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animals. This concise review focuses on recent cellular and molecular biology-related research with
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Introduction

balanced diet should contain safe red meat products (Sofos
2008; Vandendriessche 2008), as lean meat provides a variety of nutrients required for a healthy lifestyle (Schönfeldt and
Gibson 2008; Wood and others 2008). However, the fat (adipose tissue) component of red meat still draws negative attention (Web and
O’Neill 2008; Wood and others 2008). Despite the positive contribution of adipose tissue to the appearance, texture, flavor, firmness,
caloric value, and shelf-life of red meat products (Dransfield 2008;
Ngapo and Gariepy 2008; Web and O’Neill 2008; Wood and others 2008), excess adipose tissue (Wood and others 2008), and meat
products containing saturated fatty acids (Wood and others 2008)
are considered unhealthy (Schönfeldt and Gibson 2008; Web and
O’Neill 2008; Hausman and others 2009).
It is apparent that scientists have become increasingly effective in their in vitro identification of potential regulatory agents
that could significantly impact the adiposity of red meat animals
(Mersmann 1998a; Hausman and others 2008b, 2009). Studies using cellular methods have documented regulators of adipocyte cell
cycle transition (Hausman and others 2008b, 2009), toxins (Hausman and others 2008b), cellular and molecular markers of adipogenesis and lipid metabolism (Kokta and others 2004; Fernyhough
and others 2007; Hausman and others 2008b), metabolic modifiers
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(Hausman 1989; Peterla and Scanes 1990; Mersmann 1998b;
Gondret and others 2008; Hausman and others 2008b, 2009), and
potential secretion of endocrine and paracrine regulators that
might regulate a variety of different tissues in vivo (Jacobi and others 2006; Gabler and Spurlock 2008; Hausman and others 2008b).
Molecular methods have yielded a variety of linkages between specific genes and numerous meat quality characteristics such as fatness (Oishi and others 2000; Dekkers 2004; Michal and others 2006;
Sasaki and others 2006; Hausman and others 2007, 2008b, 2009;
Hollung and others 2007; Lee and others 2007; Taniguchi and others
2008a, 2008b, 2008c). The question remains though, should bench
scientists identify a viable marbling agent that modifies cellular signaling sufficiently to alter fatness of a meat animal, would the public ever see the results applied to meat production?
Red meat animal producers in the United States are not allowed
to treat animals destined for human consumption with chemical
agents that are deemed unsafe, except in the need of clinical intervention. Rompum (Xylazine), for example, is a carcinogen that
is commonly used in clinical conditions, even in “organic” cattle. Moreover, a lengthy testing/review process is involved prior to
the approval of any compound to enhance production (FDA 2006).
More rigorous regulations (to the point of complete restriction)
are in effect elsewhere in the world and will potentially become
more prohibitive (Verbeke and others 1999; Higgs 2000; Higgins
2004; Croney and Millman 2007; Thompson and others 2007). At
the same time, a proportion of consumers, producers, and scientists have voiced their belief that meat from animals treated with
pharmaceuticals or fed feed treated with pesticides is less “healthy”
to eat. In this environment, then, will any knowledge gained by cellular or molecular experimentation be applicable for the modulation of any aspect of meat quality? For example, if the research goal
of a cellular or molecular meat scientist is to optimize adipocyte
growth and development in specific adipose depots of red meat
animals, how does one apply research observations to an effective
(and acceptable) endpoint to alter red meat quality in the whole
animal? Will whole animal production alterations be the only accepted method to attempt to manipulate such processes (Mir and
others 2008)? The focus of this concise review is to demonstrate
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endpoints of such research efforts and to extend our previous re- pose tissue deposition, the main depot of concern is the subcutaneous depot. In fact, a study conducted on the U.S. pork revealed
view (Hausman and others 2009).
that boneless loin chops were almost devoid of intramuscular fat
Intramuscular fat
(Wright and others 2005). Unlike beef, research shows that marbling
At the cellular level, fattening of meat animals is a function of has very little effect on the eating quality of pork (Rincker and othadipocyte size and numbers (Hood and Allen 1973; Robelin 1981; ers 2008) and that consumers prefer the appearance of pork chops
Hood 1982; Cianzio and others 1985; Gondret and Lebret 2002; that are not heavily marbled (Brewer and others 2001).
The interface of the USDA and adipose tissue occurs in the
Yang and others 2006) and distribution throughout the animal in a
depot-specific manner (Hausman and others 2009) or in a specific area of marketing and regulatory programs. Specifically, the Agrimuscle (Gondret and Lebret 2002; Albrecht and others 2006; Yang culture Marketing Service is responsible for developing and imand others 2006). A recent review thoroughly discusses aspects of plementing the USDA grades for beef and pork and reporting on
livestock and meat prices. The USDA has developed pork carcass
adipogenesis and lipid metabolism (Hausman and others 2009).
standards (USDA 1985) and beef quality and yield grades (USDA
Meat tenderness and marbling endpoint
1997) to segregate carcasses based on their expected meat yield and
Marbling (intramuscular adipose tissue) has been shown to play palatability.
an important role in the eating quality and composition of meat
(Moloney and others 2001). While marbling may impact compo- “OMICS” with adipogenesis or lipogenesis
nents of tenderness its regulation varies tremendously both within
Contemporary molecular techniques, both existent and on the
and across breeds of cattle (Albrecht and others 2006) and swine near horizon, offer multiple approaches to a more productive
(Hausman and others 2009) and is determined by a wide range of understanding of adipogenesis and lipid metabolism. Genomic
factors such as genetics, husbandry (time of weaning, nutrition, analysis of quantitative trait loci (QTL) and single nucleotide polyduration of grow-out, physical activity), and seasonal temperature morphism (SNP) quantify and explain the underlying basis of
variations. Importantly, it has already been shown that marbling genetic variation in populations, directly improving selection
can be positively or negatively affected by agents commonly ad- strategies for fat associates traits. Transcriptomics (gene expresministered to cattle to promote growth rate and feed conversion ef- sion) studies improve understanding of the species-specific imficiency, such as implants and β-agonists (Brandt and others 1996; portance of metabolic pathways and help identify additional
Gaylean 1997; Macken and others 2003; Sillence 2004). For exam- components of complex intracellular and extracellular regulatory
ple, marbling effects have also been demonstrated for melanoge- networks. Proteomic analysis helps to explain posttranscriptional
strol acetate, a progestin used to suppress estrus, when dosed modulation and the resulting physiological regulation dynamics
in-feed to steroid implanted finishing heifers (Macken and others downstream of expression. Thus, OMICS-based research may sug2003). Thus, the multivariate nature of the marbling process is un- gest pharmaceutical or nutritional intervention and indirectly supderscored by the numerous influencing factors that modulate it port selection decisions.
(Devitt and Wilton 2001; Hausman and others 2007, 2008a; TchkoPathway-based approaches to identify potential candidate
nia and others 2007). Furthermore, while there may be the poten- genes associated with fat deposition and composition for imtial to identify strategies to specifically enhance marbling content, proving meat quality. It is well known that many pathways
little is presently known as to how these regimens may alter subcu- are involved in regulation of fat deposition, such as the mitotaneous or intermuscular fat.
chondrial biogenesis complex, the long chain fatty acids uptake
Adipose tissue can have positive or negative economic impacts complex, the sauvagine/corticotropin-releasing factor/urotensin I
on both beef and pork carcasses. In the United States, marketing family and related families, the lipogenesis/lipolysis enzymes, and
of beef is based on both USDA yield and quality grades with the even cholesterol homeostasis pathway (Daniels and others 2009;
highest value given to carcasses with high-quality grades (more in- Jiang and others 2009). Using a Wagyu x Limousin F2 reference poptramuscular fat) and the lowest value to low yield grades (more ulation, our studies have revealed that the corticotropin releasing
subcutaneous and internal fat). In addition, the USDA yield grade hormone (CRH; Wibowo and others 2007), fatty acid binding proalso predicts the amount of intermuscular fat in the beef carcass. tein 4 (FABP4; Michal and others 2006), stearoyl-CoA desaturase
Savell and Cross (1988) suggested that a minimum threshold for in- (SCD1; Jiang and others 2008), mitochondrial transcription factor
tramuscular fat was approximately 3% for all livestock species to A (TFAM; Jiang and others 2005), urocotin 3 (UCN3; Jiang and othensure an acceptable eating experience. The 2005 Natl. Beef Qual- ers 2006), and ubiquinol-cytochrome c reductase core protein I
ity Audit reported the average U.S. beef carcass has a USDA yield (UQCRC1; Kunej and others 2007) are associated with beef margrade of 2.9 and a quality grade of Select (Garcia and others 2008). bling scores.
Three Natl. Beef Quality Audits have characterized the U.S. beef
Pathway analysis has also identified several candidate genes that
population prior to 2005, and there has been very little fluctua- are associated with fatty acid composition. For example, stearoyltion in average USDA yield and quality grades. The USDA yield CoA desaturase (SCD1) is an iron-containing enzyme that catgrades reported were 3.2, 2.8, and 3.0 for 1991, 1995, and 2000, re- alyzes a rate-limiting step in the synthesis of unsaturated fatty acids
spectively (Lorenzen and others 1993; Boleman and others 1998; (Miyazaki and Ntambi 2003). The principal product of SCD is oleic
McKenna and others 2002). Smith and others (1987) reported a lin- acid that is formed by the desaturation of stearic acid. The ratio of
ear and hierarchical relationship between USDA quality grades in stearic acid to oleic acid has been implicated in the regulation of
beef and eating quality of the longissimus muscle. Neely and others cell growth and differentiation through its effects on cell membrane
(1998) examined 3 different beef muscles and found that the USDA fluidity and signal transduction. Taniguchi and others identified a
quality grade only affected consumer preference for top loin steaks nonsynonymous mutation in SCD1 of Japanese-Black cattle that
and that the amount of intramuscular fat may only be affective in was associated with the saturation level of fatty acids and fat meltsorting beef cuts that contain the longissimus muscle. In contrast, ing temperature (Taniguchi and others 2004). Similarly, the same
pork is marketed in the United States based on the percentage lean allele is associated with the saturation level in American Angus
and carcass weight. While pork carcass weight is influenced by adi- cattle. Recently, Jiang and others (2008) identified additional SCD1
R2
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alleles that were significantly associated with 6 fat deposition
and fatty acid composition traits in skeletal muscle. In particular,
high stearoyl-CoA desaturase activities/alleles were positively correlated with beef marbling scores and the amount of monounsaturated fatty acids and conjugated linoleic acid content, but were
negatively correlated with the amount of saturated fatty acids. Furthermore, Zhang and others (2008) identified a nonsynonymous
mutation in the thioesterase domain of fatty acid synthase, which
was associated with decreased amounts of unsaturated fatty acids.
Similarly, a nonsynonymous mutation in myostatin is also associated with reduced levels of saturated fatty acids. Therefore, these
studies provide evidence that it is possible to produce beef with
high marbling, high amounts of monounsaturated fatty acids, and
conjugated linoleic acid content, but with low amounts of saturated
fatty acids.
Although not a focal point of this article, it should be noted
that similar studies have been conducted with pigs. For example, porcine adipose tissue is innervated by adrenergic nerve fibers
(Hausman and Richardson 1987). Trans-synaptic viral tracing techniques have identified multisynaptic pathways that link adipose
tissue depots to the brain in the pig and other species. Transcriptional profiling has also been used in pigs to determine subcutaneous adipose depot-specific pathways that respond to either
fasting (Lkhagvadorj and others 2008), feed restriction (Lkhagvadorj and others 2006), or response to melanocyte-stimulating
hormone (MSH) injection in prepubertal gilts. In response to
MSH injection, 5070 genes in adipose tissue were differentially
expressed. For example, lipoprotein lipase, fatty acid synthase,
aconitase-1, acetyl CoA synthase, leptin, and heat shock protein
70.2 genes were down regulated, whereas angiopoietin-like 4, pyruvate dehydrogenase kinase 4 isoform 1, uncoupling protein 3,
and insulin-like growth factor binding protein-3 were upregulated.
These results demonstrated that stimulation of MC4R markedly
and rapidly affected adipose tissue gene expression. Clearly, adjustment of the environment with subsequent change in sympathetic
outflow to subcutaneous adipose tissue could be used to create the
desired nature and timing of adipose tissue deposition in specific
adipose depots.
The expression of mRNA for a number of regulatory and
metabolic genes has been examined in adipose tissue from growing pigs but most of these studies typically have examined the expression of 1 to 2 genes at a single age. Recently, adipocyte cell lines
isolated from different animals were used to demonstrate that adipogenesis is controlled by species-specific mechanisms. For example, beef-derived adipocytes showed different regulation pathways
than murine adipocytes (Fernyhough and others 2007; Taniguchi
and others 2008a, 2008b). Lipid-filled pig adipocytes physically extruded lipid from the cell before they started to proliferate, whereas
beef-derived adipocytes, that symmetrically or asymmetrically divide into daughter cells, do not expel cellular lipid (Fernyhough
and others 2005a, 2005b). Gene expression profiling of porcine
adipocytes showed that triacylglycerol hydrolase (TGH) expression was differentiation-dependent in porcine primary adipocytes
and that TGH played a role in fasting-induced lipolysis but not
hormone-stimulated lipolysis (Zhang and others 2008).
Transcriptome analysis of fat deposition and composition
of beef and pork meat. Depot-specific adipocytes may be influenced by many factors including feeding behavior, growth,
metabolism, and the development of puberty through the secretion of leptin, several interleukins, and a number of other cytokines
(Barb and others 2006; Jacobi and others 2006; Trayhurn and others 2006). Recent technological advances have made it feasible
to analyze the complete set of RNA transcripts (gene expression

and alternative splicing) produced in a tissue/cell at a given time
(Mortazavi and others 2008; Pan and others 2008). Microarray analysis of the bovine subcutaneous adipose depot revealed that hundreds of genes were differently expressed between animals with low
and high backfat thicknesses (Taniguchi and others 2008c), which
suggests that the molecular mechanisms may vary during adipose
depot formation. Furthermore, many transcription factors, intracellular signaling factors, and other regulatory factors are involved
in the differentiation and function of depot-specific adipocytes
(Farmer 2006; Rosen and MacDougald 2006; Prestwich and MacDougald 2007; Taniguchi and others 2008c). However, studies of the
influence of age, nutrition, and hormones on gene and protein expression in adipose tissue from red meat animals have been limited in regard to the number of genes and proteins examined and
the consideration of depot variation or influence (Fernyhough and
others 2007; Hausman and others 2009).
Gene expression/transcriptome profiling provides a dynamic
link between the genome, the proteome, and the tissue/cellular
phenotype (Basu and others 2009). This can lead to further insight
into the complex interplay of gene expression events involved in the
development of meat quality (Basu and others 2009). Furthermore,
the application of a functional proteomics approach to the identification of proteins associated with fat deposition and composition
in meat will contribute to a better understanding of the biological
processes that control adipose development and ultimately affect
meat quality (Basu and others 2009). Through the application of
functional genomic and proteomics tools, we will gain insight into
how genetic components regulate adipogenesis, how they respond
to environmental changes, and whether these changes affect the fat
deposition and composition in meat (Basu and others 2009). These
discoveries should allow us to establish better management systems to ensure the delivery of an optimal meat product that meets
the needs of the consumer.

Animal/human health industry
Recent advances in bovine genetics and cell biology, especially
aspects of the biology of the bovine adipocyte, have provided
many of the tools required for rational-based discovery programs
for beef marbling agents (Fernyhough and others 2007; Hausman
and others 2008a, 2008b). Discovery programs in human medicine,
especially those for obesity and diabetes, have developed other
useful technologies such as bioassays for the molecular pathways
involved in lipid and fatty acid processing (Spiegelman and Flier
1996; Horton 2002; Horton and others 2002; Bergen and Mersmann
2005).
From a drug discovery perspective, altering marbling is a doubleedged sword. On the one hand, the complex cellular and metabolic
regulation offers numerous potential targets for intervention to improve marbling. On the other hand, the total systems physiological complexity suggests that targeting single factors may not be
sufficient to favorably affect marbling. As such, pharmaceuticalbased approaches targeting the adipocyte represent only 1 potential strategy for improving marbling in cattle; new diets (containing
nutraceuticals, for example), genetics/breeding systems, vaccines,
and (perhaps) virtual screening (as a drug discovery tool) could
each offer alternative approaches (Kim and others 2003; Sellner and
others 2007). These approaches may pose fewer barriers to commercialization, especially those related to food and environmental
safety. Identifying a pharmaceutical agent that meets all of the criteria required for approval as a marbling agent will not be a trivial
exercise.
Is there a market rationale for the use of marbling agents
in beef production? Although not yet substantiated by a product,
Vol. 75, Nr. 1, 2010—JOURNAL OF FOOD SCIENCE
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the potential market opportunity for a marbling agent for use in
beef cattle can be estimated on the basis of historical price spreads
across meat grades (determined principally by marbling score).
Based on historical averages, a marbling agent that increased the
number of cattle graded as choice by only 5% could be worth tens
of millions of dollars. Cattle represent the largest economic opportunity for a marbling agent, but other livestock species, including swine, sheep, and poultry represent potentially lucrative opportunities for active compounds, as current production practices
for all livestock are generally antagonistic to the marbling process
(Sillence 2004; Hausman and others 2008a). The potential value
of a marbling agent in the market place is supported by a broad
range of economic and demographic factors. Consider the bottom
line first. The Select/Choice price spreads for the U.S. beef—a direct function of marbling—have ranged $6 to 12/100 weight since
2000, averaging $10/100 weight. Marketing programs such as Cer
R
tified Angus Beef (CAB ), which is based on marbling scores of
average Choice or higher, take advantage of this price spread.

R
The gap between the numbers of CAB cattle produced in the
United States compared with the market need has typically ranged
from 17% to 19% (Garcia and others 2008). This translates, roughly,
into an opportunity of about $80/head for the producer. Assuming a 6:1 return, this could translate into a product that sells for
>$10/dose regimen. This would provide a substantial market opportunity by any standards. In 2008, however, price spreads declined in response to global economic conditions; this highlights
a potential caveat for any product that promotes meat quality only.
Numerous other factors favor the potential marketability of a
marbling agent for beef cattle. Breeding programs have selected
for faster-growing and more energy-efficient animals at the cost
of marbling and tenderness (Hausman and others 2008b). Modern husbandry practices, especially in countries such as the United
States that use feedlots extensively, have reduced the grow-out period to <24 mo in order to save feed, labor and time; cattle are thus
harvested prior to the late phase of fat deposition. In addition, since
the 1980s, beef production has expanded rapidly in the southern
hemisphere, including Brazil and Argentina, where grass fed production accounts for >90% of the animals harvested. These animals are generally less marbled than cattle raised in North America,
most likely a function of not only genetics and diet, but also due to
the increased physical activity required of animals raised on pasture. A marbling agent could reverse the impact of these trends on
meat quality.
Another emerging factor is the expanding use of growthpromoting agents, especially the β-agonists, that has led to improvements in performance (feed conversion efficiency, average
daily gain) but has also led to less marbled and less tender cuts of
meat. These compounds act specifically by repartitioning energy
away from fat and toward lean muscle accretion (Sillence 2004).
Adoption of these agents has been driven recently by remarkable
increases in the price of corn and other feedstuffs, which now account for over 70% of the cost of raising beef in the U.S. finishing
lots. The tremendous economic advantage they provide is incentive for continued and expanded use of these products. An agent
that reversed the effects that β-agonists have on marbling and tenderness, without negating the growth advantages, would likely be
well received by the market.
Indirect evidence for the concept that marbling in cattle can
be affected by exogenous agents has already been demonstrated,
based on observations that controlling levels of vitamin D and
retinoic acid in the diet can result in predictable changes in marbling, and that marbling generally correlates in some fashion with
blood levels of these vitamins (Gorocica-Buenfil and others 2007a,
R4
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2007b). Correlations between marbling and homeostatic signaling
molecules that can be targeted by drugs, such as leptin (Bonnet and
others 2007; Cheong and others 2008) support the concept that selective marbling agents might be identified. In the target animal
itself, the administration of melanogestrol acetate (MGA) in finishing heifers that are also implanted with anabolic steroids has
been shown to promote marbling (Macken and others 2003). However, marbling is not affected by MGA in heifers when administered alone or in implanted or nonimplanted steers (Montgomery
and others 1992; Brandt and others 1996; Hendricks and others
1997).
Adipocytes hold the potential for synthesizing or serving as depots for other health factors (conjugated linoleic acid, omega-3
fatty acids, and other health-promoting proteins and fatty acids).
These could be introduced by way of adipocytes through genetics,
diet, or pharmaceutical agents (Gillis and others 2004; Dhiman and
others 2005; Noci and others 2005; Bouattour and others 2008). The
concept of “healthy” beef would be appealing to many consumers,
especially those already willing to pay a premium for omega-3 enriched poultry and fish products.
What would it take to discover and develop a beef-marbling
agent? The strategy adopted will depend to some extent on
whether the approach to improve marbling is pharmaceutical-,
nutraceutical-, vaccine-, or genetics-based. Approaches to a pharmaceutical could consist of high throughput targeted screening
against a key enzyme or receptor identified in basic studies that delineate lipogenesis and adipogenesis in cattle (Hausman and others 2008a, 2008b). Alternatively, candidate compounds could be
selected from agonist families already identified by human pharmaceutical programs, such as those targeting diabetes or obesity,
in which fat metabolism or deposition are key endpoints. In this
case, the validity of the target, albeit in other species, would already
be established by RNA interference studies and pharmacology
(Sellner and others 2007). Ideally, the importance of the target
would also be consistent with data from genetics studies in beef
cattle suggesting a role for the target in intramuscular fat deposition (Kim and others 2003). With such background, in vivo proofof-concept studies in cattle (for example, treatment of cattle with
a peroxisome proliferator-activated receptor γ (PPARγ ) agonist or
compounds already shown to promote lipogenesis) could be completed in a short timeframe. Testing these compounds could begin in vitro using a bovine adipocyte assay. This assay would be
designed to determine if the compound drives the expression of
key genes or activates key proteins in the adipocyte differentiation
pathway (Fernyhough and others 2007), and to gain early insights
into relative agonist activity. Early testing of these compounds for
metabolic stability would also be done, using bovine liver tissue or
hepatocytes. In general, compounds that are more stable to degradation would be favored over those that are rapidly degraded, especially at the early stages of concept testing. Compounds with lower
stability compared with metabolic degradation may be desired for
development, consistent with a short or zero-day withhold period,
if drug or active metabolite residues are an important issue for the
approach.
Candidate compounds that show adipogenic activity in the
bovine adipocyte assay could be tested in a secondary screen
or taken directly to cattle as the target species to define pharmacokinetics (time course of activity) and pharmacodyamics (effective concentrations or doses). These could be evaluated using
marbling as the desired outcome or appropriate biomarkers within
the target species. The biomarkers selected to evaluate drug activity could include metabolites immediately downstream from the
target enzyme, perhaps measurable in a blood sample, or target

gene expression levels in intramuscular fat deposits obtained from
skeletal muscle (Fernyhough and others 2007; Hausman and others 2008a, 2008b). These studies would be designed principally to
test the concept that the drug is capable of driving intramuscular
fat deposition in the right direction and, secondarily, to identify a
safe dose for achieving that endpoint.
Once a chemical series is identified with activity in the target animal, additional screening would likely be required using the bovine
adipocyte model on a large number of structural analogs against
the target to optimize the lead for potency within the chemical family of the candidate compound. These studies would be coupled
with information obtained from in vitro and in vivo metabolism
studies toward identifying compounds that have suitable metabolic
profiles (that is, short half-life or low tissue residues if the approach
requires dosing late in the finishing phase).
Definitive proof of concept testing in finishing cattle would involve dosing finishing cattle, probably over several weeks initially,
and testing for significant increases in marbling score and intramuscular fat levels using a defined cut of meat (for example, 11th
rib eye) as well as other carcass quality indicators (% lean, shear
force, pH). It would also include measurement of key biomarkers.
Subsequent to establishing efficacy, target animal safety testing at
3× and 10× the projected use level for an injectable or an in-feed
agent, respectively, would be done, along with preliminary formulation and large-scale production studies.
Postdiscovery drug development processes would not likely be
unique for a marbling-enhancing product. In addition to multisite testing for potential influences of breed, husbandry practices,
and potential interactions with other compounds typically used
by the target market, extensive testing for production/formulation
and safety, including target animal, human food, and environmental, would be required, as they are for any new compound that enters the food chain. Regional differences in regulatory requirements
would clearly affect the development process, that is, performance
agents are not currently approvable/marketable in the European
Union.
What are the potential barriers to the successful discovery,
development, and introduction of a meat quality product? Two
general types of challenges would face such a product: barriers to
discovery and development, and barriers to market acceptance.
One barrier to discovery is the desired outcome. The link between
marbling and tenderness is not high (Haley 2006). One implication of this is that an intervention that increases marbling may not
achieve the desired outcome of also increasing tenderness. Raising
caloric content without a corresponding increase in eating quality could well be counterproductive. Alternatively, lipid content, per
se, is a very minor contributor to tenderness, so some component
of adipogenesis could be an excellent surrogate as a screen for the
physiology underlying improved tenderness. For example, the matrix protease MT1-MMP plays an important role in enabling adipogenesis (Chun and others 2006) and may reflect other protease
activities influencing tenderness. An equally important scientific
barrier to success is the current lack of a cost-effective surrogate
model for efficiently testing early-stage concepts. Factors governing fatty acid processing in rodents, rabbits, pigs, and even goats
differ substantially from cattle (Taniguchi and others 2008a). These
differences point out the value of validating a specific response in
lab animals as a surrogate for marbling. Species differences could
also limit the ability to leverage active molecules across target animals (that is, activity of a marbling agent in cattle may not translate
to swine). This would limit the market potential of a product.
Alternatives. Genetics and breeding programs could possibly
circumvent or even work in concert with a marbling agent to reli-

ably produce cattle with high levels of marbling (Kim and others
2003; Taniguchi and others 2004; Haley 2006). With the advent of
whole genome selection methodology it should soon be possible to
account for a substantial proportion of the genetic variance associated with traits such as marbling. This would allow producers to
dramatically increase selection intensity on traits such as marbling
and thereby alter the product produced in subsequent generations.
Whole genome selection strategies to improve traits of interest are
cheaper and easier to implement than drug discovery, approval,
and marketing. Furthermore, societal concerns associated with the
use of pharmaceutical-based approaches do not apply to the selection of animals for enhanced traits of interest, which indicates
that this approach could be readily accepted by society. Conversely,
breeding programs could lead to the wide use of animals/breeds
that are less responsive to certain treatments, including a marbling
agent. It is already established that, for instance, fat deposition patterns and the adipogenenic process vary across species (Allen 1976;
Allen and others 1976), breeds of cattle (Kim and others 2003), and
even at different sites within an animal (Hood and Allen 1973; Hood
1982). These types of genetic differences, along with differences in
liver enzymes important to the metabolism of a drug, could affect
the pharmacological response to a marbling agent, and add another layer of complexity and challenge to achieving a consistent
response to a marbling agent. Furthermore, whole genome association studies should lead to a better understanding of the molecular mechanisms that control traits of interest. This should, in turn,
generate new targets for pharmaceutical intervention.
Items to double-check. As noted above, economic incentives
for improving growth rate and feed-conversion efficiency have favored the use of agents and husbandry practices that improve performance, often at the expense of marbling and tenderness. This
trend will likely continue as feedstuffs, especially corn, become
more expensive.
On the side of market acceptance, a broad range of logistical
issues and consumer attitudes could limit the use of a marbling
agent. Novel postharvest technologies designed to improve tenderness and flavor might circumvent the need. Although marbling
score is a key parameter used today to value beef, tenderness, flavor, or alternative endpoints, including those potentially incorporated into “healthy” meat programs, may become more important
in the future. The potential for this change in focus is exemplified
by new marketing programs that target tenderness instead of marbling (Shackelford and others 2001).
There are no policy barriers in the United States that would,
a priori, prevent approval of a promarbling or postmortem tenderness product, assuming target animal and human food-safety
requirements are met. However, regional differences in regulatory
environments (and requirements for approval) will persist for many
years. One relevant consequence of this is that performance agents
are not currently approvable in the European Union. This would
likely prevent use of a marbling agent in those regions, and could
restrict beef exports to those regions as well, both adversely affecting the market opportunity. It might be possible to address
this issue by identifying agents that demonstrate health benefits
to the animal in addition to the targeted effect on meat quality.

R
Improvac provides an example of this type of dual-action product. This immunological agent, directed against GnRF, leads to suppression of testosterone and thereby controls boar taint in male
pigs. Its use circumvents the need for physical castration, allowing
boars to be raised intact, and thus able to realize the health and
performance benefits associated with its own natural androgens
(Dunshea and others 2001). Though it is impossible to predict the
future direction of consumer attitudes toward any agent that enters
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the food chain, it is reasonable to predict that public opinion will favor products that improve the health or welfare of the animal over
those that do not.

1

Conclusions

. Molecular biology techniques continue to demonstrate the
nature and expanding function of the adipocyte. Based on recent history, these approaches and techniques will undoubtedly
identify presently unknown functions of the adipocyte. Genome
markers, probes, genome libraries, promoters, transcription factors
of genes, and other tools for biological research and genetic improvement will result in the potential for generating genetically superior animals.
2. The use of molecular biological methods will reveal new insights into the physiology and regulation of marbling and its relationship to tenderness (quality) of red meats. Academics may argue
the exact correlation, predictability, or shape of the curve, but this
relationship remains at the core of the USDA quality grading system, and anyone who has participated in taste panels recognizes
there is some relationship between marbling and meat tenderness.
A more specific and detailed understanding of this relationship that
will have direct implications for animal production and meat quality is within reach in the future.
3. Adipogenesis/metabolism culture systems will continue to be
an important screening tool for identifying potential pharmacological agents. Beta agonists and PPAR agonists are examples of agents
that alter adipose metabolism and/or proliferation discovered with
in vitro screening, even though PPARγ may not appear to be a good
candidate gene marker for some red meat species. Moreover, other
(mechanistic) knowledge from in vitro work will likely lead to refinement of further drug development or applications. Examples of
these are less clear, but in vitro work has played a central role in
the development of omega-3s or DHA as potential feed ingredients
in an attempt to naturally bioengineer red meat to provide healthy
supplements in the form of the right type of fatty acids.
4. The current market opportunity for a red meat marbling
agent justifies investment in research in this area. Several convergent factors in the allied sciences, including advances in livestock
genomics and metabolomics, knowledge around key biological
processes in the bovine adipocyte, and the immense power of high
throughput drug and vaccine screening systems, argue that the
chances for technical success are improving for approaches targeting the adipocyte. Adipogenic compounds with the desired profile
in cattle may already be contained within the compound libraries
of pharmaceutical companies. Key challenges to reduce the science to useful marbling agents include the lack of knowledge about
molecular targets fully validated in the target animal and potential issues around target animal and human food safety. Competing
approaches, including advanced breeding techniques and postharvest strategies could circumvent the need for a marbling agent, as
could a major shift in grading emphasis away from marbling (that
is, toward tenderness). However, the potential economic benefits of
a beef marbling agent that targets the adipocyte are probably sufficient to justify the risks posed by competing technologies and potential shifts in the market.

References
Albrecht E, Teuscher F, Ender K, Wegner J. 2006. Growth- and breed-related changes
of muscle bundle structure in cattle. J Anim Sci 84:2959–64.
Allen CE. 1976. Cellularity of adipose tissue in meat animals. Fed Proc 35:2302–7.
Allen CE, Beitz DC, Cramer DA, Kauffman RG. 1976. Biology of fat in meat animals.
North Central Regional Research Publication. Madison, Wis.: Univ. of WisconsinMadison.
Barb CR, Hausman GJ, Rekaya R. 2006. Gene expression in the brain-pituitary adipose
tissue axis and luteinising hormone secretion during pubertal development in the
gilt. Soc Reprod Fertil Suppl 62:33–44.

R6

JOURNAL OF FOOD SCIENCE—Vol. 75, Nr. 1, 2010

Basu U, Guan LL, Taniguchi M, Zhao Y, Dodson MV. 2009. Application of ‘omics’ technologies on improvement of meat quality. In: Columbus F, editor. Nutritional biochemistry: genomics, metabolomics and food supply. Hauppauge, N.Y.: Nova Science Publishers, Inc.
Bergen WG, Mersmann HJ. 2005. Comparative aspects of lipid metabolism: impact on
contemporary research and use of animal models. J Nutr 135:2499–502.
Boleman SL, Boleman SJ, Morgan WW, Hale DS, Griffin DB, Savell JW, Ames RP, Smith
MT, Tatum JD, Field TG, Smith GC, Gardner BA, Morgan JB, Northcutt SL, Dolezal
HG, Gill DR, Ray FK. 1998. National Beef Quality Audit—1995: survey of producerrelated defects and carcass quality and quantity attributes. J Anim Sci 76:96–103.
Bonnet M, Faulconnier Y, Leroux C, Jurie C, Cassar MI, Bauchart D, Boulesteix P,
Pethick D, Hocquette JF, Chilliard Y. 2007. Glucose-6-phosphate dehydrogenase
and leptin are related to marbling differences among Limousin and Angus or
Japanese Black × Angus steers. J Anim Sci 85:2882–94.
Bouattour MA, Casals R, Albanell E, Such X, Caja G. 2008. Feeding soybean oil to dairy
goats increases conjugated linoleic acid in milk. J Dairy Sci 91:2399–407.
Brandt RT, Nichols WT, Lehman ED, Hutcheson DP. 1996. Effect of anabolic agents
alone or in combination on performance and carcass characteristics of finishing
R
heifers: a pooled summary of two experiments. Revalor
research bulletin. Summerville, NJ: Hoechst-Roussel Agri-Vet Co.
Brewer MS, Zhu LG, McKeith FK. 2001. Marbling effects on quality characteristics
of pork loin chops: consumer purchase intent, visual and sensory characteristics.
Meat Sci 59:153–63.
Cheong HS, Yoon DH, Park BL, Kim LH, Bae JS, Namgoong S, Lee HW, Han CS, Kim JO,
Cheong IC, Shin HD. 2008. A single nucleotide polymorphism in CAPN1 associated
with marbling score in Korean cattle. BMC Genet 9:33–40.
Chun TH, Hotary KB, Sabeh F, Saltiel AR, Allen ED, Weiss SJ. 2006. A pericellular
collagenase directs the 3-dimensional development of white adipose tissue. Cell
125:577–91.
Cianzio DS, Topel DG, Whitehurst GB, Beitz DC, Self HL. 1985. Adipose tissue growth
and cellularity: changes in bovine adipocyte size and number. J Anim Sci 60:970–6.
Croney CC, Millman ST. 2007. Board-invited review: the ethical and behavioral bases
for farm animal welfare legislation. J Anim Sci 85:556–65.
Daniels TF, Killinger KM, Michal JJ, Wright RW, Jiang Z. 2009. Lipoproteins, cholesterol homeostasis and cardiac health. Int. J Biol Sci 5:474–88.
Dekkers JC. 2004. Commercial application of marker- and gene-assisted selection in
livestock: strategies and lessons. J Anim Sci 82 E-Suppl:E313–28.
Devitt CJ, Wilton JW. 2001. Genetic correlation estimates between ultrasound measurements on yearling bulls and carcass measurements on finished steers. J Anim
Sci 79:2790–7.
Dhiman TR, Nam SH, Ure AL. 2005. Factors affecting conjugated linoleic acid content
in milk and meat. Crit Rev Food Sci Nutr 45:463–82.
Dransfield E. 2008. The taste of fat. Meat Sci 80:37–42.
Dunshea FR, Colantoni C, Howard K, McCauley I, Jackson P, Long KA, Lopaticki EA,
Simons JA, Walker J, Hennessy DP. 2001. Vaccination of boars with a GnRH vaccine (Improvac) eliminates boar taint and increases growth performance. J Anim
Sci 79:2524–35.
Farmer SR. 2006. Transcriptional control of adipocyte formation. Cell Metab 4:263–
73.
[FDA] Food and Drug Administration. 2006. Zilmax (Zilpaterol Hydrochloride):
type A medicated article for cattle fed in confinement for slaughter. NADA:141–
258. Available from: http://www.fda.gov/downloads/AnimalVeterinary/Products/
ApprovedAnimalDrugProducts/FOIADrugSummaries/ucm062335.pdf.
Fernyhough ME, Bucci LR, Hausman GJ, Antonio J, Vierck JL, Dodson MV. 2005a.
Gaining a solid grip on adipogenesis. Tissue Cell 37:335–8.
Fernyhough ME, Helterline DL, Vierck JL, Hausman GJ, Hill RA, Dodson MV. 2005b.
Dedifferentiation of mature adipocytes to form adipofibroblasts: more than just a
possibility. Adipocytes 1:17–24.
Fernyhough ME, Okine E, Hausman G, Vierck JL, Dodson MV. 2007. PPARγ and GLUT4 expression as developmental regulators/markers for preadipocyte differentiation
into an adipocyte. Domest Anim Endocrinol 33:367–78.
Gabler NK, Spurlock ME. 2008. Integrating the immune system with the regulation of
growth and efficiency. J Anim Sci 86:E64–74.
Garcia LG, Nicholson KL, Hoffman TW, Lawrence TE, Hale DS, Griffin DB, Savell JW,
VanOverbeke DL, Morgan JB, Belk KE, Field TG, Scanga JA, Tatum JD, Smith GC.
2008. National Beef Quality Audit - 2005: survey of targeted cattle and carcass characteristics related to quality, quantity, and value of fed steers and heifers. J Anim Sci
86:3533–43.
Gaylean ML. 1997. Implant practices by nutritional consultants: survey results. Symposium: Impact of implants on performance and carcass value of beef cattle, Tulsa,
Okla.: Oklahoma State Univ.
Gillis M, Duckett S, Sackmann J. 2004. Effects of supplemental rumen-protected conjugated linoleic acid or corn oil on fatty acid composition of adipose tissues in beef
cattle. J Anim Sci 82:1419–27.
Gondret F, Guitton N, Guillerm-Regost C, Louveau I. 2008. Regional differences in
porcine adipocytes isolated from skeletal muscle and adipose tissues as identified
by a proteomic approach. J Anim Sci 86:2115–25.
Gondret F, Lebret B. 2002. Feeding intensity and dietary protein level affect adipocyte
cellularity and lipogenic capacity of muscle homogenates in growing pigs, without
modification of the expression of sterol regulatory element binding protein. J Anim
Sci 80:3184–93.
Gorocica-Buenfil MA, Fluharty FL, Bohn T, Schwartz SJ, Loerch SC. 2007a. Effect of
low vitamin A diets with high-moisture or dry corn on marbling and adipose tissue
fatty acid composition of beef steers. J Anim Sci 85:3355–66.
Gorocica-Buenfil MA, Fluharty FL, Reynolds CK, Loerch SC. 2007b. Effect of dietary
vitamin A concentration and roasted soybean inclusion on marbling, adipose cellularity, and fatty acid composition of beef. J Anim Sci 85:2230–42.
Haley CdK, D J. 2006. Genetical genomics in livestock: potentials and pitfalls. Anim
Genet 37:10–2.
Hausman GJ. 1989. The influence of insulin, triiodothyronine (T3) and insulin-like
growth factor-I (IGF-1) on the differentiation of preadipocytes in serum-free cultures of pig stromal-vascular cells. J Anim Sci 67:3136–43.

Hausman GJ, Richardson RL. 1987. Adrenergic innervation of fetal pig adipose tissue.
Histochemical and ultrastructural studies. Acta Anat 130:291–7.
Hausman GJ, Barb CR, Dean RG. 2007. Patterns of gene expression in pig adipose
tissue: transforming growth factors, interferons, interleukins, and apolipoproteins.
J Anim Sci 85:2445–56.
Hausman GJ, Barb CR, Dean RG. 2008a. Patterns of gene expression in pig adipose
tissue: insulin-like growth factor system proteins, neuropeptide Y (NPY), NPY receptors, neurotrophic factors and other secreted factors. Domest Anim Endocrinol
35:24–34.
Hausman GJ, Dodson MV, Ajuwon K, Azain M, Barnes KM, Guan LL, Jiang Z, Poulos
SP, Sainz RD, Smith S, Spurlock M, Novakofski J, Fernyhough ME, Bergen WG. 2009.
Board Invited Review: the biology and regulation of preadipocytes and adipocytes
in meat animals. J Anim Sci 87:1218–46.
Hausman GJ, Poulos SP, Pringle TD, Azain MJ. 2008b. The influence of thiazolidinediones on adipogenesis in vitro and in vivo: potential modifiers of intramuscular
adipose tissue deposition in meat animals. J Anim Sci 86:E236–43.
Hendricks DMR, Brandt RT, Titgemeyer EC, Milton CT. 1997. Serum concentrations
of trenbolone-17α and performance of heifers treated with trenbolone acetate,
melanogestorel acetate or estradiol-17α. J Anim Sci 75:2627–33.
Higgins AJ. 2004. Fat versus lean: the quest for beautiful buttocks. Vet J 167:217–8.
Higgs JD. 2000. The changing nature of red meat: 20 years of improving nutritional
quality. Trend Food Sci Technol 11:85–95.
Hollung K, Veiseth E, Jai X, Faergestad EM, Hildrum KI. 2007. Application of proteomics to understand molecular mechanisms behind meat quality. Meat Sci
77:97–104.
Hood RL. 1982. Relationships among growth, adipose cell size, and lipid metabolism
in ruminant adipose tissue. Fed Proc 41:2555–61.
Hood RL, Allen CE. 1973. Cellularity of bovine adipose tissue. J Lipid Res 14:605–10.
Horton JD. 2002. Steroid regulatory element-binding proteins: transcriptional activators of lipid synthesis. Biochem Soc Trans 30:1091–5.
Horton JD, Goldstein JL, Brown MS. 2002. SREBPS: activators of the complete program of cholesterol and fatty acid synthesis in the liver. J Clin Invest 109:1125–
31.
Jacobi SK, Gabler NK, Ajuwon KM, Davis JE, Spurlock ME. 2006. Adipocytes, myofibers, and cytokine biology: new horizons in the regulation of growth and body
composition. J Anim Sci 84(Suppl):E140–9.
Jiang Z, Kunej T, Michal JJ, Gaskins CT, Reeves JJ, Busboom JR, Dovc P, Wright RW, Jr.
2005. Significant associations of the mitochondrial transcription factor A promoter
polymorphisms with marbling and subcutaneous fat depth in Wagyu x Limousin
F2 crosses. Biochem Biophys Res Commun 334:516–23.
Jiang Z, Michal JJ, Williams GA, Daniels TF, Kunej T. 2006. Cross species association
examination of UCN3 and CRHR2 as potential pharmacological targets for antiobesity drugs. PLoS ONE 1:e80.
Jiang Z, Michal JJ, Tobey DJ, Daniels TF, Rule DC, MacNeil MD. 2008. Significant associations of stearoyl-CoA desaturase (SCD1) gene with fat deposition and composition in skeletal muscle. Int J Biol Sci 4:345–51.
Jiang Z, Michal JJ, Chen J, Daniels TF, Kunej T, Garcia MD, Gaskins CT, Busboom
JR, Alexander LJ, Wright Jr. RW, MacNeil MD. 2009. Discovery of novel genetic networks associated with 19 economically important traits in beef cattle. Int J Biol Sci
5:528–42.
Kim JJ, Farnir F, Savell J, Taylor JF. 2003. Detection of QTL for growth and beef carcass
fatness traits I cross between Bos taurus(Angus) and Bos indicus (Brahman) cattle.
J Anim Sci 81:1938–42.
Kokta TA, Dodson MV, Gertler A, Hill RA. 2004. Intercellular signaling between adipose tissue and muscle tissue. Domest Anim Endocrinol 27:303–31.
Kunej T, Wang Z, Michal JJ, Daniels TF, Magnuson NS, Jiang Z. 2007. Functional
UQCRC1 polymorphisms affect promoter activity and body lipid accumulation.
Obesity (Silver Spring) 15:2896–901.
Lee SH, Park EW, Cho YM, Kim SK, Lee JH, Jeon JT, Lee CS, Im SK, Oh SJ, Thompson
JM, Yoon D. 2007. Identification of differentially expressed genes related to intramuscular fat development in the early and late fattening stages of hanwoo steers.
J Biochem Mol Biol 40:757–64.
Lkhagvadorj S, Qu L, Cai W, Coulture O, Wang Y, Barb R, Hausman G, Rekaya R, Anderson L, Dekkers J, Nettleton D, Tuggle C. 2006. Use of transcriptional profiling to
understand genetic mechanisms controlling feed intake and efficiency in pigs. Proc
Int Soc Anim Genetics 22:C532.
Lkhagvadorj S, Qu L, Cai W, Couture OP, Wang Y, Barb CR, Hausman GJ, Rekaya R,
Nettleton DS, Anderson LL, Dekkers JCM, Tuggle CK. 2008. Sterol Regulatory Transcription Factor-1: key regulator of fasting response in the adipose tissue in pigs.
FASEB J 22:1205–6.
Lorenzen CL, Hale DS, Griffin DB, Savell JW, Belk KE, Fredrick TL, Miller MF, Montgomery TH, Smith GC. 1993. National Beef Quality Audit: survey of producerrelated defects and carcass quality attributes. J Anim Sci 71:1495–502.
Macken CN, Milton CT, Klopfenstein TJ, Dicke BD, McClellan DE. 2003. Effects of final
implant type and supplementation of melanogestrol acetate on finishing feedlot
heifer performance, carcass characteristics, and feeding economics. Prof Anim Sci
19:159–70.
McKenna DR, Roeber DL, Bates PK, Schmidt TB, Hale DS, Griffin DB, Savell JW,
Brooks JC, Morgan JB, Montgomery TH, Belk KE, Smith GC. 2002. National Beef
Quality Audit - 2000: survey of targeted cattle and carcass characteristics related to
quality, quantity, and value of fed steers and heifers. J Anim Sci 80:1212–22.
Mersmann HJ. 1998a. Lipoprotein and hormone-sensitive lipases in porcine adipose
tissue. J Anim Sci 76:1396–404.
Mersmann HJ. 1998b. Overview of the effects of beta-adrenergic receptor agonists on
animal growth including mechanisms of action. J Anim Sci 76:160–72.
Michal JJ, Zhang ZW, Gaskins CT, Jiang Z. 2006. The bovine fatty acid binding protein 4 gene is significantly associated with marbling and subcutaneous fat depth in
Wagyu x Limousin F2 crosses. Anim Genet 37:400–2.
Mir PS, Schwartzkoft-Genswein KS, Entz T, Klein KK, Okine E, Dodson MV. 2008. Effect of a short duration feed withdrawal followed by full feeding on marbling fat in
beef carcasses. Livest Sci 22–9.

Miyazaki M, Ntambi JM. 2003. Role of stearoyl-coenzyme A desaturase in lipid
metabolism. Prostaglandins Leukot Essent Fatty Acids 68:113–21.
Moloney AP, Mooney MT, Kerry JP, Troy DJ. 2001. Producing tender and flavoursome
beef with enhanced nutritional characteristics. Proc Nutr Soc 60:221–29.
Montgomery T, Camfield P, Beck M, Can Buren J, Nichols W. 1992. The effect of different combinations of estradiol benzoate, trenbolone acetate and melanogestrol
acetate upon the carcass characteristics of commercially fed heifers. Proc West Sec
Am Soc Anim Sci 43:232.
Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. 2008. Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5:621–8.
Neely TR, Lorenzen CL, Miller RK, Tatum JD, Wise JW, Taylor JF, Buyck MJ, Reagan
JO, Savell JW. 1998. Beef customer satisfaction: role of cut, USDA quality grade, and
city on in-home consumer ratings. J Anim Sci 76:1027–33.
Ngapo TM, Gariepy C. 2008. Factors affecting the eating quality of pork. Crit Rev Food
Sci Nutr 48:599–633.
Noci F, Monahan FJ, French P, Moloney AP. 2005. The fatty acid composition of muscle fat and subcutaneous adipose tissue of pasture-fed beef heifers: influence of the
duration of grazing. J Anim Sci 83:1167–78.
Oishi M, Taniguchi Y, Nishimura K, Yamada T, Sasaki Y. 2000. Characterisation of
gene expression in bovine adipose tissue before and after fattening. Anim Genet
31:166–70.
Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ. 2008. Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequencing. Nat
Genet 40:1413–15.
Peterla TA, Scanes CG. 1990. Effect of beta-adrenergic agonists on lipolysis and lipogenesis by porcine adipose tissue in vitro. J Anim Sci 68:1024–9.
Prestwich TC, MacDougald OA. 2007. Wnt/beta-catenin signaling in adipogenesis
and metabolism. Curr Opin Cell Biol 19:612–7.
Rincker PJ, Killefer J, Ellis M, Brewer MS, McKeith FK. 2008. Intramuscular fat content has little influence on the eating quality of fresh pork loin chops. J Anim Sci
86:730–7.
Robelin J. 1981. Cellularity of bovine adipose tissues: developmental changes from 15
to 65 percent mature weight. J Lipid Res 22:452–7.
Rosen ED, MacDougald OA. 2006. Adipocyte differentiation from the inside out. Curr
Opin Cell Biol 7:885–96.
Sasaki Y, Nagai K, Nagata Y, Doronbekov K, Nishimura S, Yoshioka S, Fujita T, Shiga K,
Miyake T, Taniguchi Y, Yamada T. 2006. Exploration of genes showing intramuscular fat deposition-associated expression changes in musculus longissimus muscle.
Anim Genet 37:40–6.
Savell JW, Cross HR. 1988. The role of fat in palatability of beef, pork, and lamb. In:
Committee on Technological Options to Improve the Nutritional Attributes of Animal Products, David L. Call, Chairman, editors. Designing foods: animal product
options in the market place. Washington, DC: Natl. Academy Press. 345 p.
Schönfeldt HC, Gibson N. 2008. Changes in the nutrient quality of meat in an obesity
context. Meat Sci 80:20–7.
Sellner EM, Kim JW, McClure MC, Taylor KH, Schnabel RD, Taylor JF. 2007. BOARDINVITED REVIEW: applications of genomic information in livestock. J Anim Sci
85:3148–58.
Shackelford SD, Wheeler TL, Meade MK, Reagan JO, Byrnes BL, Koohmaraie M. 2001.
Consumer impression of tender select beef. J Anim Sci 79:2605–14.
Sillence MN. 2004. Technologies for the control of fat and lean deposition in livestock.
Vet J 167:242–57.
Smith GC, Savell JW, Cross HR, Carpenter ZL, Murphey CE, Davis GW, Abraham HC,
Parrish FC, Berry BW. 1987. Relationship of USDA quality grade to palatability of
cooked beef. J Food Qual 10:269–87.
Sofos JN. 2008. Challenges to meat safety in the 21st century. Meat Sci 78:3–13.
Spiegelman BM, Flier JS. 1996. Adipogenesis and obesity: rounding out the big picture. Cell 87:377–89.
Taniguchi M, Utsugi T, Oyama K, Mannen H, Kobayashi M, Tanabe Y, Ogino A, Tsuji S.
2004. Genotype of stearoyl-coA desaturase is associated with fatty acid composition
in Japanese Black cattle. Mamm Genome 15:142–8.
Taniguchi M, Guan le L, Zhang B, Dodson MV, Okine E, Moore SS. 2008a. Adipogenesis of bovine perimuscular preadipocytes. Biochem Biophys Res Commun
366:346–51.
Taniguchi M, Guan le L, Zhang B, Dodson MV, Okine E, Moore SS. 2008b. Gene expression patterns of bovine perimuscular preadipocytes during adipogenesis. Biochem
Biophys Res Commun 366:346–51.
Taniguchi M, Guan LL, Basarab JA, Dodson MV, Moore SS. 2008c. Comparative analysis on gene expression profiles in cattle subcutaneous fat tissues. Comp Biochem
Physiol B Biochem Mol Biol 3:251–6.
Tchkonia T, Lenburg M, Thomou T, Giorgadze N, Frampton G, Pirtskhalava T,
Cartwright A, Cartwright M, Flanagan J, Karagiannides I, Gerry N, Forse RA,
Tchoukalova Y, Jensen MD, Pothoulakis C, Kirkland JL. 2007. Identification of
depot-specific human fat cell progenitors through distinct expression profiles and
developmental gene patterns. Am J Physiol Endocrinol Metab 292:E298–307.
Thompson P, Harris C, Holt D, Pajor EA. 2007. Livestock welfare product claims: the
emerging social context. J Anim Sci 85:2354–60.
Trayhurn P, Bing C, Wood IS. 2006. Adipose tissue and adipokines–energy regulation
from the human perspective. J Nutr 136:1935S–1939S.
USDA. 1985. “Official United States standards for grades of pork carcasses.” Available
from: http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELDEV3060403
Accessed Nov 21, 2008.
USDA. 1997. “Official United States standards for carcass grades of beef.” Available
from: http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELDEV3002979
Accessed Nov 21, 2008.
Vandendriessche F. 2008. Meat products in the past, today and in the future. Meat Sci
78:104–13.
Verbeke W, Van Oeckel MJ, Warnants N, Viaene J, Boucque CV. 1999. Consumer perception, facts and possibilities to improve acceptability of health and sensory characteristics of pork. Meat Sci 53:77–99.
Web EC, O’Neill HA. 2008. The animal fat paradox and meat quality. Meat Sci 80:28–36.

Vol. 75, Nr. 1, 2010—JOURNAL OF FOOD SCIENCE

R7

R: Concise Reviews
in Food Science

Altering fatness . . .

R: Concise Reviews
in Food Science

Altering fatness . . .
Wibowo TA, Michal JJ, Jiang Z. 2007. Corticotropin releasing hormone is a promising
candidate gene for marbling and subcutaneous fat depth in beef cattle. Genome
50:939–45.
Wood JW, Enser M, Fisher AV, Nute GR, Sheard PR, Richardson RI, Hughes SI, Wittington FM. 2008. Fat deposition, fatty acid composition and meat quality: a review.
Meat Sci 78:343–58.
Wright LI, Scanga JA, Belk KE, Engle TE, Tatum JD, Person RC, McKenna DR, Griffin DB, McKeith FK, Savell JW, Smith GC. 2005. Benchmarking value in the pork

R8

JOURNAL OF FOOD SCIENCE—Vol. 75, Nr. 1, 2010

supply chain: characterization of US pork in the retail marketplace. Meat Sci
71:451–63.
Yang XJ, Albrecht E, Ender K, Zhao RQ, Wegner J. 2006. Computer image analysis of
intramuscular adipocytes and marbling in the longissimus muscle of cattle. J Anim
Sci 84:3251–58.
Zhang LH, Zhang LJ, Wang Q, Wang B, Yang GS. 2008. Expression of TGH and its role
in porcine primary adipocyte lipolysis. Mol Cell Biochem 315:159–67.

