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INTRODUCTION 

Over 60 years ago scientists first demonstrated the presence of a substance 
from the anterior pituitary that increased growth of rats (54, 55) . Using pair-fed 
rats treated with extract from bovine pituitaries, Lee & Schaffer (86) further 
documented that effects of treatment included a shift in composition of the 
gain so that muscle was increased and fat was reduced. This extract factor 
was named "somatotropin" from the Greek derivation meaning "tissue 
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438 BAUMAN & VERNON 

growth." Somatotropin (ST) is also referred to as "growth hormone" in 
scientific and lay articles. About the same time, other scientists demonstrated 
that administration of an extract from the anterior pituitary also affected 
lactation in laboratory animals (133) and increased milk yield of lactating 
goats (6). In 1937, Russian scientists treated over 500 lactating dairy cows 
with subcutaneous injections of a crude extract from ox anterior pituitaries 
and observed a substantial increase in milk yield (7). 

Major advances in our understanding of somatotropin occurred during 
World War II when food shortages caused British scientists to examine the 
possibility of using ST to increase milk supply. They established that ST was 
the galactopoietic factor in crude pituitary extracts and evaluated several 
dimensions of the milk response in dairy cows. However, results indicated 
that the amount of bovine somatotropin (bST) that would be available from 
pituitary tissue of slaughtered cattle would not be sufficient to have a 
substantial impact on their nation's  milk supply lsee review by Young (156)]. 

Over the next 40 years there was continued interest in bST. Particularly 
noteworthy were studies by Brumby & Hancock (29) and Machlin (92) that 
noted over 40% increases in milk yield of dairy cows over a 10- to 12-week 
treatment period. More recently, breakthroughs in biotechnology have made 
possible the production of proteins by recombinant DNA technology. The 
first study treating lactating cows with recombinantly derived bST was 
reported in 1982 (12), and the first long-term study in 1985 (16). Because 
treatment with bST results in unprecedented gains in productive efficiency, 
several companies have produced recombinant bST and this has led to an 
exponential increase in investigations to explore the potential for commercial 
use and to examine the role of ST in the biology of lactation. In some areas 
the research has been extensive and has led to a clear consensus. This is 
particularly true for many aspects of the production responses, and in these 
instances we will predominately cite reviews. However, in other aspects 
investigations have been less extensive. This is particularly true for the 
mechanisms of action where understanding is sometimes confused by appar­
ently conflicting results and ideas. Finally, in the last section, we develop 
integrative concepts. 

BACKGROUND 

Somatotropin is a protein hormone synthesized by the anterior pituitary gland. 
Secretion from the pituitary gland is regulated by two peptides: growth 
hormone-releasing factor, which stimulates release, and somatostatin, which 
inhibits release. The amino acid sequence for somatotropin is known for many 
species (146). Bovine ST produced by the pituitary can have either a 191 or 
190 amino acid sequence with either a leucine or valine at position 127 (153; 
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numbering based on the 191 amino acid variant). These represent the four 
major variants of bST that are produced naturally. Differences in the cleavage 
of the signal peptide cause the N-terminus to be an alanine (191 amino acid 
sequence) or a phenylalanine (190 amino acid sequence). Variation between 
valine or leucine at position 127 is due to differences in gene alleles, and the 
frequency of these alleles varies for the major dairy breeds (89). 
Recombinantly derived forms of bST that have been used experimentally can 
differ slightly from the bST produced by the pituitary gland. Depending on 
the manufacturing process, from 0 to 8 extra amino acids are attached to the 
N-terminus of the bST molecule (72). However, when the same purification 
techniques are used, recombinantly derived and pituitary-derived bST have 
similar potencies in various biological test systems (82, 153). 

The discovery in the 1950s that some types of human dwarfism were due 
to inadequate pituitary production of ST stimulated interest in utilizing bST 
to treat this malady. However, clinical studies uniformly demonstrated that 
bST, as well as ST from other nonprimates, was not biologically active in 
humans. This led to the concept that ST was "species specific." Subsequent 
work demonstrated that the homology between hST and bST was only about 
65% and that bST was not able to effectively bind to the ST receptor from 
human tissues (see reviews 72, 81). In contrast, the amino acid sequence for 
bovine and ovine ST only differs at a single position, and bST is biologically 
active in sheep (71). 

The ST receptor has been isolated and characterized from several species 
and is a single peptide of about 620 amino acids consisting of an extracellular 
domain (about 250 amino acids, which is very similar to the ST-binding 
protein of plasma), a short trans-membrane domain (about 25 amino acids), 
and an intracellular domain (about 350 amino acids) (149). The receptor 
appears to belong to a novel family of receptors that includes the prolactin 
receptor (which has many similarities to the ST receptor) and a number of 
interleukin (cytokine) receptors (73, 94). A single ST molecule can bind to 
two receptor molecules, each binding to a different region of ST (46). The 
ST receptor may be internalized following binding of the ligand, but the role 
of internalization in signal transduction, if any, is unknown (126). 

PRODUCTION RESPONSES 

Milk and Milk Components 

Milk-yield responses to bST have been reported in all dairy breeds. Milk yield 
gradually increases over the first few days of bST treatment and reaches a 
maximum during the first week. If treatment is terminated, milk yield 
gradually returns to pretreatment levels over a similar time period. However, 
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440 BAUMAN & VERNON 

when treatment is continued, the increased milk yield is maintained. Thus, 
bST results in a greater peak milk yield and an increased persistency in yield 
over the lactation cycle (see reviews 71, l l l , 114). 

Milk-yield increases after bST treatment are observed in cows of all parities, 
but the magnitude of the increase in milk yield varies according to stage of 
lactation (31, 95, 111, 114) . In general, response has been small or negligible 
when bST is administered in early lactation prior to peak yield. Therefore, 
possible commercial use would probably be over the last two thirds or three 
fourths of the lactation cycle. 

The gross composition of milk (fat, protein, and lactose) is not altered by 
treatment with bST (9, 21, 30, 84, 91, 95, 114, 135). A variety of factors 
affect the fat and protein content of milk, including breed, stage of lactation, 
diet composition, nutritional status, environment, and season; these factors 
have the same effects on the milk composition of bST-treated cows. For 
example, certain breeds have a higher milk fat content, and an increase in 
milk fat typically occurs in late lactation for all breeds; treatment with bST 
does not alter these relationships. Likewise, the increase in milk fat content 
that occurs when the cow is in negative energy balance and the decrease in 
milk protein content that occurs when the cow has an inadequate protein intake 
are also observed in bST-treated cows. Overall, results demonstrate that the 
same factors that typically affect milk composition also affect the milk 
composition of bST -treated cows, and the variation in milk content of fat and 
protein is not altered (9, 11,30, 91). 

Milk from bST -treated cows does not differ in vitamin content or in 
concentrations of nutritionally important mineral elements (11, 21, 135) . In 
addition, proportions of total milk protein represented by whey proteins and 
the different casein fractions are not substantially altered, and factors that 
affect the fatty acid composition of milk fat have the same effects in 
bST-treated cows. In addition to a lack of effects on milk composition, bST 
has no impact on the manufacturing characteristics of milk (9, 21, 84, 91, 
135). 

Lactational response to exogenous bST is a function of the daily dose 
represented by a hyperbolic dose-response curve with a pattern of diminishing 
marginal returns to increasing bST dose (17, 10 1, 111). The daily dose needed 
to optimize milk yield response results in blood concentrations of ST that are 
within the range typically observed during episodic release of endogenous 
hormone, but average daily concentr;ations are ,several-fold higher than before 
treatment. As in the case of other species, endogenous release of ST in dairy 
cows normally occurs as irregular, episodic bursts with a half-life of about 
15-30 min. Studies have demonstrated that a similar milk response occurs 
regardless of whether the daily dose of bST is administered as a single bolus, 
a constant infusion, or as equal episodic pulses at 4-hr intervals (see review 
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17). Typically, bST has been administered by daily injection. However, 
several prolonged-release formulations have been recently developed in which 

a small volume is injected at intervals ranging from 2 to 4 weeks (31, 66, 
101, 111). 

Bioenergetics, Nutrition, and Animal Well-Being 

Milk production responses to bST are not dependent on special diets or unique 
feed ingredients . Substantial increases in milk yield have been observed on 

diets ranging from pasture only to typical concentrate:forage mixtures (11, 
30, 31,41) . Treatment does not alter digestibilities of organic components of 

the diet. Thus, the biological effects of bST are predominantly associated with 

the use of absorbed nutrients. Bioenergetic studies have demonstrated that 
bST treatment does not alter the energy expenditure for maintenance or the 
partial efficiency of milk synthesis, so that nutrient requirements for mainte­
nance and per unit of milk are not altered (77, 127, 134). Overall, daily 

nutrient requirements are increased by an amount equal to the increase in milk 
yield, and productive efficiency (milk per unit of feed) is improved because 

a greater proportion of the nutrient intake is used for milk synthesis. 
Most studies have involved bST treatment for a few weeks or for a single 

lactation. However, several dozen multilactational studies have been con­
ducted and treatment has been continued for as long as eight successive 

lactations (see review 111) . Responses in muItilactational studies are of 
interest because cows typically utilize body fat reserves during the early phase 

of the lactation cycle and then replenish these reserves during latter phases 
of the lactation cycle. Over the course of the first few weeks of bST treatment, 

cows adjust their voluntary intake in a predictable manner related to the extra 
nutrients required for the increased production of milk (11, 30, 31, 41). In 
general, similar lactational responses have been observed when bST has been 
administered for two or more consecutive lactations, provided that manage­

ment practices allow for an adequate replenishment of body energy reserves 
over the latter portion of the lactation cycle. However, in cases where cows 
were not adequately fcd to allow for an adjustment of voluntary intake and 
replenishment of body energy reserves, milk yield response to bST was 
reduced or even absent in the next lactation cycle (11, 41). 

The impact of bST treatment on animal health and well-being has also been 
of interest. Some investigators anticipated that administration of bST to 
modem high-producing dairy cows might result in metabolic disorders such 
as ketosis, fatty liver, and chronic wasting. These "postulated" catastrophic 
effects were based on the nutrient needs associated with a rapid, substantial 
increase in milk yield and on ideas, which originated in the 1940s, that ST 
had acute lipolytic and hyperglycemic (diabetogenic) effects. Such effects 
would likely occur during the first few days of bST treatment (milk yield 
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442 BAUMAN & VERNON 

would have increased but voluntary intake would not yet have increased). 
Suffice it to say, these catastrophic effects have never been observed with 
bST treatment, even in animals with exceptionally large increases in milk 
yield (> 10 kg/day) or animals that received exceptionally large doses of bST 
(dose equivalent to 4 yr of treatment given over a 2-week period), and the 
perceived mechanisms that were postulated to lead to such catastrophic effects 
are now known to be erroneous 01,21,30,41,85,110,118,144). 

Quality of management is the major factor affecting the magnitude of milk 
response to bST 01, 41, 113), and this comprises the nutritional program, 
milking procedures, herd health program, and environmental conditions. 
Several long-term studies have involved inadequate management conditions, 
and milk yield response to bST treatment was essentially zero. Adverse effects 
were not observed in any of these studies; cows simply had negligible milk 
yield response to bST (see reviews 11, 41, 111). Several reports have also 
summarized studies that encompass a range of environmental and management 
conditions in an effort to evaluate subtle health effects (1, 21, 38, 40, 56, 
96, 109, 110, 118, 151). Variables have included physical examinations, 
blood chemistry, metabolic disorders, incidence of disease, mastitis and 
mammary health, and reproduction-related parameters of the treated cows, as 
well as the health and growth of their offspring. Results demonstrate that 
values for bST -treated cows are similar to controls and consistent with 
literature values for cows of comparable milk production. As a result of 
differences in management practices, substantial herd effects were apparent 
for many of these variables (e.g. mastitis or reproduction-related variables), 
but herd effects were the same for control and bST treatment groups. Analyses 
for subtle effects will be even more extensive as data accumulates and is used 
by regulatory agencies in their evaluation. 

MECHANISMS OF ACTION 

Somatotropin is a homeorhetic control that regulates utilization of absorbed 
nutrients. The dramatic increase in milk production that occurs in bST-treated 
cows requires the orchestration of diverse physiological processes in a number 
of tissues and must involve the metabolism of all nutrient classes. These 
adaptations involve both direct effects on some tissues and indirect effects 
that are probably mediated by somatotropin-dependent somatomedins (insu­
lin-like growth factors, IGF-I and IGF-ll) for other tissues. Two cell types 
that are well-established as major direct targets of ST are the adipocyte and 
the hepatocyte. In contrast, effects on mammary tissue are thought to be 
indirect. In this section we discuss the state of knowledge for whole body 
metabolism and these particular tissues. 
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SOMATOTROPIN AND LACTATION 443 

Whole Body Metabolism 

Physiological processes that are altered with bST treatment are summarized 
in Table 1. Adaptations in metabolism are major and of critical importance 
during the initial period of bST treatment, when milk yield has increased but 
intake has not. Overall, mammary uptake of all milk precursors increases 

Table 1 Effect of bovine somatotropin on specific tissues and physiological processes in 
lactating cows' 

Tissue 

Mammary 

Liver 

Adipose 

Muscle 

Pancreas 

Kidneyb 
Intestineb 

Whole body 

Process affected during first few days and weeks of treatment 

t Synthesis of milk with normal composition 
t Uptake of all nutrients used for milk synthesis 
t Activity per secretory cell 
t Number andlor maintenance of secretory cells 
i Blood flow consistent with increase in milk yield 

i Basal rates of gluconeogenesis 
! Ability of insulin to inhibit gluconeogenesis 

</> Glucagon effects on gluconeogenesis andlor or glycogenolysis 

! Basal lipogenesis if in positive energy balance 
i Basal lipolysis if in negative energy balance 
! Ability of insulin to stimulate lipogenesis 
,/. Ability of adenosine to inhibit lipolysis 
t Ability of catecholamines to stimulate lipolysis 

! Uptake of glucose 

</> Basal or glucose-stimulated secretion of insulin 
</> Basal or insulin/glucose-stimulated secretion of glucagon 

t Production of 1.25-vitamin D3 
i Absorption of Ca, P, and other minerals required for milk 
i Ability of 1,25-vitamin D3 to stimulate Ca-binding protein 
t Ca-binding protein 

! Oxidation of glucose 
t NEFA oxidation if in negative energy balance 

</> Insulin and glucagon clearance rates 
</> Energy expenditure for maintenance 
t Energy expenditure consistent with increase in milk yield (i.e .  heat per 

unit of milk not changed) 
i Cardiac output consistent with increases in milk yield 
t Productive efficiency (milk per unit of energy intake) 

a Adapted from Bauman et al (13). Changes (i = increased, t = decreased, <I> = no change) that occur 
in initial period of bovine somatotropin supplement when metabolic adjustments match the increased use of 
nutrients for milk synthesis. With longer-term treatment, voluntary intake increases to match nutrient 
requirements. 

b Demonstrated in nonlactating animals and consistent with observed performance in lactating cows. 
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444 BAUMAN & VERNON 

while metabolism of other body tissues is altered simultaneously so that a 

greater proportion of nutrients are used for milk synthesis. 

In a high-producing dairy cow, glucose is derived predominately via hepatic 
gluconeogenesis. Glucose turnover is over 3 kg/day with 60-85% used for 

milk synthesis (15). Thus, adaptations in glucose metabolism are of particular 
importance. When bST treatment is initiated, glucose turnover increases and 

oxidation decreases (18); accordingly, hepatic production of glucose increases 
(37) and hindlimb use of glucose is reduced (98) (Table 1) . Therefore, 

adaptations in glucose oxidation and production occur in bST -treated cows 
before the increase in voluntary feed intake, and the adjustments are 
quantitatively equal to the extra glucose required to support the increased milk 
synthesis (18). 

Changes in lipid metabolism play an integral role in the response to ST 
treatment and vary according to the animal's energy balance (Table 1). When 

cows are near zero or in negative energy balance, bST treatment increases 
mobilization of body fat reserves as evidenced by chronic elevation in 

circulating concentrations of nonesterified fatty acids (NEF A), decreased body 
fat content, and an increased milk fat content with the pattern of these extra 
fatty acids reflecting body fat stores (22, 28, 31, 51, 128). Under such 
conditions, an increase in NEFA irreversible loss rate (ILR) is observed and 
the magnitude of the increase is related to the extent of the negative energy 

balance and quantitatively equal to the increase in whole body oxidation of 
NEFA and the increased secretion of milk fat (18). Rates of lipid synthesis 

in adipose tissue would already be low and relatively impervious to further 
attenuation by ST. This situation is most likely to occur when bST treatment 
is initiated in early- to mid-lactation and the increased reliance on NEFA as 
metabolic fuel facilitates the previously discussed reduction in glucose 
oxidation. 

In contrast, when animals are in positive energy balance at the time 
bST -treatment is initiated (i.e. when some lipid synthesis and storage is 
occurring in adipose tissue), the major effect of ST is to inhibit lipid synthesis 
with little or no change in lipolysis or milk fat percent and fatty acid 
composition (51, 83, 114, 127). This situation is most likely to occur when 
bST is initiated in mid- or late-lactation and the decrease in nutrient utilization 

for body fat stores enables nutrients to be redirected to other tissues to support 
the increased milk synthesis. With prolonged ST treatment, voluntary food 
intake increases and animals can eventually return to a positive energy balance 
allowing the replenishment of body reserves (Table 1) despite continuing high 

circulating concentrations of ST. 
The kinetics of amino acid metabolism have not been examined in 

bST-treated dairy cows. Abomasal infusions of casein or amino acids gave 
no increase in milk protein yield over that observed for the basal diet in 
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bST-treated cows (3, 90, 115). However, the characteristic reduction in milk 
protein content that occurs when dietary protein is inadequate is also observed 
in bST-treated cows. Therefore, standard NRC protein requirements and 
dietary recommendations are also applicable to bST -treated cows (30, 41, 
102). 

Partitioning of minerals is altered by bST as indicated by the fact that the 
increased secretion of milk has a normal composition of nutritionally important 
minerals. Mechanisms have not been investigated in lactating cows, but 
changes in flux are coordinated with the increased milk secretion because 
blood concentrations of these minerals are not altered (13, 21, 51, 135). 
Recent studies with nonlactating animals (26) have demonstrated an altered 
tissue response to signals that maintain mineral homeostasis and, in the long 
term, increased absorption as shown for Ca and P (Table 1). 

Adipose Tissue 

The adipocyte is a major target of ST action. The hormone acts chronically 
to facilitate lipolysis and decrease lipid synthesis, in part by altering the ability 
of the tissue to respond to acute endocrine and other signals, but in addition 
ST may have some seemingly conflicting actions. In laboratory species and 
under rather unusual conditions (lack of prior exposure to ST for several hours, 
acute surgical stress), ST can exert an acute, transient, "insulin-like" effect 
(61, 141). The physiological significance of this is unclear, as the conditions 
required are unlikely to occur in vivo except perhaps in the young male rat 
with its highly erratic ST secretion (70). ST also promotes differentiation in 
several cell-lines (e.g .  3T3 F-442 cells) that can develop into adipocyte-like 
cells (26, 141); neither this, nor the acute "insulin-like" effect are thought to 
have any role in the chronic effect of ST on milk production . Some reports 
suggest ST can have an acute lipolytic effect; in many of the early studies the 
ST preparations were most probably contaminated with other peptides, but 
even the availability of pure recombinant ST has not completely resolved the 
controversy. For ruminants and pigs, ST apparently has no acute lipolytic 
effect (see reviews 26, 53, 141). Thus, much of the literature on effects of 
ST on adipocyte function has little relevance to the lactating animal treated 
chronically with ST. 

Chronic treatment of lactating cows (97, 129) or growing steers (117) with 
ST dramatically increases the lipolytic response to in vivo challenges with 
catecholamines (Table 1). Sechen et al (128) further demonstrated that 
maximum response, but not sensitivity, was altered. In contrast, when 
responses to catecholamines are measured with in vitro incubations of 
subcutaneous adipose tissue obtained from cattle receiving ST, the differences 
bctwcen these responses and those of controls are much smaller or absent (83, 
117). The reason for this apparent discrepancy between in vivo and in vitro 
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measurements is not clear. The subcutaneous adipose tissue depot sampled 
for in vitro studies may not be representative of other depots. For example, 
in humans exercise has a greater effect on lipolysis in abdominal than in 
gluteal subcutaneous adipose tissue (5), whereas in sheep lactation has a 
greater effect on l3-receptor number in omental adipose tissues than in carcass 
adipose tissues (25, 74) . Alternatively, the adaptation may not be sufficiently 
robust to survive in vitro manipulations or ST may exert its effects by limiting 
inhibition by an antilipolytic factor. Adenosine is a possible candidate; an 
autocrine/paracrine factor, adenosine exerts an acute antilipolytic effect via 
its own receptor, which couples via Gi (an inhibitory GTP-binding protein) 
to adenylate cyclase (140). Chronic treatment with ST decreased response to 
adenosine in lactating rats (139) and cows (83) (Table 1). Diminished response 
to adenosine is also found after chronic exposure to ST in vitro (140). The 
mechanism has not been resolved but does not appear to involve changes in 
adenosine receptor number (150), which suggests that ST may be altering 
either the amount or activity of Gi. A decrease in the ability of adenosine to 
inhibit lipolysis would allow for an increased response to catecholamines and 
thereby provide a possible explanation for the enhanced in vivo response to 
catecholamines. Curiously, in rats and sheep, response to adenosine is 
increased during lactation (140) and perhaps acts as a brake to check lipolysis; 
treatment with ST may thus reduce the effectiveness of this putative brake. 

Other mechanisms may also be operating . Culture of sheep subcutaneous 
adipose tissue with ST increased both responsiveness and sensitivity to 
catecholamines and also increased ligand binding to the l3-adrenergic receptor 
(150). Curtailing lactation in rats either by litter removal (139) or by endocrine 
manipulation (10) causes a marked decrease in lipolytic response to catechol­
amines, which is prevented by treatment with ST. In these animals ST altered 
several components of the adrenergic signal transduction system, thereby 
increasing the number of l3-receptors and hormone-sensitive lipase activity 
and decreasing cyclic AMP phosphodiesterase activity. The greatest effect of 
S T, however, was on the association of hormone-sensitive lipase with the 
lipid droplet following catecholamine stimulation (142). 

In vivo treatment with ST decreases the rates of lipogenesis and activities 
of key enzymes involved in lipid synthesis (see reviews 26,53, 141). Similar 
adaptations occur in untreated animals during the initial stages of lactation 
when concentrations of endogenous ST are high (15, 136). Evidence that 
effects are due to ST acting directly on adipose tissue comes from in vitro 
studies in which chronic exposure to ST decreases the rate of lipogenesis (see 
reviews 53, 141). Indeed it is possible by varying the concentration of insulin 
and ST in tissue culture to mimic the changes in lipogenesis seen in adipose 
tissue during the lactation cycle (138). 
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Most studies have focused on the control of lipogenesis and the key 
lipogenic enzyme acetyl CoA carboxylase (ACC), which exists in both active 
and inactive states within the cell. In ruminant animals in which acetate rather 
than glucose is the major precursor for fatty acid synthesis, ACC is a major 
control of flux and "total activity" is thought to reflect the amount of this 
enzyme (136). Tissue culture studies show that effects of ST on lipogenesis 
over the first 48 hr are due to a decrease in ACC in the active state with no 
change in total activity (137), which is consistent with the relatively long 
half-life (about 48 hr) for this enzyme (145). Exposure to ST for six days or 
more results in a decrease in total ACC activity; this has been observed with 
sheep adipose tissue in culture (137) or with in vivo ST treatment of lactating 
cows (83) and goats (R. G. Vernon, unpublished observation), or growing 
pigs (65, 88). The changes in activity were probably due to a decrease in 
enzyme synthesis, as Liu et al (88) demonstrated a decrease in ACC protein 
and message. The close relationship between total ACC activity and the rate 
of lipogenesis suggests that with prolonged ST treatment, a fall in the amount 
of ACC is responsible for the decreased rate of lipogenesis. 

While ST reduces the effects of insulin on lipogenesis, it does not prevent 
an acute stimulation of lipogenesis by insulin in pigs in vivo (49) or in vitro 
(147). However, in vivo treatment of growing pigs with ST decreases 
sensitivity to insulin as measured by in vitro rates of glucose incorporation 
into adipose tissue lipid (147) or by in vivo rates of whole body glucose 
utilization (154). Similarly, treatment of lactating cows reduces glucose 
response to an insulin challenge (128). Thus, physiological concentrations of 
insulin would be less effective in increasing the rate of lipogenesis (Table 1). 
That ST does not completely abrogate the effect of insulin on lipogenesis in 
vivo can also be inferred from the recovery of adipose tissue reserves during 
the latter stages of lactation in bST-treated animals, despite high levels of ST. 

The mechanism whereby ST inhibits the effects of insulin on lipogenesis 
is not known. ST treatment has no apparent effect either on the ability of 
adipocytes to bind insulin in pigs (93) or sheep (148), or on the ability of 
insulin to stimulate insulin-receptor tyrosine kinase activity (93) or down-reg­
ulate its receptor (148). Therefore, the site of action is at a postreceptor level, 
which is not surprising as ST does not inhibit all effects of insulin. For 
example, the antilipolytic effect of insulin (128) and insulin stimulation of 
protein synthesis (137) in cow and sheep adipose tissue, respectively, are not 
altered by ST. ST inhibits the activation of a phosphatidylinositol-specific 
phospholipase C by insulin in mouse adipocytes (32), possibly by interfering 
with the action of a putative Gi-like protein (125). This observation is of 
interest because lactation in rats results in a decreased ability of insulin to 
stimulate lipogenesis and activate lipogenic enzymes of adipocytes because 
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of a postreceptor impairment at the level of the plasma membrane (76). In 
sheep, onset of lactation also results in the loss of ability by insulin to increase 
the rate of lipogenesis in vitro (138), apparently owing to the loss of a putative 
protein required for activation of acetyl CoA carboxylase by insulin (137). 
Production of this mediating protein can be restored by prolonged incubation 
with insulin in vitro and is prevented by ST (137). While most work has 
focused on ST as an insulin antagonist, ST can also act chronically to decrease 
the rate of lipogenesis in the absence of insulin (24, 131). 

Effects of ST on adipocytes are thought to be mediated by ST itself, for 
although ST stimulates IGF-I mRNA production (39, 155) and IGF-I secretion 
(J. Beattie and R. G. Vernon, unpublished observations) by adipocytes, the 
adipocytes themselves lack IGF-I receptors (141). The function of this locally 
produced IGF-I in the tissue is uncertain, but may have a role in angiogenesis. 
IGF-I also failed to mimic chronic effects of ST on lipogenesis and lipolysis 
during lactation (10; D. P. D. Lanna and D. E. Bauman, unpublished 
observations) . IGF-I can mimic effects of insulin on adipose tissue but 
concentrations required were high, which suggests that they were mediated 
via the insulin receptor (52, 138, 147). One very provocative study suggested 
that IGF-I and IGF-I1 mediated acute lipolytic effects of ST on adipocytes in 
sheep (87), but attempts to confirm this have proved unsuccessful (68; R. G. 
Vernon, unpublished observations). 

Adipocytes have been a major target of studies on the ST signal transduction 
system, but the paradoxical actions of ST have slowed progress in this area. 
The structure of the ST receptor suggests that it is unlikely to be associated 
with,GTP-binding proteins (a common mediator of signal transduction) and 
that it is unlikely to be a protein kinase. However, ST binding apparently 
causes phosphorylation of its own receptor by sequestration of a cytosolic 
protein kinase (132). Studies with differentiating pre-adipocyte cell-lines 
suggest that ST, presumably through the sequestered kinase, causes tyrosine 
phosphorylation of a number of proteins including mitogen-activated protein 
kinase (MAP kinase) (4). Some effects of ST in these cell lines also appear 
to be mediated by protein kinase C (48), thus, suggesting that the hormone 
activates a protein kinase cascade. Less is known about mechanisms involved 
in the chronic effect of ST on mature adipocytes. Protein kinase C may have 
a minor role (142), and it is not known if MAP kinase is involved. The chronic 
inhibitory effects of ST on lipogenesis are blocked by actinomycin D and 
appear to involve some relatively short-lived (half-life less than 3 hr) product 
of gene transcription (24); ornithine decarboxylase is an obvious candidate 
for this product because its half-life is less than 30 min and its activity is 
enhanced by ST in the liver (69). However, although polyamines are required 
for inhibition of lipogenesis by ST, they probably have a permissive rather 
than a mediatory role (R. G. Vernon, unpublished observations), 
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Hepatic rates of gluconeogenesis are increased with ST treatment of dairy 
cows as demonstrated by in vivo (37) and in vitro studies (78, 119) (Table 
1). Evidence that this is a direct effect comes from studies with sheep 
hepatocytes maintained in culture (50). Mechanisms have not been resolved 
but include a decreased ability of insulin to inhibit gluconeogenesis (23, 62) 
(Table 1). In contrast, ST treatment had no effect on liver glycogen 
concentration in lactating cattle in positive energy balance ( 119), although 
such treatment did induce a small decrease in cows in negative energy balance 
(78). This lack of an effect of ST is not surprising, as hepatic glycogen reserves 
are not sufficient to sustain increased glucose output by the liver for long. 

Effects of ST on hepatic lipid metabolism appear to be slight. In vivo 
treatment of lactating cows with ST increased fatty acid oxidation to C02 in 
liver slices ( 119), which was consistent with the increased rates of glucone­
ogenesis. Chronic treatment of cows with ST in vivo (119) and culture of 
sheep hepatocytes with ST (50) had no effect on the ketogenic capacity (i.e. 
rate in vitro with a saturating concentration of fatty acid). Consequently, any 
effects of ST on ketogenesis are indirect, via changes in plasma NEFA 
concentrations. Treatment with ST, in vivo (112) and in vitro (50), decreased 
rates of fatty acid esterification and lipoprotein secretion by sheep liver. If 
such changes occur in lactating cows, they must be highly coupled because 
hepatic concentration of triacylglycerol is not altered (1 19). The overall effect 
of ST on hepatic lipid metabolism thus appears to be a small increase in fatty 
acid oxidation (to support gluconeogenesis) at the expense of esterification. 

Mammary Gland 

The dramatic increase in milk yield is a clear demonstration that mammary 
uptake and utilization of nutrients is increased in bST-treated cows (Table 1). 
The change in the lactation curve suggests an increased rate of milk synthesis 
per cell and, in the long-term, an increased number of mammary epithelial 
cells. Clarification of these postulates and of the mechanisms responsible for 
them has proved difficult. This. is not unexpected as biochemical changes in 
vivo are likely to be relatively small and mammary tissue from lactating 
animals is difficult to maintain in vitro because of its high metabolic rate. In 
addition, assessing the role of somatomedins is complicated by the presence 
of specific binding proteins. 

Baldwin (8) demonstrated that bST-treated cows had increased RNA per 
gland, and therefore increased protein synthetic capacity; he also reported 
increased activities of several enzymes but the key enzymes controlling 
metabolic flux were not measured. Other studies of lactating cows (80) and 
goats (79) observed similar trends in enzyme activity after ST treatment, but 
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effects were not significant possibly owing to smaller increases in the milk 
yield response. Clear-cut evidence for an effect on activity and message level 
of mammary enzymes comes from studies of rats in which investigators treated 
animals with ST after blocking prolactin secretion with bromocriptine and 
neutralizing endogenous ST with an antiserum (10). The mammary gland is 
not metabolically homogeneous, so changes in synthetic capacity could result 
from an increased synthetic activity of active cells and/or the activation of 
resting differentiated cells ( l08). Treatment of cows with ST for a period 
during mid-lactation had no effect on total mammary DNA content (8), but 
in a longer-term study in which goats were treated with ST for 22 weeks, the 
decline in mammary cell number that normally occurs during lactation was 
prevented (79). No effect was observed on DNA synthesis (79), but the 
increase might have been too small to detect. The low milk levels of plasmin, 
a serine-protease associated with mammary gland involution, that are main­
tained during bST treatment (120) are also consistent with the proposed 
changes in maintenance and/or number of mammary cells. 

Changes in mammary synthetic activity in response to ST are complemented 
by increased nutrient availability induced by the homeorhetic effect of ST and 
also by an increase in mammary blood flow (42, 57). However, merely 
increasing nutrient availability by itself does not mimic the effect of ST on 
milk yield (see review 1 14). Mepham et al (107) suggested that ST affects 
the mammary gland largely through an increase in blood flow, but it is now 
thought that the increased blood flow is the result rather than the cause of the 
increased mammary metabolism. 

The mechanism whereby ST increases mammary gland function is still 
uncertain but appears to be indirect. Addition of bST to bovine mammary 
cells in culture had no effect on rates of synthesis of casein, fat, or 
a-lactalbumin (59). An attempt to demonstrate a direct effect of ST on the 
mammary gland using a close arterial infusion technique was unsuccessful 
(99); however, because of the half-life of ST and mammary blood flow rates, 
this approach would not allow for an adequate evaluation. Attempts to detect 
ST receptors in mammary tissue have been unsuccessful (2, 58, 75). 
Furthermore, concentrations of ST in milk are very low and not appreciably 
altered by bST treatment (72). Recent studies have reported the presence of 
mRNA for ST receptor in mammary tissue from pregnant (150 d), nonlactating 
heifers (67) and lactating cows (60), but in both cases the message level in 
mammary tissue was only a small fraction of that in liver. Therefore, although 
the message for bST receptors is present, either it is not translated or the 
number of receptors produced is too low to be detected by conventional 
techniques. As a result, the current view is that ST does not act directly on 
mammary epithelial cells, and efforts have focused on the role of the 
somatomedins as possible mediators. 
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Administration of exogenous bST to lactating cows causes an increase in 
concentrations of IGF-I in blood (36, 43, 124) and milk (72). Another 
candidate is IGF-II, although effects of ST on IGF-II are not consistent (106). 
Receptors for somatomedins are present in ruminant mammary tissue, and the 
number of available receptors increases during lactogenesis (45, 47, 63). 
When lactating cows are treated with bST. circulating concentrations of IGF-I 
begin to increase about 6-12 hr after the initial bST injection and reach 
maximum concentrations in approximately 48 hr (36). The response in milk 
yield is apparent about 24 hr after the first bST injection, and maximum 
production response occurs four to six days after start of treatment. In addition, 
IGF-I is present in milk, and concentrations increase with bST treatment (72). 
Therefore, the temporal pattern of changes in IGF-I is consistent with its 
possible role in mediating the effects of ST on milk production. Likewise, 
IGF-I stimulated casein synthesis in cultured mammary cells from lactating 
cows (64) and increased both casein synthesis and glucose transport in 
mammary explants from mid-pregnant mice (122). IGF-

'
l also increased 

protein synthesis in mammary explants from pregnant rats (A. M. Gilhespy, 
C. J. Wilde, and R. G. Vernon, unpublished observations). On the other 
hand, IGF-I had no effect on fatty acid synthesis or a-lactalbumin secretion 
in mammary explants from lactating cows (130), but the medium also 
contained insulin (50 ng/mL), which may have masked effects of IGF-I. IGF-I 
also stimulates DNA synthesis in mammary tissue cultures (19, 116, 130, 
152) and thus may play a role in maintaining cell number during long-term 
ST treatment. 

Attempts to demonstrate an effect of IGF-I on milk secretion in vivo have 
had mixed success. While ST treatment increased milk secretion in goats, a 
three-day jugular infusion of IGF-I had no effect on milk yield even though 
blood concentrations of IGF-I were elevated to levels comparable to those of 
the ST-group (44). IGF-I injections also failed to mimic the effect of ST on 
mammary metabolism in rats treated with an antiserum to endogenous ST 
(10). In contrast, infusion of IGF-I into the pudendal artery of lactating goats 
for 6 hr increased milk production by about 30% (121). Differences in 
response to IOF-I in vivo could arise from problems relating to IOF-binding 
proteins. 

The majority of somatomedins in physiological fluids are bound to soluble, 
high affinity binding proteins. There are six specific IGF-binding proteins 
(IGFBP) and their functions are not well established. Their postulated roles 
include serving as circulatory transport vehicles, retarding somatomedin 
degradation, facilitating transvascular movement, providing an extravascular 
pool, and/or modulating directly the actions of somatomedins at specific target 
cells either by enhancing or blocking their activity (20,33, 123). The in vivo 
regulation of the two major IGFBP in bovine serum has been described more 
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fully (35). As in the case of humans (33), ST treatment of lactating cows 
results in a threefold elevation of circulating IGFBP-3 and a decrease of about 
two thirds in circulating concentrations of IGFBP-2 (35, 105, 143), so it is 
not surprising that IGF-I infusions or injections have not mimicked the effects 
of ST. Somatomedins themselves stimulate mammary cells to produce both 
IGFBP-2 and IGFBP-3 ( l00). Thus, local production of somatomedins and 
their binding proteins may also play a role in control of mammary tissue. 

INTEGRATION 

Although many details have yet to be clarified, we now know that exogenous 
ST enhances milk production in dairy cows by coordinating a complex series 
of adaptations within the body. In essence, bST both increases the rate of 
milk production within the mammary gland and provides the necessary 
nutrients in support of this enhanced rate of milk synthesis (Figure 1). Direct 
actions of ST appear to be primarily concerned with nutrient availability as 
illustrated by the aforementioned alterations in the metabolism of adipose 
tissue and liver. On the other hand, the indirect effects of ST appear to be 
primarily associated with the mammary gland and the actions of the IGF 
complex. We do not have a clear understanding of how the IGF complex is 

Adequate 
Nutrition 

e 

Moderate 
Undernutrition 

e 

Severe 
Undernutrition 

Nutrient ST �Pool " ,  

0�' , 

e @  
Figure 1 Conceptual model of the effects of somatotropin (ST). Direct effects include alterations 
in activities of key enzymes and tissue response to homeostatic signals as represented by plus and 
minus symbols on adipose tissue rates of lipolysis and lipogenesis, respectively. Indirect effects 
apparently involve the IGF complex (insulin-like growth factors and their binding proteins), and 
these are modulated by nutritional status as indicated. Model (developed by M. A. McGuire and 
D. E. Bauman, unpublished infonnation) adapted from Bauman et al (14). 
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able to mediate mammary function, nor do we fully understand the interplay 
between the endocrine, autocrine, andlor paracrine aspects of the IGF 
complex. It is apparent, however, that changes in circulating concentrations 
of IGF-I and some of the IGFBP are closely tracking the biological events 
and the magnitude of milk responses that occur with bST treatment of dairy 
cows, indicating that the IGF complex has an important role in ST biology. 

Nutritional status plays a key role in the regulation of somatomedins and 
their binding proteins (34, 106). In the lactating dairy cow, moderate 
undernutrition has no effect on basal concentrations of circulating IGF-I, but 
administration of bST results in a less dramatic increase in circulating IGF-I 
than when animals have an adequate nutritional status (104). When nutritional 
status is severely compromised by a short-term fast, basal concentrations of 
IGF-I are lower and the ability of bST to increase IGF-I is abolished ( 103; 
Figure 1). A similar impact of nutritional status on the somatotropin! 
somatomedin axis is observed in growing cattle (27) and other species 
including humans (34). Although not as extensively investigated, basal and 
bST-stimulated levels of IGFBP also appear to be modulated by nutritional 
status ( 103, 106). 

The relationship between nutritional status and the somatotropin! 
somatomedin axis also provides a framework to consider variations in milk 
response to bST, which were discussed in the section on production responses. 
Moderate undernutrition attenuates both the increase in circulating IGF-I and 
milk yield response to bST (104). In addition, the small increases in milk 
yield that occur with bST treatment in the early portion of lactation are 
consistent with the representation in Figure 1. Cows in early lactation are 
typically in substantial negative energy balance, and the use of body fat 
reserves over the first 30 days of lactation can be energetically equivalent to 
one third of the milk produced (15). During this period, animals have high 
circulating levels of endogenous ST but low basal levels of IGF-I. Vicini et 
al ( 143) demonstrated that short-term bST treatment during early lactation 
resulted in lower responses in circulating IGF-I and milk yield than were 
found in cows during later lactation. Thus, the direct actions of ST on tissues 
such as adipose occur in early lactation to maximize nutrient supply to the 
mammary gland, but the somatotropinlsomatomedin axis is attenuated by 
nutritional status. 

Long-term studies with bST treatment have demonstrated that the magnitude 
and maintenance of the milk response is related to the quality of management 
(see section on production responses). As a major component of the 
management program, this would largely reflect the impact of nutritional 
status on the somatotropinlsomatomedin axis. Thus, production studies in 
which bST was administered to cows with inadequate nutrient supply and/or 
to cows that had inadequate body reserves observed no adverse effects. 
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However, as would be predicted from the preceding discussion, the milk 
response to bST was negligible (see section on production responses) . The 
situation in fasted or chronically underfed animals is an interesting comparison 
in other regards. At first it seems paradoxical that exogenous ST can increase 
milk production while one of the most dramatic ways to increase endogenous 
levels of circulating ST and decrease milk yield is to fast or severely underfeed 
an animal . In this case, the direct effects of ST are to partition nutrients away 
from storage toward utilization in an inadequately nourished cow, but effects 
on the IGF complex are uncoupled so that use by the mammary gland is not 
stimulated (Figure 1). Therefore, these adaptations provide nutrients for the 
animal's survival and minimize any use of nutrients for milk production. 

CONCLUSIONS 

Somatotropin treatment of dairy cows results in a remarkable increase in milk 
yield and an unprecedented gain in productive efficiency (milk per unit of 
feed). Aspects of the production responses induding effects on milk compo­
nents, bioenergetics ,  and animal well-being have been extensively examined 
with consistent results over a wide range of management and environmental 
conditions. Overall, somatotropin is a homeorhetic control that increases rates 
of milk synthesis by the mammary gland and coordinates a series of 
physiological adaptations in a variety of tissues to support nutrient needs for 
milk synthesis. These tissue adaptations include changes in activities of key 
enzymes and alterations in tissue response to homeostatic signals. In addition, 
nutritional status of the animal plays a major role in determining the extent 
to which milk yield is altered. As a result of the nutritional effects on the 
somatotropinlsomatomedin axis, somatomedins and their binding proteins 
appear to be key links between nutritional state and cellular growth and 
developmental processes. 

ACKNOWLEDGMENTS 

We express our appreciation to Mark McGuire, Dottie Ceurter, Debra Dwyer, 
David Flint, Colin Wilde, Karen Houseknecht, Dante Lanna, Diane Harris, 
and Mikko Griinari for assistance, stimulating discussions,  and constructive 
suggestions .  

Literature Cited 

1 .  Aguilar, A. A . ,  Green, H. B . ,  Basson, 
R. P. , Overpeck-Alvey, M. J. 199 1 .  
Effect o f  somidobove o n  reproductive 
performance in lactating dairy cows. 
1. Dairy Sci. 74(Suppl. 1) : 192 (Abstr. )  

2. Akers , R. M. 1985 . Lactogenic hor-

manes: binding sites, mammary growth, 
secretory cell differentiation, and milk 
biosynthesis in ruminants. 1. Dairy Sci. 
68:501-19 

3 .  Aldrich, J .  M.,  Muller, L. D . ,  Varga, 
G. A. 1990. Duodenal infusion of 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



SOMATOTROPIN AND LACTA nON 455 

methionine and lysine with bovine 
somatotropin for lactating dairy cows. 
J. Dairy Sci. 73(Suppl. 1 ) : 1 7 1  (Abstr.)  

4. Anderson, N. G .  1992. Growth hor­
mone activates mitogen-activated pro­
tein kinase and S6 kinase and promotes 
intracellular tyrosine phosphorylation in 
3T3-F442A preadipocytes . Biochem. 1. 
284:649-52 

5. Arner, P . ,  Kriegholm, E . ,  Engfeldt, 
P . ,  Bolinder, J. 1990. Adrenergic reg­
ulation of lipolysis in situ at rest and 
during exercise. J. elin . Invest. g5 :893-
98 

6. Asdell, S. A. 1932. The effect of the 
injection of hypophyseal extract in ad­
vanced lactation. Am. J. Physiol. 100: 
1 37-40 

7. Asimov, G. J . ,  Krouze, N. K. 1937. 
The lactogenic preparations from the 
anterior pituitary and the increase of 
milk yield in cows. 1. Dairy Sci. 
20:289-306 

8. Baldwin, R. L. 1990. Overview of 
rbST development and use. In NIH 
Technology Assessment Conference on 
Bovine Somatotropin, pp. 29-34. 
Bethesda: Natl. Inst. Health 

9. Barbano, D. M . ,  Lynch, J. M . ,  Bau­
man, D. E . ,  Hartnell, G. F. , Hintz, 
R. L . ,  et al. 1992. Effect of a pro­
longed-release formulation of n-meth­
ionyl bovine somatotropin (sometri­
bove) on milk composition. J. Dairy 
Sci. 75: 1 775-93 

10.  Barber, M. c . ,  Clegg, R. A . ,  Finley, 
E . ,  Vernon, R. G . ,  Flint, D. J. 1992. 
The role of growth hormone, prolactin 
and insulin-like growth factors in the 
regulation of rat mammary gland and 
adipose tissue metabolism during lac­
tation. J. Endocrinol. 135 : 195-202 

1 1 .  Bauman, D. E. 1992. Bovine 
somatotropin: review of an emerging 
animal technology. J. Dairy Sci. 75: 
3432-51 

1 2 .  Bauman, D. E . ,  DeGeeter, M. J . ,  
PecI, C. J . ,  Lanza, G .  M . ,  Gorewit, 
R. C . ,  et al. 1982. Effect of recom­
binantly derived bovine growth hor­
mone (bGH) on lactational performance 
of high yielding dairy cows. J. Dairy 
Sci. 65(Suppl. 1):121 (Abstr.) 

13. Bauman, D.  E . ,  Dunshea, F. R. ,  
Boisclair , Y.  R . ,  McGuire, M .  A . ,  
Harris, D. M . ,  e t  al. 1989. Regulation 
of nutrient partitioning: homeostasis , 
homeorhesis and exogenous somato­
tropin . In Proceedings of the Seventh 
International Conference on Production 
Disease in Farm Animals, ed. F. A. 
Kallfelz, pp. 306-23. Ithaca, NY: Cor­
nell Univ. 

14. Bauman, D. E . ,  Eisemann, J. H . ,  
Currie, W .  B .  1982. Hormonal effects 
on partitioning of nutrients for tissue 
growth: role of growth hormone and 
prolactin. Fed. Proc. 41:2538-44 

IS .  Bauman, D. E . ,  Elliot, J .  M. 1 983 . 
Control of nutrient partitioning in lac­
tating ruminants . In Biochemistry of 
Lactation, ed. T. B .  Mepham, pp. 
437-68. Amsterdam: Elsevier Sci. 

16. Bauman, D.  E . ,  Eppard, P. J . ,  DeGee­
ter, M. J . ,  Lanza, G .  M. 1985. Re­
sponses of high-producing dairy cows 
to long-term treatment with pituitary 
somatotropin and recombinant 
somatotropin. J. Dairy Sci. 68: 1 352-62 

1 7 .  Bauman, D. E . ,  McCutcheon, S. N.  
1986. The effects of  growth hormone 
and prolactin on metabolism. In Control 
of Digestion and Metabolism in Rumi­
nants. ed. L. P. Milligan, W. L. 
Grovum, A. Dobson, pp. 436-55. En­
glewood Cliffs, NJ: Prentice-Hall 

1 8 .  Bauman, D. E . ,  Peel, C. 1 . ,  Steinhour, 
W. D . ,  Reynolds, P. J . ,  Tyrrell; H. 
F., et al.  1988 . Effect of bovine 
somatotropin on metabolism of lactating 
dairy cows: influence on rates of irre­
versible loss and oxidation of glucose 
and nonesterified fatty acids. 1. Nutr. 
1 18 : 103 1-40 

1 9 .  Baumrucker, C. R. , Sternberger, B .  
H ,  1 989 . Insulin and insulin-like growth 
factor-I stimulate DNA synthesis in 
bovine mammary tissue in vitro. J. 
Anim. Sci. 67:3503-14 

20. Baxter, R. C. 1988. The insulin-like 
growth factors and their binding pro­
teins. Camp. Biochem. Physiol. B 9 1 :  
229-35 

2 1 . Benzi, G. 1 990 . Biomedical Problems 
on Bovine Somatotropin Use in Milk 
Production, pp. 1-1 10. Paris: John 
Libbey Eurotext 

22. Bitman, J . ,  Wood, D. L . ,  Tyrrell, H .  
P . ,  Bauman, D.  E . ,  Peel, C. J . ,  et 
al. 1984. B lood and milk lipid responses 
induced by growth hormone adminis­
tration in lactating cows. 1. Dairy Sci. 
67:2873-80 

23. Boisclair, Y. R . ,  Dunshea, F. R . ,  Bell, 
A. W . ,  Bauman, D. E. ,  Harkins, M. 
1989. Effect of bovine somatotropin 
on glucose metabolism in steers. FASEB 
1. 3:A938 (Abstr.) 

24. Borland, C. A . ,  Travers, M. T. ,  Bar­
ber, M .  C . ,  Vernon, R. G. 1992. 
Studies on the mechanism of the in­
hibition of lipogenesis by growth hor­
mone in sheep adipose tissue. Biochem. 
Soc. Trans. 20:268S (Abstr .) 

25. Bowen, W. P., Flint, D.  J., Vernon, 
R. G. 1992. Regional and interspecific 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



456 BAUMAN & VERNON 

differences in the ligand binding prop­
erties of l3-adrenergic receptors of in­
dividual white adipose tissue depots in 
the sheep and rat. Biochem. Pharmacol. 
44:681-86 

26. Boyd, R. D . ,  Bauman, D. E. 1989. 
Mechanisms of action for somatotropin 
in growth. In Current Concepts of 
Animal Growth Regulation, ed. D. R. 
Campion, G. J.  Hausman, R.  J.  Martin, 
pp. 257-93. New York: Plenum 

27. Breier, B .  H . ,  Gluckman, P. D. 199 1 .  
The regulation of postnatal growth: 
nutritional influences on endocrine path­
ways and function of the somatotrophic 
axis. Livest. Prod. Sci. 27:77-94 

28. Brown, D. L. , Taylor, S. J . ,  De Peters, 
E. J . ,  Baldwin, R. L. 1989. Influence 
of sometribove, USAN (recombinant 
methionyl bovine somatotropin) on the 
body composition of lactating cattle . 
J. Nutr. 1 19:633-38 

29. Brumby, P. J . ,  Hancock, J. 1955. The 
galactopoetic role of growth hormone 
in dairy cattle. NZ J. Sci. Technol . 
36A:417-36 

30. Chalupa, W . ,  Galligan, D. T. 1989. 
Nutritional implications of somatotropin 
for lactating cows. J. Dairy Sci. 72: 
2510-24 

3 1 .  Chilliard, Y. 1989. Long-term effects 
of recombinant bovine somatotropin 
(rBST) on dairy cow performances: a 
review. See Ref. 1 29a, pp. 61-87 

32. Chou, S. Y . ,  Kostyo, J. L . ,  Adamafio, 
N. A. 1990. Growth hormone inhibits 
activation of phosphatidylinositol phos­
pholipase C by insulin in ob/ob mouse 
adipose tissue. Endocrinology 1 26:62-
66 

33. Clemmons, D. R. 1990. Insulinlike 
growth factor binding proteins. Trends 
Endocrinol. Metab. 1 :4 1 2-17 

34.  Clemmons, D.  R . ,  Underwood, L. E.  
199 1 .  Nutritional regulation of IGF-l 
and IGF binding proteins. Annu. Rev. 
Nutr. 1 1 :393-41 2  

35. Cohick, W .  S . ,  McGuire, M .  A. ,  
Clemmons, D.  R . ,  Bauman, D.  E. 
1992. Regulation of insulin-like growth 
factor-binding proteins in serum and 
lymph of lactating cows by somatotro­
pin. Endocrinology 1 30:1508-14 

36. Cohick, W. S . ,  Plaut, K . ,  Sechen, S.  
J.,  Bauman, D.  E. 1989. Temporal 
pattern of insulin-like growth factor-I 
response to exogenous bovine somato­
tropin in lactating cows. Domest. Anim. 
Endocrinol. 6:263-74 

37. Cohick, W. S . ,  Slepetis, R . ,  Harkins, 
M . ,  Bauman, D. E. 1989. Effects of 
exogenous bovine somatotropin (bST) 
on net flux rates of glucose and insulin 

across splanchnic tissues of lactating 
cows. FASEB J. 3:A938 (Abstr.)  

38. Cole, W .  J . ,  Madsen, K .  S.,  Hintz, 
R. L . ,  Collier, R. J. 199 1 .  Effect of 
recombinantly-derived bovine somato­
tropin on reproductive performance of 
dairy cattle. Theriogenology 36:573-95 

39. Coleman, M. E. ,  Russell, L . ,  Etherton, 
T. D. 1992. Effects of porcine 
somatotropin (pST) on mRNA levels 
for GLVT4, IGF-I and IGFBP-3 in 
adipose tissue of growing pigs. J. 
Anim. Sci. 70(Suppl. 1) :200 (Abstr.)  

40. Craven, N. 199 1 .  Milk production and 
mastitis susceptibility: genetic relation­
ships and influence of bovine somato­
tropin treatment. See Ref. 5 1 a, pp. 
55-59 

4 1 .  Crooker, B .  A . ,  Otterby, D. E. 199 1 .  
Management of the dairy herd treated 
with bovine somatotropin. Vet. Clin. 
North Am.,  Food Anim. Pract. 7:41 7-
36 

42. Davis, S. R . ,  Collier, R. J . ,  McNa­
mara, J. P . ,  Head, H. H . ,  Sussman, 
W. 1988. Effects of thyroxine and 
growth hormone treatment of dairy 
cows on milk yield, cardiac output and 
mammary blood flow. 1. Anim. Sci. 
66:70-79 

43. Davis, S. R . ,  Gluckman, P. D . ,  Hart, 
I. C . ,  Henderson, H. V. 1987 . Effects 
of injecting growth hormone or thy­
roxine on milk production and blood 
plasma concentrations of insulin-like 
growth factors I and II in dairy cows. 
1. Endocrinol. 1 14: 1 7-24 

44. Davis, S. R . ,  Gluckman, P. D . ,  
Hodgkinson, S .  c . ,  Farr, V. c . ,  Breier, 
B .  H . ,  et al. 1989. Comparison of the 
effects of administration of recombinant 
bovine growth honnone or N-Met in­
sulin-like growth factor-I to lactating 
goats. 1. Endocrinol. 123:33-39 

45. Dehoff, M. H . ,  Elgin, R. G . ,  Collier, 
R. J. , Clemmons, D. R. 1 988. Both 
type I and II insulin-like growth factor 
receptor binding increase during 
lactogenesis in bovine mammary tissue. 
Endocrinology 1 22:2412- 1 7  

46. de Vos, A.  M . ,  Ultsch, M . ,  Kossiakoff, 
A. A. 1992. Human growth hormone 
and extracellular domain of its receptor: 
crystal structure of the complex. Science 
255:30�12 

47. Disenhaus, C . ,  Belair, L . ,  Djiane, J. 
1988. Caracterisation et evolution phys­
iologique des recepteufs pour les "in­
sulin-like growth factors" I et II (lGFs) 
dans la glande mammaire de brebis. 
Reprod. Nutr. Dev. 28:241-52 

48. Doglio, A . ,  Dani, C . ,  Grimaldi, P. , 
Ailhaud, G. 1989. Growth hormone 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



SOMATOTROPIN AND LACTATION 457 

stimulates c-jos gene expression by 
means of protein kinase C without 
increasing inositol lipid turnover. Proc. 
Natl. Acad. Sci. USA 86:1 148-52 

49. Dunshea, F. R . ,  Harris, D. M . ,  Bau­
man, D. E . ,  Boyd, R. D . ,  Bell, A .  
W .  1992. Effect o f  porcine somato­
tropin on in vivo glucose kinetics and 
lipogenesis in growing pigs. 1. Anim. 
Sci. 70:141-51 

50. Emmison, N., Agius, L. , Zammit, V. 
A. 1 99 1 .  Regulation of fatty acid me­
tabolism and gluconeogenesis by 
growth hormone and insulin in sheep 
hepatocyte cultures: effects of lactation 
and pregnancy. Biochem. J. 274:21-26 

5 1 .  Eppard, P. J . ,  Bauman, D. E . ,  Bitman, 
J . ,  Wood, D. L . ,  Akers, R. M . ,  et 
aI. 1985. Effect of dose of bovine 
growth hormone on milk composi­
tion:et-lactalbumin, fany acids, and 
mineral elements. J. Dairy Sci. 68: 
3047-54 

5 1a. Espinasse, J . ,  ed. 199 1 .  Mammites des 
Vaches Laitieres. Toulouse: Soc. Fr. 
Buiatrie 

52. Etherton, T. D . ,  Evock, C. M. 1 986 . 
Stimulation of lipogenesiS in bovine 
adipose tissue by insulin and insulin-Like 
growth factor. J. Anim. Sci. 62:357-62 

53. Etherton, T. D . ,  Smith, S. B. 1 99 1 .  
Somatotropin and j3-adrenergic ago­
nists: their efficacy and mechanisms 
of action. J. Anim. Sci. 69(Suppl. 2): 
2-26 

54. Evans, H. M . ,  Long, J. A. 1 921 . 
Characteristic effects upon growth, oes­
trus and ovuLation induced by the in­
traperitoneal administration of fresh 
anterior hypophyseal substance. Proc. 
Natl. Acad. Sci. USA 8:38-39 

55. Evans, H. M . ,  Simpson, M. E. 193 1 .  
Hormones of the anterior hypophysis. 
Am. J. Physiol. 98:51 1-46 

56. Ferguson, J .  D. 1990. Bovine somato­
tropin-reproduction and health. See 
Ref. 8 ,  pp. 65-81 

57. Fullerton, F. M., Fleet, I .  R., Heap, 
R. B . ,  Hart, I. C . ,  Mepham, T. B .  
1989. Cardiovascular responses and 
mammary substrate uptake in Jersey 
cows treated with pituitary-derived 
growth hormone during late lactation. 
J. Dairy Res. 56:27-35 

58. Gertler, A. ,  Ashkenazi, A . ,  Madar, Z. 
1984. Binding sites of human growth 
hormone and ovine and bovine prolac­
tins in the mammary gland and liver 
of lactating dairy cow. Mol. Cell. 
Endocrinol. 34:5 1-57 

59. Gertler, A . , Cohen, N . ,  Maoz, A. 
1983. Human growth hormone but not 
ovine or bovine growth hormones ex-

hibits galactopoietic prolactin-like ac­
tivity in organ culture from bovine 
lactating mammary gland .  Mol. Cell. 
Endocrinol. 33: 169-82 

60. Glimm, D. R . ,  Baracos, V. E . ,  
Kennelly, J. J. 1990. Molecular evi­
dence for the presence of growth hor­
mone receptors in the bovine mammary 
gland. J. Endocrinol. 126:R5-R8 

61 . Goodman, H. M . ,  Coiro, V . ,  Frick, 
G. P . ,  Gorin, E . ,  Griehting, G . ,  et 
al. 1987. Effects of growth hormone 
on the rat adipocyte: a model for 
studying direct actions of growth hor­
mone. Endocrinol. Jpn. 34(Suppl. I) :  
59-72 

62. Gopinath, R . ,  Etherton, T. D. 1989. 
Effects of porcine growth hormone on 
glucose metabolism of pigs: II. Glucose 
tolerance, peripheral tissue insulin sen­
sitivity and glucose kinetics. J. Anim. 
Sci. 67:689-97 

63. Hadsell, D. L. , Campbell, P. G. , 
Baumrucker, C. R. 1 990. Character­
ization of the change in type I and II 
insulin-like growth factor receptors of 
bovine mammary tissue during the pre­
and postpartum periods. Endocrinology 
1 26:637-43 

63a. Hallberg, M. C . ,  ed. 1 992. Bovine 
Somatotropin and Emerging Issues: An 
Assessment. Boulder: Westview 

64. Hanigan, M. D . ,  Choi, J . ,  Calvert, 
C. C . ,  Baldwin, R. L. 1992. Effects 
of IGF-I on rates of growth and milk 
protein production by bovine mammary 
secretory cells. FASEB J. 6:Al l 16 
(Abstr.)  

65. Harris, D .  M.,  Dunshea, F .  R., Bau­
man, D. E . ,  Boyd, R. D. 1 990. Effect 
of in vivo porcine somatotropin (pST) 
treatment on in vitro lipogenesis of 
porcine adipose tissue. FASEB 1. 4: 
A505 (Abstr.) 

66. Hartnell, G. F. , Franson, S. E. , Bau­
man, D. E . ,  Head, H. H . ,  Huber, J .  
T.,  e t  al. 1 99 1 .  Evaluation of some­
tribove in prolongcd-release system in 
lactating dairy cows-production re­
sponses. J. Dairy Sci. 74:2645-63 

67. Hauser, S. D . ,  McGrath, M. F. , Col­
lier, R. J . ,  Krivi ,  G. G. 1990. Cloning 
and in vivo expression of bovine growth 
hormone receptor mRNA. Mol. Cell. 
Endocrinol. 72: 1 87-200 

68. Houseknecht, K .  L . ,  Beausoleil ,  A .  
R . ,  Dwyer, D.  A . ,  Bauman, D.  E. , 
Byau, J. c. ,  et al. 1992. Somatotropin, 
prolactin, placental lactogen and insu­
lin-like growth factors I and II are not 
acute effectors of lipolysis in growing 
ruminants. J. Anim . Sci. 70(Suppl. 
1 ): 2 1 3  (Abstr.) 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



458 BAUMAN & VERNON 

69. 

70. 

7 1 .  

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

Janne, J . ,  Poso, H . ,  Raina, A.  1978. 
Polyamines in rapid growth and cancer. 
Biochim. Biophys. Acta 473:241-93 
Jansson, J. 0.,  Eden, S . ,  Isaksson, 
O. 1985. Sexual dimorphism in the 
control of growth hormone secretion. 
Endocr. Rev. 6:128-50 
Johnsson, I. D . ,  Hart, I. C. 1986. 
Manipulation of milk yield with growth 
hormone. In Recent Advances in AnimaL 
Nutrition, ed. W. Haresign, D. J. A. 
Cole, pp. 1 05-21 .  London: Butterworth 
Juskevich, J. C . ,  Guyer, C. G. 1990. 
Bovine growth hormone: human food 
safety evaluation. Science 249:875-84 
Kelly, P. A . ,  Djiane, J . ,  Edery, M. 
1 992. Different forms of the prolactin 
receptor. Insights into the mechanism 
of prolactin action. Trends EndocrinoL. 
Metab. 3:54-59 
Kennedy, A. D . ,  Vernon, R. G. 1990. 
Beta and alpha receptor binding char­
acteristics in subcutaneous, omental and 
popliteal adipocyte membranes from 
lactating and non-lactating ewes. 1. 
Anim. Sci. 68(Suppl. 1 ):283-84 
(Abstr.) 
Keys, J .  E., Djiane, J .  1988. Prolactin 
and growth hormone binding in mam­
mary and liver tissue of lactating cows. 
1. Receptor Res. 8:73 1-50 
Kilgour, E.,  Vernon, R. G. 1988. 
Defect in signal transduction at the 
level of the plasma membrane accounts 
for inability of insulin to activate pyr­
uvate dehydrogenase in white ad­
ipocytes of lactating rats. Biochem. 1. 
252:667-72 
Kirchgessner, M . ,  Windisch , W . ,  
Schwab, W . ,  Muller, H. L.  1 99 1 .  
Energy metabolism of lactating dairy 
cows treated with prolonged-release bo­
vine somatotropin or energy deficiency . 
1. Dairy Sci. 74(Suppl . 2):35-43 
Knapp, J. R . ,  Freetly, H. C . ,  Reis , 
B .  L . ,  Calvert, C. C . ,  Baldwin, R. 
L. 1 992. Effects of  somatotropin and 
substrates on patterns of liver metab­
olism in lactating dairy cattle. 1. Dairy 
Sci. 75: 1025-35 
Knight, C. H . ,  Fowler, P. A . ,  Wilde, 
C. J. 1990. Galactopoietic and 
mammogenic effects of long-term treat­
ment with bovine growth hormone and 
thrice daily milking in goats. 1. En­
docrinoL. 127: 129-38 
Knight, C. H. , Hillerton, 1. E . ,  Kerr, 
M. A . ,  Teverson, R. M . ,  Turvey, A . ,  
e t  al. 1992. Separate and additive stim­
ulation of bovine milk yield by the 
local and systemic galactopoietic stimuli 
of frequent milking and growth hor­
mone. 1. Dairy Res. 59:243-52 

8 1 .  

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

9 1 .  

Kostyo, J .  L . ,  Reagan, R. C. 1 976. 
The biology of somatotropin . Phar­
macaL. TheriogenoL. 2:591-604 
Langley, K. E . ,  Lai, P. -H. , Wypych , 
J . ,  Everett, R. R . ,  Berg, T. F. , et al. 
1987. Recombinant-DNA-derived bo­
vine growth hormone from Escherichia 
coli 2. Biochemical, biophysical , im­
munological and biological comparison 
with the pituitary hormone. Eur. 1. 
Biochem. 163:323-30 
Lanna, D. P. D . ,  Houseknecht, K. L . ,  
Harris, D .  M. ,  Bauman, D .  E .  1992. 
Effect of bovine somatotropin (bST) 
on lipolysis, lipogenesis and activities 
of some enzymes in adipose tissue of 
lactating cows. J. Anim. Sci. 70(Suppl. 
1 ) : 193 (Abstr.) 
Laurent, F . ,  Vignon , B . ,  Coomans, 
D . ,  Wilkinson, J . ,  Bonnel, A. 1992. 
Influence of bovine somatotropin on 
the composition and manufacturing 
properties of milk. 1. Dairy Sci. 75: 
2226-34 
Lean, I. J . ,  Troutt, H. F . ,  Bruss, M. 
L . ,  Baldwin , R .  L. 1 992. Bovine 
somatotropin . Vet. Clin. North Am.,  
Food Anim. Pract. 8 :147-63 
Lee, M. 0. ,  Schaffer, N. K .  1 933. 
Anterior pituitary growth hormone and 
the composition of growth . 1. Nutr. 
7 :337-63 
Lewis, K. J . ,  Molan, P. C . ,  Bass, J .  
J . ,  Gluckman, P.  D. 1988. The lipolytic 
activity of low concentrations of insu­
lin-like growth factors in ovine adipose 
tissue. Endocrinology 122:2554-57 
Liu, C. Y . ,  Grant, A. L . ,  Kim, K. 
-H. ,  Mills, S .  E .  199 1 .  Effects of 
recombinant porcine somatotropin on 
acetyl-CoA carboxylase enzyme activity 
and gene expression in adipose tissue 
of pigs. 1. Anim. Sci. 69(Suppl . 1 ):309 
(Abstr.) 
Lucy, M. C . ,  Hauser, S. D . ,  Eppard, 
P. J . ,  Krivi, G. G . ,  Collier, R. J .  
1 99 1 .  Genetic polymorphism within 
the bovine somatotropin (bST) gene 
detected by polymerase chain reaction 
and endonuclease digestion. 1. Dairy 
Sci. 74(Suppl. 1 ):284 (Abstr.)  
Lynch, G. L . ,  Klusmeyer, T. H . ,  
Cameron, M. R . ,  Clark, J .  H. 1 99 1 .  
Effects of somatotropin and duodenal 
infusion of amino acids on nutrient 
passage to duodenum and performance 
of dairy cows. 1. Dairy Sci. 74:31 17-27 
Lynch, J. M . ,  Barbano, D .  M. ,  Bau­
man, D « E . ,  Hartnell, G. F . ,  Nemeth, 
M. A. 1 992. Effect of a prolonged­
release formulation of n-methionyl bo­
vine somatotropin (sometribovc) on 
milk fat. 1. Dairy Sci. 75: 1 794-1 809 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



SOMATOTROPIN AND LACTATION 459 

92. Machlin, L. J. 1 973. Effect of growth 
hormone on milk production and feed 
utilization in dairy cows. J. Dairy Sci. 
56:575-80 

93. Magri, K. A . ,  Adamo, M . ,  Leroith, 
D . ,  Etherton, T. D. 1990. The inhi­
bition of insulin action and glucose 
metabolism by porcine growth hormone 
in porcine adipocytes is not the result 
of any decrease in insulin binding or 
insulin receptor kinase activity. Bio­
chem. J. 266: 107- 1 3  

94. Mathews, L. S .  1 99 1 .  Molecular bi­
ology of growth hormone receptors . 
Trends Endocrinol. Metab. 2: 1 76--80 

95. McBride, B. W . ,  Burton, J. L . ,  Burton, 
J. H. 1988. The influence of bovine 
growth hormone (somatotropin) on an­
imals and their products. Res. Dev. 
Agric. 5: 1-21 

96. McClary, D .  G . ,  Green, H.  B . ,  Basson, 
R. P . ,  Nickerson, S. c . ,  Overpeck­
Alvey, M. J . ,  et al. 199 1 .  Incidence 
and duration of clinical mastitis in 
lactating dairy cows receiving a sus­
tained-release formulation of bST 
(somidobove). J. Dairy Sci. 74(Suppl .  
1 ):205 (Abstr.) 

97. McCutcheon, S .  N., Bauman, D .  E.  
1986. Effect of  chronic growth hormone 
treatment on responses to epinephrine 
and thyrotropin-releasing hormone in 
lactating cows. J. Dairy Sci. 69:44--5 1 

98. McDowell, G. H . ,  Gooden, J. M . ,  
Leenanuruksa, D . ,  Jois, M . ,  English, 
A. W. 1987. Effects of exogenous 
growth hormone on milk production 
and nutrient uptake by muscle and 
mammary tissues of dairy cows in 
mid-lactation. Aust. J. Bioi. Sci. 40: 
295-306 

99. McDowell ,  G. H . ,  Hart, 1. c . ,  Kirby, 
A. C. 1987. Local intra-arterial infusion 
of growth hormone into the mammary 
glands of sheep and goats: effects on 
milk yield and composition, plasma 
hormones and metabolites. Aust. J. 
Bioi. Sci. 40: 1 81-89 

100. McGrath, M. F . ,  Collier, R. J . ,  
Clemmons, D.  R.,  Busby, W. H . ,  
Sweeny, C. A . ,  e t  al. 1 99 1 .  The direct 
in vitro effect of insulin-like growth 
factors OGFs) on normal bovine mam­
mary cell proliferation and production 
of IGF binding proteins. Endocrinology 
1 29:671-78 

1 0 1 .  McGuffey, R. K . ,  Basson, R. P . ,  
Snyder, D. L . ,  Block, E . ,  Harrison, 
J .  H . ,  et al. 1 99 1 .  Effect of somidobove 
sustained release administration on the 
lactation performance of dairy cows. 
J. Dairy Sci. 74: 1 263-76 

102. McGuffey, R. K . ,  Wilkinson, J. I. D. 

1 99 1 .  Nutritional implications of bovine 
somatotropin for the lactating dairy 
cow. J. Dairy Sci. 74(Suppl. 2):63-7 1 

1 03 .  McGuire, M. A . ,  Bauman, D. E. 1992. 
Nutritional regulation of the somato­
tropinlsomatomedin axis during lacta­
tion. Int. Congr. on Nutrient Regula­
tion during Pregnancy, Lactation and 
Infant Growth, Stockholm, p. 3 1  
(Abstr.) 

104. McGuire, M .  A . ,  Bauman, D.  E . ,  
Miller, M.  A . ,  Hartnell, G .  F.  1 992. 
Response of somatomedins (IGF-I and 
IGF-Il) in lactating cows to variations 
in dietary energy and protein and treat­
ment with recombinant n-methionyl bo­
vine somatotropin. 1. Nutr. 1 22 : 1 28-36 

105.  McGuire, M .  A . ,  Cohick, W. S . ,  
Clemmons, D .  R . ,  Bauman, D .  E .  
1 99 1 .  Effects of protein and energy 
restriction on concentrations of IGFs 
and IGF binding protein-2 (IGFBP-2) 
in lactating cows treated with 
somatotropin (bST). 2nd Int. IGF 
Symp. ,  San Francisco, p. 148 (Abstr.) 

106. McGuire, M. A . ,  Vicini , J. L. , Bau­
man, D. E . ,  Veenhuizen, J. J. 1992. 
Insulin-like growth factors and binding 
proteins in ruminants and their nutri­
tional regulation. J. Anim. Sci. 70: 
2901-10 

107 .  Mepham, T. B . ,  Lawrence, S .  E. , 
Peters , A. R . ,  Hart, 1. C. 1984. Effects 
of exogenous growth hormone on mam­
mary function in lactating goats. Harm. 
Metab. Res. 16:248-53 

1 08.  Molenaar, A. J . ,  Davis, S. R. , Wilkins, 
R. J. 1992. Expression of ex-lactalbu­
min, a-Sl -casein, and lactoferrin genes 
is heterogeneous in sheep and cattle 
mammary tissue. J. Histochem. 
Cytochem. 40:61 1 - 1 8  

109. Monsallier, G .  199 1 .  Somatotropine 
bovine: impact sur la sante des 
mamelles. See Ref. 5 1a, pp. 60--67 

1 10 .  Moore, D. A . ,  Hutchinson, L .  J .  1992. 
BST and animal health. See Ref. 63a, 
pp. 99--1 4 1  

1 1 1 .  Muller, L .  D .  1992. BST and dairy 
cow performance. See Ref. 63a, pp. 
53-7 1 

1 I2 .  Niumsup, P . ,  McDowell, G .  H . ,  
Leenanuruksa, D. , Gooden, J .  M .  
1 985.  Plasma triglyceride metabolism 
in lactating ewes and growing calves 
treated with growth hormone. Proc. 
Nutr. Soc. Aust. 10: 1 54 (Abstr.) 

1 13 .  Patton, R. A . ,  Heald, C. W. 1992. 
Management of BST-supplemented 
cows. See Ref. 63a, pp. 73-98 

1 14 .  Peel, C. J . ,  Bauman, D .  E. 1987 . 
Somatotropin and lactation. J. Dairy 
Sci. 70:474--86 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



460 BAUMAN & VERNON 

1 15 .  Peel, C. J. ,  Fronk, T. J . ,  Bauman, 
D. E . ,  Gorewit, R. C. 1982. Lactational 
response to exogenous growth hormone 
and abomasal infusion of a glucose­
sodium caseinate mixture in high-yield­
ing dairy cows. J. Nutr. 1 12 : 1 770-78 

1 1 6. Peri, 1. , Shamay, A. ,  McGrath, M. 
F. , Collier, R. J . ,  Gertler, A. 1992. 
Comparative mitogenic and galactopoi­
etic effects of IGF-I, IGF-II and DES-
3-IGF-I in bovine mammary gland in 
vitro. Cell Bioi. Int. Rep. 1 6:359-68 

1 17 .  Peters, J. P. 1986. Consequences of 
accelerated gain and growth hormone 
administration for lipid metabolism in 
growing beef steers. J. Nutr. 1 16:2490-
2503 

1 18 .  Phipps, R. H. 1989. A review of the 
influence of somatotropin on health, 
reproduction and welfare in lactating 
dairy cows. See Ref. 129a, pp. 88- 1 1 9  

1 19.  Pocius, P .  A . ,  Herbein,  J. H. 1986. 
Effects of in vivo administration of 
growth honnone on milk production 
and in vitro hepatic metabolism in 
dairy cattle. J. Dairy Sci. 69:71 3-20 

1 20. Politis, I . , Block, E. ,  Turner, J .  D. 
1990. Effect of somatotropin on the 
plasminogen and plasmin system in the 
mammary gland: proposed mechanism 
of action for somatotropin on the mam­
mary gland. J. Dairy Sci. 73: 1 494--99 

1 2 1 . Ptosser, C. G . ,  Fleet, I. R . ,  Corps, 
A .  N . ,  Froesch, E. R . ,  Heap, R. B. 
1 990. Increase in milk secretion and 
mammary blood flow by intra-arterial 
infusion of insulin-like growth factor-I 
into the mammary gland of the goat. 
J. Endocrinol. 1 26:437-43 

122. Ptosser, C. G . ,  Sankaran, L. , 
Hennighausen, L . ,  Topper, Y. J. 1987. 
Comparison of the rofes of insulin and 
insulin-like growth factor I in casein 
gene expression and in the development 
of <x-lactalbumin and glucose transport 
activities in the mouse mammary ep­
ithelial cell. Endocrinology 1 20: 1 4 1 1-
16 

123. Rechler, M. M., Nissley, S.  P. 1988. 
Insulin-like growth factors. In Hand­
book of Experimental Pharmacology, 
Peptide Growth Factors and their Re­
ceptors, ed. M. B .  Sporn, A. B .  
Roberts, pp. 1-153.  Heidelberg: 
Springer Verlag 

1 24. Ronge, H . ,  Blum, J. W. 1989. In­
sulinIike growthfactor I responses to 
growth hormone in dry and lactating 
dairy cows. J. Anim. Physioi. Anim. 
Nutr. 62:280-88 

125. Roupas, P. , Chou, S. Y . ,  Towns, R. 
J . ,  Kostyo, J .  L. 1 99 1 .  Growth hor­
mone inhibits activation of phos-

phatidylinositol phospholipase C in ad­
ipose plasma membranes: evidence for 
a growth hormone-induced change in 
G protein function. Proc . Natl. A cad. 
Sci. USA 88: 1 69 1-95 

126. Roupas, P. , Herington, A. C. 1989. 
Cellular mechanisms in the processing 
of growth hormone and its receptors. 
Mol. Cell. Endocrinol. 6 1 : 1-12 

127.  Sechen, S .  J. ,  Bauman, D. E . ,  Tyrrell, 
H .  F., Reynolds, P. J. 1 989. Effect 
of somatotropin on kinetics of nones­
terified fatty acids and partition of 
energy, carbon, and nitrogen in lactat­
ing dairy cows. J. Dairy Sci. 72:59-
67 

128. Sechen, S. J . ,  Dunshea, F. R . ,  Bau­
man, D. E. 1990. Somatotropin in 
lactating cows: effect on response to 
epinephrine and insulin. Am. J. Physiol. 
258 :E582-88 

1 29. Sechen, S. I. , McCutcheon, S. N . ,  
Bauman, D. E .  1 989. Response to 
metabolic challenges in early lactation 
dairy cows during treatment with bovine 
somatotropin. Domest. Anim. En­
docrinol. 6: 1 41-54 

129a. Sejrsen, K . ,  Vestergaard, M.,  
Neimann-Sorensen, A . ,  eds. 1 989. Use 
of Somatotropin in Livestock Produc­
tion. New York: Elsevier Appl. Sci. 

1 30. Shamay, A . ,  Cohen, N., Niwa, M . ,  
Gertler, A. 1988. Effect of insulin-like 
growth factor I on deoxyribonucleic 
acid synthesis and galactopoiesis in 
bovine undifferentiated and lactating 
mammary tissue in vitro. Endocrinology 
123:804-9 

1 3 1 .  Snoswell, A. M . ,  Finley, E . ,  Vernon, 
R. G .  1990. Novel effects of growth 
hormone on polyamine biosynthesis in 
sheep adipose tissue. Horm. Metab. 
Res. 22:650-5 1 

1 32. Stred, S. E . ,  Stubbart, J. R . ,  Argetsin­
ger, L. S . ,  Smith, W. c. ,  Shafer, J .  
A . ,  et  aI. \992. Stimulation by growth 
honnone (GH) of GH receptor-associ­
ated tyrosine kinase activity. Endocri­
nology 1 30: 1 626-36 

1 33 .  Stricker, P . ,  Grueter, F. 1928. Action 
du lobe anterieur de l 'hypophyse sur 
la montee laiteuse. Comptes Rendus 
99: 1978-80 

1 34.  Tyrrell, H. F . ,  Brown, A. C. G . ,  
Reynolds, P .  J . ,  Haaland, G.  L . ,  Bau­
man, D. E . ,  et al. 1988. Effect of 
bovine somatotropin on metabolism of 
lactating dairy cows: energy and nitro­
gen utilization as determined by res­
piration calorimetry. J. Nutr. 1 1 8: 
1024-30 

1 35 .  van den Berg, G. 1 99 1 .  A review of 
quality and processing suitability of 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



SOMATOTROPIN AND LACTATION 461 

milk from cows treated with bovine 
somatotropin. 1. Dairy Sci. 74(Suppl. 
2):2- 1 1 

1 36. Vernon, R. G. 1980. Lipid metabolism 
in the adipose tissue of ruminant an­
imals. Prog. Lipid Res. 19:23-106 

1 37. Vernon, R. G . ,  Barber, M. c. ,  Finley, 
E. 1 99 1 . Modulation of the activity of 
acetyl-CoAcarboxylase and other 
lipogenic enzymes by growth hormone, 
insulin and dexamethasone in sheep 
adipose tissue and relationship to ad­
aptations to lactation. Biochem. J. 274: 
543-48 

1 38 .  Vernon, R. G . ,  Finley, E. 1988. Roles 
of insulin and growth hormone in the 
adaptations of fatty acid synthesis in 
white adipose tissue during the lactation 
cycle in sheep . Biochem. 1. 256:873-
78 

1 39. Vernon, R .  G . ,  Finley, E. , Flint, D .  
J .  1 987. Role of growth hormone in 
the adaptations of lipolysis in rat ad­
ipocytes during recovery from lactation. 
Biochem. 1. 242:931-34 

140. Vernon, R. G . ,  Finley, E . ,  Watt, P. 
W. 1 99 1 .  Adenosine and the control 
of adrenergic regulation of adipose tis­
sue lipolysis during lactation. J. Dairy 
Sci. 74:695-705 

1 4 1 . Vernon , R. G . ,  Flint, D. J. 1989. 
Role of growth hormone in the regu­
lation of adipocyte growth and function. 
In Biotechnology in Growth Regulation, 
ed. R. B. Heap, C. G. Prosser, G.  
E. Lamming, pp. 57-7 1 . London: 
Butterworth 

142. Vernon, R. G . ,  Piperova, L . ,  Watt, 
P. W . ,  Finley , E.,  Lindsay-Watt, S .  
1993. Mechanisms involved in the ad­
aptations of the adipocyte adrenergic 
signal-transduction system and their 
modulation by growth hormone during 
the lactation cycle in the rat. Biochem. 
J. 289:845-5 1 

143. Vicini, J. L . ,  Buonomo, F. C . ,  
Veenhuizcn, J .  J . ,  Miller, M .  A . ,  
Clemmons, D. R . ,  et al. 199 1 .  Nutrient 
balance and stage of lactation affect 
responses of insulin, insulin-like growth 
factors I and II, and insulin-like growth 
factor-binding protein 2 to somatotropin 
administration in dairy cows. 1. Nutr. 
1 2 1 : 1 656-64 

144. Vicini, J. L. ,  Hudson, S . ,  Cole, W .  
J . ,  Miller, M .  A . ,  Eppard, P. J . ,  et 
al. 1 990. Effect of acute challenge 
with an extreme dose of somatotropin 
in a prolonged-release formulation on 

milk production and health of dairy 
cattle .  1. Dairy Sci. 73:2093-102 

145.  Volpe, J.  J . ,  Vagelos, P. R. 1976. 
Mechanisms and regulation of biosyn­
thesis of saturated fatty acids. Physiol. 
Rev. 56:339-417 

146. Wallis, M .  1975. The molecular evo­
lution of pituitary hormones. Bioi. Rev. 
50:35-98 

147. Walton, P. E . , Etherton, T. D . ,  Chung, 
C. S. 1987 . Exogenous pituitary and 
recombinant growth hormones induce 
insulin and insulin-like growth factor 
1 resistance in pig adipose tissue. Dom­
est. Anim. Endocrinol. 4: 183-89 

148. Wastie, S . ,  Buttery, P. J . ,  Vernon, 
R. G. 1 99 1 .  Regulation of insulin 
binding to sheep adipocyte membranes.  
Proc. Nutr. Soc. SO:210A (Abstr.) 

149. Waters, M. J. , B arnard, R. T . ,  Lobie, 
P. E . ,  Lim, L., Hamlin, G . ,  et aI. 
1990. Growth hormone receptors-their 
structure, location and role. Acta 
Paediatr. Scand. (Suppl.J 366:60-72 

1 50. Watt, P. W . ,  Finley, E . ,  Cork, S . ,  
Clegg , R. A . ,  Vernon, R .  G. 1 99 1 .  
Chronic control of the [3- and <l2 -ad­
renergic systems of sheep adipose tissue 
by growth hormone and insulin. 
Biochem. 1.  273:39-42 

1 5 1 .  Wilkinson, J. I. D . ,  Tarrant, M. E. 
1 99 1 .  Fertility of cows receiving 
somidobove in European studies. J. 
Dairy Sci. 74(Suppl. 1): 192 (Abstr.) 

1 52 .  Winder, S. J . ,  Turvey, A . ,  Forsyth, 
I. A. 1989. Stimulation of DNA syn­
thesis in cultures of ovine mammary 
epithelial cells by insulin and insulin­
like growth factors . J. Endocrinol. 1 23 :  
3 19-26 

1 5 3 .  Wood, D. C . ,  Salsgiver, W .  J.,  Kasser, 
T. R . ,  Lange, G. W . ,  Rowold, E . ,  et 
al. 1989. Purification and characteriza­
tion of pituitary bovine somatotropin. 
1. Bioi. Chem. 264: 1 4741-47 

1 54. Wray-Cahcn, D. , Bell, A. W . ,  
Dunshea, F .  R . ,  Harrell, R. J . ,  Bau­
man, D. E. , et al. 1990. Effect of 
somatotropin on glucose response to 
varying insulin doses in growing pigs. 
J. Anim. Sci. 68(Suppl. 1) :278 (Abstr.) 

155. Yang, S. -D. , Novakofski , J. 1 990. 
Regulation of rat white adipose tissue 
insulin-like growth factor-l gene ex­
pression by growth hormone and nu­
trition. FASEB 1. 4:A916 (Abstr.) 

1 56.  Young, F. G. 1 947. Experimental stim­
ulation (galactopoiesis) of lactation . Br. 
Med. Bull. 5 : 1 55-60 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:4
37

-4
61

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition Online
	Most Downloaded Nutrition Reviews
	Most Cited Nutrition Reviews
	Annual Review of Nutrition Errata
	View Current Editorial Committee


	ar: 
	logo: 



