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Abstract: Phosphoenolpyruvate carboxykinase (PEPCK) isoforms (c, cytosolic; m, mitochondria) are expressed in the 
liver and mammary gland. PEPCK-c is a rate-controlling enzyme for gluconeogenesis and glyceroneogenesis; its activity 
is decreased by insulin. PEPCK-m expression is constitutive and functions to channel lactate toward gluconeogenesis. We 
hypothesized that the increase in milk protein but decrease in milk lactose and fat when a hyperinsulinemic-euglycemic 
clamp (HIEC) is applied to dairy goats is due to decreased expression of mammary PEPCK-c mRNA. Late lactation goats 
(n = 4; 150 ± 30 days in milk) were subjected to saline infusion and HIEC (104 µg insulin/h) for 4-day periods in a 2 × 2 
crossover design. On day 4 of each period, a mammary biopsy (~1 g) was taken from an udder half to determine expres-
sion of PEPCK-m and PEPCK-c mRNA by real-time RT-PCR. Plasma insulin increased 3.5-fold (P< 0.002) due to the 
HIEC and euglycemia was maintained. The HIEC decreased (P< 0.0001) dry matter intake (28%) and milk yield (26%). 
While milk fat content was not affected, HIEC increased (P< 0.001) milk protein content (2.82% vs. 3.09%) but decreased 
(P< 0.001) milk lactose content (4.22% vs. 4.03%). Expression of PEPCK-m mRNA was 9-fold higher (P< 0.004) than 
that of PEPCK-c. The HIEC decreased (P< 0.03) PEPCK-c mRNA 7-fold but tended to increase (P< 0.236) PEPCK-m 
mRNA 1.3-fold. These results demonstrate that insulin regulates mRNA expression of mammary PEPCK isoforms, and 
this may underlie the changes in milk-component synthesis observed when a HIEC is applied. 
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INTRODUCTION 

 Insulin is considered an anabolic hormone that increases 
milk protein synthesis and secretion in dairy cows [1, 2]. 
This effect occurs via orchestrated endocrine stimulation 
involving the IGF-1 axis and repartitioning of amino acids 
(AA) toward the mammary gland to favor milk protein syn-
thesis [3, 4]. Hence, the chronic (4 to 5 day) hyperinsuline-
mic-euglycemic clamp (HIEC) technique has been success-
fully used in dairy cows and goats to establish a responsive 
metabolic model for the study of anabolic effects of insulin. 
It has been shown that mammary blood flow and AA uptake 
are increased to support increased milk production and pro-
tein secretion during HIEC [4-6]. In an accompanying study, 
[4] demonstrated that HIEC in dairy goats also upregulates 
blood flow and AA-uptake processes across the hind-leg 
tissues. This suggests that the insulin clamp alters whole-
body protein metabolism to enhance the supply of AA to all 
productive tissues, and not specifically the mammary gland. 
Interestingly, use of a HIEC for prolonged periods caused a 
dramatic improvement in milk protein production, up to 28% 
and 21%, respectively, in response to abomasal supply of  
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casein in dairy cows [3] or AA infusion into the circulation 
[5]. This led to the conclusion that in order to reach the 
raised set point of milk and protein production caused by 
endocrine stimulation, nutrients for at least the essential AA 
(EAA) must be supplied in adequate amounts to meet the 
metabolic demands for synthesis. What remains to be deter-
mined is how the HIEC affects and alters the use of EAA in 
productive tissues, e.g. protein synthesis and degradation vs. 
catabolism, at the tissue level, beyond blood supply and up-
take. Another question is how the high energetic demands 
for these anabolic processes are met, supplied or reparti-
tioned between tissues and within the metabolic pathways at 
the cell level. 
 The net removal of some EAA (Lys, Leu, Thr, Val, Ileu 
and Arg) by the cow, ewe and goat mammary gland is well 
known to be far in excess of milk protein synthesis require-
ments, whereas the removal of non-essential (NE) AA (Glu, 
Gln, Pro, Ala and Ser) is considerably less by 40 to 100% 
than requirements [7]. As a consequence, this latter group of 
AA must be synthesized de novo by the mammary gland. For 
example, the branched-chain AA are used to form intermedi-
ates of the glycolytic and TCA-cycle pathways and contrib-
ute to the pool of NEAA [2, 8, 9]. Moreover, the mammary 
gland synthesizes and secretes lactose and fat into milk from 
precursors taken up from the circulation [3]. The latter are 
composed of triglycerides containing short-, medium-, and 
long-chain fatty acids (FA) [10]. The long-chain FA (>C18) 
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in milk are derived from preformed FA, whereas the short- 
and medium-chain FA are synthesized de novo from mainly 
acetate and, to a lesser extent, β-hydroxybutyrate [10]. Glu-
cose is taken up from the circulation and is believed to be the 
main precursor for lactose synthesis in milk [11] calculated, 
on a net-balance basis, a ratio of 1.45 between glucose up-
take by the mammary gland and lactose output in the milk of 
dairy cows, which increased to 1.63 with duodenal glucose 
infusion (~2 kg/day). In contrast, in humans, 80% of the lac-
tose in secreted milk was calculated to originate from glu-
cose in the fed state [12]. Part of the deficit (20%) was calcu-
lated to be from sources other than glucose, e.g. glycerol, 
while the rest could be contributed from the carbon skeleton 
of EAA [13]. Moreover, lactose is the major osmoregulator 
for the mammary gland, water uptake and milk volume. 
However, glucose can be metabolized to glycerol and con-
tribute to some AA within the mammary gland tissue [14]. 
Hence, the shift between the different intracellular pools of 
substrate seems to be controlled by hormonal substrate avail-
ability and enzymatic activity. One of the key candidate en-
zymes for involvement in channeling substrates between 
intracellular pools is phosphoenolpyruvate carboxykinase 
(PEPCK).  
 PEPCK is expressed in the liver and a number of tissues, 
including the mammary gland, and it is generally considered 
to be the rate-limiting enzyme of gluconeogenesis [15]. This 
enzyme is expressed in two isoforms, cytosolic (PEPCK-c) 
and mitochondrial (PEPCK-m). Both isoenzymes are ex-
pressed in the bovine mammary gland [16], as well as in 
those of several other species [15]. In adipose tissue, 
PEPCK-c has been shown to participate in the process of 
glyceroneogenesis, which generates 3-P-glycerol from pyru-
vate and its precursors and is also involved in cataplerosis 
[15]. Early work by [17] suggested that PEPCK activity in 
the mammary gland may participate in carbohydrate metabo-
lism at the level of the TCA cycle, and that it could serve a 
role in the mammary gland in the synthesis of lactose from 
non-glucose precursors. Diet and hormones such as insulin, 
glucagon and glucocorticoids acutely regulate PEPCK-c 
gene transcription. Virtually nothing is known about the fac-
tors controlling the transcription of the gene for PEPCK-m, 
and not much more is known about its metabolic role [18]. 
 Thus, based on the above, we hypothesized that for EAA 
to make a net contribution to NEAA (or lactose) synthesis, 
their catabolism is required for entry into the Krebs Cycle 
between α-ketoglutarate and oxaloacetate-phosphoenol-
pyruvate. Moreover, to ensure their partitioning toward syn-
thesis of these NEAA, and thus casein, the activity of 
PEPCK-m must be greater than that of PEPCK-c. We also 
assumed that the use of chronic HIEC would further regulate 
the expression of the PEPCK isoforms to redirect substrates 
to satisfy the metabolic load on the mammary gland tissue 
for milk and protein synthesis.To study our hypothesis, we 
used 4-day HIEC on dairy goats, which has been shown to 
increase milk and milk protein production [4, 5]. Milk fat 
and metabolism are discussed elsewhere [19]. 

MATERIALS AND METHODS 

Goats 

 All procedures were approved by the Hebrew University 
Institutional Animal Care and Use Committee (permit num-

ber AG-08-11414-3). Four lactating Saanen goats were used 
for the study. At the start of the experiment, the goats' BW 
averaged 51 ± 7.5 kg and they were 100 ± 15 DIM. They 
were fed ad libitum (±10% refusals of the daily meal) a ra-
tion composed of (70:30, on DM basis) a commercial pel-
leted dairy concentrate (mix #16400, Ambar Feed Mill, Gra-
not, Israel) and a roughage TMR (Newmix, International 
Feeding Center, Massout Itshak, Israel; Table 1). Throughout 
the experiment and between infusion periods, the ration was 
delivered by automatic feeders (12 equal meals at 2-h inter-
vals). Goats were allowed to exercise twice daily for 1 h af-
ter milking.  

Experimental Design 

 Goats were assigned to insulin clamp treatment according 
to a balanced (2 × 2) crossover design. The experiment con-
sisted of two periods (separated by 2 wk) of continuous 4-d 
intravenous infusions of either saline (240 g/d, pH 7.4) or 
insulin. One week before the start of each infusion period, 
goats were placed in metabolic cages for acclimatization. 
Between infusion periods, animals were kept in floor pens 
and fed by automatic feeders.  
 For the first 4 d of each period, venous blood was sam-
pled by venopuncture into heparinized tubes daily at 0800 
and 2000 h. One portion of these samples was analyzed for 
plasma glucose with a hand-held glucose meter (ACCU-
CHECK, Sensor Comfort, Roche Ltd., Basel, Switzerland) to 
provide target glycemia levels for each goat during the insu-
lin clamp. The rest of the samples were centrifuged at 2000 × 
g at 4ºC for 15 min to harvest plasma, which was stored at -
20ºC for further analysis.  
 One day prior to the infusion, catheters (Delta Ven®2, 
G14∅2.0×45mm Delta Med, s.r.I. 46019, Viadana, Italy) 
were inserted into both jugular veins. One catheter was used 
for infusion and the other for blood withdrawal. In case a 
catheter was not potent, saphenous or cephalic veins were 
used as an alternative. 
 The insulin solutions for infusion were prepared daily for 
each goat from frozen aliquots (1 mg insulin per mL sterile 
water containing 1% wt/vol BSA and 50 µL 6 N HCl to dis-
solve the insulin) of bovine insulin (I-5500, Sigma Aldrich 
Co., St. Louis, MO). Aliquots (2.88 mL) were thawed and 
brought to 240 mL with sterile saline containing 0.1% BSA. 
The insulin solution was infused (10 mL/h) i.v. through a 
sterile filter (0.45 µm) to deliver 120 µg insulin/h. During the 
insulin clamp, euglycemia was maintained by infusion of a 
glucose solution (50% wt/vol dextrose monohydrate solu-
tion; Medical Teva, Pitach Tikva, Israel) at various rates. 
Within 15 min, blood glucose was determined with the hand-
held glucose meter, and the glucose infusion rate was ad-
justed as needed. At the outset, blood sampling was frequent 
(20 to 30 min) until euglycemia and glucose infusion rates 
became more stable; subsequently, blood samples were taken 
every 4 to 6 h. Machine milking was performed at 0700 and 
1900 h, and milk yield was recorded by weight at each milk-
ing. One subsample was taken from the morning and follow-
ing evening's milking and composited (1:1) into containers 
that included bronopol (2-bromo-2-nitropropane-1,3-diol and 
2-bromo-2-nitropropanol) for analysis of fat, protein, and 
lactose with an infrared milk analyzer (Central Milk Lab, 
Caesaria, Israel). 
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 At the end of the 96 h clamp, mammary tissue biopsies 
were taken under general anesthesia. After proper prepara-
tion of the skin area on the upper part of the gland, an inci-
sion of 2 cm was made in the skin and subdermis. The fascia, 
fat tissue and connective tissue were removed by sharp dis-
section until the mammary gland tissue was visible. Ap-
proximately 2 g of tissue was taken, rinsed in 0.9% sterile 
saline solution, inspected to verify tissue homogeneity and 
divided into two equal portions: one was snap-frozen in liq-
uid nitrogen and the other was placed in RNAlater solution 
(Applied Biosystems, Ambion, Foster City, CA). Frozen 
samples were then stored at -80ºC and the others were stored 
at 4°C.  

Analysis of Plasma Insulin Concentration 

 Plasma insulin was determined by radioimmunoassay 
using the DSL-1600 insulin radioimmunoassay kit (Diagnos-

tic Systems Laboratories, Webster, TX) according to the 
manufacturer’s instructions. 

RNA Extraction and Analysis 

 Total RNA was isolated from mammary gland tissues by 
the acid guanidiniumthiocyanate phenol-chloroform extrac-
tion method [20]. Briefly, tissues were harvested in Tri-
reagent (MRC Inc., Cincinnati, OH) according to the manu-
facturer’s protocol. Amount and quality of RNA were de-
termined by Nanodrop spectrophotometry (NanoDrop Tech-
nologies, Wilmington, DE). The RNA was kept at -80ºC 
until further analysis.  

Reverse Transcription (RT) 

 RNA samples were treated with DNAse solution (Ambi-
con Inc., Austin, TX) following the manufacturer’s instruc-
tions. Then RNA was reverse-transcribed according to AB-
gene UK's instructions in a final volume of 20 µL. First, 1 µg 

Table 1. Composition of the Experimental Diet 

 Feed 

Item TMRa Concentrate Pelletsb 

Ingredient (% as fed)   

Wheat bran 4.0  

Wheat grain 4.0 15 

Barley grain  10 

Corn grain  5.0 

Gluten feed  5.0 

Soybean & sunflower meals  30 

Wheat silage 33.3  

Wheat straw 23.3  

D.D.G. 4.8 15 

Gluten feed meal 10.0c  

Soybean hulls 19.2d 10 

DCP 0.70 0.5 

Vitamin & mineral mixe 0.70 8.0 

NH4Cl  1.5 

Composition (% DM)   

DM 58.6 87.9 

Organic matter 87.1 87.9 

Crude protein 10.4 22.9 

NDF 50.8 20.4 

ADF 28.1 6.30 

EE 5.76 6.00 

NEL (Mcal/kg DM) 1.39 1.79 
aNewmix, International Feeding Center, Massout Itshak, Israel. 
bMixture 16400®, Ambar Feed Mill, Granot, Israel. 
cWet. 
dMolassed. 
eContained, per kg: 20,000,000 IU vitamin A, 2,000,000 IU vitamin D, 15,000 mg vitamin E; 6000 ppm Mn, 6000 ppm Zn, 2000 ppm Fe, 1500 ppm Cu, 120 ppm I, 50 ppm Se, and 
20 ppm Co. 
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RNA with anchored oligo-dT primers (500 ng) and random 
hexamers (1200 ng) at a ratio of 1:3, total volume of 12 µL, 
was heated at 70○C for 5 min. Then 4 µL of cDNA synthesis 
buffer (5X), 1 µL Verso enzyme, 2 µL dNTP mix and 1 µL 
RT enhancer were added to a final volume of 20 µL. The 
reaction was run for 1 h at 47°C and the enzyme was stopped 
by heating to 95○C for 2 min. The product (cDNA) was kept 
at -20°C. 

Real-Time (rt) PCR 

 The reverse-transcribed RNA samples were analyzed by 
rt-PCR with the StepOnePlus Real-Time PCR System (Ap-
plied Biosystems). The reaction was carried out in a final 
volume of 10 µL: 5 µL SYBR Green mix (ABgene UK), 0.5 
µL of 5 µM forward primer, 0.5 µL of 5 µM reverse primer 
and 4 µL template (0.5 to 10 ng/µL cDNA). After enzyme 
activation at 95○C for 15 min, 40 cycles were run of 1 min 
denaturation at 95°C, 2 min annealing at 60○C, and 1 min 
extension at 72°C. The amplified PCR product was analyzed 
with the StepOne Real-Time PCR System. At the end of the 
rt-PCR run, a melting curve was determined to verify the 
presence of a single amplicon. For each gene, a standard 

curve was generated to determine reaction efficacy. The 
primers used were as follows (5'→3'): 

16S (F): CAGAAACAAAATTATTCGCCAGAGT  

16S (R): GGGTATAAAGCACCGCCAAGT  

PEPCK-c (F): CAACTACTCAGCCAAAATCG 

PEPCK-c (R): ATCGCAGATGTGGACTTG 

PEPCK-m (F): GCTACAACTTTGGGCGCTAC 

PEPCK-m (R): GTCGGCAGATCCAGTCTAGC 

 The rt-PCR analysis was performed with StepOne soft-
ware v2.1 (Applied Biosystems). The proportional change in 
mRNA was shown as fold change, i.e. the change between 
mRNA expression with treatment and without (control). Ef-
ficacy of amplification was calculated from the standard 
curve of each gene.  

Statistical Analysis 

 All statistical analyses for DMI, milk and milk compo-
nent yields, and plasma insulin were performed using JMP 
software version 7 (SAS Institute, Cary, NC). Treatment, 
goat and period were used as model effects. The results for 
gene expression were tested by Student's t test. All depend-
ent variables were checked for normality by goodness of fit 
application of the distribution analysis and unequal variances 
of JMP. All reported data are least squares means. Signifi-
cance was set at P < 0.05. 

RESULTS 

Insulin Clamp 

 Plasma insulin was elevated 3.5-fold (P < 0.002) during 
the clamp, whereas plasma glucose remained at baseline 
levels (Fig. 1A and Table 2). To obtain this baseline glucose 
level, dextrose solution was infused during the clamp at an 
average 8.44 ± 2.45 g/h (Fig. 1B and C). The infusion rate of 
dextrose differed largely between goats and time of day de-
pending on requirements to maintain euglycemia.  

Goats’ Performances 

 Feed intake (kg DM/day) during the insulin clamp period 
decreased dramatically (by 28%, Table 2) compared to the 
control period. When daily dry matter intake (DMI) was ex-
pressed per metabolic BW, goats consumed 147 g/kg BW0.75 

in the control period compared to 109 g/kg BW0.75 in the 
insulin clamp period; a 26% reduction (P< 0.0001). Simi-
larly, milk yield decreased significantly (by 21%, Table 2) 
during the insulin clamp period (Table 2). Milk fat and lac-
tose yields decreased by 15% and 24%, respectively, 
whereas milk protein yields tended to decrease (Table 2). 
Milk fat percentage was similar between periods (P< 0.115), 
whereas protein percentage increased significantly (3.27 vs. 
3.71; P< 0.0001) during the clamp. However, lactose per-
centage decreased significantly from 4.22 to 4.03 during the 
insulin clamp (P< 0.0001). 

Mammary Gland PEPCK Expression 

 The expression of PEPCK mRNA in the mammary gland 
of dairy goats is presented in Fig. (2A) and (2B). The ex-
pression of PEPCK-m was ~9-fold higher (P< 0.004) than  

 
Fig. (1). (A) Plasma insulin concentration (mIU/mL) and (B) 
plasma glucose concentration (mg/dL) in lactating goats subjected 
to 4 days HIEC. (C) Glucose infusion rate (g/h) needed to maintain 
euglycemia. Data are averages of multiple sampling points during 
the clamp. Averages (n = 4) are presented as LS means ± SE. 
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Table 2. Feed Intake, Milk Yield and Composition, Plasma Glucose and Insulin Concentrations of Goats During Control and 4-day 
Hyperinsulinemic-Euglycemic Clamp 

Item Controla Treatmentb RMSE P < 

Feed intake (kg DM/day) 2.19 1.57 0.34 0.0001 

Feed intake (g/kg BW0.75 per day) 117.4 84.4 16.7 0.0001 

Milk yield (kg/day) 2.21 1.75 0.36 0.003 

Milk composition (%)     

Fat 2.82 3.09 0.43 0.115 

Protein 3.27 3.71 0.22 0.0001 

Lactose 4.22 4.03 0.09 0.0001 

Milk components, yield (g/day)      

Fat  60.8 51.5 11.1 0.039 

Protein  72.7 63.3 13.0 0.07 

Lactose  94.1 72.0 16.7 0.002 

Plasma glucose (mg/dL)  63.2 62.6 4.6 0.690 

Plasma insulin (µIU/mL)  14.6 51.4 26.5 0.002 
aControl involved continuous i.v. infusions of saline (240 g/day, pH 7.4). 
bTreatment involved i.v. infusion of insulin (10 mL/h) through a sterile filter (0.45 micron) to deliver 120 µg insulin/h. 
 

that of PEPCK-c. During the HIEC, the expression of 
PEPCK-c was dramatically decreased (P< 0.03) by 7-fold 
compared to the saline infusion, while that of PEPCK-m was 
only numerically increased (by 1.3-fold, P< 0.236). 

DISCUSSIN 

 Lactating goats were subjected to HIEC to study the ef-
fect of insulin on milk synthesis and expression of PEPCK 
isoenzymes. Previous studies in lactating goats utilized 
HIEC to study the effect of insulin on milk protein synthesis 
and secretion in the mammary glands [5]. In the current 
study, plasma insulin concentration was successfully ele-
vated 3.5-fold and blood glucose was maintained at 63.2 ± 
1.03 mg/dL throughout the experimental period.  
 Feed intake during the insulin clamp period was reduced 
dramatically compared to controls, similar to that observed 
previously in dairy cows [3, 21, 22], but differing from other 
studies [2, 4, 23] where insulin had no effect on DMI. The 
latter studies offered either sufficient net energy for lactation 
(NEL) or surplus energy in the diet to meet requirements. 
Attempts to find a relationship between energy consumption 
and energy status i.e. days in milk (DIM) of the tested ani-
mals did not reveal any consistency with respect to feed in-
take. The reduction in feed intake during the insulin clamp 
might occur as a systemic or direct endocrine effect in the 
central nervous system (CNS). Insulin has been shown to act 
directly as a regulator of energy homeostasis in the CNS, 
either alone or together with leptin, while a high concentra-
tion of either hormone depressed food intake in a rodent 
model [24]. The reduction in DMI in the current study did 
not result in negative energy balance during the clamp. Con-
sidering the glucose infused during the HIEC, goats in the 
current study received on average 203 g glucose daily to 
maintain euglycemia, which is equal to 0.87 Mcal of me-
tabolizable energy (ME) assuming 4.3 Mcal of ME/kg glu-

cose [25]. Calculating the energy intake, and requirements 
for maintenance and milk production using the National Re-
search Council model [26], the goats during the clamp were 
at ~100% balance in accordance to their milk production. 
However, they were still at a shortage of ~26% of ME/day 
compared to the control treatment in terms of milk produc-
tion. Hence, it can be concluded that milk production was 
reduced as a consequence of ME shortage during the clamp.  
 Milk yield decreased by 26% during the insulin clamp 
period compared with controls. These results differ from 
those observed in other insulin clamp studies where milk 
yield was either increased [2, 4] or not affected [1, 3, 23]. 
These contradictory results might be due to the experimental 
design or the species used. In [4], the authors used a ration 
for dairy goats that was calculated to provide 95% of ME 
and 143% of metabolizable protein (MP) in a factorial de-
sign with or without i.v. infusion of AA during the clamp. 
The same was done in the dairy cow experiment [2], in 
which diets were formulated to exceed requirements for ME 
and MP to support production in a similar arrangement, but 
casein and branched-chain AA were infused through the 
abomasum. Neither study detected any reduction in DMI. 
However, in the experiment reported by McGuire et al. [3], 
the total mixed ration (TMR) was designed to provide 120% 
of requirements and feed intake was decreased by 41% dur-
ing the clamp, with no change in milk production. The in-
crease in milk production during the HIEC is thought to be 
mediated through the insulin like growth factor IGF system, 
blood flow, and metabolic regulation at the organ level [4]. 
What appears to be consistent throughout these studies is 
that diets were designed to exceed requirements in a manner 
that did not affect precursor availability for milk production, 
whereas infusion of either AA or casein supported milk pro-
duction demands when production was increased. In the cur-
rent study, the TMR was designed to support ~110% MP and 
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~113% ME of the calculated requirements [26]. Hence, 
when feed intake was decreased by 26%, the MP supply 
would be decreased by at least this proportion and most 
probably to a larger extent, because microbial protein flow 
relies on fermentable energy as well [26]. Based on the 
above, insulin during HIEC increased milk and milk protein 
production when energy and AA were available either from 
feed intake or exogenously.  
 Interestingly, a significant increase in milk protein 
concentration was observed in the current study: despite the 
fact that milk yield was decreased by 26%, milk protein 
yield tended to decrease (P< 0.07) by only 10 g/day during 
the HIEC. When HIEC was applied to dairy cows, the 
partition of AA to the mammary gland was considerably 
enhanced and milk protein synthesis and secretion increased 
[1-3]. Bequette et al. (2001) measured an increase in milk 
protein synthesis when HIEC with or without i.v. infusion of 
AA was applied to dairy goats. Further, those authors 
demonstrated that blood flow and tissue-transport activity of 
several EAA also increase. It can be concluded that the 

EAA also increase. It can be concluded that the increase in 
milk protein concentration in the current study was a conse-
quence of higher protein synthesis in the udder that was trig-
gered by insulin, higher EAA utilization and repartitioning 
of precursors at the intercellular level. 
 To further address the mechanism by which the gland 
utilizes and repartitions EAA to different metabolic path-
ways for protein synthesis, we measured the expression of 
the PEPCK isoenzymes in the mammary gland at the end of 
each experimental period. This enzyme is highly expressed 
and considered to be a key enzyme of gluconeogenesis in 
liver tissue, where it is adaptively regulated by a variety of 
different metabolic hormones (e.g. insulin) and other agents 
in a manner paralleling glucogenic turnover [27, 28]. Unlike 
the liver, in the mammary gland tissue the expression of 
PEPCK-m was ~9-fold higher than that of PEPCK-c [15]. 
This observation confirms our proposed assumption that to 
ensure partitioning of EAA toward synthesis of NEAA, and 
thus casein, the activity of PEPCK-m must be greater than 

 
Fig. (2). Effect of HIEC on mRNA expression of (A) PEPCK-c and (B) PEPCK-m in the mammary gland tissue of lactating goats. Insulin 
infusion decreased (P < 0.03) the PEPCK-c expression 7-fold while it numerically (P < 0.236) increased the expression of PEPCK-m 1.3-
fold. Overall expression of PEPCK-m was ~9-fold higher (P < 0.004) than that of PEPCK-c in the mammary gland.  



Expression of Phosphoenolpyruvate Carboxykinase Isoforms The Open Agriculture Journal, 2013, Volume 7    71 

that of PEPCK-c. We also assumed that the use of chronic 
HIEC would further regulate the expression PEPCK isoen-
zymes, in order to redirect substrates to satisfy the metabolic 
load on the mammary gland tissue for milk and protein syn-
thesis. Indeed, during the HIEC, expression of PEPCK-c, 
which is highly affected and downregulated by insulin [15], 
decreased 7-fold compared to controls, whereas expression 
of the isoenzyme PEPCK-m was numerically increased 1.3-
fold during the clamp. This parallels the finding in the 
mammary gland of guinea pigs, where PEPCK-m activity 
was found to increase dramatically (43-fold) during the tran-
sition to lactation compared to the cytosolic isoform [29]. 
Those authors also observed that at mid-lactation, PEPCK-m 
constitutes 86% of the total gland PEPCK activity compared 
to 60% prepartum. Thus, the PEPCK-m isoform in the 
guinea pig mammary gland tissue appears to play the more 
important role in the conversion of oxaloacetate to PEP [29]. 
Interestingly, the opposite observation was made in the rat 
mammary gland [30]. Those researchers recorded a dramatic 
(40-fold) increase in activity for PEPCK-c at the onset of 
lactation and a rapid decrease (95%) in activity when dams 
were separated from pups. These discrepancies may be re-
lated to differences in substrate requirements for milk and 
milk component synthesis and secretions and accordingly, 
the hormonal profile involved. 
 It is therefore concluded that increased protein synthesis 
in the mammary gland of goats under HIEC is altered via 
orchestrated metabolic pathways that include systemic 
changes in peripheral tissues' utilization of ME, repartition-
ing of EAA between productive tissues, rechanneling of sub-
strates at the cellular level and changes in gene expression. 
The isoforms of the enzyme PEPCK in the mammary gland 
are one of the routes involved in this process.  
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