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Metabolic modifiersarea
group of compoundsthat alter
the physiology and metabo-
lism of animals in specific
waystoimproveefficiency of
meat and milk production and,
in certain instances, to im-
prove yield and composition
of animal-derived products.
These metabolic modifiers
include
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products. New implant prod-
ucts have been devel oped dur-
ing the past four decades,
some most recently approved
in 2004. More than 90% of
beef cattlein the United States
receive implants during the
growing—finishing phases of
production. The continued
long-standing use of implants
is evidence of their economic
value to producers. Adher-

« anabolict implants for finishing beef cattle,

* beta-adrenergic agonist (3-agonist) feed additives
for finishing swine and beef cattle, and

 somatotropin (ST) growth hormonesadministered to
lactating dairy cattle and swine.

Applicationsof these metabolic modifiersand related
technologies in the United States are approved for
a number of species by the U.S. Food and Drug
Administration’s(FDA) Center for Veterinary Medicine
and date back to 1956 for the use of anabolic implantsin
cattle.

Anabolic implants for beef cattle contain naturally
occurring steroid hormones or synthetic analogues
used as single-compound or combination commercial
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Italicized terms are defined in the Glossary.

ence to prescribed use poses
no negative impact on animal well-being or on the qual-
ity and safety of beef and beef products.

The 3-agonist feed additive ractopamine was ap-
proved by the FDA in 1999 for usein finishing swineand
in 2003 for useinfinishing cattle. Thecommercial prod-
ucts Paylean for swine and Optaflexx for cattle are the
only R-agonists availableinthe United States. A similar
product, Zilmax, isapproved for usein Mexico and South
Africa. Thesecommercial productsenhance carcasslean
content and feed efficiency when fed as prescribed dur-
ing the last 2842 days (d) before harvest.

Bovine somatotropin (bST) isanaturally occurring
protein hormone now produced by recombinant DNA
technology. The FDA approved administration of bST to
lactating dairy cattlein 1994. Ratesof milk synthesisand
secretion areincreased, resulting inimproved marketable
milk yield. Feed intake isincreased to accommodate the
increased nutrient demand, without need for specia di-
ets and without negative effects on reproductive perfor-
mance or lifetime productivity of the cow. Nutrient com-
position and manufacturing properties of the milk are not
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altered. Approximately one-fourth of dairy cowsin the
United States currently receive bST.

Porcine somatotropin (pST) is similar to bST but
differsin amino acid composition, providing specificity
of action among species. When pST is administered to
growing pigs, coordinated shifts in metabolism occur,
resulting in increased muscle and decreased fat accumu-
lationin the carcass. Feed efficiency isimproved, in part
by decreased feed intake, and nutrient excretion is de-
creased markedly. Effects are dose-dependent, and al-
though it is not FDA-approved for use in the United
States, the commercial product Reporcinisapproved for
usein Australiaand severa other countries.

Additional technologies currently are being investi-
gated for efficacy and safety in meat-producing animals
but have not been approved by the FDA. Thesetechnolo-
gies include immunomodulation, such as a vaccine
(Improvac) that increases growth rate and decreases the
boar taint common in pork from pigs raised to market
weight as intact males. Plasmid vector administration
of growth-hormone-releasing hormone in the muscle of
animals shows promise as another new technology for
achieving effects similar to those observed with ST ad-
ministration. The ultimate benefit of currently approved
metabolic modifiers and successful development efforts
under investigation or review is enhanced sustainability
and profitability of livestock production. Benefits are
shared by producers, processors, and consumers.

This paper describes the classification, characteris-
tics, and effects of metabolic modifiers approved for use
in animal production. Topics include estrogenic and
androgenic agentsfor beef cattle, 3-agonist mechanisms
of action and safety of oral administration to meat ani-
mals, and the efficacy and safety of somatotropin. The
paper also presentsthe current status of metabolic modi-
fier approval around the world.

I NTRODUCTION

Sustainability of food-animal production requires
maintenance of excellent animal health, minimization of
negative impact on the environment, and efficient use of
natural resourcesto minimize costs. Animal welfareand
safety of the food produced also must be assured. The
cost of feed represents approximately 70% of animal
production costs. Therefore, the efficiency with which
food-producing animals convert feed to edible product
iscritically important. Some improvement in feed effi-

ciency is achieved through genetic selection, but this
complex trait isinfluenced by amultitude of genes, pre-
cluding to date the use of single- or specific-gene selec-
tion strategies. Improved understanding of nutrition and
animal metabolism of nutrients hasresulted in the devel-
opment and use of metabolic modifiersfor altering com-
position of gain and for enhancing the efficiency of meat
and milk production. Technologiesfor the synthesisand
delivery of metabolic modifiersfirst were developed more
than 50 years (yr) ago, but they still are being investigated
actively today.

Metabolic modifiers are compounds that alter the
biochemical pathwaysregulating nutrient use for growth
and lactation. Metabolic pathwaystargeted for interven-
tion include those for protein synthesis and protein turn-
over in skeletal muscle, for lipid synthesisand lipid turn-
over in adipose tissue (fat), and for regulation of milk
synthesis and secretion in the mammary gland. Certain
metabolic modifiersalter therelative rates of muscleand
adipose tissue growth to improve carcass composition
when animals are harvested for meat, and othersare used
only to improve lactation performance. Most metabolic
modifiers decrease the proportion of nutrients that are
excreted relative to that retained in the body.

Metabolic modifiers include naturally occurring
hormones, synthetic steroid hormone analogues, and syn-
thetic phenethanolamine compounds called 3-agonists.
Somatotropin is administered to lactating dairy cows to
enhancetheyield and efficiency of milk production. Two
natural steroid hormones, estradiol and testosterone, im-
prove growth rate and efficiency of growthin cattle. The
synthetic B-agonist compounds are administered orally
in the feed near the end of the finishing phase of growth
to enhance carcass composition and growth performance
inpigsand cattle. Beta-agonistsdo not enhance milk pro-
duction and are not approved for use in lactating dairy
cattle.

CLAssEs AND EFFECTS OF METABOLIC
M ODIFIERS

Estrogenic and Androgenic Agentsfor Beef Cattle

Estrogenic and androgeni c growth-promoting agents
have been used safely in beef production since first ap-
proved in the United States in 1956 by the FDA. Six
individual compounds are approved for use either alone
or in combination. Doses of individual compoundsvary
among the several approved combination implants.
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Estrogenic products are effective in steers, androgenic
products are effective in heifers;, combination products
also are effective. These products have not been shown
to be effective in swine, and none has been approved by
the FDA for this species (Hancock, Wagner, and Ander-
son 1991).

A combination implant containing estradiol benzoate
and progesterone (Synovex-S) was approved in 1956 for
use in beef cattle, and the combination of estradiol ben-
zoate with testosterone propionate (Synovex-H) was ap-
proved in 1958, again for beef cattle. Zeranol, or alpha
zearalanol, the only compound approved for cattle and
lambs, was approved in 1969 under the trade name of
Ralgro. Oneorally administered compound, melengestrol
acetate, a synthetic progestagen (Pfizer of Kalamazoo,
Michigan), was approved in 1977. Six product approv-
als were granted in the 1980s, including estradiol-1713
alone (Compudose) and trenbolone acetate aone
(Finaplix). Commercia product combinations of vari-
ousamountsof estradiol and trenbol one acetate followed,
with the most recent approvalsgranted in 2003 and 2004.

Detailed descriptions of the chemistry and mecha-
nisms of action of estrogeni c and androgenic compounds
have been published (Hancock, Wagner, and Anderson
1991; NRC 1994). These anabolic agentsincrease rates
of muscle protein synthesis and deposition and decrease
theamount of lipid at aparticular liveweight (NRC 1994,
2000). Althoughimplantsincreasefeed intake by 5-10%,
they decrease the amount of energy required for mainte-
nance, increasing the amount available for growth and
thereby improving feed efficiency by 5-15%. Daily gain
isimproved by up to 25% when aggressiveimplant strat-
egiesareused in cattle fed high-concentrate diets (Bartle
et a. 1992; Johnson et a. 1996; Perry, Fox, and Beermann
1991). Comprehensive summaries of the effects of im-
plant strategies using various combinations of commer-
cial products indicate that, up to a point, increasing the
anabolic implant doseincreasesthe weight at which ani-
mals reach a common body composition or |ean-to-fat
ratio (Bartle et al. 1992; Guiroy et al. 2002; NRC 1996).
Efficiency of use of absorbed nutrientsisimproved, lead-
ing to a lower nutrient mass excreted per unit of live
weight gain when implants are used. A review of pos-
sible effects of implant strategies on beef quality con-
cluded that measured either objectively or subjectively,
current anabolic implants have subtle, if any, effectson
tenderness (Nicholset a. 2002). Where differenceshave
been detected, however, there generally have been slight

increasesin shear force and decreased tenderness.

All aspects of safety (human aswell asanimal) and
verification of efficacy of anabolic metabolic modifiers
must be reviewed and approved for use in the United
States by the FDA'’ s Center for Veterinary Medicine be-
fore they may be used legally. Each commercia prod-
uct must be administered according to the label, which
includes recommended minimal and maximal days to
harvest, but no withdrawal is required with use of the
anabolicimplants. Theonly approved method of implan-
tation is via subcutaneous insertion in the middle third
of the backside of the ear. The ears are removed during
processing and are not used for human consumption.

The European Union (EU) banned importation of
U.S. beef from cattle administered “ growth promotants’
in 1989. The EU action was affirmed and reaffirmed
through risk assessment documentsreleased in 1999 and
2002, principally in response to public concern about
involuntary hormone exposure. This action was not sup-
ported at thetime by either the EU’ sown scientific com-
mittee (the Lamming Committee) or the World Health
Organization’s joint FAO/WHO Expert Committee on
Food Additives, and it may be suggested that the origi-
nal EU ban was a political risk assessment.

Australia, Canada, New Zealand, and the United
States, however, alow use of the same natural and syn-
thetic anabolic hormonesin beef cattle. The Australian
Pesticidesand V eterinary Medicines Authority (APVMA
2003) published resultsfrom the extensivereview of data
produced by EU-commissioned studies regarding the
safety of anabolic hormone growth promotant use in
cattle. The Authority’sindependent analysis concluded
there was not adequate evidence to support the conten-
tion that consumption of residues of those compounds
posed adverse health risks—including cancer risk—for
humans. They concluded further that there was no justi-
fication for reconsideration or change of existing use
under approved label conditions or practices in
Australia.

Beta-agonists

Beta-agonists are naturally occurring and synthetic
organic compoundsthat share acommon chemical struc-
ture of compounds classified as phenethanolamines.
Several [3-agonists are used therapeutically in human and
animal medicine for specific effects on smooth muscle,
whereas others were investigated originally as possible
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antiobesity agents. Studies revealed that several 3-ago-
nists act as metabolic modifiers with distinctive ability
to repartition use of consumed nutrientstoward increased
skeletal muscle growth and decreased adipose tissue ac-
cumulation in growing cattle, swine, broilers, and turkeys
(Beermann 1993; Moody, Hancock, and Anderson 2002;
NRC 1994). Beta-agonists are orally active and effica
cious at 5-30 parts per million (ppm) of feed when fed
for short periods of time (28-42 d) near the end of the
finishing period. The response diminisheswith time, so
their use requires careful planning to determine the opti-
mal feeding period. Beta-agonists do not enhance lacta-
tion, nor are they approved for use in breeding animals
(Moody, Hancock, and Anderson 2002).

Currently only two 3-agonist products are approved
by the FDA for use in finishing swine and cattle in the
United States, and both contain ractopamine hydrochlo-
ride, manufactured by Elanco Animal Health, Greenfield,
Indiana. Paylean was approved in December 1999 for
useinfinishing swineand isapproved for usein 21 coun-
tries. Optaflexx was approved in June 2003 for use in
cattle produced for beef. Another 3-agonist, zilpaterol,
is manufactured and sold commercially as Zilmax by
Hoechest-Roussel Vet, Wieshaden, Germany. It is ap-
proved for usein beef cattlein Mexico and South Africa,
and other countries are considering its approval. Labels
on commercial products provide specific feeding guide-
lines for each approved 3-agonist. None of the 3-ago-
nists that act as a metabolic modifier in animal produc-
tion are approved for use by the EU (Kuiper et al. 1998).

In the United States, finishing pigs are fed Paylean
at rates of from 4.5 to 18 grams (g)/ton (520 ppm
ractopamine hydrochloride, respectively) from 68to 109
kilograms (kg) live weight with no withdrawal period.
The feed must contain 16% protein to assure nutrient
requirements are met when Paylean is fed. Enhanced
muscle growth depends on adequate avail ability of essen-
tial amino acidsto support the stimulation of protein syn-
thesis (Dunshea and Gannon 1995). Feeding Paylean at
18 g/ton for 30 d increases average daily gain by up to
10%, decreases feed intake by 3-5%, increases carcass
yield by 1 kg, and increases carcass muscle content from
52% up to 58% (Dunshea and Gannon 1995; Moody,
Hancock, and Anderson 2002; NRC 1994). Thisincrease
results in 4.3 kg (10-12%) more lean muscle yield per
animal. At a constant carcass weight the separablefat in
the carcass is decreased from 27% to 23% of carcass
weight, or equivalent to 3 kg less fat. These changes
improvefeed efficiency and increase the value of the pork

carcasswithout adversely affecting eating quality or pro-
cessing properties of the meat. Choice of dose used will
affect the magnitude of the response, and response does
vary somewhat among the different genetic strainsof pigs
raised for pork.

Optaflexx can be fed to finishing beef cattle at di-
etary levels of 10-30 ppm for the final 2842 d of feed-
ing, but the recommended level is 200 milligrams (mg)
per head per d for steers (Elanco 2003). Thisdosageis
equivalent to approximately 20 ppm at normal amounts
of feed intake observed near the end of thefinishing. Re-
sults from studies involving more than 4,000 cattle fed
Optaflexx demonstrated that average daily gain wasim-
proved 15-25% with no change in feed intake, resulting
in significant improvement in feed efficiency. Carcass
weight wasincreased 2-8 kg, and carcasses contained less
fat and more muscleand proteinon arelativebasis. Cattle
fed Optaflexx contained approximately 10 kg more lean
muscle than did control animals consuming the same
amount of feed. Meat palatability characteristicsinclud-
ing taste, texture and juiciness, and quality grade of the
beef from cattle fed Optaflexx were not atered at any
approved dosage of feeding. Summary data suggest a
slight decrease in tenderness, measured as trained sen-
sory panel ratings and mechanical Warner-Bratzler shear
force in cooked strip loin steaks, when the highest dos-
age (300 mg per head per d) was fed (Schroeder et al.
2003). These differences may be undetectable by con-
sumers becausetheincreasein shear force (+0.4 kg) was
below the range in change that normally can be detected
by consumers (0.45-1.8 kg).

Zilpaterol (Zilmax) also improves growth perfor-
mance, carcass weight, and the yield of muscle from the
carcass when fed to finishing cattle, but it has not been
approved by the FDA. Zilpaterol had no negétive effects
on meat quality when fed for 15 or 30 d, but feeding it
for 45d until 48 hours (h) before harvest resulted in lower
sensory tenderness and juicinessratingsfor the longissi-
mus muscle, and the shear force of the muscle also was
negatively affected (Strydom et al. 1999). Therefore, time
fed may have to be restricted to fewer than 45 d in cer-
tain instances where meat quality isimportant.

Beta-agonist M echanism of Action

Beta-agonists act directly through R-adrenergic re-
ceptors on skeletal muscle and adipose cell membranes
and generate signals that control metabolic activitiesin
the cells. When ractopamine or other 3-agonists bind to
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the 3-adrenergic receptors on fat cells, biochemical sig-
nalsareinitiated, activating several enzymesin the path-
ways that lead to decreased rates of lipogenesis (lipid
synthesisand storage) and toincreased lipolysis (lipid mo-
bilization in the cell) (Dunshea 1993; Mersmann 1989;
Mills and Liu 1990). The rate of fat accumulation or
growth inthe animal slows, resulting in aleaner animal.
The magnitude of these changesisinfluenced by thedose
(amount) and the length of time the 3-agonist is con-
sumed, the type of 3-agonist, and the target species
(Beermann 1993; Mersmann 1998; M oody, Hancock, and
Anderson 2002).

Skeletal muscle cells also contain R-adrenergic re-
ceptors. Interaction of a R-agonist with the receptor
stimulates similar signaling pathways as in fat cells, al-
tering muscle metabolism in a dose-dependent manner
(Byrem, Beermann, and Robinson 1996). Directinfusion
of the B-agonist cimaterol, a R-agonist that has not been
approved as a metabolic modifier, into the hind limb of
growing steers increases the rate of amino acid extrac-
tion from the blood and results in increased rates of
muscle protein synthesis and muscle growth (Byrem,
Beermann, and Robinson 1998), independent of any sys-
temic endocrine changes. Uncertainty remains regard-
ing direct effects on protein turnover rates (seereview by
Beermann 2002). The muscle growth enhancement re-
sults from hypertrophy (an increase in cell size) without
any increasein cell number. Thetotal number of muscle
fibersinamuscle generally isset at birth in most domes-
tic animal species. The changes that occur in skeletal
muscle and adipose tissue are progressive over short pe-
riods of time, but they are not sustained over long peri-
ods because desensitization of receptorson target tissues
occurs. For example, there is amarked down-regulation
in adiposetissue of swinewithin 4 d after the commence-
ment of feeding of Paylean (Dunshea and King 1995).
Therefore, the recommended time of feeding is near the
end of thefinishing period. Longer feedingtimehaslittle
or no effect on muscle or adi posetissue growth and would
result in markedly decreased economic benefit.

Less energy per weight is required to grow muscle
than to grow adipose tissue. Use of feed for growth in
animals fed B-agonistsis more efficient overall. The (3
agonists stimulate muscle growth and decrease the rate
of nutrient use for adiposetissue growth, resultinginless
feed required to produce an animal of the same weight.
Lessanimal waste is produced, decreasing environmen-
tal impact when 3-agonists are fed to meat-producing
animals.

Safety of Feeding 3-agoniststo Meat Animals

Extensive testing using stringent criteria to address
the safety of feed additives and animal health productsis
mandated by the FDA before a product is allowed to be
marketed for animals intended for food. Tests include
chronic toxicity, mutagenicity, lifetime carcinogenicity,
and effects on reproduction over two generationsin ani-
mal moddl systems. Thefood safety for humans consum-
ing foods of animal origin when feed additives are used
alsoistested. The safety evaluation of ractopamine hy-
drochloride—the active ingredient in Paylean and
Optaflexx—included extensive tests in both laboratory
animals and meat animals to establish safety of the ap-
proved dosages and conditions under which Paylean and
Optaflexx are produced and used.

In 1989 the EU banned all [3-agonistsfor usein meat
animas, but no full scientific evaluation of (>-agonistswas
conducted to support the ban, particularly for those ap-
proved for use elsewhere (APVMA 2003). Illegal and
unsafe use of B-agonistswas, and continuesto be, aprob-
lemin many partsof theworld, and thispractice may have
contributed to the EU ban.

In this context, an important distinction must be
made between ractopamine and other R-agonists.
Ractopamineiswhat might be described asarecent-gen-
eration [3-agonist specifically designed to meet thedesired
properties of anin-feed ingredient. These propertiesin-
cluderapid clearance from the body, targeting of specific
tissues such as muscle and fat, no residues at daughter,
and no conversion of the compound to other active com-
pounds. By contrast, early-generation 3-agonists such as
cimaterol, salbutamol, and clenbuterol were designed to
act like pharmaceutical medicines used in the treatment
of respiratory and other diseases, and the desired proper-
ties of such medicines are different from those required
for an in-feed ingredient for finisher animals. For ex-
ampl e, these compounds have alonger retention timein
the body; act on anumber of tissuesrather than targeting
specific ones; and result in residuesin the body, particu-
larly intheliver and kidney. Persons eating organs con-
taining significant residues of an illegal 3-agonist risk
developing symptoms of 3-agonist toxicity (heart fibril-
lations and bronchial spasms). In addition, certain 3-
agonists used illegaly (e.g., clenbuterol) also are con-
verted to more active or toxic compounds, which are
retainedintissues. Ractopamineisnot converted to more
active or toxic compounds, and hence it has been ap-
proved for use in meat animals.
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Ractopamine also has been evaluated for possible
effectson animal welfare. Animal health, behavior, and
well-being were eval uated extensively at dosages at | east
ten times higher than dosages approved for use in meat
animals. There were subtle changes in certain behav-
iorsin somepigsfed 10 ppm ractopamine hydrochloride,
making them more difficult to handle and potentially
more susceptible to handling and transport stress
(Marchant-Forde et al. 2003). No effects were noted,
however, in most studies.

Somatotropin (Growth Hormone)

Somatotropin is a naturally occurring protein hor-
mone produced by the anterior pituitary gland and se-
creted intotheblood circulatory system. It differsdlightly
in structure among animal species, and so a degree of
species specificity exists. For example, neither bST nor
pST is active in humans. Somatotropin has severa im-
portant rolesin the regul ation of development and growth
of skeletal muscle, bone, adipose tissue, and theliver in
growing animals. It playsanintegral rolein the coordi-
nation of lipid, protein, and mineral metabolismin live-
stock and other mammalian species. Elevation of ST in
the circulation redirects nutrients toward increased
muscle and bone growth and decreased adipose tissue
growth in meat animals (Etherton and Bauman 1998). It
also enhances milk production in lactating dairy cows
(Bauman 1999; Bauman and Vernon 1993). Efficiency
of total body weight gain during growth and of milk pro-
duction also isimproved, resulting in decreased amounts
of nutrientsexcreted per unit of meat and milk produced.

Bovine ST and pST initially were produced by ex-
traction and purification from pituitary glands of cattle
and pigs. The amounts available using this technology
wereinsufficient to all ow scientiststo usethese technolo-
gies for investigations in large animals. Recombinant
DNA technology was used in the early 1980sto produce
the amounts needed for scientific investigationsin food-
producing animals and is used today to accommodate
commercial application. In 1994, the FDA approved
Posilac, the prolonged-rel ease bST formul ation produced
by Monsanto (St. Louis, Missouri). Itsusehasincreased
gradually to approximately one-fourth of the dairy cows
inthe United States. Field performance hasdemonstrated
that increases in milk yield, milk fat, and milk protein
were consistent each year in more than 350 herds and
more than 800,000 cows administered bST during thefirst
4 yr after approval (Bauman et a. 1999). Porcine ST is
not approved for use in the United States, but it is ap-

proved for usein 14 other countries (Dunsheaet al. 2002).

Efficacy of Somatotropin in Lactating Dairy Cows

Early studies in which pituitary-derived bST was
administered for 10-12 weeks (wk) resulted in up to 40%
increases in milk production without adverse effects
(Brumby and Hancock 1955; Machlin 1973). Theinitial
limited supply of bST constrained treatment torelatively
few animals in the studies designed to enhance under-
standing of the biological effects of bST; therefore,
progress was slow. The more efficient production of
recombinant bST allowed more rigorous evaluation of the
mechanism(s) of action and tempora pattern of increased
milk yield aswell asinvestigation of factorsinfluencing
the magnitude and longevity of increased milk yield re-
sponse. Results from early short-term studies (Bauman
et al. 1982), as well as from long-term (188 d) studies
(Bauman et al. 1985), using recombinant-produced bST
demonstrated impressiveincreasesin milk yield and pro-
duction efficiency. The availability of bST increased
rapidly once new recombinant technology wasimproved
thereafter, and many studies were conducted around the
world to evaluate the potential for commercial applica-
tion in the dairy industry.

Studies using ST demonstrated and eval uated many
important concepts and concerns regarding effects on
dairy cattle metabolism, health and well-being, nutritional
requirements, milk composition and quality, and prod-
uct safety from animal and human perspectives. Find-
ings include the following:

1. Increases in milk production occur quickly after
starting bST administration, and feed intake in-
creasesover thefirst few weeksto accommodate the
increased demand for nutrients used for milk syn-
thesis and secretion (Peel and Bauman 1987). In-
adequate provision of nutrients will lessen the re-
sponse to bST, but special diets are not needed.
Good management to provide adequate amountsand
availability of normal diets will facilitate the full
response to bST administration (NRC 1994).

2. The composition of milk and the manufacturing
characteristics of milk are not altered with bST ad-
ministration (Laurent et al. 1992; Van den Berg
1991). Milk composition differences associated
with breed, genetics, stage of lactation, diet, envi-
ronment, and season areidentical whether bST isad-
ministered or not. Theamount of insulin-like growth
factor-1 (IGF-1) in milk increases modestly after
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bST supplementation but does not exceed normal
concentrations, which vary during lactation.

3. The amount of energy expended by the cow for
maintenance requirements and the partial effi-
ciency of milk synthesis are not atered by bST
(Kirchgessner et al. 1991; Tyrrell et al. 1988). The
|atter istrue because the metabolic pathways of milk
synthesis and secretion do not differ when bST is
used. Cellular rates of milk synthesisareincreased
and the secretory cells persist longer with bST ad-
ministration (Knight, Fowler, and Wilde 1990). The
lack of change in energy requirements for normal
body functions and the longer persistence of lacta-
tion indicate that general well-being of the animal
isnot affected adversely.

4. Larger proportions of nutrients consumed are used
for milk production, and smaller proportions of nu-
trients are excreted in the urine and feces, decreas-
ing the amount of waste per unit of milk produced
(Johnson, Ward, and Torrent 1992). Thisimproved
efficiency in use of absorbed nutrients results from
the chronic coordination of physiological processes
and tissue metabolism. These changesredirect nu-
trients toward use by the mammary gland by alter-
ing carbohydrate, protein, lipid, and mineral me-
tabolism in other tissues such asthe liver, skeletal,
muscle, and adipose tissue without causing meta-
bolic disorders such as diabetes, ketosis, or de-
creased cow productivity (Bauman 1999).

5. Normal reproductive function, fetal development
during pregnancy, and health status of the cow and
calf are not affected by bST administration. No
increasein clinica or subclinical diseaseto the fe-
tusof any kind is caused by bST. The FDA, medi-
cal associations, and scientific societies conclude
that use of bST poses no health or safety concerns
for consumers (Hartnell 1995).

Safety of Somatotropin

Determination of the human food safety of ST in-
cluded extensive testsin laboratory animalsand in dairy
and meat animalsto establish the safety of both bST and
pST. Somatotropin occurs naturally in milk and meat,
and the concentrationsare not increased during bST treat-
ment. Even if bST or pST treatment increased the con-
centration of ST in milk or meat, however, this probably
would pose no threat to humans, because ST isaprotein
that has a speci es-specific structure. Moreover, both bST

and pST areinactivein humans, even when administered
by injection (Kievitset a. 1988). Studieswith ratsorally
dosed with more than 100 times the daily dose (per kg
live weight) recommended for usein farm animals dem-
onstrated that bST isdigested into either single amino ac-
ids or small peptides, none of which has any ST-like
activity.

Efficacy of Somatotropin in Growing Pigs and
Ruminants

Subcutaneous administration of ST is required for
bioactivity because oral administration would result in
digestion of the hormone in the gut, similar to what oc-
curswith all ingested proteins. Daily subcutaneous ad-
ministration allowsan animal to absorb the hormone over
time (1-6 h) and leadsto responses considered represen-
tative of true genetic potential for muscle growth. Daily
administration of pST increases average daily gain and
feed conversion efficiency and improves carcass compo-
sition in adose-dependent manner (Campbell et al. 1988,
1989, 1991; Dunshea et a. 2002; Etherton et al. 1987).
Total carcass muscle mass at the same live weight was
increased by 28% with alow pST dose of 50 micrograms
(g)/kg live weight and by 38% with a high dose of 200
pg pST/kg liveweight (Krick et a. 1992). Dose-depen-
dent decreases in lipid concentration in muscle and
amount of adipose tissue were observed throughout the
carcass(Thiel etal. 1993). These studies provided acom-
prehensive characterization of responses to pST when
pigs were fed an adequate diet. Smaller responses were
observed if the provision of nutrients, particularly pro-
tein, was inadequate. Because pST decreases both fat
deposition and feed intake, the correct nutrient specifi-
cations of the diet are key to optimizing the response.

Thereislittle effect of ST on nutrient digestibility.
Effectsresult from an increase in the efficiency of use of
dietary protein. In some cases, anincreasein dietary pro-
tein requirement may occur to support increased protein
deposition. Administration of pST has little or no effect
ondietary protein requirementsin grower pigs(30-60kg
liveweight), but thereisan improvement in the efficiency
of amino acid usage (Campbell et a. 1991). Porcine ST
haslittle effect on the efficiency of dietary protein usein
finisher pigs (60-120 kg), and thereisan increase in the
protein requirement commensurate with the increase in
protein deposition (Campbel| et al. 1991; Dunshea1994).
Failure to increase dietary protein will decrease the ef-
fects of pST on stimulating protein and lean tissue
deposition.
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Although the amounts of dietary protein and energy
intake do influence protein gain responses, fat gainisde-
creased at every amount of dietary protein or energy in-
takein pigsadministered pST. At all amounts of energy
intake, protein gainishigher and fat and total energy gains
are lower in pigs treated with pST. The increased pro-
tein mass and protein synthesis rate result in an increase
in maintenance energy requirement. Theincreased main-
tenance requirement in combination with the decreased
feed intake often may limit the response to pST when
dietary intakeisinadequateto support the muscle growth
potential (Dunshea 1994).

Protein deposition in growing ruminants oftenislim-
ited by dietary energy consumption, which may explain
why ruminants treated with ST do not exhibit decreased
feed intake. Lipid deposition also is decreased and the
energy spared from the decreasein lipid synthesisis par-
titioned toward protein deposition (or milk secretion in
lactation). Therefore, if thefull benefits of exogenous ST
areto beachieved, nutrient intake needsto be maximized
regardless of species or physiological state.

The amount and quality of dietary protein also may
limit the effect of ST on protein deposition in the rumi-
nant. Thisideais supported by the observation that pro-
viding additional high-quality protein in the form of
casein infused into the abomasum (true stomach) in-
creases the response to bST (Beermann et al. 1991;
Houseknecht et al. 1992).

Dose-dependent increasesin absol ute body massand
percentage of muscle in carcasses of pigs, lambs, and
cattle provide unequivocal evidence for the importance
of ST influence on skeletal muscle growth (NRC 1994).
Theincreasein skeletal growthisoccasionally associated
with certain subtle changesin meat quality. For example,
subjective fat marbling scores and intramuscular fat are
consistently decreased by pST. Slight or no effectsof pST
on objective and subjective measures of meat tenderness,
appearance, and shelf life have been reported (Dunshea
1994).

Somatotropin Mechanisms of Action

The physiological and metabolic effects of ST are
influenced by physiological state, but in all instances ST
coordinates metabolism to partition nutrientstoward lean
tissue and bone (during growth) or toward milk synthe-
sis (during lactation). Many effects of ST are direct and
mediated through changing responses to homeostatic
hormones such asinsulin or catecholamines. Other effects

are indirect and thought to be mediated by the IGF
system.

Itiswell established that ST increases protein depo-
sition and milk protein synthesis in growing and lactat-
ing animals, respectively, but the precise mechanismsand
extent to which effects on protein metabolism are direct
or indirect viathe |GF system remain subjects of active
investigation. Most studies suggest that in growing ani-
mals the increase in protein deposition results primarily
from anincreasein protein synthesiswith little effect on
protein degradation. The increase in protein synthesis
also is associated with a decrease in amino acid oxida-
tion (used as an energy source), allowing a greater pro-
portion of absorbed amino acids to be used for protein
accretion.

Treatment of lactating cowswith bST resultsin an
increased synthesis of all milk constituents, consistent
withtheincreasein milk yield. The mechanisminvolves
both an increasein the synthetic capacity and animproved
maintenance of mammary epithelial cells. Coordinated
increasesin mammary blood flow and mammary uptake
of nutrients also occur. Theincreased milk synthesisis
supported by a series of orchestrated changes in other
body tissues that ensure that the mammary gland is sup-
plied with the quantity and pattern of nutrients needed to
support milk synthesis. These coordinated adaptations
involve most tissues in the cow’s body.

Lipid synthesisin adiposetissuefrom growing pigs
treated with pST is decreased by up to 85% (Dunshea et
al. 1992). The ability of insulin to stimulate lipid syn-
thesis is decreased similarly, mainly the result of a de-
creased sensitivity to insulin. Administration of pST
decreases rates of glucose clearance from the blood in
response to an insulin or glucose challenge, and thereis
an augmented plasmainsulin response to increased glu-
cose absorption after a meal (Wray-Cahen et a. 1991).
It has been suggested that the insulin resistance and re-
sultant decreased adipose tissue lipogenesis and glucose
oxidation largely areresponsible for the decreaseinfeed
intake observed with pST treatment. Treatment with so-
matotropin also causes lipolysis, or an increase in lipid
breakdown, in responseto adrenergic stimulation in pigs
and cattle.

DeveLorING METABOLIC MODIFIER
TECHNOLOGIES

Additional compounds currently are being inves-
tigated for efficacy and safety in meat-producing animals.
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These compoundsinclude the feed additives betaine and
chromium picinolate, and a vaccine (Improvac) that in-
creases growth rate and decreases boar taint common in
pork from pigs raised to market weight as intact males
(Dunsheaet al. 2001). Plasmid vector administration of
growth-hormone-rel easing hormonein muscle of animals
shows promise asanew technology for achieving effects
similar to those observed with ST administration
(Draghia-AKli et al. 2003).

CONCLUSION

Scientific research directed toward understanding the
regulation of nutrient usein agricultural animals hasled
to commercial development, FDA approval, and the use
of metabolic modifiers. The three classes of metabolic
modifiersin useinclude estrogenic and androgenic ana-
bolic implants for growing and finishing beef cattle; 3-
adrenergic agonistsfed to finishing beef cattleand swine;
and somatotropin (growth hormone), which is adminis-
tered to lactating dairy cattle. In some countries soma-
totropin also is approved for use in swine. These com-
pounds modify animal metabolism in specific, targeted
ways to increase weight gain and the amount of meat or
milk produced per unit of feed consumed, thus improv-
ing the overall productive efficiency of meat or milk pro-
duction. Rigorous evaluation required for approval by
the FDA ensures safety in all aspects of their use; animal
well-being, farm worker safety, and wholesomeness and
safety of thefood productsderived fromtheanimals. The
ultimate benefits of both the currently approved metabolic
modifiers and the successful development efforts under
investigation are the enhanced sustainability and the prof-
itability of livestock production, and decreased return of
nutrients to the environment. These benefits are shared
by producers, processors, and consumers. Producers
benefit because of improved production efficiencies; meat
and milk processors because of increased lean meat or
milk yield; and consumers because of healthier, less ex-
pensive products and the assurance that stringent animal
and human safety requirements have been met.

GLOSSARY

Abomasum. True stomach; fourth compartment of the
ruminant stomach that has atrue digestive function.

Adiposetissue. Connectivetissueinwhichlipidisstored
and cells are distended by accumulation of lipid.

Anabolic. Concerningthe constructivepart of metabolism.

Androgenic. Relating to amale sex hormone.

Beta-adrener gic agonist. Phenethanolamine chemical
compounds similar to epinephrine that elicit physi-
ological responses through specific hormone recep-
tors located in cell membranes.

Estrogenic. Of, relating to, caused by, or being an es-
trogen.

Exogenous. Anagent or compound that originatesfrom
outside the organism or system.

Homeostatic. Physiological processby which theinter-
nal systems of the body are maintained at equilib-
rium despite variations in external conditions.

Hypertrophy. Increasein cell sizein atissue or organ.

Immunomodulation. Process by which a substance af -
fects the functioning of the immune system.

Implant. Device or substance placed under the skin (in
animals, especialy intheear) that releaseshormones
or drugs over a sustained period.

Ketosis. A buildup of ketone bodies in the circulation,
often occurring during periods of fat mobilization
and production of ketone bodies from fatty acids.

Lipogenesis. Lipid synthesis and storage.

Lipolysis. Lipid mobilization or breakdown.

Peptide. Two or more amino acids joined by a bond
called a “peptide bond.” Often used to describe a
small protein.

Plasmid vector administration. Administration of DNA
originating from aplasmid into which another DNA
fragment has been incorporated. The introduced
DNA thenis replicated in the new host.

Protein turnover. Protein degradation and replacement
that occurs naturally in cells.

Somatotropin. Growth hormone.

Subcutaneous. Being, living, used, or made under the
skin.

Synthetic analogues. Manufactured chemical com-
poundsthat sharesimilar structure and function with
naturally occurring compounds.

Withdrawal. Removal or cessation of administration.
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