio-
energetic findings (Rhoads et al., 2009, 2011; O’Brien
et al., 2010; Wheelock et al., 2010), we believe the dif-
ferential in milk lactose synthesis is a mechanistic clue
as to why HS decreases milk yield independently of
nutrient intake.

The majority of dietary carbohydrates are fermented
in the rumen, thus the lactating cow relies heavily upon
gluconeogenesis (primarily from the liver) to satisfy its
glucose requirement. Rumen-derived propionate is the
largest contributor (~50%), whereas lactate and amino
acids supply roughly 15% each of the carbon for glucose
production (Huntington, 1990). The contributions of
glycerol and amino acids (from adipose and lean tis-
sue, respectively) markedly increase during periods
of inadequate feed intake (i.e., negative EBAL; Bell,
1995). This experiment used stable isotopically labeled
glucose and tracer kinetic methodologies to measure
whole-body glucose appearance; however, this method
is a proxy for hepatic gluconeogenesis because the diet
and kidney are negligible sources of glucose in rumi-
nants (Huntington, 1990). In the current study, overall
whole-body glucose Ra decreased during P2 and was
not affected by diet nor influenced by PF'TN or HS con-
ditions. The decrease in glucose Ra was not as severe as
the decrease in feed intake (20 vs. 28%), which suggests
that precursors besides propionate increased their car-
bon contribution to gluconeogenesis. This observation
is consistent with the reported increase in gene expres-
sion of hepatic pyruvate carboxylase during HS and
the increased ability of the liver to shuttle lactate and
alanine into the gluconeogenesis pathway (Rhoads et
al., 2011). Compared with cows in P1, cows in both HS
(12%) and PFTN (18%) conditions had increased glu-
cose Ra when evaluated on a DMI basis. This increase
also suggests that amino acids and other non-propio-
nate precursors contributed more to glucose produc-
tion during P2. Monensin-fed cows also produced more
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(~10%) glucose per unit of feed intake than controls,
which was anticipated because monensin alters rumen
fermentation, as characterized by increased propionate
production and reduced methane synthesis (Schelling,
1984; Ipharraguerre and Clark, 2003). Glucose Ra per
unit of milk yield decreased (3.3%) in PFTN cows
during P2, but increased (5.6%) in HS cows. This
is consistent with our other preliminary data, which
suggested that glucose is being preferentially utilized
for processes other than milk synthesis (ostensibly by
insulin-responsive tissues) during heat stress. In further
support, coupling the fact that total glucose Ra was
similar between PFTN and HS cows during P2 with
the milk lactose yield differential suggests that extra-
mammary tissues utilize ~225 g glucose/d more under
HS than under PFTN conditions.

Heat-stressed cows were hypoglycemic, whereas
blood glucose content in the PFTN controls did not
change during P2. The reduced glucose levels in heat-
stressed cows are in agreement with studies using heat-
stressed rats (Mitev et al., 2005), chickens (Rahimi,
2005), sheep (Achmadi et al., 1993), and heifers and
cows (Nardone et al., 1997; Itoh et al., 1998; Ronchi et
al., 1999; Abeni et al., 2007; Shwartz et al., 2009). The
fact that PFTN cows did not also have a reduction in
blood glucose is in contrast to our previous lactation
trials, where both HS and PFTN cows had a reduc-
tion in basal blood glucose levels (Rhoads et al., 2009;
Wheelock et al., 2010). In other nonruminant species, a
heat-load actually induces an increase in blood glucose
(chickens, Bobek et al., 1997; Garriga et al., 2006; rab-
bits, Marder et al., 1990; sows, Prunier et al., 1997,
and exercising men, Fink et al., 1975; Febbraio, 2001).
For example, HS athletes consistently have increased
hepatic glucose production and whole-body enhanced
carbohydrate oxidation at the expense of lipids (Fink et
al., 1975; Febbraio, 2001; Jentjens et al., 2002). In ad-
dition, hepatic glucose export typically decreases after
carbohydrates are ingested, but exogenous sugars are
unable to blunt the HS-induced liver glucose output
(Angus et al., 2001). The increased hepatic glucose
output originates from both increased glycogenolysis
(Febbraio, 2001) and increased gluconeogenesis (Collins
et al., 1980). Furthermore, HS chicks show increased
intestinal Na™/glucose cotransporter (SGLT-I) activity
and thus glucose uptake (Garriga et al., 2006), and in
vitro experiments indicate an enhanced renal glucose
reabsorptive capacity (via SGLT-I) during a thermal
load (Sussman and Renfro, 1997; Tkari et al., 2005).
Collectively, the evidence suggests that many of these
changes occur to maximize glucose availability in an
effort to preferentially oxidize carbohydrates. Reasons
for the discrepancies between studies are not clear, but
species differences, altered physiological states (lacta-
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tion vs. growth), extent and length of hyperthermia,
and diet all likely contribute to the variation observed
in circulating glucose levels.

To gain a better appreciation for the changes in
postabsorptive carbohydrate and lipid metabolism, we
administered a GTT and an EPI challenge. Both HS
and PFTN cows had a reduced ability (compared with
cows in P1) to dispose of blood glucose following the
GTT; in fact, HS cows tended to have a larger AUC
than PF cows. This contradicts rodent data (Kokura et
al., 2007) and our previous lactation trial that indicated
a more rapid glucose clearance during HS (Wheelock et
al., 2010). Seemingly, this also appears to contradict the
glucose “accounting” (described above), which suggests
an increase in glucose utilization by extra-mammary
tissues during heat stress. A possible explanation may
be reduced glucose uptake (~225 g/d) into mammary
tissue (a non-insulin-sensitive tissue, at least from a
glucose uptake perspective), which complicates the
interpretation of glucose disposal. Regardless, reasons
why HS cows in the current study not only did not have
improved but actually had impaired glucose clearance is
currently not fully understood. The pancreas recognizes
glucose and responds by secreting insulin; in agreement
with our lactation and growth data (O’Brien et al.,
2010; Wheelock et al., 2010), HS cows in the current
study had a similar insulin response during P2, whereas
the PFTN controls had a reduced insulin response to
the GTT. Compared with PFTN cows, HS cows had a
larger insulin response to the GTT, which also agrees
with data from heat-stressed sheep (Achmadi et al.,
1993). The quick timing (within 10 min) suggests that
this is because of pancreatic secretion rather than insu-
lin removal (by insulin-sensitive tissues).

The EPI challenge causes immediate adipose tissue
triglyceride lipolysis (increased blood NEFA) and he-
patic glycogen breakdown (increased blood glucose),
and the response to this homeostatic molecule can be
used as a proxy for tissue sensitivity to catabolic sig-
nals. Both PFTN and HS cows had a similar increase
in blood glucose following EPI administration during
P2, suggesting that the liver remains equally sensitive
(with regard to breaking down glycogen and releasing
glucose) to EPI. The maintenance of glycogenolytic
sensitivity to EPI during HS coupled with similar (to
PFTN cows) rates of glucose appearance suggest that
the liver remains functional with regards to glucose
export during HS. In contrast, the NEFA response
to the EPI challenge was much larger (56%) in the
PEFTN controls compared with the HS cows during P2,
suggesting that adipose tissue becomes refractory to
lipolytic stimulation during HS. The increased pancre-
atic responsiveness to glucose (with regards to insulin
secretion) may help explain why epinephrine is less ef-
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fective at stimulating adipose breakdown during HS, as
insulin is a potent antilipolytic signal (Vernon, 1992).
Regardless, the differential sensitivity to an adrenergic
hormone between the liver and adipose tissue during
P2 supports our hypothesis that HS cows are attempt-
ing to minimize NEFA and maximize glucose entry into
the circulating energetic pool.

CONCLUSIONS

Similar to our previous results, the current research
demonstrated that the heat stress—induced decrease in
DMI only accounts for approximately 50% of the reduc-
tion in milk yield. Changes in postabsorptive metabo-
lism may account for a large portion of the remainder
of milk loss. Specifically, hepatic glucose production
in HS cows is similar to that in thermal neutral cows
on a similar plane of nutrition. However, heat-stressed
cows fail to enlist glucose “sparing” mechanisms
(adipose mobilization, which normally prevents severe
reductions in milk yield during periods of inadequate
nutrient intake) and consequently the contribution of
glucose to whole-body energetics increases. This failure
to spare glucose causes redistribution to the hierarchy
of glucose-utilizing tissues, with the mammary gland
assuming reduced importance on the priority list.
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