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ABSTRACT

The objective of this study was to determine the ex-
pression of β-adrenergic receptors, hormone-sensitive
lipase, and its cofactor perilipin in adipose tissue, and
their relationships to rates of lipolysis and body fat
use in Holstein dairy cattle during late pregnancy and
lactation. Twenty Holstein dairy cattle were grouped
by lactation number (1, 2, and 3 or more), and subcuta-
neous adipose tissue was sampled to measure lipolytic
rates and gene expression. The 305-d mature-equiva-
lent yields (305ME) for first, second, and third or higher
parity cows were 13,220, 15,659, and 13,890 kg [stan-
dard error of the means (SEM) 931]. Milk fat and pro-
tein averaged 3.55 and 3.3%, across all parities. Milk
production at 30 d in milk (DIM) was 30.7 kg/d (3.4)
with 3.6% fat and 2.7% protein; and at 90 DIM was
47.5 kg/d (1.5) with 3.4% fat and 2.9% protein. Body
weight and body condition score (BCS), measured at
−30, 30, 90, and 270 DIM averaged 697, 605, 652, and
693 kg and 3.3, 2.4, 2.8, and 2.8 BCS units. Adipose
tissue was extracted for RNA and tissue was incubated
to measure basal and stimulated lipolysis. Basal lipoly-
sis increased following parturition, and basal and stim-
ulated lipolysis peaked at 90 DIM. The B1, B2, and B3

adrenergic receptors (AR) were expressed at all time
points, as shown by PCR and agarose gel analysis as
well as real-time reverse transcription-PCR. Expres-
sion of B1 AR, relative to that at d −30, increased 170,
72, and 112% at 30, 90, and 270 DIM. Expression of B2

AR increased 75, 121, and 100%; and that of B3 AR
increased 111, 125, and 69%. Expression of hormone-
sensitive lipase increased 180, 359, and 47% at the
same time points. Expression of perilipin increased 227,
1,847, and 126%. The greatest expression of these 5
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genes corresponded with the fastest rates of lipolysis
at 90 DIM. This work demonstrates that an increase
in the expression of β-adrenergic receptors is part of
the multifaceted regulation of lipolysis in dairy cattle.
Key words: gene expression, adipose, hormone-sensi-
tive lipase, perilipin

INTRODUCTION

The primary role of adipose tissue is to store fatty
acids for use in the support of productive functions.
The transition period from gestation into lactation is a
period of metabolic stress, including a rapid increase
in milk secretion, a slower rise in feed intake, and resul-
tant negative energy balance and body fat mobilization.
The dairy cow responds to negative energy balance with
a decrease in lipogenesis and an increase in lipolysis
in the adipose tissue (McNamara and Hillers, 1989).
Some dairy cattle respond with a rate of lipolysis in
excess of what is needed by the body to maintain itself
and produce milk, whereas others increase feed intake
rapidly and lose significantly less body fat (McNamara
and Hillers, 1989; McNamara, 2004). Excessive lipoly-
sis results in the accumulation of lipid in the liver,
ketosis, and can further result in other metabolic and
reproductive problems (Drackley et al., 2006).

Lipolysis is under the control of endocrine factors
and the sympathetic nervous system. Tissue response
elements include the β-adrenergic receptor (AR) sub-
types (B1, B2, B3), and expression and activation of hor-
mone-sensitive lipase (HSL) and perilipin (Bauman
and Vernon, 1993; McNamara, 1994; Barnes, 1995;
Londos et al., 1996). Previous work in this laboratory
has shown that responsiveness to adrenergic stimula-
tion increases during lactation, is related to rates of
milk production, and is greater in animals of greater
genetic merit for milk production (McNamara and Hill-
ers, 1989; McNamara et al., 1992; McNamara and Val-
dez, 2005). It has not been determined whether expres-
sion of the genes listed above changes during lactation
in dairy cattle. In ponies, expression of B2 AR does not
appear to change during lactation (Carrington et al.,
2003); however, those animals do not lose body fat at
the rates of dairy cattle, nor have they been selected
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for milk production. It was also unknown if the adipose
tissue of dairy cattle expresses the colipase, perilipin,
which has been shown to be necessary for normal lipoly-
sis (Londos et al., 1996). Therefore, the hypothesis of
this experiment was that expression of key genes
known to regulate lipolysis in adipose tissue increases
during lactation. These genes include β-AR subtypes
B1, B2, and B3, HSL and its cofactor, perilipin. One
objective was to evaluate changes in the expression of
the 3 β-AR subtypes and HSL during the transition
period and lactation. Another objective was to deter-
mine if perilipin is expressed in bovine adipose tissue
and if the expression changes during transition and
lactation. The final objective was to determine if the
expression of these genes was correlated with rates of
lipolysis, body energy balance, and body fat use.

MATERIALS AND METHODS

Animals and Housing

Twenty cows were selected from the Knott Dairy
Herd (Pullman, WA) based on parity and milk produc-
tion. Four primiparous animals, 6 second-lactation ani-
mals, and 10 animals of third or greater lactation num-
ber were used. Animals were selected to be in the top
25% of the herd for milk production based upon 305-d
mature-equivalent yield (305ME) values. All animals
received similar diets at similar stages of lactation. Dry
cows were housed in a freelot and lactating cows were
housed in a free-stall barn. Diets were formulated to
meet or exceed nutrient requirements for milk produc-
tion as recommended by NRC (2001). Pregnant animals
were fed ad libitum prepartum diets that were 44%
alfalfa haylage, 44% orchardgrass hay, and 12% concen-
trate mix (80.3% ground corn; 11.9% soybean meal, 5%
molasses, and 2.8% vitamin and mineral mixes) on a
DM basis. Lactating cow diets were also formulated to
meet or exceed nutrient requirements as recommended
by NRC (2001; Table 1). Milk production and composi-
tion data were gathered from the monthly test-day
DHIA records for the farm, and milk composition analy-
sis was done at the DHIA laboratory using AOAC meth-
ods (AOAC, 1984).

The protocol for this experiment was approved by
the Institutional Animal Care and Use Committee at
Washington State University (Pullman). Animals were
weighed and BCS was measured at 30 d prepartum,
and at 30, 90, and 270 DIM. Serum was collected from
the coccygeal vessel for analysis of NEFA. Adipose tis-
sue biopsies were taken from the tail head region
(Smith and McNamara, 1989). Tissue to be used for
gene expression analysis was immediately placed in
Trizol reagent (Qiagen, Valencia, CA), homogenized
(minimum of 30 s at maximal setting, then additional
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Table 1. Diet composition for lactating Holstein dairy cattle at Knott
Dairy Center

Feedstuff %, DM basis

Alfalfa haylage 26.26
Alfalfa hay 21.74
Whole cottonseed 9.68
Concentrate mix 42.32
Concentrate composition
Corn 40.43
Barley 18
Wheat 10
Peas 15
Soybean meal 4
Corn gluten meal 4.5
Megalac1 2
Molasses 2
Limestone 0.5
Trace mineral salt 1
Sodium bicarbonate 2
Magox2 0.4
4-plex3 0.05
Vitamin D premix 0.05
Vitamin A premix 0.05
Vitamin E premix 0.02

Totals, % of DM
DM 56.8
CP 19.1
NDF 28.3
ADF 19.9
NFC 42.2
NEL, Mcal/kg of DM 1.60
NEG, Mcal/kg of DM 1.12

1Church and Dwight, Princeton, NJ.
2Baymag Inc., Calgary, Alberta, Canada.
3Zinpro Corp., Eden Prairie, MN.

30-s bursts until tissue was homogenized), and then
placed on ice for later extraction of mRNA. Blood sam-
ples were allowed to clot at room temperature and then
centrifuged (2,700 × g); serum was collected and frozen
for later NEFA analysis.

Body Fat and Energy Measures

Incubations of adipose tissue were used to measure
basal and stimulated rates of lipolysis. Adipose tissue
was sliced and preincubated in 2 mL of Krebs-HEPES
medium containing 2% BSA (fatty acid free) for 20 min
to remove the effects of handling and slicing (McNa-
mara and Hillers, 1986b; McNamara and Valdez, 2005).
The medium was then removed and replaced with fresh
medium and the tissue was incubated for another 2 h.
Basal media had no added stimulators. The response
curve to β-adrenergic receptor binding was conducted
using isoproteranol at 10−8, 10−7, 10−6, 10−5, and 10−4 M.
Adenosine deaminase (6.6 U/mL; #116880, Calbiochem,
San Diego, CA) and theophylline (1 mM; no. 200-305-
7, Sigma-Aldrich, St. Louis, MO) were included to max-
imize response to isoproteranol. Rates of lipolysis were
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expressed as glycerol release in nanomoles per gram of
tissue per 2 h.

Nonesterified fatty acids were measured enzymati-
cally in serum with the NEFA-C kit (Wako Chemicals,
Richmond, VA) with modifications and validated to use
less serum and be more sensitive (McNamara and Hill-
ers, 1986a; McNamara, 1988; Smith and McNamara,
1989).

Empty body fat (EBF) was calculated using an equa-
tion published by Waltner et al. (1994). The calculation
was EBF = −122.1 + 0.21 × (BW) + 36 × (BCS). This
equation has an R2 of 0.78 and standard deviation of
15 kg for predicting EBF. Change in BCS, change in
BW, and change in body fat were calculated as value
at d 30, 90, or 270 DIM minus that at 30 d prepartum.
We calculated energy balance at d −30 and 30 DIM
using the following equation: energy balance = −3.14 −
0.009 × NEFA + 0.341 × DIM − 0.002 × DIM2, where
NEFA is the concentration of NEFA (McGuire et al.,
2002).

Gene Expression

Total RNA was extracted with the RNA-Easy mini-
kit (75842, Qiagen). Sample quality was determined
by resuspension in diethyl pyrocarbonate-treated water
and spectroscopy at A260/A280. Quality of RNA was
determined by denaturing electrophoresis (1.2% agar-
ose, 0.66 M formaldehyde, 20 mM 3-(N-morpholino)pro-
panesulfonic acid, 8 mM sodium acetate, and 1 mM
EDTA) and examination of the 28S and 18S ribosomal
bands after staining with ethidium bromide.

To prepare cDNA, 2-�g samples of RNA were resus-
pended in 8 �L of water with 1 �L of 10 mM dNTP mix
and 1 �L of Oligo(dT)12–18 (0.5 �g/�L) and incubated at
65°C for 5 min. Synthesis of cDNA followed with 2 �L
of 50 mM Tris-HCl (pH 8.3), 10 mM dithiothrietol, 3 mM
MgCl2, 40 units of RNaseOut recombinant ribonuclease
inhibitor (Invitrogen, Carlsbad, CA), and 50 units of
Superscript II reverse transcriptase (Invitrogen). Reac-
tions were incubated at 42°C for 50 min, and then at
70°C for 15 min. Two units of Escherichia coli RNase
H were added to each reaction and they were incubated
at 37°C for 20 min. The cDNA was aliquotted into 300-
�L aliquots in snap-top microcentrifuge tubes and
stored at −80°C. The PCR primers (Table 2) for β-actin,
ribosomal S2, the β-adrenergic receptor subtypes, HSL,
and perilipin were designed using Primer Express 2.0
(Applied Biosystems, Foster City, CA). The primers for
the first 4 genes were designed according to published
sequences; the PCR product for the perilipin primers
was sequenced. The sequence was exported to FASTA
format and was searched using BLAST (www.ncbi.
nlm.nih.gov/BLAST/) to determine similar sequences
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(Altschul et al., 1997). The BLAST search yielded a 93%
similarity for perilipin to Bos taurus adipocyte lipid
droplet binding protein, GenBank accession numbers
NM_001083699 and XM_598845.

Real-Time PCR

Per the manufacturer’s recommendations, IQ SYBR
Green (BioRad, Hercules, CA) was used for the real-
time PCR analysis. Real-time PCR was performed on
an iCycler (BioRad). Data were generated and plotted
as �-Rn, where �-Rn = (RFUsample/RFUpassive reference

dye) − (RFUsample initial/RFUpassive reference initial), and RFU =
relative fluorescence units. We calculated relative gene
expression by using the reference gene ribosomal S2
protein. Relative gene expression was determined by
calculating the difference between the cycle threshold
(CT) value of the reference gene, ribosomal S2 protein,
and that of the gene of interest. The difference across
the time points was calculated as the difference in rela-
tive expression between 30 d prepartum and the 30,
90, and 270 DIM time points (��CT). The fold change
over time was calculated using 2−��CT.

Statistical Design and Analysis

The experiment was designed to determine the effect
of DIM and parity on gene expression and to determine
the correlations, if any, among measures of gene expres-
sion, lipolysis, and animal performance (BW, BCS,
EBF, energy balance, and milk production). The study
was conducted and analyzed as a completely random
design, with repeated measures, with parity and DIM
as fixed effects. Data were analyzed using the following
model: � + A(DIM) + B(Parity) + (DIM × Parity) using
Proc GLM of SAS (SAS Institute, 1999), where A is the
fixed effect of DIM at 30 d prepartum and 30, 90, or
270 DIM, and B is the fixed effect of parity at 1, 2,
or 3 or greater. Statistical inferences were the same
whether Proc GLM or Proc MIXED (SAS Institute,
1999) was used.

We also determined simple and multiple regression
among measures of gene expression, rates of lipolysis,
BCS, BW, EBF, calculated energy balance and change
in BW, EBF, BCS, and calculated energy balance using
Proc GLM of SAS.

RESULTS AND DISCUSSION

BW and BCS

As expected, cows lost BCS, BW, and EBF in early
lactation (Table 3) with recovery starting at 90 DIM
and most animals having recovered the loss by 270
DIM. This is consistent with reported body fat use dur-
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Table 2. Primers used for real-time gene expression analysis

GenBank
Gene name accession no. Sequence, 3′ to 5′

β1 adrenergic receptor (AR) AF188187 CGAGCAGAAGGCACTCAAGAC
CCAGGTCGCGGTGGAA

β2 AR Z86037 CCCCAGGCACCGAAAACT
TCCCTTGTGAATCAATGCTATCA

β3 AR X85961 AGGCAACCTGCTGGTAATCG
GTCACGAACACGTTGGTCATG

Hormone-sensitive lipase XM_592955 GAGTTTGAGCGGATCATTCA
TGAGGCCATGTTTGCTAGAG

Perilipin XM_598845 AGACACTGCCGAGTATGCTG
TGGAGGGAGGAGGAACTCTA

ing lactation (Drackley et al., 2006) and consistent with
observed rates of lipolysis during this study. The mean
loss of 44 kg of body fat signifies a fast rate of lipolysis
during early lactation in these animals. These mea-
sures were taken to establish the whole-animal refer-
ence point for interpretation of adipose tissue metabo-
lism and gene expression.

Milk Production, Energy Balance, and NEFA

The average 305ME for milk, fat, and protein was
14,254, 511, and 417 kg (Table 4). Milk and milk compo-
nent production was greatest in second-lactation cows
compared with first or third and higher. Milk produc-
tion peaked at approximately 90 DIM, which correlated
with the increases in lipolysis and expression of HSL
and perilipin in adipose tissue (described below). Con-
sistent with the BCS, BW, and EBF data indicating
loss of body fat, NEFA concentrations increased at 30
DIM and then declined (P < 0.005; Figure 1). It is not
surprising that NEFA concentrations declined by 90
DIM, even though milk production was peaking, be-
cause by this time DMI and energy intake have also
increased to help meet the demand for milk synthesis.
Primiparous animals had a mean NEFA concentration
of 359 �mol/L at 30 DIM, whereas that second-lactation
animals was 956 �mol/L, and that third- or greater-

Table 3. Body condition score, BW, and empty body fat of pregnant
and lactating dairy cattle

DIM

Measure −30 30 90 270

BCS 3.27 2.38 2.79 2.83
SEM 0.11 0.14 0.11 0.11
BW, kg 697 605* 652* 693
SEM 25 17 15 29
Empty body fat,1 kg 142 90* 115* 125
SEM 7 6 6 7

1Calculated according to Waltner et al. (1994).
*Significantly different from value at d −30 at P < 0.05.
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lactation animals was 2,340 �mol/L (P = 0.006). Primip-
arous animals had consistently lower NEFA concentra-
tions throughout lactation. Lower NEFA concentra-
tions in primiparous animals have been shown pre-
viously (Grummer et al., 2004). This pattern has also
been shown by Rabelo et al. (2005), for both high- and
low-energy-density diets.

The energy balance calculated from BW, DIM, and
NEFA concentration (McGuire et al., 2002) was −7.91
Mcal/d at 30 DIM and 8.17 Mcal/d at 90 DIM. At 30
DIM, the energy balance was approximately equal to
a loss of 1 kg/d of BW, and at 90 DIM, a gain of 1 kg/
d. These changes in the energy balance are within the
range reported for dairy cattle and are consistent with
the loss of BCS, BW, EBF, and increased NEFA concen-
trations in early lactation (Vernon et al., 1991; McNa-
mara, 1994, 2004).

Lipolysis

Both basal and isoproteranol-stimulated incubations
were performed. Isoproteranol is a selective stimulator
for B2 AR, which was thought to be the primary subtype
expressed by cattle. Basal lipolysis was greater during
lactation, with lipolysis in the d 90 and 270 samples
being approximately 10% greater (P < 0.05) than in the
prepartum samples (Figure 2). The amount of body fat
loss in early lactation limited the tissue available for
incubations at 30 DIM; therefore, the small amount of
data collected was not reported. At 90 DIM, stimulated
rates were 60% greater (P < 0.05) than those at 30 d
prepartum. Although basal lipolysis was greater at 270
DIM, the response to stimulus was similar to that ob-
served prepartum. These results are consistent with
the response to adrenergic stimulation being greater
during lactation compared with prepartum (McNamara
and Hillers, 1986b, 1989; Vernon et al., 1991). The adi-
pose tissue of cows genetically selected for increased
milk production is more responsive to β-adrenergic
stimulation (McNamara and Hillers, 1986a,b, 1989).
Cows that are producing more milk around the time of
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Table 4. Milk production of Holstein dairy cattle selected for gene expression analysis1

Test-day milk yield from 30 to 300 DIM, kg

Item n 30 60 90 120 150 180 210 240 270 300

Mean 20 30.7 38.2 47.5 47.2 46.9 47.0 44.5 42.8 39.5 36.2
Minimum 20 12.7 5.5 31.4 33.2 37.3 36.8 31.8 35.0 25.0 24.1
Maximum 20 55.5 61.4 57.7 58.2 54.5 60.5 60.9 51.4 49.5 49.5
SD 20 13.5 16.0 8.1 6.7 5.3 6.3 6.6 5.0 5.9 7.6

305-d mature-equivalent yield, kg

Milk Fat Protein

n Mean SD Mean SD Mean SD

All parities 20 14,254 1,651 511 83.6 417 48.2
Parity 1 5 13,220 637 482 19.1 402 16.4
Parity 2 6 15,659 537 573 47.7 455 23.2
Parity 3 9 13,890 481 486 18.6 401 12.3

1Data compiled from DHIA records; DHIA, Provo, Utah.

measuring stimulated lipolysis also are more respon-
sive to stimulation (McNamara and Hillers, 1989). As
the cows selected for this work were the top producers
in the herd, and were producing large quantities of
milk, the rates of lipolysis measured here might be
greater than those of lesser producing cows.

Gene Expression

Expression of β-Actin. β-Actin was originally se-
lected to be the reference gene for the calculation of
relative gene expression. β-Actin is a structural protein
expressed in many cell types. It has been used with
success for other relative expression studies (Bas et al.,
2004). After β-actin expression was measured in these
adipose tissue samples, however, it appeared not to
be an ideal reference gene for adipose tissue during
lactation because of the dramatic changes that occurred

Figure 1. Nonesterified fatty acids in serum of pregnant and lac-
tating Holstein dairy cattle; NEFA concentration increased (P < 0.05)
during negative energy balance in early lactation and then decreased
with increasing energy balance.

Journal of Dairy Science Vol. 90 No. 11, 2007

in the tissue during the transition from nonlactating
to lactating. The adipose tissue depots are utilized and
absorbed in early lactation and restored later in lacta-
tion. These tissue adaptations resulted in large changes
(P < 0.04; effect of DIM) in the CT values for β-actin.
This change in β-actin expression is a novel and impres-
sive finding, consistent with the mobilization of tissue
and rebuilding of cells and adipose tissue when glucose
and fatty acid balance increase in midlactation. After
reviewing this result, β-actin was determined to not be
suitable as the reference gene. Instead, the utility of
ribosomal S2 protein was tested.

Following completion of the current study, another
study demonstrated that expression of traditionally
used housekeeping genes from bovine liver during late
pregnancy and lactation was affected by physiological
state, feed intake, and dietary treatment (Janovick-
Guretzky et al., 2007). Janovick-Guretzky et al. (2007)
examined β-actin, GAPDH, β-glucuronidase, peptidyl-
prolyl isomerase A, polyubiquitin, ribosomal protein S9,
ribosomal protein L32, and 18S ribosomal RNA and
determined that ribosomal S9 protein was the most
stably expressed gene across varying physiological con-
ditions. It is not surprising that such variation in gene
expression exists in various organs in this physiological
situation because of the massive hormonal and neural
adaptations to lactation. More importantly, scientists
should determine which genes have altered expression
rather than having a fixed normalization gene in all pro-
tocols.

Expression of Ribosomal S2 Protein. The second
gene that was tested for use as a reference in the rela-
tive expression calculations was ribosomal S2 protein.
This is a ribosomal structural protein and is expressed
in many cell types. It had a consistent level of expres-
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Figure 2. Glycerol release rate from in vitro incubations of adipose tissue from pregnant and lactating dairy cattle. Basal lipolytic rate
was increased (P < 0.05) following parturition; and, at 90 DIM, peak levels of stimulated lipolysis increased (P < 0.05) by approximately
60% over basal levels.

sion across all time points; therefore, this gene was
used as a reference for calculating relative expression.

Expression of B1 AR. The B1 AR subtype is interme-
diate to the B3 and B2 AR subtypes in its ability to
induce lipolysis (Liggett and Raymond 1993; Castiella
et al., 1994; McNeel and Mersmann, 1999). It is thought
to have the lowest level of expression in cattle compared
with the other 2 subtypes; this was consistent with the
high CT values and thus the lowest relative abundance
in this study. The B1 AR was expressed at all time points
and the relative expression increased at all postpartum
sample points. The mean increase was 170, 72, and
112% at 30, 90, and 270 DIM (Figure 3) relative to
expression at d −30. There was a trend for a parity
effect (P = 0.15) on the change over time for expression
of B1 AR, with the change for cows of third and greater
parity (309, 120, and 213% at 30, 90, and 270 DIM)
being considerably greater than those of lower parity,
the mean of first- and second-parity animals being 126,
52, and 84% at 30, 90, and 270 DIM. It is of note that
cows of third and greater parity also had the highest
NEFA concentrations.

Expression of B2 AR. The B2 AR is the weakest of
the 3 subtypes in its ability to induce lipolysis (Liggett
and Raymond, 1993; Castiella et al., 1994; McNeel and
Mersmann, 1999). However, in some species, the rela-
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tive abundance, and thus importance in lipolytic con-
trol, of B2 AR is thought to be the greatest of the 3
subtypes (Mersmann, 1998). This was the case in this
study, with B2 AR having greater expression levels than
B1 AR or B3 AR. The B2 AR receptor was expressed at
all time points measured and the expression increased
(P = 0.06) at all DIM. The mean increase was 75, 121,
and 100% at 30, 90, and 270 DIM compared with 30 d
prepartum (Figure 3). Expression of B2 AR was greater
in parity 3 compared with parity 2 and primiparous
animals (P = 0.03).

Expression of B3 AR. The B3 AR is the strongest of
the 3 subtypes in its ability to induce lipolysis (Liggett
and Raymond 1993; Castiella et al., 1994; McNeel and
Mersmann, 1999). Its relative abundance is thought to
be intermediate to that of the other 2 subtypes, which
is consistent with results in this study. The B3 AR was
expressed at all time points measured and the relative
expression increased (P < 0.05; Figure 3) 111, 125, and
69% at 30, 90, and 270 DIM. There was a parity by
DIM interaction (P = 0.06) with B3 AR expression being
less at 90 DIM in primiparous animals, but not multipa-
rous cows. These results are consistent with an ex-
tended increase in plasma NEFA concentrations in
multiparous cows.
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Figure 3. The expression of β-adrenergic receptor subtypes in lactating Holstein dairy cattle. Data are expressed as the fold change
compared with the expression at 30 d prepartum. All of the β-adrenergic receptor (AR) subtypes were increased (P < 0.1) over prepartum
levels. Expressions of B2 AR and B3 AR were greatest at 90 DIM and B1 AR was greatest at 30 DIM.

Expression of HSL. Hormone-sensitive lipase is the
rate-limiting enzyme in the lipolytic pathway. (Yea-
man, 1994). It is responsible for liberating the first 2
fatty acids from triacylglycerol in response to phosphor-
ylation by protein kinase A. Hormone-sensitive lipase
was expressed at all time points measured and the
relative expression increased (P = 0.09) postpartum and
was greatest in primiparous animals (P = 0.002). The
mean increase was 180, 359, and 47% at 30, 90, and
270 DIM (Figure 4). The changes in HSL expression
are consistent with its rate-limiting role in lipolysis,
and also to the AR receptors and the fastest rate of
stimulated lipolysis being at 90 DIM.

Expression of Perilipin. Perilipin is the cofactor
for HSL. It is found on the lipid globule membrane of
the adipocyte (Carmen and Victor, 2006; Wolins et al.,
2006). Hormone-sensitive lipase binds perilipin before
its activity in liberating fatty acids from triacylglycerol.
We are unaware of any reports on the expression of
perilipin in bovine adipose tissue. To create primers
for perilipin, we used a computer-generated sequence
based on known homology using the reference sequence
(Genbank XM_598845) and splicing analysis functions
of BLAST. The relative abundance of the gene was simi-
lar to that of the ribosomal S2 reference gene. Perilipin
was expressed at all time points measured and the
relative expression increased (P = 0.04) postpartum.
The mean increase was 227, 1,847, and 126% at 30,
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90, and 270 DIM compared with prepartum (Figure 5).
There was a parity by DIM interaction, because animals
of third and greater parity did not show any reduction
(P = 0.02) in expression at 90 DIM, whereas the other
parity groups did (but not to prepartum levels). Perili-
pin and HSL displayed a similar pattern of change with
an increase at 30 DIM, a greater increase at 90 DIM,
and the expression declining at d 270 in lactation (Fig-
ure 5).

Figure 4. The expression of hormone-sensitive lipase (HSL) in
lactating dairy cattle. Data are expressed as the fold change compared
with expression at 30 d prepartum; HSL expression was increased
(P < 0.05) over prepartum levels and was greatest at 90 DIM.
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Figure 5. The expression of perilipin in lactating dairy cattle.
Data are expressed as the fold change compared with expression at
30 d prepartum; perilipin expression was increased (P < 0.05) over
prepartum levels and was greatest at 90 DIM.

Correlations Among Lipolysis, Animal Level
Measures, and Gene Eexpression

We looked for relationships between the gene expres-
sion data and the physical and production characteris-
tics measured. We examined simple and multiple re-
gressions among measures of gene expression, rates of
lipolysis, BCS, BW, EBF, NEFA, and calculated energy
balance, and change in BW, EBF, BCS, and calculated
energy balance.

In a model containing BW, BCS, and EBF, there was
a relationship with the �CT or relative expression for
B2 AR. The equation was B2 AR �CT = −1,844.4 + 3.17
× BW + −15.1 × EBF + 544.3 × BCS (R2 = 0.10; P = 0.25
for all variables). In a model with the same variables
related to the CT for the B3 AR, the equation was B3
AR CT = −2,518.7 + 4.4 × BW + −20.9 × EBF + 753 ×
BCS (R2 = 0.12; P = 0.09 for all variables).

The relationship between expression of HSL and body
fat use was somewhat stronger. Models containing the
same variables for both HSL CT and HSL �CT were
HSL CT = 4,542.7 + −7.7 × BW + 37.0 × EBF + −1,335.4
× BCS (R2 = 0.27; P = 0.1 for all variables) and HSL
�CT = 4,632.3 + −7.9 × BW + 38.0 × EBF + −1,368.9 ×
BCS (R2 = 0.27; P = 0.07 for all variables) .

The authors thought that expression of the genes for
the receptors, HSL, and perilipin might relate more
closely to rates of basal or stimulated lipolysis than to
animal-level measures of body fat use. Thus, specific
correlations were determined between expression of β-
AR receptors and maximally stimulated lipolysis. The
equations were: B1 AR CT = 31.64 + 0.0005 × stimulated
lipolysis at 10−5 (R2 = 0.17; P = 0.02); and B2 AR CT =
27.42 + 0.0003 × stimulated lipolysis at 10−5 (R2 = 0.11;
P = 0.07).

The absolute expression of HSL mRNA, as well as
the expression relative to S2, was related to maximally
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stimulated lipolysis at an isoproteranol concentration
of 10−5 M. The equations were HSL CT = 29.61 + 0.00087
× stimulated lipolysis at 10−5 (R2 = 0.18; P = 0.017) and
HSL �CT = 24.24 + 0.00023 × stimulated lipolysis at
10−5 (R2 = 0.12; P =0.05).

The multiple regression results reported here are con-
sistent with our understanding of the multiple mecha-
nisms of metabolic control. It would be surprising if, in
fact, the expression of any one of these genes had a
regression coefficient greater than approximately 0.50,
because we know that lipolysis is controlled by many
factors posttranslationally. Multiple regressions of this
type help us to understand the potential contribution
to variation in metabolic rates of one process such as
expression of a gene for a given protein.

The simple reaction of 1 triacylglycerol to 2 fatty acids
and a monoacylglycerol (catalyzed by HSL) is one of
the most important reactions in animal adaptability
and survival (Yeaman, 1994). This reaction is affected
by myriad environmental conditions from temperature
to acute or chronic stress (exposure to various stimuli).
Many endocrine and neural systems are involved in the
modulation of this reaction. The reaction has been the
focus of many studies leading to basic discoveries of
biological regulation, from sympathetic nervous system
activity, to adrenergic receptor subtypes, expression
and binding capacity, to various mechanisms of cellular
response elements such as the discovery of protein phos-
phorylation to activate or deactivate various enzymes.
Much has been learned about the response of adipose
tissue to adrenergic stimulation (McNamara, 1994), yet
no one to date has reported whether expression of the
genes coding for key proteins in this response are al-
tered in lactation, one of the most important survival
periods in mammals. The dairy cow is an excellent
model for such study, because of the genetic potential
to produce large volumes of milk, and thus to store and
use body fat in support of milk production.

In addition to answering the qualitative question of
whether an increase in expression of these genes occurs
in lactation, we demonstrated that they are a significant
mechanism of lipolytic control in lactation. It would
not be expected (given that the response to adrenergic
stimulation is controlled by several processes such as
sympathetic nervous system activity, receptor binding,
linkage to G-stimulatory and inhibitory proteins, and
protein phosphorylation; Vernon, 1989; McNamara,
1994) that changes in expression would account for
most of the variation in lipolytic rate. Given the multi-
factorial nature of metabolic control, including that on
lipolysis, it is reasonable that the multiple regression
analyses suggested that expression of these genes con-
trolling lipolysis accounted for 10 to 25% of the variation
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in body fat use (based on the regression coefficients).
Because the metabolism of body fat is so important to
production, health, reproduction, longevity, and thus
overall profitability, it is important to understand how
much each step in the regulatory system contributes to
control of body fat use. From this study, it is likely that
the expression of β-adrenergic receptors and HSL play
a major role in the regulation of lipolysis, and body fat
use in lactating dairy cattle.

CONCLUSIONS

The expression of key genes involved in the catabolic
pathways in adipose tissue is increased during lacta-
tion. Before this research, it had been shown that sensi-
tivity of adipose tissue to lipolytic stimulus was in-
creased during lactation (McNamara, 1994). The cur-
rent study demonstrated that increased lipolysis is
mediated, at least in part, by increases in the expression
of the β-adrenergic receptor subtypes and the expres-
sion of HSL. We have also, for the first time, shown
that perilipin is expressed within bovine adipose tissue
and that it is upregulated during lactation. These ho-
meorhetic adaptations to lactation allow for mobiliza-
tion of stored lipid to meet the energy and lipid demands
of milk synthesis. Dairy cattle are known to have a
great variation in lipolysis and thus, greater incidence
of metabolic and reproductive disorders. The current
results on gene expression may lead to ways to select
for animals that are metabolically more efficient or have
an ability to respond with the proper level of lipolysis
in adipose tissue.
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