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ABSTRACT

Multiparous cows (n = 12; parity = 2; 136 £ 8 d in
milk, 560 + 32 kg of body weight) housed in climate-con-
trolled chambers were fed a total mixed ration (TMR)
consisting primarily of alfalfa hay and steam-flaked
corn. During the first experimental period (P1), all 12
cows were housed in thermoneutral conditions (18°C,
20% humidity) with ad libitum intake for 9 d. During
the second experimental period (P2), half of the cows
were fed for ad libitum intake and subjected to heat-
stress conditions [WFHS, n = 6; cyclical temperature
31.1 to 38.9°C, 20% humidity: minimum temperature
humidity index (THI) = 73, maximum THI = 80.5],
and half of the cows were pair-fed to match the intake
of WFHS cows in thermal neutral conditions (TNPF,
n = 6) for 9 d. Rectal temperature and respiration rate
were measured thrice daily at 0430, 1200, and 1630
h. To evaluate muscle and liver insulin responsiveness,
biopsies were obtained immediately before and after an
insulin tolerance test on the last day of each period.
Insulin receptor (IR), insulin receptor substrate 1 (IRS-
1), AKT/protein kinase B (AKT), and phosphorylated
AKT (p-AKT) were measured by Western blot analy-
ses for both tissues. During P2, WFHS increased rectal
temperature and respiration rate by 1.48°C and 2.4-
fold, respectively. Heat stress reduced dry matter in-
take by 8 kg/d and, by design, TNPF cows had similar
intake reductions. Milk yield was decreased similarly
(30%) in WFHS and TNPF cows, and both groups
entered into a similar (—4.5 Mcal/d) calculated nega-
tive energy balance during P2. Insulin infusion caused
a less rapid glucose disposal in P2 compared with P1,
but glucose clearance did not differ between environ-
ments in P2. In liver, insulin increased p-AKT protein
content in each period. Phosphorylation ratio of AKT
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increased 120% in each period after insulin infusion.
In skeletal muscle, protein abundance of the IR, IRS,
and AKT remained stable between periods and envi-
ronment. Insulin increased skeletal muscle p-AKT in
each period, but the phosphorylation ratio (abundance
of phosphorylated protein:abundance of total protein)
of AKT was decreased in P2 for TNPF animals, but
not during WFHS. These results indicate that mild
systemic insulin resistance during HS may be related
to reduced nutrient intake but skeletal muscle and liver
insulin signaling remains unchanged.

Key words: heat stress, insulin, hyperthermia, dairy
cow

INTRODUCTION

Although advances in environmental cooling systems
ameliorate production losses during summer months,
heat stress continues to cost the US dairy industry ap-
proximately $1 billion annually (St-Pierre et al., 2003).
Dairy cattle acclimation to elevated environmental
temperature involves numerous mechanisms intended
to reduce the heat load. Physiological adaptations
increase heat dissipation (i.e., enhanced respiration
and sweating rates) and decrease heat production
(i.e., reduced feed intake) at the expense of animal
performance. Reduced feed intake during heat stress
has traditionally been assumed to be primarily respon-
sible for the decrease in milk yield (Collier et al., 1982;
West, 2003). However, we have recently demonstrated
that lactating heat-stressed (HS) dairy cows exhibit
more extensive milk yield reduction per unit of feed
intake than pair-fed (PF) thermal neutral counterparts
(Rhoads et al., 2009; Wheelock et al., 2010). This result
suggests that heat stress-induced changes in feed intake
account for 50% of the overall reduction in milk syn-
thesis. Although both PF and HS cows appear to enter
similar levels of negative energy balances, they experi-
ence different bioenergetic adaptations (Baumgard and
Rhoads, 2013). Contrary to PF controls, HS cows have



2 XIE ETAL.

decreased plasma nonesterified fatty acids (NEFA),
increased plasma insulin, and increased plasma urea
nitrogen, and may increase glucose utilization in pe-
ripheral tissues (Rhoads et al., 2009; Wheelock et al.,
2010). These adaptations ostensibly indicate a shift in
whole-body carbohydrate, lipid, and protein metabo-
lism in heat-stressed cows, independent of reductions
in feed intake.

Mammalian metabolic adaptations are coordinated,
in part, by the endocrine system to fulfill ever-changing
energy demands (Coll et al., 2007). Tt is well accepted
that insulin plays a crucial role in the transition from
fasting to fed state. Insulin is the most potent and
acute anabolic hormone and it is involved in regulat-
ing the turnover of carbohydrates, lipids, and proteins
(Saltiel and Kahn, 2001). In relation to carbohydrate
metabolism, a unique feature in ruminants is that their
circulating glucose originates almost exclusively from
hepatic gluconeogenesis because dietary carbohydrates
are subjected to microbial fermentation before they
become available for absorption in the small intestine
(Bell and Bauman, 1997). Insulin suppresses gluconeo-
genesis by downregulating genes encoding gluconeo-
genic enzymes (Michael et al., 2000). Hepatic glycogen
is another source for plasma glucose and is used as
a glucose reservoir. Glycogen accumulation is stimu-
lated by insulin via increasing glucose transport and
glycogen synthesis (Saltiel and Kahn, 2001). Basal and
stimulated plasma insulin concentrations are typically
increased during periods of heat stress in a variety of
species (Baumgard and Rhoads, 2013) but how such
changes are sensed by the liver; for example, hepatic
insulin responsiveness, remain unclear (Rhoads et al.,
2013). This is important, because the liver clearly
exhibits alterations in gluconeogenic gene expression
and growth hormone-dependent IGF-I gene expression
during heat stress, possibly related to insulin action
(Rhoads et al., 2010, 2011).

Skeletal muscle is a major site of whole-body energy
consumption, given its sheer mass, and it has the ability
to use different energy substrates based upon nutrient
availability. Insulin can play a crucial role in mediating
this selectivity shift based on skeletal muscle respon-
siveness (Long et al., 2011). Negative energy balance
is associated with a variety of metabolic changes that
are implemented to support the dominant physiological
condition of lactation. Marked alterations in carbohy-
drate metabolism, such as peripheral insulin resistance,
ensure partitioning to support the dominant physiologi-
cal condition of lactation (Bauman and Currie, 1980).
Marked alterations in carbohydrate metabolism ensure
partitioning of dietary-derived and tissue-originating
nutrients toward the mammary gland and away from
peripheral tissues such as skeletal muscle. In previous
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studies, pair-fed thermal neutral cattle initiate adapta-
tions, such as increased plasma NEFA and decreased
plasma insulin, which appear to preserve glucose for
productive functions involving milk synthesis (Rhoads
et al., 2009; Wheelock et al., 2010). In contrast, HS
dairy cattle do not appear to employ glucose-sparing
mechanisms but this has not been directly evaluated in
skeletal muscle.

Within the intracellular insulin-signaling pathways,
there are several central proteins, including insulin
receptor (IR), insulin receptor substrate (IRS), phos-
phatidylinositol 3-kinase (PI3K), and protein kinase
B (PKB or AKT), which function as important
junctions of regulation, signal divergence, and cross-
talk nodes with other signaling cascades (Taniguchi et
al., 2006). The insulin receptor is localized in insulin-
responsive tissues at the cell membrane surface to
initiate downstream signaling (Karlsson and Zierath,
2007). Activated IR recruits and phosphorylates IRS,
which is involved in maintaining glucose homeostasis
between fed and fasting statuses (Guo et al., 2009). Via
PISK and a series of second messengers, insulin signal-
ing involves AKT, a kinase that governs physiological
functions by up- or downregulating genes related to
glycogen synthesis, gluconeogenesis, and lipogenesis
and translocation of the glucose transporter GLUT4
(Karlsson and Zierath, 2007).

In the present study, we hypothesized that HS
cattle fail to experience whole-body glucose sparing
mechanisms to preserve glucose for milk synthesis. To
investigate the role of HS on insulin-dependent glucose
metabolism, we established a model to examine insulin
responsiveness of skeletal muscle and liver during a pe-
riod of HS or a similar plane of reduced nutrition. An
insulin tolerance test (ITT) was used in conjunction
with tissue biopsies to measure critical proteins in the
insulin-signaling pathway and estimate skeletal muscle
and hepatic insulin responsiveness during HS.

MATERIALS AND METHODS
Animals and Experimental Design

After acclimating to the environmental chambers (7
d), 12 multiparous lactating Holstein cows (parity =
2; 136 £ 8 DIM, 560 + 32 kg of BW) were randomly
assigned to 1 of 2 environmental treatments during 2
experimental periods. During period 1, the 2 groups of
cows were managed identically and identified as well-
fed (WF) if pair-fed (TNPF) in period 2 or as thermal
neutral (TN) if heat-stressed (WFHS) in period 2. The
total length of the trial was 20 d, with 2 experimental
periods (P) consisting of (1) 9 d of thermal neutral
conditions and ad libitum feed intake (TN for group 1,
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WF = well-fed for group 2); (2) 9 d of either heat-stress
(WFHS, group 1, n = 6) and ad libitum intake or pair
fed (TNPF, group 2, n = 6) in thermal neutral condi-
tions. Animals in the thermal neutral control conditions
were pair-fed with WFHS animals to eliminate the con-
founding effects of dissimilar nutrient intake. During
P2, the percentage reduction in feed intake in heat-
stressed cows was calculated and applied to the feed
offered to the TNPF cows. The heat stress environment
was designed with cyclical temperatures [31.1-38.9°C,
20% humidity: minimum temperature-humidity index
(THI) = 73, maximum THI = 80.5], attempting to
mimic a normal Arizona summer day, with the TNPF
animals remaining in a constant environment of 20°C
(THI = 64). Cows were housed in individual tiestall
stanchions at the University of Arizona William J.
Parker Agricultural Research Complex (Tucson, AZ).
Throughout the experiment, cows were milked twice
daily (0500, 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 Chandler Analytical Laboratories (Chandler, AZ)
to meet or exceed the predicted requirements (NRC,
2001) of energy, protein, minerals, and vitamins (Table
1). Alfalfa hay was the primary forage, with steam-
flaked corn as the primary concentrate. The TMR was
sampled weekly and analyzed by wet chemistry meth-
ods (Chandler Analytical Laboratories). Milk samples
from each cow (from both the morning and evening
milking) were collected on d 1, 3, 6 and 9 of each period
and stored at 4°C with a preservative (bronopol tablet;
D&F Control System, San Ramon, CA) until analysis
by Arizona DHIA (Tempe, AZ) using AOAC Interna-
tional (2000)-approved infrared analysis equipment and
procedures for milk components. Rectal temperature
(Tre) and respiration rate (RR) were measured thrice
daily at 0430, 1200, and 1630 h. Rectal temperatures
were measured using a standard digital thermometer
(GLA M700 Digital Thermometer, San Luis Obispo,
CA). Respiration rates were determined by counting
flank movements for 60 s. All procedures were approved
by the University of Arizona Institutional Animal Care
and Use Committee.

Net Energy Balance Analysis

Body weights were obtained on all animals on d 1,
4, and 9 of each period and were used to calculate net
energy balance (EBAL) using the following equation:
EBAL = net energy intake — (NEy + NE;). Mainte-
nance energy requirement was calculated using the
equation: NEy; = (0.08 x BW"™; NRC, 2001) and was

increased by 25% during the HS conditions as recom-
mended (NRC, 1989). Net energy for lactation was cal-
culated as follows: NE; = [(0.0929 x fat %) + (0.0547
x CP %) + (0.0395 x lactose %)] x milk yield (NRC,
2001).

Blood Sampling and ITT

Bilateral indwelling jugular catheters were inserted
in all cows on d 4 of each period. On d 9 of each period,
an ITT (1 pg/kg of BW) was administered at 1400 h,
as performed previously (O’Brien et al., 2010). Bovine
insulin (Sigma, St. Louis, MO) was initially dissolved
to 1 mg/mL in 0.1 M HCI and then diluted into sterile
saline and kept at —80°C until use. After insulin i.v.
infusion, the catheter was flushed with 12 mL of sterile
saline. Blood samples were collected at —30, 7.5, 15, 30,
and 60 min relative to insulin infusion. Samples were
collected into disposable glass tubes containing 250 U
of sodium heparin and were immediately placed on ice.
After centrifugation, plasma was split into 2 aliquots
and stored at —20°C; one aliquot was later analyzed for
plasma glucose concentration and the other for insulin
concentration.

Plasma glucose and insulin concentrations were
determined with commercially available kits (Autokit
Glucose C2; Wako Chemicals USA, Richmond, VA; and
Mercodia Bovine Insulin ELISA, ALPCO Diagnostics,
Salem, NH) as previously described (O’Brien et al.,

Table 1. Ingredients and chemical composition (% of DM unless
noted) of diets

Item Content

Ingredient
Alfalfa hay 50.3
Steam-flaked corn 25.5
Whole cottonseed 8.7
Amino plus’ 2.1
Beet pulp 4.8
Molasses 4.3
Supplement® 2.4
Calcium salts of palm oil® 1.9

Chemical analysis
Moisture 8.5
Ash 13.4
NDF 32.8
ADF 28.4
CP 21.3

!Soybean-based supplement; 51.7% CP (Ag Processing Inc., Hasting,
NE).

*Contained 1.34% fat, 6.23% Ca, 4.49% P, 3.10% Mg, 0.58% S, 0.23%
K, 16.18% Na, 3.7% CI, 2,290.59 mg/kg of Zn, 2,037.94 mg/kg of Mn,
1,109.46 mg/kg of Fe, 629.18 mg/kg of Cu, 75.02 mg/kg of Co, 13.83
mg/kg of Se, 10.40 mg/kg of Mo, 51.65 mg/kg of I, 360.16 IU/g of
vitamin A, 35.67 IU/g vitamin D, and 1.16 IU/g of vitamin E.
*Maxxer (Tarome Inc., Eloy, AZ).
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2010). The intra- and interassay coefficients of varia-
tion were 3.5 and 3.3% for glucose and 7.1 and 6.6% for
insulin, respectively.

Western Imnmunoblot Analysis

To evaluate skeletal muscle and liver insulin respon-
siveness, biopsies were obtained immediately before
(—15 min) and after (415 min) the ITT. These time
points were chosen because investigations into proximal
in vivo signaling rely on rapid tissue sampling <15 min
after hormone administration to accurately assess cel-
lular activation (Dominici et al., 1999; Morisco et al.,
2000; Rhoads et al., 2010). Skeletal muscle biopsy sites
were shaved and aseptically cleaned with betadine and
70% isopropanol. The first biopsy was obtained at —15
min relative to the ITT. Five minutes before the first
biopsy, 10 mL of 2% lidocaine (MWTI Veterinary Supply
Co., Glendale, AZ) was administered in an umbrella-
like fashion to the biopsy site of the right hindlimb. An
incision approximately 5 cm in length was made in the
right hindlimb semitendinosus. A sterile biopsy punch
(8 mm, Miltex Inc., York, PA) was used to collect one
tissue core from the semitendinosus muscle. At 15 min
post-insulin injection, a second muscle biopsy was ob-
tained on the semitendinosus of the left hindlimb follow-
ing the preparation and collection protocol as described
above. Following tissue sample collection, incision sites
were sutured (Ethicon, MWI Veterinary Supply Co.),
cleaned with 70% isopropanol, and disinfected with an
aerosol bandage (Allushield, Valley Vet, Maryville, KS).
Liver samples were collected by percutaneous needle
biopsy as described previously (Rhoads et al., 2007).
Biopsies were snap-frozen in liquid nitrogen and kept at
—80°C until molecular analyses. Total protein extracts
were prepared as described previously (Rhoads et al.,
2010). Protein content of extracts was measured with

the bicinchoninic acid protein assay (Pierce, Rockford,
IL). Protein abundance of IR, IRS, AKT, and phos-
phorylated AKT (p-AKT) were measured by Western
blot analyses as previously described (Rhoads et al.,
2010). Antibodies were rabbit anti-mouse AKT, rabbit
anti-human p-AKT Ser 473 (Cell Signaling Technology
Inc., Danvers, MA), rabbit anti-human IR and rab-
bit anti-human TRS (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), and rabbit anti-human a-tubulin
(Cell Signaling Technology Inc.). Antibody specificity
was tested in competition experiments with the block-
ing peptide for each antibody. Signals were detected
by chemiluminescence (LumiGLO, KPL, Gaithersburg,
MD) and quantified by densitometry using the National
Institutes of Health Image J software (http://image;j.

nih.gov/ij/).

Statistical Analysis

The plasma glucose response to insulin was calculated
as area under the curve (AUC) by use of linear trap-
ezoidal summation between successive pairs of glucose
concentrations and time coordinates after correcting
for the baseline concentration (Baumgard et al., 2002).
Baseline concentrations were defined as the samples at
—30 min before insulin infusion.

Protein and plasma glucose data were analyzed with
the Proc Glimmix procedure (SAS Institute, Cary, NC)
accounting for treatment (TN vs. WFHS or WF wvs.
TNPF) as a fixed effect and animal as the random ef-
fect. For Tre, RR, and plasma insulin, each cow was an-
alyzed using repeated measures with an autoregressive
covariance structure and time as the repeated effect.
The model contained covariate, treatment, time, and
a treatment x time interaction. Data are reported as
least-squares means (LSM) and considered significant if
P < 0.05 or a trend if 0.05 < P < 0.1.

Table 2. Effects of heat stress (HS) or pair-feeding (PF) on rectal temperature (Tre) and respiration rate (RR; breaths/min, bpm) in lactating

Holstein cows'

Period 1 Period 2 P-value?

Variable/time Group 1 (TN)  Group 2 (WF) Group 1 (WFHS)  Group 2 (TNPF) SEM TRT PER  TRT x PER
Tre (°C)

0430 h 38.23" 38.25" 39.17° 38.55" 0.07 <0.01 <0.01 <0.01

1200 h 38.26" 38.22" 39.65" 38.29" 0.08 <0.01 <0.01 <0.01

1630 h 38.30" 38.33" 40.14° 38.66" 0.06 <0.01 <0.01 <0.01
RR (bpm)

0430 h 36" 38" 73" 38" 2 <0.01 <0.01 <0.01

1200 h 38" 40" 90" 41* 2 <0.01 <0.01 <0.01

1630 h 36" 39" 83" 35" 2 <0.01 <0.01 <0.01

"“Values within a row of each variable with differing superscripts indicate statistical difference (P < 0.05).

"During period 1, cows in both groups were treated identically [housed in thermal neutral (TN) conditions and fed ad libitum (WF)]. During
period 2, cows were either heat-stressed and fed ad libitum (WFHS) or kept in TN conditions and pair-fed (TNPF).

*TRT = treatment; PER = period; TRT x PER = treatment x period interaction.
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RESULTS

We detected no TN or WF differences in Tre or RR
during P1 (Table 2). Cows from WFHS conditions
during P2 exhibited increased (P < 0.05) Tre and RR
compared with TNPF during P2. During P2, TNPF
animals had increased (P < 0.05) Tre compared with
that in P1 at 0430 and 1630 h, but these differences

(0.22 and 0.36°C) were relatively small compared with
those of WFHS.

Feed intake of TN cows decreased (P < 0.01) in P2
during WFHS conditions (Figure 1A). Heat stress pro-
gressively decreased DMI until d 5 and DMI remained
similarly depressed from d 5 to 9. Feed intake of TNPF
mirrored the decreasing pattern of WFHS feed intake.
Cows during TNPF had lower overall DMI (P < 0.01)
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Figure 1. Effects of heat stress or pair-feeding on (A) DMI, (B) milk yield, and (C) energy balance (EBAL) in lactating Holstein cows.
Dairy cattle were maintained in constant thermal neutral conditions and fed ad libitum for 9 d (TN and WF) followed by exposure to cyclical
temperatures ranging from 29.4 to 38.9°C with constant 20% humidity and were fed ad libitum (WFHS) or exposed to constant thermal neu-
tral conditions and pair-fed (TNPF) with HS counterparts. Squares represent TN-WFHS cows and triangles represent WF-TNPF cows. Per =

period; Trt = treatment. Error bars represent SEM.
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Table 3. Effects of heat stress (HS) or pair-feeding (PF) on milk composition in lactating Holstein cows'

Period 1 Period 2 P-value®

Ttem Group 1 (TN)  Group 2 (WF) Groupl (WFHS) Group2 (TNPF) SEM  TRT PER  TRT x PER
Fat (%) 3.83 3.82 4.23 3.99 0.09 0.15  <0.01 0.16
Fat (kg) 1.11 1.08 0.96 0.94 0.02 0.14  <0.01 0.87
Protein (%) 3.06 2.83 2.81 2.63 0.02 <0.01 <0.01 0.12
Protein (kg) 0.89 0.81 0.65 0.63 0.02 <0.01 <0.01 0.06

Lactose (%) 4.97 4.92 4.88 4.81 0.03 0.02 <0.01 0.87
Lactose (kg) 1.46 1.40 1.14 1.15 0.03 0.40 <0.01 0.22
SNF (%) 8.89 8.59 8.54 8.33 0.03 <0.01 <0.01 0.18
SNF (kg) 2.61 2.45 1.99 1.98 0.05 0.10 <0.01 0.12
SCC (><1[J8 cells/mL) 37.71 21.62 23.76 21.62 4.06 0.02 0.08 0.08

"During period 1, cows in both groups were treated identically [housed in thermal neutral (TN) conditions and fed ad libitum (WF)]. During
period 2, cows were either heat-stressed and fed ad libitum (WFHS) or kept in TN conditions and pair-fed (TNPF).

*TRT = treatment; PER = period; TRT x PER = treatment x period interaction.

compared with those in WFHS. This difference existed
in P1 and, by design, remained in P2. We observed no
group difference in milk yield in either P1 or P2 (Figure
1B). Both groups progressively decreased milk produc-
tion after initiation of P2. Compared with P1, milk fat
content was higher (P < 0.01) but milk fat yield was
lower (P < 0.01) during P2 for both groups (Table 3).
There tended to be a treatment x period interaction on
milk protein content (P = 0.12) and yield (P = 0.06)
as the decrease was more severe (compared with TNPF
cows) for both variables in WFHS cows (Table 3).
Overall, TNPF cows had a higher milk lactose content
than WFHS cows but this difference (0.16%) existed in
P1 and continued during P2 (Table 3). During P2, milk
SNF content and yield was lower (P < 0.01) for both
WFHS and TNPF cows, but TNPF cows had overall
greater (P < 0.01) milk SNF content (Table 3). There
tended to be a treatment x period interaction (P <
0.08) on milk SCC as it did not differ from P1 to P2 in
TNPF cows but decreased during P2 for WFHS cows
(Table 3).

Overall, EBAL was lower (P < 0.01) in TNPF com-
pared with WFHS and in P2 compared with P1 (Figure
1C). We detected a treatment x period interaction
indicating that the extent of decrease in EBAL was
different between groups. Both groups were in negative
EBAL (NEBAL) condition during P2, and the sever-
ity of NEBAL continued to progress for the first 5 d in
P2 and stabilized for the rest of P2.

We observed a tendency (P = 0.10) for a treatment
x period interaction for basal plasma glucose levels,
where concentration decreased during P2 for WFHS
cows (Table 4). The ITT caused a less rapid glucose
disposal in P2 compared with P1 (P < 0.05), as in-
dicated by greater absolute values (areas under the
curve) at 30 and 60 min in P1 versus P2, but glucose
clearance did not differ between groups in P2 (Table 4;
Figure 2). Basal plasma insulin concentration and the
glucose:insulin ratio were not altered by treatment or
period (Table 4).

In muscle, protein abundance of IR, IRS, and AKT
remained stable between periods and environments

Table 4. Effects of heat stress (HS) or pair-feeding (PF) on glucose and insulin responses to an insulin tolerance test in lactating Holstein cows'

Period 1 Period 2 P-value®
Item Group 1 (TN) Group 2 (WF) Group 1 (WFHS)  Group 2 (TNPF)  SEM TRT PER TRT x PER
Glucose
Basal (mg/dL) 85.0 88.2 76.1 84.0 3.3 0.48 0.06 0.10
30 min AUC? —530 —215 —121 —121 100 0.13 0.02 0.13
60 min AUC —1,224 —551 —443 —394 216 0.11 0.05 0.17
A" (mg/dL) 32.4 16.4 11.9 8.5 5.1 0.07 0.01 0.24
Insulin
Basal (ng/mL) 0.87 0.96 0.96 0.65 0.18 0.57 0.56 0.30
Glucose:insulin 108.7 133.9 111.7 156.0 36.2 0.32 0.69 0.75

"During period 1, cows in both groups were treated identically [housed in thermal neutral (TN) conditions and fed ad libitum (WF)]. During
period 2, cows were either heat-stressed and fed ad libitum (WFHS) or kept in TN conditions and pair-fed (TNPF).

’TRT = treatment; PER = period; TRT x PER = treatment x period interaction.

*Area under the curve (mg-dL-min).

Change in glucose concentrations between the start of insulin infusion and glucose response nadir.

Journal of Dairy Science Vol. 99 No. 5, 2016



SKELETAL MUSCLE AND HEPATIC INSULIN SIGNALING 7

(Figure 3A and B). Insulin increased p-AKT protein
abundance in each period (P < 0.05), but this response
tended to decline in P2 for TNPF animals (P = 0.09),
but not for WFHS (Figure 3A and B). After insulin
infusion, the phosphorylation ratio (abundance of phos-
phorylated protein:abundance of total protein) of AKT
was decreased (P < 0.05) by TNPF treatment (Figure
3D), whereas it remained unchanged in WFHS cows
(Figure 3C).

In the liver, insulin increased p-AKT protein content
and phosphorylation ratio of AKT in each period (P <
0.05) but they did not differ between periods (Figure
4C and D). Protein abundances of IR and IRS remained
constant during each period and were not altered by
insulin challenge (Figure 4A and B).

DISCUSSION

Reduced feed intake was traditionally thought to be
the major cause of milk yield decrease in dairy cows
exposed to an environmental heat load above their
thermal comfort zone. Using experiments designed to
separate confounding effects of high temperature and
nutritional deficiency, we have reported that reduced
feed intake can explain only part of the milk yield re-
duction in dairy cows under HS conditions (Rhoads et
al., 2009; Wheelock et al., 2010). In the present study,
a greater amount of feed was consumed to maintain
similar levels of milk production between WFHS and
TNPF during P2 despite the same percentage decline
in feed intake between the 2 groups. Overall, this is
consistent with the observation that HS, independent
of reduced feed intake, directly contributes to milk
yield decline.

It is well documented that malnourished lactating
animals reduce plasma insulin or sensitivity (or both)
as a homeorhetic mechanism to spare glucose for the
mammary gland (Bauman and Currie, 1980; Escrivé et
al., 1992; Kemnitz et al., 1994; Bauman, 1999; Davis
et al., 2010). During P2, both WFHS and TNPF cows
reduced their glucose clearance rate during an ITT
compared with P1, but there was no treatment differ-
ence. Reduced feed intake appeared to sufficiently ex-
plain the lowered systemic insulin sensitivity observed
in P2 in terms of the glucose disposal rate. However,
at the molecular level, insulin signaling in skeletal
muscle and liver were maintained in the WFHS group,
whereas the TNPF group decreased insulin signaling
in skeletal muscle. If blunted insulin sensitivity and
glucose clearance stems from decreased skeletal muscle
AKT phosphorylation in the TNPF animals, insulin
resistance in WFHS appears to occur downstream of
the AKT phosphorylation event. In a previous study
with a similar experimental design, Wheelock et al.

(2010) demonstrated that TNPF animals decreased in-
sulin secretion during a glucose tolerance test (GTT),
whereas WFHS animals did not. Other heat-stressed
animal studies reported increased secretion of insulin
during GTT in cattle (Itoh et al., 1998), augmented
basal insulin level in mice (Morera et al., 2012), and
increased whole-body insulin-stimulated glucose uptake
in pigs (Sanz Fernandez et al., 2015) under hyperther-
mic conditions. Overall, despite a marked decline in
feed intake, heat-stressed animals maintained or even
increased insulin secretion while the glucose disap-
pearance rate was significantly suppressed. There are
several possible explanations: (1) elevated intracellular
Ca®" is reported in malignant hyperthermia susceptible
humans and elevated Ca®" suppresses insulin-mediated
glucose uptake in skeletal muscle (Freymond et al.,
2000); (2) plasma glucose is compensated by increased
hepatic glucose output during HS from gluconeogen-
esis (O’Brien et al., 2010; Rhoads et al., 2011; White
et al., 2012) or glycogenolysis (Febbraio, 2001) and
these events become refractory to insulin during HS;
(3) unknown post-receptor signaling alterations occur
downstream of IR in skeletal muscle, leading to reduced
glucose uptake. In addition, insulin-mediated glucose
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Figure 2. Effects of heat stress or pair-feeding on glucose dispos-
al rate during an insulin challenge (ITT) in lactating Holstein cows.
Dairy cattle were maintained in constant thermal neutral conditions
and fed ad libitum for 9 d (TN and WF) followed by exposure to cycli-
cal temperatures ranging from 29.4 to 38.9°C with constant 20% hu-
midity and were fed ad libitum (WFHS) or exposed to constant ther-
mal neutral conditions and pair-fed (TNPF) with HS counterparts.
On d 6 each period, insulin was administered via jugular catheter and
blood samples were collected at —30, 7.5, 15, 30, and 60 min relative
to insulin administration.
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Figure 3. Effect of heat stress and insulin challenge on skeletal muscle components of insulin signaling. Dairy cattle were maintained in
constant thermal neutral conditions and fed ad libitum for 9 d (TN and WF) followed by exposure to cyclical temperatures ranging from 29.4
to 38.9°C with constant 20% humidity and were fed ad libitum (WFHS) or exposed to constant thermal neutral conditions and pair-fed (TNPF)
with HS counterparts. On d 6 of each period, insulin was administered with skeletal muscle biopsies obtained at —15 (Pre) and 15 min (Post)
relative to insulin administration. (A and B) Muscle protein extracts were analyzed by western immunoblotting for the abundance of the insulin
receptor (IR), insulin receptor substrate (IRS), AKT and phosphorylated AKT (p-AKT). Data are from one representative cow. (C and D)
Bars represent means + SE of AKT protein phosphorylation ratio (abundance of p-AKT:abundance of AKT). Bars with different letters differ

at P < 0.05.

uptake is not the only approach enlisted by animals
to regulate glucose flux. Insulin-independent glucose
transporters are expressed in a tissue-specific manner
(Zhao and Keating, 2007) and HS may affect different
routes of glucose fluxes.

The mechanism(s) by which HS may alter insulin sen-
sitivity is unknown. Evidence indicates that hyperther-
mia may lessen the development of insulin-resistance
via heat stress proteins (HSP), which either protects
pancreatic 3-cells (Kondo et al., 2012) or counteracts
stress kinases, which contribute to insulin-resistance,
in skeletal muscle (Geiger and Gupte, 2011). Hooper
and Hooper (2009) proposed a self-perpetuating cycle
model for the relationship between insulin and HSP:
(1) obesity-driven inflammation triggers insulin resis-
tance; (2) impaired insulin signaling in turn reduces
the expression of HSP, subsequently leading to vulner-
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able pancreas tissue and accumulation of inflammatory
cytokines and their related proteins; and (3) damaged
pancreas (3-cells further lower insulin signaling, and the
lack of anti-inflammatory HSP allows inflammation to
expand unhindered. Together, it is reasonable to specu-
late that heat stress could maintain insulin signaling
and stimulate insulin secretion in lactating cows during
NEBAL by upregulating expression of HSP.

The insulin-sensitive glucose transporter isoform
GLUT4 is primarily expressed in skeletal muscle and
adipose tissue. The redistribution of GLUT4 vesicles
from the cytoplasm to the plasma membrane triggered
by insulin is responsible for a net 10- to 40-fold increase
in glucose influx into the cells and the PI3K-AKT path-
way plays an important role in GLUT4 translocation
(Whiteman et al., 2002). Phosphorylation at residues
Thr308 and Serd473 of AKT is necessary for the induc-
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tion of GLUT4 vesicle exocytosis (Watson and Pessin,
2006). In the current study, the phosphorylation ratio
of AKT in skeletal muscle was reduced by TNPF but
not by WFHS, indicating that nutrient deprivation
decreased AKT activation level, whereas direct ef-
fects of high ambient temperature were sufficient for
maintenance of AKT activation. A possible explanation
for the reduction in AKT phosphorylation observed
in TNPF cows may be mediated by AMP-activated
protein kinase (AMPK) energy sensing system. As an
energy sensor, AMPK reacts to fluctuations in the ratio
ATP:AMP as well as phosphocreatine:creatine (Wind-
er, 2001) and is able to attenuate the phosphorylation
of AKT at Ser473 (Bolster et al., 2002). In contrast,
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heat-stress conditions may dephosphorylate AMPKa,
the catalytic subunit of AMPK, and therefore inhibit
the physiological functions of AMPK (Wang et al.,
2010). Both WFHS and TNPF animals maintained the
AKT phosphorylation ratio in liver at the same level
as in the TN and WF periods, respectively. Together,
these results indicate that heat stress may prevent cows
from sparing glucose for milk synthesis by maintaining
the AKT phosphorylation ratio in skeletal muscle. How
AKT activation remains unchanged in skeletal muscle
during heat stress is unclear and warrants further stud-
ies on the relationship between heat stress and AMPK
signaling that may shed some light the underlying
mechanisms.
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Figure 4. Effect of heat stress and insulin challenge on liver components of insulin signaling. Dairy cattle were maintained in constant
thermal neutral conditions and fed ad libitum for 9 d (TN and WF) followed by exposure to cyclical temperatures ranging from 29.4 to 38.9°C
with constant 20% humidity and were fed ad libitum (WFHS) or exposed to constant thermal neutral conditions and pair-fed (TNPF) with HS
counterparts. On d 6 of each period, insulin was administered with liver biopsies obtained at —15 (Pre) and 15 min (Post) relative to insulin ad-
ministration. (A and B) Liver protein extracts were analyzed by western immunoblotting for the abundance of the insulin receptor (IR), insulin
receptor substrate 1 (IRS-1), AKT and phosphorylated AKT (p-AKT). Data are from one representative cow. (C and D) Phosphorylation ratio
of AKT comparisons between periods; bars represent means + SE of AKT protein phosphorylation ratio (abundance of p-AKT:abundance of
AKT). Bars with different letters differ at P < 0.05.
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CONCLUSIONS

We previously demonstrated that decreased feed
intake explains only about 50% of the decline in milk
production during heat stress in dairy cows and that
hyperthermic conditions directly lower milk yield via
other mechanisms. In the present study, we focused on
measuring systemic insulin response because insulin
signaling occupies a central role in orchestrating whole-
body glucose metabolism. Both pair-feeding and heat
stress reduced whole-body insulin sensitivity in terms
of glucose disposal. Insulin-activated downstream sig-
naling performed equally well in skeletal muscle and
liver during thermal neutral and heat stress periods but
insulin signaling via AKT was blunted only during the
pair-fed period in muscle. The mechanism of shunting
glucose into milk production used by pair-fed animals
may be mediated by reducing insulin post-receptor
signaling, whereas heat-stressed cows did not appear
to use this mechanism. Future experiments are needed
to investigate the signaling pathways underlying the
maintained tissue insulin sensitivity despite an overall
reduction in systemic insulin sensitivity during heat
stress. In addition, the role that other tissues, such as
adipose, play in insulin sensitivity and glucose homeo-
stasis during heat stress warrants further attention.
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