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Abstract Branched-chain amino acids (BCAA) are

actively taken up and catabolized by the mammary gland

during lactation for syntheses of glutamate, glutamine and

aspartate. Available evidence shows that the onset of

lactation is associated with increases in circulating levels of

cortisol, prolactin and glucagon, but decreases in insulin

and growth hormone. This study determined the effects of

physiological concentrations of these hormones on the

catabolism of leucine (a representative BCAA) in bovine

mammary epithelial cells. Cells were incubated at 37 �C

for 2 h in Krebs buffer containing 3 mM D-glucose,

0.5 mM L-leucine, L-[1-14C]leucine or L-[U-14C]leucine,

and 0–50 lU/mL insulin, 0–20 ng/mL growth hormone

0–200 ng/mL prolactin, 0–150 nM cortisol or 0–300

pg/mL glucagon. Increasing extracellular concentrations of

insulin did not affect leucine transamination or oxidative

decarboxylation, but decreased the rate of oxidation of

leucine carbons 2–6. Elevated levels of growth hormone

dose dependently inhibited leucine catabolism, a-ketoi-

socaproate (KIC) production and the syntheses of

glutamate plus glutamine. In contrast, cortisol and gluca-

gon increased leucine transamination, leucine oxidative

decarboxylation, KIC production, the oxidation of leucine

2–6 carbons and the syntheses of glutamate plus glutamine.

Prolactin did not affect leucine catabolism in the cells.

The changes in leucine degradation were consistent with

alterations in abundances of BCAA transaminase and

phosphorylated levels of branched-chain a-ketoacid dehy-

drogenase. Reductions in insulin and growth hormone but

increases in cortisol and glucagon with lactation act in

concert to stimulate BCAA catabolism for glutamate

and glutamine syntheses. These coordinated changes in

hormones may facilitate milk production in lactating

mammals.
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Abbreviations

BCAA Branched-chain amino acids

BCAT Branched-chain amino acid transferase

BCKA Branched-chain a-ketoacids

BCKAD Branched-chain a-ketoacid dehydrogenase

HEPES 4-(2-hydroxyethyl)-1-Piperazineethanesulfonic

acid

KIC a-Ketoisocaproate

Introduction

The mammary gland extensively degrades branched-chain

amino acids (BCAA) for the syntheses of glutamate, glu-

tamine, alanine and aspartate during lactation (Li et al.

2009). Available evidence shows that BCAA catabolism is

initiated by BCAA aminotransferase (BCAT), which exists

in both mitochondria and cytoplasm (DeSantiago et al.
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1998; Harper et al. 1984). Branched-chain a-ketoacids

(BCKA), products of BCAA transamination, undergo

irreversible decarboxylation, which is catalyzed by the

mitochondrial BCKA dehydrogenase (BCKAD) (Ichihara

et al. 1973). BCKAD is a multienzyme complex, including

E1 subunit (branched-chain a-ketoacid decarboxylase, an

a2b2 structure with thiamine pyrophosphate cofactor), E2

subunit (dihydrolipoyl transacylase with lipoate cofactor)

and E3 subunit (dihydrolipoyl dehydrogenase with flavin

adenine dinucleotide cofactor) (Harris et al. 2001). The

E1a subunit is exclusively regulated by a tightly bound

kinase and loosely bound phosphatase, leading to phos-

phorylation (inactivation) and de-phosphorylation (activa-

tion) of BCKAD, respectively (She et al. 2007). The

abundance of BCAT is greater in the lactating mammary

gland than in other tissues, including skeletal muscle, liver

and small intestine (Li et al. 2009). In contrast, the activity

of BCKAD is lower in mammary tissue compared with the

liver and small intestine, indicating interorgan cooperation

for BCAA degradation in lactating mammals (Lei et al.

2012a).

During lactation, BCAA catabolism in mammary tissue

is increased markedly (DeSantiago et al. 1998; Viña and

Williamson 1981) due to enhanced expression of BCAT

(Harper et al. 1984; Ichihara et al. 1973). In rats, lactation

increases both mRNA and protein levels for BCAT and

BCKAD in mammary tissue, resulting in a tenfold increase

in BCAT activity and the presence of the BCKAD complex

in a fully activated state (DeSantiago et al. 1998). Elevated

activities of BCAT and BCKAD enable the mammary

gland to become a major site for BCAA removal during

lactation. Thus, large amounts of BCAA are taken up by

the mammary glands of livestock species, including sows,

ewes and cows (Lei et al. 2012a).

There are marked changes in circulating levels of hor-

mones during lactation. For example, in cows, lactation is

associated with an increase in plasma concentrations of

cortisol (Marinelli et al. 2007), prolactin (Chew et al.

1984a) and glucagon (Sartin et al. 1985), but a reduction in

insulin (Sartin et al. 1985; de Boer et al. 1985) and growth

hormone (Chew et al. 1984b). Results of studies with

non-lactating animals indicate that BCAA catabolism

in multiple peripheral tissues (e.g., liver, skeletal muscle

and kidney) can be regulated by glucocorticosteroids

(Beaufrere et al. 1989), insulin (Buse and Buse 1967;

Hutson et al. 1980), growth hormone (Gibney et al. 2007)

and glucagon (Buse et al. 1972). At present, little is known

about hormonal regulation of BCAA degradation in

mammary tissue. Therefore, this study was conducted with

an established bovine mammary epithelial cell line (Lei

et al. 2012b) to determine the effects of physiological

concentrations of these hormones on leucine (a represen-

tative BCAA) catabolism.

Materials and methods

Materials

Hydrocortisone, glucagon and insulin were purchased from

Sigma Chemicals (St. Louis, MO, USA). Recombinant

bovine growth hormone and human prolactin were

obtained from Genway Inc. (San Diego, CA, USA). The

sources and preparations of other materials (including

amino acids, reagents, culture medium and Western blot

membranes) were the same as previously provided (Lei

et al. 2012b).

Culture of cells

The bovine mammary epithelial cell line (the Mac-T cell)

was obtained from American Type Culture Collection

(Manassa, VA, USA). Cells were seeded in a 75-cm2

(T-75) polystyrene flask containing 10 mL of Dulbecco’s

modified Eagle’s medium supplemented with 1 % Gibco

antibiotic–antimycotic liquid, 10 % fetal calf serum and

0.1 mU/mL bovine insulin. The medium was changed

every 2 days. Before 70–80 % confluence was reached,

cells were harvested by trypsinization, washed twice with

Dulbecco’s modified Eagle’s medium, and then suspended

in 10 mL of the Krebs bicarbonate buffer (pH 7.4, gassed

with 95 % O2/5 % CO2; Wu et al. 1996) for use in trans-

port and metabolic studies, as previously described (Lei

et al. 2012b). An aliquot of this medium (100 lL) was

removed for viable cell counts using a hemocytometer and

trypan blue (Wu et al. 1996).

Determination of leucine transport by cells

Bovine mammary epithelial cells (2 9 106 viable cells)

were added to 0.2 mL of oxygenated Krebs bicarbonate

buffer (pH 7.4; Wu et al. 1994) containing 20 mM HEPES

[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], 3 mM

D-glucose, 0.5 mM L-leucine, 0.05 lCi L-[U-14C]leucine,

0.05 lCi [3H]inulin (an extracellular marker that does not

enter cells), physiological concentrations of other amino

acids found in the plasma of lactating cows (Lei et al.

2012b) and one of the following hormones: 0–50 lU/mL

insulin, 0–15 nM cortisol, 0–200 ng/mL prolactin, 0–20

ng/mL growth hormone or 0–300 pg/mL glucagon. The

concentrations of the hormones were chosen on the basis of

published data on: (1) concentrations of insulin in the

serum of late-pregnant cows (38 lU/mL) or early-lactating

cows (13 lU/mL; Sartin et al. 1985); (2) concentrations of

growth hormone in the plasma of late-pregnant cows

(8–9 ng/mL) or lactating cows (4–5 ng/mL) (Chew et al.

1984b); (3) concentrations of prolactin in the plasma

of late-pregnant cows (20–60 ng/mL) or calving cows
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(100–150 ng/mL) (Chew et al. 1984a); (4) concentrations

of cortisol in the plasma of pregnant cows (10 nM)

or calving cows (38 nM; Marinelli et al. 2007); and (5)

concentrations of glucagon in the plasma of non-pregnant

non-lactating cows (147 pg/mL) (Sartin et al. 1985) and

lactating cows (187 pg/mL) (de Boer et al. 1985). At the

end of a 5-min incubation period, the amount of

L-[U-14C]leucine in cells was determined to indicate leu-

cine transport (Lei et al. 2012b).

Determination of leucine degradation in cells

Bovine mammary epithelial cells suspended in the Krebs

bicarbonate buffer (pH 7.4; gassed with 95 % O2/5 % CO2)

were centrifuged at 600 g for 5 min. The cells were washed

again with 10 ml of the Krebs bicarbonate buffer by cen-

trifugation and then suspended in 1 mL of this buffer at a

concentration of 20 9 106/mL. To study leucine catabo-

lism, 2 9 106 viable cells were incubated at 37 �C in 1 mL

of oxygenated (95 % O2/5 % CO2) Krebs bicarbonate

buffer containing 20 mM HEPES, 3 mM D-a-glucose,

0.5 mM L-leucine, either L-[1-14C]leucine or L-[U-14C]

leucine (approximately 2 9 105 DPM), other amino acids

at physiological concentrations present in the plasma of

lactating cows (Lei et al. 2012b) and one of the following

hormones: 0–50 lU/mL insulin, 0–20 ng/mL growth hor-

mone, 0–200 ng/mL prolactin, 0–150 nM cortisol or

0–300 pg/mL glucagon. After a 2-h incubation, collection

of 14CO2 produced from 14C-labeled leucine and calcula-

tion of rates of leucine catabolism were performed as

previously described (Lei et al. 2012b; Wu and Thompson

1988). Based on cell variation (Lei et al. 2012b) and sta-

tistical power calculation (Fu et al. 2010), there were at

least six independent experiments for treatment with each

hormone.

Determining the effects of hormones on syntheses

of amino acids

Bovine mammary epithelial cells (2 9 106 viable cells)

were incubated at 37 �C for 2 h in 1 mL of Krebs bicar-

bonate buffer containing 20 mM HEPES, 3 mM D-glucose,

0.3 mM NH4Cl, 0 or 0.5 mM each of three BCAA

(leucine, isoleucine and valine) and other amino acids

(except for the absence of alanine, aspartate, asparagine,

glutamate and glutamine) at physiological concentrations

found in the plasma of lactating cows (Lei et al. 2012b).

The incubation medium contained one of the following

hormones: 0–50 (lU/mL) insulin, 0–20 ng/mL growth

hormone, 0–200 ng/mL prolactin, 0–150 nM cortisol or

0–300 pg/mL glucagon. After a 2-h incubation, the reac-

tion was terminated by addition of 0.2 mL of 1.5 M

HClO4, followed by addition of 0.1 mL of 2 M K2CO3

(Dai et al. 2012b). The neutralized extracts were analyzed

for amino acids (Dai et al. 2012a; Li et al. 2011b).

Western blot analysis

Western blot analyses of the abundances of BCAT and

BCKAD in mammary epithelial cells were performed as

previously described (Lei et al. 2012b). Briefly, 2 9 106

viable cells were incubated at 37 �C for 2 h in oxygenated

(95 % O2/5 % CO2) Krebs bicarbonate buffer (1 mL)

containing 20 mM HEPES, 3 mM D-a-glucose, 0.5 mM

L-leucine, other amino acids at physiological concentra-

tions present in the plasma of lactating cows (Lei et al.

2012b) and one of the following hormones: 0 or 10 ng/mL

growth hormone, 0 or 50 nM cortisol or 0 or 150 pg/mL

glucagon. After a 2-h incubation, cells were collected and

lysed in 0.1 mL buffer (20 mM HEPES, pH 7.4,

2 mM EGTA, 0.5 mM sodium vanadate, 50 mM NaF,

100 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol,

50 mM b-glycerophosphate, 1 mM benzamidine and

0.1 mM phenylmethylsulfonyl fluoride). The cell lysates

were centrifuged at 10,0009g for 10 min at 4 �C, and the

supernatant fluid was used for determination of protein

concentration using the BCA method and bovine serum

albumin as standard (Yao et al. 2012). All samples were

adjusted to an equal concentration of protein. Before

electrophoresis, all samples were diluted with 29 sodium

dodecyl sulfate (SDS) buffer (0.63 mL of 0.5 M Tris–HCl,

pH 6.8, 0.42 mL 75 % glycerol, 0.125 g SDS, 0.25 mL

b-mercaptoethanol, 0.2 mL 0.05 % solution of bromphenol

blue and 1 mL water to a final volume of 2.5 mL) and

heated in a 75 �C waterbath for 10 min. After cooling on

ice, the sample solution was used for Western blot analysis

(Kong et al. 2011). Each sample, which contained the same

amount of protein (50 lg), was loaded onto NuPage 10 %

Bis–Tris gel (Invitrogen) for SDS-PAGE (Xi et al. 2011).

After electrophoresis, proteins in the gel were transferred to

a nitrocellulose membrane under 12 V overnight, using the

Bio-Rad Transblot apparatus. Membranes were blotted in

5 % fat-free dry milk in Tris-Tween buffered saline

(TTBS; 20 mM Tris/150 mM NaCl, pH 7.5, and 0.1 %

Tween-20) for 3 h and then incubated with the following

primary antibodies (Conway and Hutson 2000; She et al.

2007): overnight at 4 �C with gentle rocking: antibodies for

tubulin (1:10,000), mitochondrial BCAT (1:10,000), cyto-

solic BCAT (1:10,000), total BCKAD E1a (1:10,000) or

phosphorylated BCKAD E1a (1:50,000). After washing

three times with TTBS, the membranes were incubated at

room temperature for 3 h with a secondary antibody (per-

oxidase-labeled donkey anti-rat, anti-rabbit or anti-mouse

IgG, Jackson Immuno Research) at 1:50,000. Finally, the

membranes were washed with TTBS, followed by devel-

opment using SuperSignal West Dura Extended Duration
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Substrate according to the manufacturer’s instructions

(Pierce, Rockford, IL, USA). The signals were detected on

Fujifilm LAS-3000 (Tokyo, Japan). All data were nor-

malized to the values for tubulin in the same samples (Yao

et al. 2012).

Statistical analysis

Values are expressed as mean ± SEM, with the number of

independent experiments (n) given in table and figure

legends. Results were analyzed statistically using SPSS

(Statistical Package for Social Scientists, vision 18.0, SPSS

Inc., Chicago, USA). Specifically, data on leucine metab-

olism and transport were analyzed by one-way and two-

way ANOVA, respectively. The Duncan’s multiple-range

test was used to compare means of treatment groups when

significant main effects were detected in one-way ANOVA

(Wei et al. 2012). The Western blotting data were analyzed

by the paired t test. P values B0.05 were considered to be

significant.

Results

Effects of hormones on leucine transport

Insulin, growth hormone and prolactin did not affect

(P [ 0.05) leucine transport by mammary epithelial cells

(Table 1). In contrast, cortisol and glucagon increased

(P \ 0.05) leucine transport by the cells. The rate of leu-

cine transport was higher (P \ 0.05) in the presence of

150 nM cortisol, compared with 300 pg/mL glucagon.

Effects of insulin on leucine catabolism

Effects of insulin on leucine catabolism by mammary

epithelial cells are shown in Table 2. Addition of insulin

(up to 50 lU/mL) to the incubation medium did not affect

(P [ 0.05) the rates of leucine transamination, KIC pro-

duction and CO2 production from leucine oxidative

decarboxylation (i.e., leucine carbon-1). However, com-

pared with the control, insulin at 20 and 50 lU/mL

decreased (P \ 0.05) the rates of CO2 production from the

oxidation of leucine carbons 2–6. As a result, the per-

centage of decarboxylated leucine oxidized to CO2 was

decreased (P \ 0.05) by 31 %. The percentage of transa-

minated leucine released as KIC was not affected

(P [ 0.05) by insulin. Compared with the absence of

insulin, insulin at 50 lU/mL did not affect (P [ 0.05) the

syntheses of glutamate, glutamine, alanine and aspartate

from BCAA in mammary epithelial cells (Table 3).

Effect of growth hormone on leucine catabolism

The effects of growth hormone on leucine catabolism in

mammary epithelial cells are summarized in Table 4.

Increasing extracellular concentrations of growth hor-

mone reduced (P \ 0.05) leucine transamination, leucineTable 1 Effects of hormones on L-leucine transport by bovine

mammary epithelial cells

Hormone Concentration in

incubation medium

L-Leucine

transport

Insulin, lU/mL 0 0.38 ± 0.03d

10 0.40 ± 0.03d

20 0.37 ± 0.04d

50 0.39 ± 0.03d

Growth hormone, ng/mL 5 0.40 ± 0.03d

10 0.39 ± 0.04d

20 0.38 ± 0.03d

Prolactin, ng/mL 50 0.39 ± 0.03d

100 0.37 ± 0.04d

200 0.40 ± 0.04d

Cortisol, nM 20 0.51 ± 0.03c

50 0.65 ± 0.04b

150 0.79 ± 0.04a

Glucagon, pg/mL 50 0.41 ± 0.03d

150 0.48 ± 0.04c

300 0.50 ± 0.03c

Values expressed in nmol/106 cells per min are mean ± SEM, n = 8

Means sharing different superscript letters in a column differ

(P \ 0.05)

Table 2 Effects of insulin on leucine catabolism in bovine mam-

mary epithelial cells

Insulin concentration (lU/mL) Pooled

SEM
0 10 20 50

CO2 from all carbons

(A)

0.46a 0.45a 0.40b 0.38b 0.013

CO2 from carbon-1 (B) 0.36 0.34 0.32 0.32 0.011

CO2 from carbons 2 to

6 (C)

0.11a 0.11a 0.08b 0.06b 0.005

Net release of KIC (D) 1.39 1.42 1.24 1.39 0.040

Net transamination

(E = B ? D)

1.75 1.77 1.57 1.71 0.038

Transaminated leucine

released as KIC

(D/E), %

79.0 80.5 78.8 81.4 0.86

Decarboxylated leucine

oxidized to CO2

(A - B)/(5 9 B), %

5.78a 6.02a 5.06ab 4.00b 0.36

Values expressed in (nmol/106 cells per 2 h) unless indicated other-

wise are mean ± SEM, n = 6

Means sharing different superscript letters in a row differ (P \ 0.05)
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oxidative decarboxylation, KIC production and oxidation

of leucine carbons 2–6 in a dose-dependent manner. The

percentages of transaminated leucine released as KIC was

not affected (P [ 0.05) by growth hormone. However, the

percentage of decarboxylated leucine oxidized to CO2 was

suppressed (P \ 0.05) by growth hormone in a dose-

dependent manner. Compared with the absence of growth

hormone (the no addition group), growth hormone at

20 ng/mL reduced (P \ 0.05) the syntheses of glutamate,

glutamine, alanine and aspartate from BCAA in mammary

epithelial cells (Table 3).

The effects of growth hormone on the abundances of

mitochondrial and cytosolic BCAT as well as total and

phosphorylated BCKAD E1a in mammary epithelial cells

are shown in Fig. 1. Growth hormone at 10 ng/mL

decreased (P \ 0.01) the abundance of the cytosolic BCAT

protein by 44 %, but increased (P \ 0.01) the level of

phosphorylated BCKAD E1a by 51 %. Consequently, the

P-E1a/total E1a ratio was elevated (P \ 0.01) by 40 %.

There was no effect (P [ 0.05) of growth hormone on the

protein abundances of mitochondrial BCAT and total

BCKAD E1a in the cells.

Effects of prolactin on leucine catabolism

Increasing extracellular concentrations of prolactin from 0

to 200 ng/mL did not affect (P [ 0.05) any parameters of

leucine catabolism, including leucine transamination, KIC

production, leucine oxidative decarboxylation, the per-

centage of transaminated leucine released as KIC or the

percentage of decarboxylated leucine oxidized to CO2 in

mammary epithelial cells (Table 5). Likewise, rates of the

syntheses of glutamate, glutamine, alanine and aspartate

from BCAA did not differ (P [ 0.05) between 0 and

200 ng/ml prolactin in these cells (Table 3).

Effect of cortisol on leucine catabolism

The effects of cortisol on leucine catabolism in mammary

epithelial cells are summarized in Table 6. Increasing

extracellular concentrations of cortisol from 0 to 150 nM

increased (P \ 0.05) leucine transamination, leucine

oxidative decarboxylation and KIC production in a dose-

dependent manner. The rate of production of CO2 from

carbons 2–6 was higher (P \ 0.05) in the presence of 50

Table 3 Effects of hormones on the syntheses of amino acids from BCAA in bovine mammary epithelial cells

Amino

acid

Absence of BCAA from

incubation medium

Presence of BCAA in incubation medium (0.5 mM leucine, 0.5 mM isoleucine and 0.5 mM valine)

No addition 50 lU/ml

Insulin

20 ng/mL

Growth hormone

200 ng/mL

Prolactin

150 nM

Cortisol

300 pg/mL

Glucagon

Alanine 0.18 ± 0.01e 0.48 ± 0.02c 0.50 ± 0.04c 0.40 ± 0.01d 0.52 ± 0.02c 0.77 ± 0.04a 0.62 ± 0.03b

Aspartate 0.20 ± 0.01e 0.56 ± 0.04c 0.58 ± 0.05c 0.47 ± 0.02d 0.55 ± 0.03c 0.93 ± 0.06a 0.75 ± 0.04b

Asparagine 0.10 ± 0.01e 0.34 ± 0.02c 0.35 ± 0.02c 0.28 ± 0.01d 0.37 ± 0.02c 0.56 ± 0.02a 0.42 ± 0.02b

Glutamate 0.41 ± 0.02e 0.94 ± 0.05c 0.98 ± 0.06c 0.78 ± 0.04d 1.01 ± 0.07c 1.64 ± 0.09a 1.31 ± 0.05b

Glutamine 0.97 ± 0.04e 1.82 ± 0.10c 1.90 ± 0.12c 1.44 ± 0.08d 1.94 ± 0.13c 2.90 ± 0.16a 2.36 ± 0.14b

Values expressed in nmol/106 cells per 2 h are mean ± SEM, n = 8

Means within a row sharing different superscript letters differ (P \ 0.05)

Table 4 Effects of growth hormone on leucine catabolism in bovine mammary epithelial cells

Growth hormone concentration (ng/mL) Pooled SEM

0 5 10 20

CO2 from all carbons (A) 0.46a 0.39b 0.31c 0.25d 0.014

CO2 from carbon-1 (B) 0.35a 0.30b 0.26c 0.22d 0.010

CO2 from carbons 2 to 6 (C) 0.12a 0.08b 0.06c 0.03d 0.001

Net release of KIC (D) 1.57a 1.32b 1.13c 0.87d 0.056

Net transamination (E = B ? D) 1.92a 1.62b 1.38c 1.09d 0.070

Transaminated leucine released as KIC (D/E), % 81.8 81.1 81.2 79.4 0.53

Decarboxylated leucine oxidized to CO2 (A - B)/(5 9 B), % 6.67a 5.48b 4.28c 2.71d 0.37

Values expressed in (nmol/106 cells per 2 h) unless indicated otherwise are mean ± SEM, n = 6

Means sharing different superscript letters in a row differ (P \ 0.05)
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and 150 nM cortisol than 0 and 20 nM cortisol. The per-

centages of transaminated leucine released as KIC was not

affected (P [ 0.05) by cortisol. However, the addition of

150 nM cortisol to the incubation medium reduced

(P \ 0.05) the percentage of decarboxylated leucine oxi-

dized to CO2, compared with 0–50 nM cortisol. In com-

parison with the absence of cortisol, cortisol at 150 nM

enhanced (P \ 0.05) the syntheses of glutamate, gluta-

mine, alanine and aspartate from BCAA in mammary

epithelial cells (Table 3).

Compared with the absence of cortisol, cortisol at

50 nM increased (P \ 0.01) the abundance of the cytosolic

BCAT protein by 56 %, but decreased (P \ 0.01) the level

of phosphorylated BCKAD E1a by 41 % in mammary

epithelial cells (Fig. 2). As a result, the ratio of P-E1a to

total E1a was reduced (P \ 0.01) by 40 %. Cortisol did not

affect (P [ 0.05) the abundance of the mitochondrial

BCAT protein or the level of total BCKAD E1a in these

cells (Fig. 2).

Effects of glucagon on leucine catabolism

The effects of glucagon on leucine catabolism in mammary

epithelial cells are summarized in Table 7. The rates of

leucine degradation did not differ (P [ 0.05) between 0

and 50 pg/mL glucagon. Increasing the concentration of

glucagon from 50 to 150 pg/mL increased (P \ 0.05)

leucine transamination, KIC production and leucine oxi-

dative decarboxylation, without affecting the percentage of

transaminated leucine released as KIC or the percentage of
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Fig. 1 Effects of growth hormone on the abundances of the

mitochondrial and cytosolic BCAT proteins (a), as well as total

BCKAD E1a and phosphorylated BCKAD E1a (b). Values are

mean ± SEM, n = 6. Means with different letters within a parameter

differ (P \ 0.05)

Table 5 Effects of prolactin on leucine catabolism in bovine

mammary epithelial cells

Prolactin concentration

(ng/mL)

Pooled

SEM

0 50 100 200

CO2 from all carbons (A) 0.40 0.39 0.41 0.37 0.021

CO2 from carbon-1 (B) 0.32 0.29 0.30 0.28 0.016

CO2 from carbons 2 to 6

(C)

0.08 0.10 0.10 0.09 0.009

Net release of KIC (D) 1.49 1.43 1.29 1.40 0.047

Net transamination

(E = B ? D)

1.82 1.72 1.60 1.67 0.049

Transaminated leucine

released as KIC (D/E), %

82.3 83.5 80.4 83.3 0.94

Decarboxylated leucine

oxidized to CO2

(A - B)/(5 9 B), %

5.64 6.49 6.78 6.46 0.61

Values expressed in (nmol/106 cells per 2 h) unless indicated other-

wise are mean ± SEM, n = 6

For each variable, means within a row did not differ (P [ 0.05)

Table 6 Effects of cortisol on leucine catabolism in bovine mam-

mary epithelial cells

Cortisol concentration (nM) Pooled

SEM
0 20 50 150

CO2 from all carbons

(A)

0.45d 0.56c 0.69b 0.79a 0.028

CO2 from carbon-1 (B) 0.36d 0.45c 0.56b 0.66a 0.027

CO2 from carbons

2 to 6 (C)

0.10b 0.11b 0.13a 0.13a 0.006

Net release of KIC (D) 1.30d 1.49c 1.80b 2.22a 0.075

Net transamination

(E = B ? D)

1.66g 1.94e 2.36c 2.87a 0.098

Transaminated leucine

released as KIC

(D/E), %

78.9 77.0 76.5 77.1 0.40

Decarboxylated leucine

oxidized to CO2

(A - B)/(5 9 B), %

5.18a 5.19a 4.99a 4.06b 0.35

Values expressed in (nmol/106 cells per 2 h) unless indicated other-

wise are mean ± SEM, n = 6

Means sharing different superscript letters in a row differ (P \ 0.05)
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decarboxylated leucine oxidized to CO2. The rates of leu-

cine degradation did not differ (P [ 0.05) between 150 and

300 pg/mL glucagon. Compared with the absence of glu-

cagon, glucagon at 300 pg/mL enhanced (P \ 0.05) the

syntheses of glutamate, glutamine, alanine and aspartate

from BCAA in mammary epithelial cells (Table 3).

Glucagon at 150 pg/mL increased (P \ 0.01) the

abundances of the mitochondrial BCAT protein and total

BCKAD E1a by 95 and 25 %, respectively, while

decreasing (P \ 0.01) the level of phosphorylated BCKAD

E1a by 33 % in mammary epithelial cells (Fig. 3). As a

result, the ratio of phosphorylated BCKAD E1a to total

BCKAD E1a was reduced (P \ 0.05) by 56 % in response

to the glucagon treatment. Glucagon did not affect

(P [ 0.05) the abundance of the cytosolic BCAT protein in

the cells.

Discussion

BCAA are not only substrates for protein synthesis, but are

also signaling molecules to regulate metabolic pathways

(Li et al. 2011a; Wilson et al. 2011; Wu 2009; Yin et al.

2010). Both metabolic and enzymological studies have
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Table 7 Effects of glucagon on leucine catabolism in bovine

mammary epithelial cells

Glucagon concentration (pg/mL) Pooled

SEM
0 50 150 300

CO2 from all carbons

(A)

0.41c 0.44c 0.61a 0.69a 0.028

CO2 from carbon-1 (B) 0.33b 0.35b 0.46a 0.53a 0.021

CO2 from carbons 2 to

6 (C)

0.09b 0.09b 0.15a 0.16a 0.010

Net release of KIC (D) 1.14b 1.26b 1.51a 1.53a 0.052

Net transamination

(E = B ? D)

1.47b 1.61b 1.97a 2.06a 0.065

Transaminated leucine

released as KIC

(D/E), %

76.5 78.1 76.8 74.4 0.95

Decarboxylated leucine

oxidized to CO2

(A - B)/(5 9 B), %

5.47 5.33 6.75 6.24 0.52

Values expressed in (nmol/106 cells per 2 h) unless indicated other-

wise are mean ± SEM, n = 6

Means sharing different superscript letters in a row differ (P \ 0.05)
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shown that BCAA provide an amino group for the syn-

theses of glutamate, glutamine, aspartate and alanine in the

lactating mammary gland (Brosnan and Brosnan 2012; Li

et al. 2009; Ren et al. 2011a, b). These amino acids par-

ticipate in a wide variety of metabolic reactions and play

critical roles in neonatal health, growth and development

(Haynes et al. 2009; Suryawan and Davis 2011; Wang et al.

2008; Wu et al. 2011a, b). Available evidence from studies

with lactating sows shows that catabolism of BCAA is

necessary for the synthesis of glutamate and glutamine by

the lactating mammary gland to support lactogenesis (Li

et al. 2009; Wu 2010). These biochemical reactions are

enhanced in response to lactation, but the underlying

mechanisms are unknown. Understanding hormonal regu-

lation of BCAA degradation in mammary epithelial cells is

expected to design new means to enrich glutamine plus

glutamate in milk and promote lactogenesis (Kim and Wu

2009; Wu and Knabe 1994). Thus, this work extends the

concept of functional amino acids in nutrition and health of

humans and other animals (Fernstrom 2012; Geng et al.

2011; Gao et al. 2012; Hou et al. 2011, 2012; Liu et al.

2012; Satterfield et al. 2011, 2012; Tan et al. 2010, 2011,

2012; Wang et al. 2012).

The results of the present study indicate that physio-

logical levels of insulin did not affect leucine transport

(Table 1), leucine transamination or leucine decarboxyl-

ation, but reduced the oxidation of leucine carbons 2–6 via

the Krebs cycle in mammary epithelial cells (Table 2).

Likewise, Hutson et al. (1980) reported an inhibitory effect

of insulin on leucine oxidation in perfused skeletal muscle

from fed rats. Similarly, insulin had no effect on the uptake

of leucine by mammary gland explants obtained from

pregnant mice (Anderson and Rillema 1976) or the oxi-

dative decarboxylation of leucine in the mammary gland of

lactating rats (Viña and Williamson 1981) or sheep (Sin-

clair et al. 2009). Also, in lactating sheep treated with

hyperinsulinemic euglycemic clamp, the proportion of

whole-body leucine flux to the mammary gland was not

altered (Sinclair et al. 2009). However, insulin inhibited the

oxidation of [2-14C]leucine and [U-14C]leucine to CO2 in

the rat mammary tissue (Viña and Williamson 1981),

which may help increase conversion of the carbon skeleton

of leucine into lipids in the lactating gland. In support of

this view, leucine is metabolized to produce acetyl-CoA or

acetoacetate, which is efficiently utilized for lipogenesis in

the lactating mammary tissue (Abraham et al. 1964). Thus,

elevated levels of insulin can enhance lipogenesis in

mammary glands (Jones et al. 1984) by suppressing the

irreversible oxidation of leucine carbons. Conversely, a

decrease in this hormone during lactation may promote the

oxidation of BCAA as metabolic fuels, thereby sparing

glucose while reducing the efficiency of utilization of

dietary amino acid for milk protein synthesis.

Growth hormone affects mammalian BCAT activity in a

tissue-specific manner (Shirai and Ichihara 1971). Gibney

et al. (2007) also reported that administration of a supra-

physiological dose of growth hormone to humans reduced

whole-body leucine oxidation. Similarly, we found that

growth hormone inhibited leucine transamination and

oxidative decarboxylation in mammary epithelial cells

(Table 4). These results may be explained by the following

putative mechanisms. First, growth hormone has an ana-

bolic effect on protein synthesis in cells (Bush et al. 2002),

thereby decreasing the availability of leucine for catabo-

lism. Second, the lipolytic action of growth hormone can

result in elevated availability of free fatty acids for oxi-

dation to generate acetyl-CoA, which then has an inhibitory

effect on leucine oxidation in cells (Gibney et al. 2007; Wu

and Thompson 1987). Third, the abundance of the cyto-

solic BCAT protein and the degree of BCKAD activation

were dramatically reduced in mammary epithelial cells

treated with growth hormone (Fig. 1). Similar effects of

oleic acid have recently been reported for this cell type (Lei

et al. 2012b). Intracellular concentrations of cAMP are

elevated in response to growth hormone (Gibney et al.

2007), thereby stimulating cAMP-dependent kinase to

phosphorylate BCKAD. At present, it is not known how an

acute treatment of the cells with growth hormone for 2 h

could rapidly lead to a reduction in the abundance of the

cytosolic BCAT protein. We suggest that a covalent

modification of the cytosolic BCAT protein in response to

growth hormone may reduce the reactivity of the enzyme

with the antibody used, resulting in lowered levels of the

native BCAT protein. Nonetheless, a decrease in circulat-

ing levels of growth hormone during lactation may play a

permissive role for elevated catabolism of BCAA in

mammary epithelial cells. Because growth hormone redu-

ces the synthesis of glutamate and glutamine from BCAA,

increasing the concentrations of glutamate, glutamine and

BCAA in the plasma of growth hormone-treated lactating

cows may help further enhance protein synthesis and milk

production by the lactating gland.

The catabolic effect of elevated levels of glucocorticoids

on protein metabolism has been reported in mammals

(Flynn et al. 2009). In rat skeletal muscle, glucocorticoids

activate BCKAD to enhance BCAA degradation (Block

et al. 1987). Similarly, glucocorticoids stimulate whole-

body leucine oxidation in adult humans (Beaufrere et al.

1989) as well as BCAT activities in rat kidney and skeletal

muscle (Shirai and Ichihara 1971). Conversely, a reduction

in cortisol brought about by adrenalectomy results in a

decrease of BCAT activity by 50 % (Shirai and Ichihara

1971). In the present study, increasing extracellular con-

centrations of cortisol increased the rates of leucine trans-

amination and oxidative decarboxylation in mammary

epithelial cells in a dose-dependent manner (Table 6). This
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stimulatory effect of cortisol on leucine catabolism results,

in part, from increases in abundance of the cytosolic BCAT

protein and de-phosphorylation of the E1a subunit of the

BCKAD (Fig. 2), as reported for skeletal muscle (Harris

et al. 2001). These results indicate that cortisol is capable

of upregulating BCAA transport [an initial step in the

utilization of AA by cells (Suryawan et al. 2012)] and

metabolism in mammary tissue. Thus, an increase in cir-

culating levels of glucocorticoids with advanced lactation

is responsible, in part, for enhanced catabolism of leucine

in mammary epithelial cells.

Little information is available concerning the effect of

prolactin on BCAA catabolism in mammary tissue.

Anderson and Rillema (1976) reported that prolactin did

not affect leucine uptake by mouse mammary tissue slice,

but did stimulate leucine incorporation into protein during

a 4-h incubation period. Presumably, the prolactin-induced

increase in the utilization of leucine for protein synthesis

would reduce the availability of this amino acid for

catabolism. Prolactin signal transduction mechanisms in

the mammary gland involve the Jak/Stat pathway (Watson

and Burdon 1996). Interestingly, we did not observe an

effect of physiological levels of prolactin on leucine

degradation in mammary epithelial cells (Table 5). Thus,

the activities of key enzymes (e.g., BCAT and BCKAD) in

the pathway of BCAA degradation may not be regu-

lated via the Jak/Stat pathway. In addition, our results

suggest that prolactin is unlikely to be a major factor

influencing BCAA catabolism in the lactating mammary

gland.

Glucagon is another hormone that can affect BCAA

metabolism in animal cells (Buse et al. 1972). Specifically,

glucagon stimulates the uptake of leucine, isoleucine and

valine by liver, while increasing intracellular proteolysis,

leading to increased availability of these amino acids for

catabolism (Mallette et al. 1969). Similarly, the results of

the present study indicate a stimulatory effect of glucagon

on leucine transamination and oxidative decarboxylation in

mammary epithelial cells (Table 4). In support of these

metabolic data, the Western blot analysis revealed that

glucagon enhanced the abundances of the mitochondrial

BCAT protein and E1a subunit of BCKAD, while reducing

the level of the phosphorylated E1a (Fig. 3). This is in

sharp contrast to the report of Robson et al. (1984) that the

mammary glands of lactating rats lack a glucagon receptor.

Likewise, lipogenesis in rat mammary tissue is not sensi-

tive to glucagon (Jones et al. 1984). Interestingly, admin-

istration of glucagon can retard the growth of mammary

aplastic carcinoma and prolong the survival of mice

(Pavelić and Pavelić 1980), suggesting the presence of

glucagon receptors on their mammary epithelial cells. It is

possible that species differences exist in glucagon receptors

or their translocation from the cytoplasm to the plasma

membrane in response to extracellular glucagon. Elevated

levels of glucagon in the plasma of lactating mammals may

play an important role in stimulating BCAA catabolism

and the synthesis of glutamate ad glutamine by mammary

epithelial cells.

In conclusion, at increased concentrations in incubation

medium, insulin and growth hormone inhibit, but cortisol

and glucagon stimulate, leucine catabolism in mammary

epithelial cells. In contrast, prolactin has no effect on

leucine degradation in these cells. Reductions in circulating

levels of insulin and growth hormone but increases in

cortisol and glucagon with lactation may play an important

role in enhancing BCAA catabolism for glutamate and

glutamine syntheses in the lactating mammary gland.

These coordinated changes in the endocrine status con-

tribute to the regulation of milk production in mammals,

including cows, sows and humans.

Acknowledgments Jian Lei was supported by a Postgraduate

Scholarship from South China Agricultural University. Work in the

authors’ laboratories was supported by the National Natural Science

Foundation of China grants (#31172217 and 30901041), the Thou-

sand-People Talent Program at China Agricultural University, Chi-

nese Universities Scientific Funds (#2012RC024), China Agricultural

University postdoctoral funds, National Research Initiative Compet-

itive Grants (#2008-35206-18764 and 2008-35203-19120) from the

USDA National Institute of Food and Agriculture, Texas AgriLife

Research Hatch Project (#H-8200) and American Heart Association

(#10GRNT4480020). We thank Dr. Susan Hutson and Dr. Christo-

pher Lynch for the kind provision of BCAT and BCKAD E1a anti-

bodies, respectively.

Conflict of interest The authors declare that they have no conflict

of interest.

References

Abraham S, Madsen J, Chaikoff IL (1964) The influence of glucose

on amino acid carbon incorporation into protein, fatty acids and

carbon dioxide by lactating mammary gland slice. J Biol Chem

239:855–864

Anderson LD, Rillema JA (1976) Effects of hormone on protein and

amino acids metabolism in mammary-gland explants of mice.

Biochem J 158:355–359

Beaufrere B, Horber FF, Schwenk WF et al (1989) Glucocortisteroids

increase leucine oxidation and impair leucine balance in humans.

Am J Physiol 257:E712–E721

Block KP, Richmond WB, Mehard WB et al (1987) Glucocorticoid-

mediated activation of muscle branched-chain a-ketoacid dehy-

drogenase. Am J Physiol 252:E396–E407

Brosnan JT, Brosnan ME (2012) Glutamate: a truly functional amino

acid. Amino Acids. doi:10.1007/s00726-012-1280-4

Buse MG, Buse J (1967) Effect of free fatty acids and insulin on

protein synthesis and amino acid metabolism of isolated rat

diaphragms. Diabetes 16:753–764

Buse MG, Biggers F, Drier C et al (1972) The effect of epinephrine,

glucagon, and the nutritional state on the oxidation of branched

chain amino acids and pyruvate by isolated hearts and

diaphragms of the rat. J Biol Chem 218:697–706

Hormonal regulation of leucine catabolism 539

123

http://dx.doi.org/10.1007/s00726-012-1280-4


Bush JA, Wu G, Suryawan A et al (2002) Somatotropin-induced

amino acid conservation in pigs involves differential regulation

of liver and gut urea cycle enzyme activity. J Nutr 132:59–67

Chew BP, Eisenman JR, Tanaka TS (1984a) Arginine infusion

stimulates prolactin, growth hormone, insulin and subsequent

lactation in pregnant dairy cows. J Dairy Sci 67:2507–2518

Chew BP, Murdock FR, Riley RE et al (1984b) Influence of

prepartum dietary crude protein on growth hormone, insulin,

reproduction, and lactation of dietary cows. J Dairy Sci 67:

270–275

Conway ME, Hutson SM (2000) Mammalian branched-chain amino-

transferases. Methods Enzymol 324:355–365

Dai ZL, Li XL, Xi PB et al (2012a) Metabolism of select amino acids in

bacteria from the pig small intestine. Amino Acids 42:1597–1608

Dai ZL, Li XL, Xi PB et al (2012b) L-Glutamine regulates amino acid

utilization by intestinal bacteria. Amino Acids. doi:10.1007/

s00726-012-1264-4

de Boer G, Trenkle A, Young JW (1985) Glucagon, insulin, growth

hormone, and blood metabolites during energy restriction

ketonemia of lactating cows. J Dairy Sci 68:326–337

Desantiago S, Torres N, Suryawan A et al (1998) Regulation of

branched-chain amino acid metabolism in the lactating rat.

J Nutr 128:1165–1171

Fernstrom JD (2012) Large neutral amino acids: dietary effects on

brain neurochemistry and function. Amino Acids. doi:10.1007/

s00726-012-1330-y

Flynn NE, Bird JG, Guthrie AS (2009) Glucocorticoid regulation of

amino acid and polyamine metabolism in the small intestine.

Amino Acids 37:123–129

Fu WJ, Stromberg J, Viele K et al (2010) Statistics and bioinformatics

in nutritional sciences: analysis of complex data in the era of

systems biology. J Nutr Biochem 21:561–572

Gao KG, Jiang ZY, Lin YC et al (2012) Dietary L-arginine

supplementation enhances placental growth and reproductive

performance in sows. Amino Acids 42:2207–2214

Geng MM, Li TJ, Kong XF et al (2011) Reduced expression of

intestinal N-acetylglutamate synthase in suckling piglets: a novel

molecular mechanism for arginine as a nutritionally essential

amino acid for neonates. Amino Acids 40:1513–1522

Gibney J, Healy M, Sönksen PH (2007) The growth hormone/insulin-

like growth hormone factor-I axis in exercise and sport. Endocrin

Rev 28:603–624

Harper AE, Miller RH, Block KP (1984) Branched-chain amino acid

metabolism. Ann Rev Nutr 4:409–454

Harris RA, Kobayashi R, Murakami T et al (2001) Regulation of

branched-chain a-keto acid dehydrogenase kinase expression in

rat liver. J Nutr 131:841S–845S

Haynes TE, Li P, Li XL et al (2009) L-Glutamine or L-alanyl-

L-glutamine prevents oxidant- or endotoxin-induced death of

neonatal enterocytes. Amino Acids 37:131–142

Hou YQ, Wang L, Zhang W et al (2011) Protective effects of

N-acetylcysteine on intestinal functions of piglets challenged

with lipopolysaccharide. Amino Acids. doi:10.1007/s00726-011-

1191-9

Hou YQ, Wang L, Yi D et al (2012) N-Acetylcysteine reduces

inflammation in the small intestine by regulating redox, EGF and

TLR4 signaling. Amino Acids. doi:10.1007/s00726-012-1295-x

Hutson SM, Zapalowski C, Cree TC et al (1980) Regulation of

leucine and a-ketoisocaproic acid metabolism in skeletal muscle:

effect of starvation and insulin. J Biol Chem 255:2418–2426

Ichihara A, Noda C, Ogawa K (1973) Control of leucine metabolism

with special reference to branched-chain amino acid transami-

nase isozymes. Adv Enzyme Regul 11:155–166

Jones RG, Ilic V, Williamson DH (1984) Regulation of lactating-rat

mammary-gland lipogenesis by insulin and glucagon in vivo.

Biochem J 233:345–351

Kim SW, Wu G (2009) Regulatory role for amino acids in mammary

gland growth and milk synthesis. Amino Acids 37:89–95

Kong XF, Tan BE, Yin YL et al (2011) L-Arginine stimulates the

mTOR signaling pathway and protein synthesis in porcine

trophectoderm cells. J Nutr Biochem. doi:10.1016/j.jnutbio.

2011.06.012

Lei J, Feng DY, Zhang YL et al (2012a) Nutritional and regulatory

role of branched-chain amino acids in lactation. Front Biosci

17:2725–2739

Lei J, Feng DY, Zhang YL et al (2012b) Regulation of leucine

catabolism by metabolic fuels in mammary epithelial cells.

Amino Acids. doi:10.1007/s00726-012-1302-2

Li P, Knabe DA, Kim SW et al (2009) Lactating porcine mammary

tissue catabolized branched-chain amino acids for glutamine and

aspartate synthesis. J Nutr 139:1502–1509

Li FN, Yin YL, Tan BE et al (2011a) Leucine nutrition in animals and

humans: mTOR signaling and beyond. Amino Acids 41:1185–

1193

Li XL, Rezaei R, Li P et al (2011b) Composition of amino acids in

feed ingredients for animal diets. Amino Acids 40:1159–1168

Liu XD, Wu X, Yin YL et al (2012) Effects of dietary L-arginine or

N-carbamylglutamate supplementation during late gestation of

sows on the miR-15b/16, miR-221/222, VEGFA and eNOS

expression in umbilical vein. Amino Acids 42:2111–2119

Mallette LE, Exton JH, Park CR (1969) Effect of glucagon on amino

acid transport and utilization in the perfused rat liver. J Biol

Chem 244:5724–5728

Marinelli L, Trevisi E, Dalt LD et al (2007) Dehydroepiandrosterone

secretion in dairy cattle is episodic and unaffected by ACTH

stimulation. Endocrinol 194:627–635
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