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ABSTRACT 

Intramuscular (i.m.) adipose tissue deposition, or marbling is one of the most important 

traits related to meat quality and palatability in beef, but difficult to accurately predict before 

slaughter. This study aimed to identify plasma metabolites and hormones associated with 

marbling. We hypothesized that there would be greater plasma metabolite and hormone 

concentrations in grain-fed heifers, which would have greater percent intramuscular fat (%IMF).  

At 12 mo age, 7 heifers were fed a grain-based diet and 14 were fed a hay-based diet. 

Heifers were weighed every 28 d. Ultrasound and blood samples were taken before feeding at 0 

d and 84 d of treatment. Plasma was analyzed for glucose, acetate, propionate, butyrate, insulin, 

ghrelin, adiponectin, and fatty acid composition. Data was analyzed using single-factor analysis 

of variance, simple regression, and split-plot design. 

Rib fat thickness and plasma ghrelin concentration was greater in grain-fed heifers than 

in hay-fed heifers. There was a diet x time interaction for body weight (BW) and a weak 

interaction with %IMF. Plasma α-linolenic acid (18:3n-3) proportions tended to be elevated in 

hay-fed heifers than grain-fed heifers. There was a positive correlation between BW and %IMF 

and between BW and change in %IMF (weak). There were positive correlations between plasma 

palmitoleic acid (16:1n-7) proportions, oleic acid (18:1n-9) proportions, oleic:stearic acid (weak) 

ratio, and monounsaturated fatty acid (MUFA):SFA (weak) ratio and %IMF and weak, negative 

correlations between stearic acid (18:0) and saturated fatty acids (SFA) and %IMF. Plasma 

ghrelin concentrations were correlated with ADI (negative), feed:gain ratio (negative), rib fat 

thickness (positive), and ADG (positive). There were negative correlations between plasma 

myristic acid (14:0), palmitic acid (16:0) (weak) and palmitoleic acid (16:1n-7) proportions and 
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plasma ghrelin concentrations and a positive correlation between plasma linoleic acid 

proportions and plasma ghrelin concentrations.  

In conclusion, there appears to be limitations in the sensitivity of a metabolic profile for 

marbling. Percent IMF was associated with body weight and plasma fatty acid concentrations. It 

was demonstrated that plasma ghrelin concentrations also are correlated with plasma fatty acid 

concentrations. Ghrelin and fatty acid composition show promise for predicting marbling. 
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%IMF Percent intramuscular fat 

ADG (kg/d) Average daily gain 

ADI (kg as-fed intake/d) Average daily intake 

AMPK 5’ adenosine monophosphate-activated protein kinase 

BCNRM Beef Cattle Nutrient Requirements Model 

βHBA β-hydroxybutyrate 

BW (kg) Body weight 
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CP Crude Protein 
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i.m. Intramuscular 
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JB Japanese black cattle 

LD m. longissimus dorsi  
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L-RFI Low-residual feed intake 

LYPLA1 Lysophospholipase I 

ME Metabolizable energy 

MS Mass spectroscopy 

MUFA Monounsaturated fatty acid 

NASEM National Academies of Sciences, Engineering and 

Medicine 

 

NEFA Nonesterified fatty acid 

NEg Net energy for growth 

NEm Net energy for maintenance 

PPARγ2 Peroxisome proliferator-activated receptor γ2 

RIA Radioimmunoassay 

s.c. Subcutaneous 

SCD Stearoyl-CoA desaturase 

SFA Saturated fatty acid 

TAG Triacylglycerol 

USDA United States Department of Agriculture 

VFA Volatile fatty acid 
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CHAPTER I 

INTRODUCTION 

Intramuscular (i.m.) adipose tissue deposition, or marbling, is one of the most important 

traits related to meat quality and palatability in beef and contributes to tenderness, juiciness, and 

nutritional value (Geay et al., 2001; Hausman et al., 2009; Scollan et al., 2006). Additionally, the 

primary determinant of beef carcass value under the USDA beef grading system is the abundance 

of marbling (USDA, 1997). Thus, increases in marbling lead to increases in product quality and 

carcass value, resulting in increased profits per carcass. To improve beef quality and increase 

profits, improving the understanding of marbling deposition and the regulation of lipid 

metabolism is necessary (Baik et al., 2017; Mir et al., 2002, 2008; Bergen and Mersmann, 2005; 

Dhiman et al., 2005; Givens, 2005).  

Marbling is a highly valued aspect of beef, but ultimate amount of marbling deposited 

can be difficult to accurately predict before slaughter. Genetic prediction of marbling potential 

via Expected Progeny Difference (EPD) is also difficult and its accuracy only increases with the 

increase in offspring from that animal; gestation lasts 283 d in Bovidae and typically produces 

only one offspring, which makes this approach extremely time consuming. Metabolomics has the 

potential to predict marbling potential from the analysis of metabolites in bovine plasma in the 

same manner as it was shown to predict disease states in dairy cattle (Hailemariam et al., 2014). 

According to Baik et al. (2017), there is no literature available on metabolomics evaluating i.m. 

adipose tissue deposition in cattle. Therefore, applying metabolomics to cattle may expand the 

knowledge we have on the mechanisms involved in  i.m. adipose tissue deposition and related 

metabolic pathways (Baik et al., 2017). Metabolomics may facilitate the prediction of the 
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phenotypic expression potential for marbling in beef cattle and help increase the accuracy of herd 

improvement plans. 

This study aimed to identify plasma metabolites and hormones predicted to be associated 

with marbling. To accomplish this, we compiled a preliminary metabolic profile associated with 

plasma samples taken early in production. To make differences in metabolites between high- and 

low-marbling cattle more demonstrable, two groups of heifers were fed different diets: a hay-

based diet and grain-based diet. We chose to focus on metabolites associated with lipid 

metabolism and inflammation (metabolic syndrome). We hypothesized that we would find 

differences in the plasma concentrations of glucose, insulin, adiponectin, ghrelin, fatty acid 

composition, acetate, propionate, and butyrate. Additionally, we compared the plasma metabolite 

concentrations with the ultrasound imagery (used to evaluate marbling). We further hypothesized 

that there will be differences in metabolite concentrations between the hay- and grain-fed groups 

of heifers, with the heifers fed the grain-based diet showing metabolite concentrations that 

correlate with higher marbling. We also hypothesized that there will be a demonstrable statistical 

association between ultrasound marbling scores and metabolic profiles.  
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CHAPTER II 

LITERATURE REVIEW 

2.1 Metabolomics 

Metabolomics is the study of the metabolome (Goodacre et al., 2004), which 

compromises the totality of metabolites present in the sampled tissue at a given time. The 

metabolome may encompass the metabolites present in an organism, tissue or cell, including 

blood. Metabolites measured for this study included hormones associated with carcass adiposity, 

substrate availability for de novo fatty acid biosynthesis, and fatty acids. Metabolomics has been 

used to assess and predict disease and evaluate disease risk through biomarkers, and 

metabolomics is increasing in use (Hailemariam et al., 2014). Others have used high-throughput 

tools such as mass spectroscopy and NMR spectroscopy to measure metabolites in biological 

samples (Park et al., 2015). By understanding the metabolic differences and important factors 

affecting marbling, we can pinpoint metabolites and/or hormones most likely to have measurable 

variations that can reflect differences in marbling capacity. 

There have been a number of studies that have demonstrated the capabilities of 

metabolomics to evaluate disease states in cattle. This could transfer to the capability of 

metabolomics to predict marbling in beef cattle. In dairy cattle, the ketone bodies acetone, β-

hydroxybutyric acid (BHBA), and acetoacetate in milk were evaluated as biomarkers for 

subclinical ketosis (Enjalbert et al., 2001). Saleem et al. (2012) confirmed that there were rumen 

metabolite alterations with increases in grain proportions in the diet. Other studies have found 

differences in metabolite concentrations between healthy cows and cows in a diseased state 

(Ospina et al., 2010; Piechotta et al., 2012). Imhasly et al. (2014) established a preliminary 

metabolic profile for hepatic lipidosis in dairy cattle using metabolomics. Hailemariam et al. 
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(2014) reported that healthy animals could be distinguished from diseased animals or soon-to-be-

diseased animals through the use of quantitative mass spectroscopy (MS)-based metabolomics of 

bovine blood plasma, which was observable up to 4 wk before outward signs of disease were 

exhibited. Because metabolites provided evidence of disease up to 4 wk before clinical signs 

could be observed, this supports the notion that marbling ability (an altered metabolic state) 

could be detected at an early age by measuring plasma metabolites and/or hormones. 

 

2.2 Metabolic differences in adipose tissue deposition sites 

Understanding the metabolic distinctions between subcutaneous (s.c.) and i.m. adipose 

tissue is helpful for assessing the utility of metabolites associated with glycolysis and lipid 

metabolism in predicting marbling. It is generally understood that i.m. and s.c. adipose tissue are 

metabolically distinct with differences in preferred substrates and fatty acid synthesis rates 

(Smith et al., 1998). Adipose tissue deposition in ruminants differs from that of monogastrics as 

fatty acids are synthesized de novo mainly in adipose tissue instead of liver (Bauman and Davis, 

1975). Nonesterified fatty acids (NEFA) and glycerol (derived from glucose) are required for 

triacylglycerol (TAG) synthesis and can be acquired either via the diet or de novo synthesis 

(Pethick et al., 2004). A positive energy balance is required for the deposition of i.m. adipose 

tissue; therefore the degree of deposition varies with differences in the energy content in the diet 

(Smith and Crouse, 1984).  

Fatty acid synthesis rates for i.m. adipose tissue are generally 5 to 10% of the rates 

observed in s.c. adipose tissue (Hood and Allen, 1978; Rhoades et al., 2007; Smith and Crouse, 

1984). Glucose provides more carbon for fatty acid synthesis in i.m. adipose tissue than s.c. 

adipose tissue and it was observed that i.m. adipose tissue was more sensitive to insulin than s.c. 
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adipose tissue (Cook and Miller, 1965; Gilbert et al., 2003; Rhoades et al., 2007; Smith and 

Crouse, 1984). Therefore, synthesis rates and deposition for i.m. adipose tissue should increase 

to a greater degree with increases in insulin concentrations than s.c. adipose tissue. Additionally, 

the process of TAG synthesis is depressed to a greater degree by starvation in s.c. than in i.m. 

adipose tissue (Smith et al., 1998). This is a further indication that i.m. and s.c. adipose tissues 

are metabolically distinct. 

Smith et al. (2009) reported that high plasma concentrations of acetate would promote 

s.c. fatty acid synthesis, but glucose and propionate are considered precursors for the synthesis of 

fatty acids in i.m. adipose tissue (Chung et al., 2007; Cook and Miller, 1965; Gilbert et al., 2003; 

Hausman et al., 2009; Ladeira et al., 2016). This difference in preferred substrate provides an 

initial indicator of metabolic differences between s.c. and i.m. adipose tissues, and is one of the 

determining factors in metabolites selected to be measured for this study. 

In addition to the metabolic differences in i.m. and s.c. fatty acid synthesis, i.m. 

adipocytes, alongside myofibers, are uniquely located within perimysial connective tissues, 

distinguishing it from other adipose depots (Brooks et al., 2011; Moody and Cassens, 1968). 

Intramuscular adipose tissue deposition increases as the result of increases in size and number of 

i.m. adipocytes in accordance with the two stages of fat deposition (Baik et al., 2017; 

Schoonmaker, 2012). These stages are hyperplasia, occurring during the early stage of animal 

growth with preadipocyte differentiation into adipocytes from stem cells and proliferation, and 

hypertrophy that occurs with TAG accumulation at the later stages of growth (Baik et al., 2017; 

Schoonmaker, 2012). These steps indicate that, in general, cattle have a predetermined maximum 

genetic potential that is limited by the number of adipocytes produced during hyperplasia. 
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2.3 Intramuscular adipose tissue 

It is commonly concluded that i.m. adipose tissue is late developing (Vernon, 1981). 

According to Pethick et al. (2004), fat deposition is first deposited as internal fat (abdominal, 

renal-inguinal, and pelvic), then intermuscular, followed by s.c., and lastly i.m. adipose tissue 

indicating that various adipose tissue depots are not deposited at the same rate or under the same 

conditions. Pethick et al. (2004) stated that i.m. adipose tissue is not necessarily late maturing but 

rather the expression of i.m. adipose tissue deposition is late maturing. By adding grain to the 

diet, marbling activity can be stimulated. This allows for marbling to occur in younger cattle and 

for correlations for metabolites and/or hormones with marbling to be observed.   

In the later stages of i.m. adipose tissue development, i.e., hypertrophy, there are both 

genetic and nongenetic factors, such as breed, carcass weight, animal age, that affect the 

formation of i.m. adipose tissue deposition and composition (Bong et al., 2012; Pethick et al., 

2004; Wang et al., 2005; Zembayashi et al., 1995). Gotoh et al. (2009) reported that cattle reared 

under both typical Japanese and European beef production systems gained similar body weight 

(BW), but Japanese Black steers had greater intramuscular lipid (IML) in the m. longissimus 

dorsi (LD) than European breeds. Additionally, Choi et al. (2005) reported that Korean cattle had 

more IML in the LD than Australian Angus cattle. The rate of lipogenesis and i.m. adipose tissue 

deposition depends on the muscle growth rate, metabolic activities of other organs, and the 

energy content of the diet; i.m. deposition increases after puberty and sexual maturity due to the 

decrease in muscle development (Hocquette et al., 2009; Owens et al., 1995). Thus, castrating 

bulls increases marbling as it decreases the rate of muscle development; decreased testosterone 

concentrations allows more energy to be dedicated to adipose tissue deposition (Baik et al., 2014; 

Bong et al., 2012).  
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2.4 Hormonal regulation 

2.4.1 Insulin 

Insulin is a peptide hormone secreted by the pancreatic β-cells and is responsible for 

managing blood glucose concentration, which fluctuate within a narrow range in ruminants (2.6 

– 124.3 µU/mL) (Gonzalez-Grajales, et al., 2019; Kaneko, 1997; Kasai et al., 2014; Matsuzaki et 

al., 1997; Sasaki, 2002). Overall, insulin inhibits glucose release from the liver (DeFronzo, 2004) 

and insulin secretion is stimulated by elevations in blood glucose concentration (Komatsu et al., 

2013). Insulin is released in a pulsatile fashion because insulin release is more reactive than 

proactive (Nunemaker and Satin, 2014; Song et al., 2000). For ruminants, circulating blood 

glucose concentrations are approximately half that of monogastrics and fluctuate less in response 

to feed consumption (Fahey and Berger, 1988; Forbes, 1995). Lesser glucose fluctuation also is 

associated with lower insulin response in peripheral tissues (Bell and Bauman, 1997; Brockman 

and Laarveld, 1986; Kaske et al., 2001; Sasaki, 2002; Smith, 2017). This is due to the limited 

absorption of glucose from the intestines (Aschenbach et al., 2010). In ruminants, both glucose 

and propionate are strong secretagogues for insulin (Allen et al., 2009; Dänicke et al., 2014; 

Locher et al., 2015). Considering that a limited amount of glucose is absorbed from the 

gastrointestinal tract, most circulating glucose is derived from gluconeogenesis, and propionate 

is the primary substrate for gluconeogenesis in ruminants (Aschenbach et al., 2010). In 

ruminants, the inhibitory effect of insulin on glucose release stimulates a proportional increase in 

the utilization of propionate as a substrate for gluconeogenesis (Brockman, 1990).  

Insulin also inhibits lipolysis and may stimulate fatty acid synthesis from acetate, uptake 

in peripheral tissues (a preferred substrate for lipogenesis in ruminants) (Alves-Nores et al., 

2017; Jarrett et al., 1974; Vernon et al., 1985). It has not been possible to demonstrate a 
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stimulation of lipogenesis by insulin in bovine s.c. adipose tissue (reviewed by Smith, 2017). 

However, plasma insulin concentrations were positively correlated with carcass adiposity 

(Trenkle and Topel, 1978). It is possible that insulin concentrations could be positively 

correlated to i.m. adipose tissue deposition as well as carcass adiposity. Rather than stimulating 

lipogenesis, Vernon (1978, 1979) observed that insulin prevented decreases in fatty acid 

synthesis from acetate in tissue culture with ovine adipose tissue. Although less effective in 

bovine s.c. adipose tissue, similar effects were observed by Vernon (1978) and Miller et al. 

(1989). The effect of insulin on rates of lipogenesis was less potent in i.m. adipose tissue than in 

s.c. adipose tissue (Miller et al., 1989). Further, insulin infusion in steers stimulates an increased 

glucose incorporation into fatty acids in s.c. adipose tissue, but only if co-infused with glucose 

(Smith et al., 1983). Because co-infusion of both insulin and glucose is required to stimulate fatty 

acid synthesis in s.c. adipose tissue, it is possible that similar conditions are required for insulin-

stimulated fatty acid synthesis in i.m. adipose tissue. 

Glucose-induced insulin secretion increases with age, and the response of insulin 

secretion to glucose decreases as rumen function develops (Sano et al., 1996; Shingu et al., 2001; 

Stern et al., 1970). Insulin resistance is defined as a state where insulin receptors are less 

sensitive to the presence of insulin, leading to increased plasma concentrations of insulin 

required to stimulate insulin receptors (Kahn, 1978). A decline in insulin-stimulated glucose 

receptor (GLUT4) expression in the longissimus and quadriceps muscle has been observed in 

Holstein calves and bulls after birth (Abe et al., 2001). In porcine muscle, GLUT4 expression 

increases up to at least 6 mo of age (Liang et al., 2015). Comparatively, ruminants have lower 

plasma insulin concentrations than monogastrics and mature pigs have been shown to have 

relatively high insulin receptor and GLUT4 gene expression in adipose tissue (Halsey et al., 
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2011; Kristensen et al., 2015). This limited number of insulin receptors and GLUT4 gene 

expression in bovine tissues is likely the basis for the decreased insulin sensitivity in ruminants 

(Baldwin et al., 1973; Vernon, 1977; Vernon et al., 1980; Miller et al., 1989). Increased adiposity 

and overfeeding leading to over-conditioning has been shown to decrease insulin sensitivity in 

dairy cattle (Agenas et al., 2003; McCann and Reimers, 1985). Beyond diet effects, genetic 

effects have been demonstrated with cows with high genetic merit, potential for producing 

genetically superior offspring, for milk production being less insulin sensitive than cows with 

low genetic merit for milk production (Chagas et al., 2009).  

 

2.4.2 Ghrelin 

Ghrelin is a peptide hormone that was discovered in the rat stomach (Howard et al., 1996; 

Kojima et al., 1999). It is currently the only orexigenic peptide hormone known to be produced 

in peripheral tissues (Nakazato et al., 2001; Tschöp et al., 2000). In monogastrics, ghrelin is 

produced by the stomach and gastrointestinal endocrine cells, but in cattle, ghrelin is synthesized 

by the abomasal section of ruminal tissues (Date et al., 2000; Hayashida et al., 2001; Gentry et 

al., 2003; Zigman and Elmquist, 2003). Ghrelin is known for its effects on energy homeostasis 

regulation (Müller et al., 2015). Ghrelin has been shown to stimulate appetite and fat 

accumulation (Kojima et al., 1999; Tschöp et al., 2000; Nakazato et al., 2001). Additionally, 

ghrelin is involved in insulin secretion, stress, and glucose metabolism (Broglio et al., 2001; 

Chuang et al., 2011; Delhanty and Van der Lely, 2011). Rigault et al. (1996) detected ghrelin and 

its receptor in liver, which in liver, ghrelin causes increased gluconeogenesis and decreased 

glucose uptake (Gauna et al., 2005; Rigault et al., 1996). Considering that glucose is an essential 

precursor for i.m. adipose tissue deposition, it is possible that plasma ghrelin concentrations can 
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be correlated with i.m. adipose tissue deposition due to its function of stimulating glucose output 

from the liver. Tschöp et al. (2000) observed that ghrelin promoted adipose tissue deposition by 

reducing TAG mobilization and ß-oxidation of fatty acids. Additional studies also have observed 

that ghrelin stimulates the expression of genes involved in lipogenesis (Perez-Tilve et al., 2011; 

Sangiao-Alvarellos et al., 2009; Theander-Carrillo et al., 2006). The combined effects ghrelin on 

gluconeogenesis and lipogenesis furthers the concept that ghrelin has the potential to be 

correlated with i.m. adipose tissue deposition. 

Ghrelin can utilize a number of pathways to influence feed intake and metabolic function. 

In rodents, ghrelin stimulates feed intake via neuropeptides located in the hypothalamus (Inui, 

2001; Nakazato et al., 2001; Shintani et al., 2001). Ghrelin is able to cross the blood-brain barrier 

in other regions and reach the cerebrospinal fluid (Cabral et al., 2017; Uriarte et al., 2018). 

Additionally, ghrelin can activate the vagus nerve to indirectly stimulate the hypothalamus (Date 

et al., 2006). 

Plasma ghrelin concentrations increase when nutrient availability is low and decrease 

when energy supply is abundant (Al Massadi et al., 2014). There is an inverse correlation 

between ghrelin concentrations and body mass index; therefore, ghrelin concentrations are 

elevated in malnourished states and decreased in states such as obesity in monogastrics 

(Cummings et al., 2002; Mequinion et al., 2013; Nagaya et al., 2001; Otto et al., 2001; Tschöp et 

al., 2001). In contrast, plasma ghrelin concentrations were greater for Corriedale sheep with 

excessive body fat when compared with lean sheep, but a decreased number of ghrelin receptors 

in the hypothalamus were observed (Kurose et al., 2005). Zigman et al. (2016) also demonstrated 

that a decreased effect of ghrelin on food intake occurred in obese animal models. This condition 

has been termed “ghrelin resistance” (Cui et al., 2017; Zigman et al., 2016).  
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In addition to differences in circulating concentrations relative to energy state and body 

composition, circulating ghrelin concentrations increase before a meal and decrease after feeding 

(Cummings et al., 2001; Shiiya et al., 2002). Wertz-Lutz et al. (2006) and Bradford and Allen 

(2008) observed elevated blood ghrelin concentrations in cattle during restricted feed intake, 

fasting, and negative energy balance. This also has been observed in sheep (Sugino et al., 

2002a,b). Interestingly, ghrelin likely is not essential for regulation of feed intake. Deletion of 

ghrelin receptors or related receptors did not have an effect on feed intake in mice (McFarlane et 

al., 2014; Sun et al., 2003, 2004, 2006; Wortley et al., 2004; Zhao et al., 2010).  

 

2.4.3 Adiponectin 

Adiponectin is one of the most abundant adipokines secreted from white adipose tissue 

(Arita et al., 1999; Chandran et al., 2003; Hu et al., 1996; Jacobi et al., 2004). Adiponectin 

affects lipogenesis, gluconeogenesis, insulin sensitivity, and anti-inflammatory activity (Ahima 

and Lazar, 2008; Dall’Olio et al., 2009; Galic et al., 2010; Kadowaki and Yamauchi, 2005; 

Pagano et al., 2005; Pineiro et al., 2005; Scherer et al., 1995; Tilg and Wolf, 2005; Tonelli et al., 

2004; Wei et al., 2013; Yamauchi et al., 2001; Yokota et al., 2002). Additionally, adiponectin is 

involved in yield grade and body weight (BW) in cattle (Berner et al., 2004; Kissebah et al., 

2000; Morsci et al., 2006; Oshima et al., 2005; Wu et al., 2002). Receptors for adiponectin can 

be present in liver, macrophages, hypothalamus, white adipose tissue, and blood vessels (Tomas 

et al., 2002; Wu et al., 2003; Yamauchi et al., 2002, 2003, 2014).  

Adiponectin is negatively correlated with adipose tissue mass, meaning that plasma 

adiponectin concentrations are lower in obese individuals (Arita et al., 1999; Hu et al., 1996; 

Kadowaki and Yamauchi, 2005; Matsubara et al., 2002; Ouchi et al., 1999; Turer et al., 2011). 



12 
 

The negative correlation between adiponectin and obesity, and the anti-inflammatory effects of 

adiponectin may be responsible for the observation that obesity leads to widespread, low-grade 

inflammation in adipose tissue (Illán-Gómez et al., 2012). Adiponectin has also been shown to 

increase insulin sensitivity (Berg et al., 2002; Combs et al., 2001; Turer and Scherer, 2012), with 

low plasma adiponectin concentrations being associated with decreased insulin sensitivity (i.e. 

isulin resistance) (Giesy et al., 2012; Singh et al., 2014).  

Adiponectin also suppresses hepatic glucose output via the activation of 5’ adenosine 

monophosphate-activated protein kinase (AMPK) (Combs et al., 2001). This was observed in 

mice that had lowered blood glucose for a short period of time in response to adiponectin 

treatment (Berg et al., 2001; Combs et al., 2001). Further, the activation of AMPK signaling by 

adiponectin has been shown to be hindered in obesity (Bruce et al., 2005; Chen et al., 2005). 

Inhibition of the activation of AMPK signaling by adiponectin led to increased hepatic glucose 

output and glucose intolerance (Andreelli et al., 2006; Yamauchi et al., 2002). We propose that 

adiponectin will be negatively correlated with i.m. adipose tissue deposition. Lower plasma 

adiponectin increases glucose availability to be incorporated into fatty acids and i.m. adipose 

tissue.  

 Low carbohydrate diet-based weight loss increased plasma adiponectin concentrations in 

humans (Salehi-Abargouei et al., 2015), and overfeeding was shown to decrease adiponectin 

(Ukkola et al., 2008). These observations suggest a potential difference in adiponectin 

concentrations will be found in cattle fed hay-based diets versus grain-based diets. 
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2.5 Fatty acid composition 

It is well documented that fatty acid composition in s.c. adipose tissue is affected by 

breed, sex, age, and nutrition (Clemens et al., 1973; Eichhorn et al., 1986; Huerta-Leidenz et al., 

1993; Mandell et al., 1998). The delta 9-desaturase is responsible for the conversion of saturated 

fatty acids (SFA) to monounsaturated fatty acids (MUFA) (St John et al., 1991; Jiang et al., 

2008; Duckett et al., 2009) and several studies have indicated that a corn-based diet increases 

stearoyl-CoA desaturase (SCD) gene expression in cattle; SCD is the gene encoding delta 9-

desaturase (Archibeque et al., 2005; Chung et al., 2007; Duckett et al., 2009).  

Fatty acid composition of bovine plasma is affected by differences in diet. Plasma fatty 

acid composition in cattle changed, particularly with decreases over time in stearic acid (18:0), 

trans-vaccenic acid (18:1trans-11), and α-linolenic acid (18:3n-3), and increases in linoleic acid 

(18:2n-6) (Archibeque et al., 2005; Chung et al., 2006). In a study done comparing calf-feds 

(calves fed a concentrate diet immediately following feeding) and yearling-feds (cattle fed a 

concentrate diet at 12 mo of age), there were significant differences seen in the fatty acid 

composition of blood between calf-fed and yearling-fed steers (Brooks et al., 2011), especially 

for conjugated linoleic acid (CLA) isomers, stearic acid, and linoleic acid. The increase in stearic 

acid over time in yearling-fed steers may have been caused by a decline in hepatic SCD activity 

when fed the corn-based diet.  

Chung et al. (2006) demonstrated a diet effect as well as a genetic effect on plasma fatty 

acid composition by comparing Angus and Wagyu cattle. Both myristoleic and palmitoleic acid 

plasma concentrations were elevated in steers fed a corn-based diet, but stearic acid 

concentrations were less than those fed a hay-based diet (Chung et al., 2006). Additionally, 

Angus steers had greater plasma palmitic and palmitoleic acid concentrations and a greater 16:1-
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to-18:0 ratio than Wagyu steers (Chung et al., 2006). Along with the differences in plasma fatty 

acid concentrations, Chung et al. (2006) reported greater marbling scores in corn-fed steers than 

hay-fed steers. Further, Choi et al. (2014) observed that plasma palmitoleic acid, trans-isomers, 

and cis-vaccenic acid were decreased with arginine and alanine infusion. Additionally, plasma 

palmitic acid was higher in arginine-infused steers than in alanine-infused steers and that co-

infusion with conjugated linoleic acid (CLA) decreased α-linolenic acid and increased both CLA 

isomers (cis9, trans11 and trans10, cis 12) in both arginine- and alanine-infused steers (Choi et 

al., 2014). The differences in fatty acid composition in bovine plasma due to differences in diet 

in these studies suggest that there will be differences in fatty acid composition in bovine plasma 

that reflect differences in the degree of marbling and/or diet. 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Animal handling 

Twenty-one Angus heifers approximately 8 mo of age were fed hay and distiller’s grain 

until 12 mo of age. This study is a portion of a larger study with 3 treatment groups (Hay, Hay, 

Grain; Hay Grain, Hay; Grain, Hay, Hay) changing dietary treatment every 3 mo with this study 

focusing on the first session of dietary treatment. At 12 mo of age, 14 heifers (Hay, Hay, Grain; 

Hay, Grain, Hay) remained on the hay/distillers grain diet. The remaining 7 heifers (Grain, Hay, 

Hay) were fed a standard finishing, grain-based diet. Care, handling and sampling of heifers 

were approved by the Texas A&M University Institutional Animal Care and Use Committee. At 

the beginning of the feed trial period, heifers averaged 242.24 kg and 234.98 kg for hay and 

grain groups, respectively. Diets were formulated by Dr. Jason Sawyer using the National 

Academies of Sciences, Engineering and Medicine for 2016 (NASEM 2016), the Nutrient 

Requirements of Beef Cattle and the Beef Cattle Nutrient Requirements Model (BCNRM). The 

hay/distillers grain diet was 65% alfalfa hay supplemented with 35% distiller’s grain on an as-fed 

basis formulated to achieve an ADG of 0.9 kg/d. The grain-based diet was 25% alfalfa, 40% dry 

rolled corn, and 35% dried distiller’s grain on an as-fed basis formulated to achieve an average 

daily gain (ADG) of 1.36 kg/d. Both diets are the same diets used by Lunt et al. (2005) and 

Chung et al. (2007). Heifers had free access to water throughout the treatment period. Weight 

was recorded every 28 d. Ultrasound was performed at the beginning of treatment (0 d) and after 

84 d to estimate marbling amount and rib fat thickness. Ultrasound images were captured using 

an Aloka 500V SSD Ultrasound with a 17 cm probe and read at 3.5 mHz. Ultrasound images 

were analyzed by Kendrick Leblanc using the UICS program Centraliced Ultrasound Processing 
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(CUP) lab (The CUP Lab, LLC., Ames, IA). Change in %IMF was calculated by subtracting 

the %IMF at 84 d on treatment from the %IMF at 0 d on treatment. Average daily intake 

(amount consumed per day on an as-fed basis) was recorded using the GrowSafe System 

(Calgary, A.B., Canada). The GrowSafe System measures the difference in weight of feed in the 

bunk when an animal enters the bunk. The heifers have radio frequency identification tags placed 

in the ear, which is registered every time a heifer puts their head into the bunk. The system 

records the weight of the bunk at the time the heifer enters and the weight after the heifer leaves 

and the difference between the two weights was used to record individual consumption per day. 

 

Table 1. Diet Composition 

 Hay Corn  

CP (%) 20.6 18.2 

Fat (%) 4.83 5.70 

TDN (%) 67.3 80.1 

ME (Mcal/kg) 2.40 2.89 

NEm (Mcal/kg) 1.52 1.93 

NEg (Mcal/kg) 0.93 1.28 

 

 

3.2 Plasma analysis 

Blood samples were taken in the morning before feeding from the jugular vein at 0 d and 

84 d of treatment. Following the methodology by Takemoto et al. (2017), the plasma was 

collected in vacutainer tubes containing EDTA and chilled on ice. Samples were centrifuged for 

15 min at 2,000 x g at 2°C, and plasma was stored at -80°C until analysis. Plasma glucose was 

measured using a commercially available kit (Glucose Enzyme Kit, CBA086, EMD Millipore 

Corporation, Temecula, CA) and plasma insulin was measured using a commercially available 

kit (Insulin Ab ELISA Kit, KA1107, Abnova, Taipei, Taiwan) with a mean inter- and intra-assay 

CV ranges of 2.5 to 4.0% and 4.3 to 6.0%, respectively. Plasma ghrelin and adiponectin were 
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measured using commercially available ELISA kits (GHRL ELISA Kit (Cattle) (OKCD02570) 

and ADIPOQ ELISA Kit (Bovine) (OKEH03794), respectively, Aviva Systems Biology, San 

Diego, CA). Mean inter- and intra-assay precision for the adiponectin assay were < 8.4% and < 

5.7%, respectively. The mean inter- and intra-assay CV were ≤ 12% and ≤ 10%, respectively for 

the ghrelin assay. Kits were used according to protocol. All hormones were measured at 450 nm 

and glucose was measured at 570 nm using a Biotek Epoch Microplate Reader (Winooski, VT). 

Plasma acetate, propionate, and butyrate were sent to the University of Nevada in Reno to be 

measured as described by Remesy and Damigne (1974) with modifications (Klusmeyer et al., 

1987). Additional modifications to the procedure were using 1.5 mL of plasma with 3 mL 

instead of 2 mL of ethanol, 150 µL instead of 100 µL of 0.2 N NaOH, 100 µL instead of 200 µL 

of distilled water, and 5 µL instead of 10 µL of formic acid. All chemicals were adjusted 

accordingly for samples with less than 1.5 mL of plasma. Some samples were thawed upon 

arrival in Reno. Plasma volatile fatty acids (VFA) were measured using gas chromatography 

(Shimadzu Nexis GC 2030, Shimadzu Co., Japan) with a split ratio of 50:1 at 300°C and 153 kpa 

with a 1 µL injection volume. Separations were done using a fused silica capillary column (0.25 

mm x 100 m, Supelco Inc., Bellefonte, PA). % VFAs were calculated by totaling the 

concentrations of all VFAs (acetate, propionate, and butyrate) and calculating proportion (e.g. 

acetate concentration/total VFA concentration x 100). Lipids were extracted in 

chloroform:methanol (2:1 vol/vol) from 1 mL plasma or serum by the method of Folch et al. 

(1957). The samples were filtered to remove precipitated protein. Fatty acid methyl esters 

(FAME) were prepared as described by Morrison and Smith (1964). The FAME were analyzed 

using gas chromatography as described previously by Archibeque et al. (2005) with hydrogen as 
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the carrier gas. Fatty acid composition was measured with a Clarus 500 Gas Chromatograph 

from Perkin Elmer (Waltham, Massachusetts) using a 1:10 split ratio.  

 

3.3 Statistical analysis 

Data for plasma glucose, VFAs, fatty acids, and hormones were analyzed using single 

factor analysis of variance and simple regression (SuperAnova, Abacus Concepts, Inc., Berkeley, 

CA). Body weight (BW), %IMF, and VFAs were analyzed as a split-plot design with animal as 

the replicate, diet as the split plot, and time of collection as the whole plot. When analysis of 

variance indicated significant differences (P < 0.05), means were separated by the Fisher’s 

Protected LSD method. 
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CHAPTER IV 

RESULTS 

4.1 Production characteristics 

Initial BW was numerically lower for grain-fed heifers than hay-fed heifers (234.98 kg 

vs. 242.24 kg; P = 0.55). Final body weight (BW) tended to be greater for grain-fed heifers 

(360.91 ± 6.73 kg) than for hay-fed heifers (335.65 ± 6.73 kg; P = 0.076) (Table 1). Average 

daily gain (ADG) was higher in grain-fed heifers (1.49 ± 0.05 kg/d) than in hay-fed heifers (1.10 

± 0.05 kg/d; P = 0.0001) (Table 1). Feed:gain ratio was lower for grain-fed heifers (7.14 ± 0.38) 

than for hay-fed heifers (10.13 ± 0.38; P = 0.0001) (Table 1). Average daily intake (ADI) was 

not affected by dietary treatment (P = 0.12). Rib fat thickness was greater in grain-fed heifers 

(0.421 ± 0.02 cm) than in hay-fed heifers (0.342 ± 0.02 cm; P = 0.049). No differences were seen 

for %IMF between treatments (P = 0.18) (Table 1). Change in %IMF from January to April 

tended to be greater in grain-fed heifers (0.220 ± 0.14%) than in hay-fed heifers (-0.314 ± 0.14%; 

P = 0.07) (Table 1). There was a diet x time interaction for BW (P = 0.0001; Figure 1) and a 

tendency for an interaction of BW with %IMF (P = 0.07; Figure 2). 

 

 

Table 2. Body weight, percent intramuscular fat, average daily intake, average daily gain, 

feed:gain ratio, rib fat thickness, and change in intramuscular fat 

 Hay (n = 14) Grain (n = 7) SEM P-value 

Initial BW (kg) 242.24 234.98 5.53 0.55 

Final BW (kg) 335.65 360.91 6.73 0.076 

Average daily intake (kg/d) 11.09 10.51 0.17 0.12   

Average daily gain (kg/d) 1.10 1.49 0.05 0.0001  

Feed:Gain ratio 10.13 7.14 0.38 0.0001 

Rib Fat (cm) 0.342 0.421 0.02 0.049 

%IMF 2.6 3.0 0.20 0.18 

Change in %IMF -0.314 0.220 0.14 0.072 
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Figure 1. BW as a function of diet and time on feed (P = 0.0001). 

 

 

 

 

Figure 2. Percent IMF as a function of diet and time on feed (P = 0.07). 
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4.2 Plasma hormones and metabolites 

 There were no differences in plasma proportions of acetate, propionate, or butyrate 

between heifers fed the hay-based diet and heifers fed the grain-based diet. There also were no 

diet x time interactions for molar proportions of plasma acetate, propionate, or butyrate (P > 

0.05). There was no dietary effect for plasma glucose concentrations (P = 0.92) (Table 2). 

Plasma adiponectin and insulin concentrations were not affected by dietary treatment (P = 0.64 

and P = 0.41, respectively) (Table 3). Plasma ghrelin concentrations were greater in grain-fed 

heifers (2,877 ± 231 pg/mL) than in hay-fed heifers (1,630 ± 231 pg/mL; P = 0.0072) (Table 3). 

There were no differences among fatty acid species except for plasma α-linolenic acid (18:3n-3) 

proportions which tended to be greater in hay-fed heifers (0.41 ± 0.11 g/100 g fatty acids) than in 

grain-fed heifers (0.0 ± 0.11 g/100 g fatty acids; P = 0.08) (Table 4).  

 

 

Table 3. Plasma acetate, propionate, butyrate, and glucose proportions and concentrations. 

 Hay (n = 14) Grain (n = 7) SEM P-value 

Initial acetate (%) 86.08 84.63 1.98 0.74 

Initial propionate (%) 10.62 11.79 2.08 0.80 

Initial butyrate (%) 3.30 3.57 0.77 0.87 

Final acetate (%) 86.63 81.31 2.13 0.25 

Final propionate (%) 9.06 10.03 1.44 0.76 

Final butyrate (%) 4.30 8.67 1.88 0.29 

Glucose (mmol/L) 2.67 2.63 0.15 0.92 

 

 

 

 

Table 4. Plasma insulin, ghrelin, and adiponectin concentrations. 

Hormone Hay (n = 14) Grain (n = 7) SEM P-value 

Insulin (U/mL) 34.5 27.4 4.0 0.41 

Ghrelin (pg/mL) 1,630 2,877 231 0.007 

Adiponectin (µg/mL) 4.15 5.37 1.18 0.64 
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Table 5. Plasma fatty acid composition, g/100 g total fatty acids. 

Fatty acid Hay (n =14) Grain (n = 7) SEM P-value 

Myristic (14:0) 0.37 0.06 0.13 0.26 

Myristoleic (14:1) 0.04 0 0.02 0.32 

Palmitic (16:0) 19.78 19.95 1.20 0.95 

Palmitoleic (16:1n-7) 0.61 0.37 0.19 0.57 

Stearic (18:0) 39.80 42.80 2.39 0.57 

trans-Vaccenic (18:1trans-11)  4.23 2.80 0.47 0.16 

Oleic (18:1n-9) 21.50 20.43 1.56 0.76 

cis-Vaccenic (18:1n-7) 0.92 0.70 0.11 0.33 

Linoleic (18:2n-6) 10.51 12.18 0.81 0.35 

α-Linolenic (18:3n-3) 0.41 0.0 0.11 0.08 

Arachidonic (20:4n-6) 0.47 0.18 0.14 0.34 

Eicosapentaenoic (20:5n-3) 0.27 0.0 0.15 0.42 

Docosahexaenoic (22:6n-3) 0.19 0.0 0.12 0.45 

18:1:18:0 0.68 0.53 0.11 0.53 

MUFA 27.53 24.30 1.93 0.44 

SFA 60.05 62.81 2.06 0.54 

MUFA:SFA 0.50 0.41 0.05 0.47 

 

 

4.3 Correlations 

 There were correlations between final BW, fatty acid species and %IMF (Table 5). Rib 

fat thickness was negatively correlated with ADI and feed:gain ratio (Table 5). Final molar 

proportions of plasma acetate tended to be positively correlated with plasma insulin 

concentrations (Table 5). Final molar plasma propionate proportions were positively correlated 

with final BW (Table 5). Final molar plasma butyrate proportions tended to be negatively 

correlated with ADI (Table 5). Plasma ghrelin and linoleic acid (18:2n-6) concentrations were 

negatively correlated with feed:gain ratio (Table 5). Final BW and plasma ghrelin concentrations 

were positively correlated with ADG (Table 5). Plasma ghrelin concentrations were weakly, 

negatively correlated with ADI (Table 5). 
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Table 6. Correlations between final BW, ADG, ADI, F:G, %IMF and metabolites. 

 Final BW ADG ADI F:G %IMF 

Final BW  0.573** 0.024 -0.544*** 0.518** 

Rib fat 0.301 0.355 -0.379* -0.485** 0.072 

Glucose -0.206 -0.034 0.105 0.019 -0.332 

Acetate -0.221 -0.131 0.345 0.299 -0.075 

Propionate 0.482** 0.146 0.009 -0.157 0.042 

Butyrate -0.120 0.036 -0.397* -0.218 0.051 

Insulin -0.035 -0.215 0.079 0.175 -0.242 

Ghrelin 0.169 0.450** -0.388* -0.552*** 0.301 

Adiponectin -0.08 0.242 -0.150 -0.237 0.134 

Palmitic (16:0) -0.18 -0.062 0.124 0.082 0.098 

Stearic (18:0) 0.153 0.112 -0.130 -0.143 -0.407* 

Oleic (18:1n-9) -0.188 -0.089 0.151 0.183 0.478** 

Linoleic (18:2n-6) 0.378* 0.316 -0.340 -0.431* 0.161 

18:1:18:0 -0.232 -0.139 0.212 0.242 0.473** 

SFA 0.061 0.086 -0.061 -0.106 -0.406* 

MUFA -0.249 -0.187 0.152 0.254 0.360 

MUFA:SFA -0.214 -0.158 0.165 0.231 0.419*   

*P < 0.10; **P < 0.05; ***P < 0.01 

 

4.3.1 Production characteristics 

There was a positive correlation between final BW and final %IMF (r = 0.518; P = 0.02) 

(Table 5, Figure 3) and a weak, positive correlation between final BW and change in %IMF (r = 

0.440; P = 0.06) (Figure 4). There was a strong, positive correlation between final BW and ADG 

(r = 0.573; P = 0.007) (Table 5, Figure 5). There also was a negative correlation between final 

BW and feed:gain ratio (r = -0.544; P = 0.011) (Table 5, Figure 6). Rib fat thickness was 

negatively correlated with ADI (r = -0.379; P = 0.099) and feed:gain ratio (r = -0.485; P = 0.03) 

(Figure 7 and Figure 8, respectively). 
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Figure 4. Change in %IMF as a function of final BW (r = 0.440; P = 0.06) (n = 19). 

Figure 3. Final %IMF as a function of final BW (r = 0.518; P = 0.02) (n = 

19). 
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Figure 5. ADG as a function of final BW (r = 0.573; P = 0.007 

 

 

 

 

 

 
Figure 6. Feed:Gain ratio as a function of final BW (r = 0.544; P = 0.011). 
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Figure 7. ADI as a function of rib fat thickness (r = -0.379; P = 0.099). 
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Figure 8. Feed:gain ratio as a function of rib fat thickness (r = -0.485; P = 0.03). 

 

 

 

4.3.2 Plasma metabolites 

Final molar proportions of plasma acetate (r = 0.386; P = 0.08) tended to be positively 

correlated with plasma insulin concentrations (Figure 9). Final molar plasma propionate 

proportions were positively correlated with final BW (r = 0.482; P = 0.03) (Figure 10). Final 

molar plasma butyrate proportions tended to be negatively correlated with ADI (r = -0.397; P = 

0.07) (Figure 11). There was a positive correlation between plasma glucose concentrations and 

plasma trans-vaccenic acid (18:1trans) proportions (r = 0.470; P = 0.03) (Figure 12). There were 

no correlations between glucose and %IMF, BW, or any of the hormones (Table 5). 
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Figure 9. Final plasma proportions of acetate as a function of plasma insulin concentrations (r = 

0.386; P = 0.08). 

 

 

 

 

Figure 10. Final plasma proportions of propionate as a function of final BW (r = 0.482; P = 

0.03). 
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Figure 11. Final plasma proportions of butyrate as a function of ADI (r = -0.397; P = 0.07). 

 

 

 

 

Figure 12. Plasma trans-vaccenic acid proportions as a function of plasma glucose 

concentrations (r = 0.470; P = 0.0315). 
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Proportions of plasma linoleic acid (18:2n-6) tended to be positively correlated with final 

BW (r = 0.378; P = 0.09) (Figure 13). Plasma trans-vaccenic acid proportions tended to be 

negatively correlated with ADG (r = -0.396; P = 0.08) (Figure 14). Plasma linoleic acid 

proportions tended to be negatively correlated with feed:gain ratio (r = -0.431; P = 0.05) (Figure 

15). There were positive correlations observed for plasma proportions of palmitoleic acid (16:1n-

7) (r = 0.469; P = 0.043) and oleic acid (18:1n-9) (r = 0.478; P = 0.04) and %IMF (Figure 16). 

Additionally, plasma proportions of stearic acid (18:0) (r = -0.407; P = 0.08) and SFA (r = -

0.406; P = 0.09) tended to be negatively correlated with final %IMF (Figure 16). The 

oleic:stearic acid ratio was positively correlated to final %IMF (r = 0.473; P = 0.04) and the 

MUFA:SFA ratio tended to be positively correlated to final %IMF (r = 0.419; P = 0.07) (Figure 

17). 

 

 

 

Figure 13. Plasma linoleic acid proportions as a function of final BW (kg) (r = 0.378; P = 0.09). 
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Figure 14. Plasma trans-vaccenic acid proportions as a function of ADG (r = -0.396; P = 0.08). 

 

 

 

 

Figure 15. Plasma linoleic acid proportions as a function of feed:gain ratio (r = -0.431; P = 

0.051). 
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Figure 16. Plasma proportions of 16:1n-7(r = 0.469; P = 0.043), 18:0 (r = -0.407; P = 0.08), 

18:1n-9 (r = 0.478; P = 0.04), and SFA (r = -0.406; P = 0.09) as functions of final %IMF.  
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Figure 17. Oleic:stearic acid (r = 0.473; P = 0.04) and MUFA:SFA (r = 0.419; P = 0.07) ratios 

as functions of final %IMF. 

 

 

 

4.3.3 Hormones 

 There were no significant correlations observed between plasma concentrations of 

insulin, adiponectin, or ghrelin and %IMF. Plasma ghrelin concentrations were negatively 

correlated with ADI (r = -0.388; P = 0.08) (Figure 18) and feed:gain ratio (r = -0.552; P = 

0.0095) (Figure 19). Plasma ghrelin concentrations also were positively correlated with ADG (r 

= 0.450; P = 0.04) (Figure 18). Plasma ghrelin concentrations were positively correlated with rib 

fat thickness (r = 0.459; P = 0.04) (Figure 20). 
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Figure 18. ADG (r = 0.450; P = 0.04) and ADI (r = -0.388; P = 0.08) as functions of plasma 

ghrelin concentrations. 

 

 

 

Figure 19. Feed:gain ratio as a function of plasma ghrelin concentrations (r = -0.552; P = 

0.0095). 
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Figure 20. Plasma ghrelin concentrations as a function of rib fat thickness (r = 0.459; P = 0.04). 

 

 

4.3.4 Hormones and metabolites 

There were negative correlations between proportions of plasma myristic acid (14:0) (r = 

-0.464; P = 0.03) and palmitoleic acid (r = -0.474; P = 0.03) and plasma ghrelin concentrations 

(Figure 21). There also was a positive correlation between plasma concentrations of linoleic acid 

and plasma ghrelin concentrations (r = 0.462; P = 0.04) (Figure 21). Additionally, plasma 

proportions of palmitic acid tended to be negatively correlated with plasma ghrelin 

concentrations (r = -0.406; P = 0.07) (Figure 21). Plasma proportions of palmitic acid also 

tended to be negatively correlated with plasma adiponectin concentrations (r = -0.375; P = 0.09) 

(Figure 22). 
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Figure 21. Plasma proportions of 14:0 (r = -0.464; P = 0.03), 16:0 (r = -0.406; P = 0.07), 16:1n-

7 (r = -0.474; P = 0.03), and 18:2n-6 (r = 0.462; P = 0.04) as functions of plasma ghrelin 

concentrations.  
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Figure 22. Plasma proportions of palmitic acid as a function of plasma adiponectin 

concentrations (r = -0.375; P = 0.09). 
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CHAPTER V 

DISCUSSION 

5.1 Production characteristics 

Smith and Crouse (1984) reported greater backfat thickness and kidney, pelvic, and heart 

fat in cattle fed a corn-based than in cattle fed a hay-based diet that likely accounted for the 

greater BW of cattle fed the corn-based diet. Jennings et al. (2011) also reported that carcass fat 

mass was greater for steers fed a high-energy, grain-based, diet for both growing and finishing 

phases. As a proportion of shrunk BW (BW without final meal prior to slaughter; BW*0.96), 

cumulative fat accumulation was greater for steers fed the high-energy diet for both phases than 

for steers fed a low-energy diet during the growing phase (Jennings et al., 2011). This agrees 

with the results of this study where heifers fed grain had greater rib fat thickness than heifers fed 

hay. As per the design of the study, ADG was greater for heifers on the grain-based than for 

heifers on the hay-based diet. Brooks at al. (2011) also reported higher ADG for calf-fed steers 

(steer calves fed a concentrate diet immediately following feeding) on a corn-based diet than 

steers fed hay/pasture. Similarly, the feed:gain ratio was less for heifers on the grain-based diet 

indicating greater feed efficiency. These correlations coincide with the negative correlation 

between rib fat thickness and feed:gain ratio and the weak, negative correlation between rib fat 

thickness and ADI. There was a negative correlation between BW and feed:gain ratio, which 

agrees with the differences seen between both BW and feed:gain ratio with dietary treatment. 

Along with the differences in ADG and feed:gain ratio, there was a diet x time interaction for 

BW with heifers on the grain-based diet increasing in BW at a greater rate than heifers on the 

hay-based diet.  
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In the present study, diet was used to stimulate marbling deposition to establish a 

difference in marbling between dietary groups. No difference was observed with %IMF between 

diet groups, which did not support our hypothesis that grain-fed heifers would have a 

greater %IMF than hay-fed heifers. This lack of difference for %IMF with diet and the positive 

correlation between %IMF and BW is consistent with results observed by Nour et al. (1983), 

who found that carcass weight had a greater positive effect on marbling than diet. Previous 

studies showed that overall carcass fatness and s.c. fat thickness were associated with marbling 

(Pearson 1966; Crouse and Smith 1978; Harrison et al. 1978; Tatum et al. 1980; Dolezal et al. 

1982; Huffman et al. 1990; May et al., 1992). In contrast, there was no correlation between rib 

fat thickness and %IMF in the present study. Previous reports of correlations for carcass fatness 

and s.c. fat thickness were in mature or harvested cattle, whereas the heifers in the present study 

ended treatment at 15 mo of age. Also, the current study fed 40% corn on an as-fed basis and did 

not step up the proportion of concentrate throughout the feeding period, as would have been done 

in a commercial feedlot operation. 

Heifers fed the hay-based diet tended to have a decrease in %IMF with time on feed 

whereas heifers fed the grain-based diet tended to have an increase %IMF over 3 mo of 

treatment. We previously reported that marbling score increases for steers on corn-based diets at 

a greater rate than for steers on a hay-based diet (Chung et al., 2007; Lunt et al., 2005). Further, 

there was a significant, positive correlation between BW and %IMF. The results of the present 

study coincide with Jennings et al. (2011) who reported that marbling score increased at a greater 

rate for commercial Angus steers that started on a high energy diet for the growth phase (0 to 111 

d) and stayed on a high-energy diet for a finishing phase (112 to 209 d) than cattle that started on 

a low-energy diet for the growth phase and which were transitioned onto the high energy diet for 
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the finishing phase. Further, the %IMF expressed as a percent of LD increased at a greater rate 

for steers on the high-energy diet for both phases than steers started on the low-energy diet 

(Jennings et al., 2011). Change in %IMF per day also was increased throughout the experiment 

for steers on high-energy diets for both phases (Jennings et al., 2011), which confirms the 

observations in the present study of a positive diet x time interaction for %IMF with heifers on 

the grain-based diet.  

 

5.2 Volatile fatty acids 

Microbial activity and diversity is influenced by diet (Bevans et al., 2005; Turnbaugh et 

al., 2006, Hernandez-Sanabria et al., 2012). Cook and Miller (1965) demonstrated that plasma 

propionate concentrations in ewes and goats were higher when fed a grain-based diet. When fed 

alfalfa hay, plasma acetate and propionate averaged at 187.67 and 9 µmol/100 mL, respectively; 

when fed grain, plasma acetate and propionate averaged at 133 and 24 µmol/100 mL, 

respectively. Butyrate was undetectable in ewes fed either diet (Cook and Miller, 1965). Orskov 

et al. (1991) reported that cattle fed high-concentrate diets produce a greater proportion of 

propionate than when fed forage diets. Further, increased i.m. adipose tissue deposition was 

reported in steers fed a concentrate diet that generated 39.3% more propionate (Choat et al., 

2003). There were no differences in molar proportions of plasma acetate, propionate, or butyrate 

between hay- and grain-based diet groups in the present study, but plasma molar proportions of 

propionate were positively correlated with BW. Although BW only tended to be greater in the 

grain-fed heifers than in hay-fed heifers, ADG was significantly greater in the grain-fed heifers 

than in hay-fed heifers. Therefore, there is a distant relationship between propionate and diet in 

the present study. Differences in bacterial population also are reported among individuals (Brulc 
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et al., 2009; Hernandez-Sanabria et al., 2010). Hernandez-Sanabria et al. (2012) reported that 

rumen propionate and butyrate were not different between high- and low-energy diets in the low-

residual feed intake (L-RFI) (the difference between the animal’s expected intake and actual 

intake) group, but the difference in rumen propionate proportion approached significance in the 

high-RFI (H-RFI) group (P = 0.10) than in the L-RFI group (P = 0.71). Rumen acetate differed 

more in the L-RFI group than in H-RFI the group (Hernandez-Sanabria et al., 2012).  

In the present study, plasma molar proportions of butyrate was weakly, negatively 

correlated with ADI. Hernandez-Sanabria et al. (2012) reported that in L-RFI steers, rumen 

propionate and total VFA were negatively correlated with RFI.  Also, Hernandez-Sanabria et al. 

(2012) reported different phylotypes of bacteria were associated with L-RFI and H-RFI steers 

suggesting different populations of microflora within the rumen influencing individual feed 

efficiency. Further, there were different phylotypes reported for high and low DMI steers 

(Hernandez-Sanabria et al., 2012). This is likely one factor influencing the weak, negative 

correlation between plasma butyrate proportions and ADI. 

Quigley et al. (1991) reported total plasma VFA concentrations of 0.1 to 0.95 mmol/L 

whereas rumen VFA concentrations range from 100 to 140 mmol/L (Bauman et al., 1971). There 

is little available research on plasma VFA concentrations that demonstrate dietary effect, but 

rumen VFA concentrations are well-known to be responsive to diet as was reported by Bauman 

et al. (1971) in Holstein cows. Therefore, although there were no correlations between acetate, 

propionate, or butyrate and %IMF or change in %IMF, rumen VFA concentrations may be 

correlated and reflective of marbling status. 

There was a weak, positive correlation between molar proportions of plasma acetate and 

plasma insulin concentrations. This could be an indicator of insulin activity stimulating 
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lipogenesis, but none of the VFAs were correlated with rib fat thickness in the present study. 

Previous studies investigated changes in plasma VFA concentration in response to diet 

composition (Cook and Miller, 1965) and the difference in substrate preference for fatty acid 

biosynthesis between s.c. and i.m. adipose tissue (Chung et al., 2007; Cook and Miller, 1965; 

Gilbert et al., 2003; Hausman et al., 2009; Ladeira et al., 2016). Subcutaneous adipose tissue 

incorporates acetate into fatty acids at a much greater rate than i.m. adipose tissue. Rhoades et al. 

(2007) and Smith and Crouse (1984) reported a greater rate of incorporation of acetate into fatty 

acids in s.c. than in i.m. adipose tissue; the relative rate of incorporation was not influenced by 

diet. Also, the highest incorporation of acetate into fatty acids was observed in the s.c. adipose 

tissue of steers fed a high energy diet (Smith and Crouse, 1984). Proportionally, acetate provided 

70-80% of the acetyl units to fatty acid synthesis in s.c. adipose tissue and 10 to 26% for i.m. 

adipose tissue (Smith and Crouse, 1984). Insulin inhibits lipolysis and may stimulate fatty acid 

synthesis from acetate, a preferred substrate for lipogenesis in ruminants, uptake in peripheral 

tissues although it has not been possible to demonstrate a stimulation of lipogenesis by insulin in 

bovine s.c. adipose tissue (Alves-Nores et al., 2017; Jarrett et al., 1974; reviewed by Smith, 

2017; Vernon et al., 1985). However, plasma insulin concentrations were positively correlated 

with carcass adiposity (Trenkle and Topel, 1978). Rather than stimulating lipogenesis, Vernon 

(1978, 1979) observed that insulin prevented decreases in fatty acid synthesis from acetate in 

tissue culture with ovine adipose tissue. Vernon (1978) and Miller et al. (1989) reported similar, 

but less effective effects in bovine s.c. adipose tissue. This effect of insulin on lipogenesis rates 

was less apparent in i.m. adipose tissue than s.c. adipose tissue (Miller et al., 1989). To the 

author’s knowledge, there are no reports on the direct relationship between plasma proportions of 
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acetate and plasma insulin concentrations or the correlation between plasma VFA proportions 

and marbling deposition or adiposity. 

 

5.3 Glucose 

González-Grajales et al. (2019) observed basal glucose concentrations ranging from 4.39 

to 5.25 mmol/L and maximal glucose concentrations ranging from 13.1 to 16.1 mmol/L in 

Holstein cattle. Alves-Nores et al. (2017) reported that basal serum glucose concentrations 

ranged from 2.65 to 4.03 mmol/L and peak serum glucose concentrations varied from 19.54 to 

28.15 mmol/L in cattle. Vanhatalo et al. (2003) infused casein and glucose into the abomasum, 

but did not see significant differences in plasma glucose concentration. In contrast, Locher et al. 

(2015) conditioned dairy cattle on an energy-dense diet for 15 wk and observed an increase in 

plasma glucose concentrations with time on treatment (3.06 mmol/L at 0 wk and 4.72 mmol/L at 

15 wk conditioning). Although this would indicate that increases in plasma glucose 

concentrations are associated with time and adiposity, it was not stated whether there was a 

direct connection between glucose concentrations and body condition score or any other direct 

measure of adiposity. The results of the current study do not coincide with the results seen by 

Locher et al. (2015) because cattle on the grain-based diet were “conditioned” for 12 wk, but 

there were no differences in plasma glucose concentrations between grain-fed heifers and hay-

fed heifers. Glucose concentrations ranged from 1.68 to 4.03 mmol/L in the present study, which 

are at the low end of concentrations observed in previous studies (Alves-Nores et al., 2017; 

González-Grajales et al., 2019). The lack of difference with plasma glucose concentrations also 

coincides with the lack of difference in plasma insulin concentrations in the present study. 
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Plasma glucose concentrations are higher in male than in female cattle (Hayhurst et al., 

2009). Plasma glucose concentrations in dairy calves ranged from 4.26 to 4.73 mmol/L in 

females and 5.10 mmol/L in males. In addition to sex effects, breed effects also have been 

related to plasma glucose concentrations. Glucose concentrations were greater in Holstein steers 

than in Japanese Black (JB) steers ranging from 4.44 to 5.56 mmol/L for Holstein steers and 3.61 

to 4.17 mmol/L for JB steers (Matsuzaki et al., 1997). 

The lack of difference in glucose concentrations in the present study could be responsible 

for the lack of difference in %IMF between diets groups. The cattle in the present study were 

genetically similar (Angus heifers), so glucose and insulin concentrations would not have been 

affected by breed type or sex. This is in agreement with previous reports that plasma glucose and 

insulin concentrations fluctuate within a narrow range in ruminants (González-Grajales, et al., 

2019; Kaneko, 1997; Kasai et al., 2014; Sasaki, 2002), but contradicts a previous study that 

reported increases in plasma glucose concentrations in cattle fed a high-energy diet (Locher et 

al., 2015). 

Plasma trans-vaccenic acid concentrations were positively correlated to plasma glucose 

concentrations. This perhaps was due to dietary effects on ruminal microflora. Increasing grain 

in the diet decreases ruminal fatty acid biohydrogenation (Fukuda et al., 2006; Nagaraja and 

Titgemeyer, 2007; van de Vossenberg and Joblin, 2003; Wallace et al., 2006). As the microbial 

populations responsible for fatty acid isomerization and biohydrogenation decrease, there would 

be a resulting decrease in reaction products (stearic and trans-vaccenic acids) (Brooks et al., 

2011). In the present study plasma trans-vaccenic acid concentrations were numerically, but not 

significantly, lower in grain-fed heifers (2.80 vs. 4.23 g/100 g fatty acid for grain- and hay-fed 

groups, respectively). 
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5.4 Hormones 

5.4.1 Insulin 

In the present study, plasma concentrations of insulin did not differ between diet groups, 

nor were plasma insulin concentrations correlated with marbling although Jennings et al. (2011) 

reported plasma insulin concentrations were lower in steers fed a low-energy diet than in steers 

fed a high-energy diet. The results of the present study do not support our hypothesis that insulin 

concentrations would be higher in grain-fed heifers than in hay-fed heifers and that plasma 

insulin concentrations would be correlated with marbling. This finding could be attributed in part 

to the limited range of %IMF of the heifers in this study.  

Differences in plasma insulin concentrations have been observed between different 

breeds of cattle. Satou et al. (1998a) reported JB heifers had higher basal plasma insulin 

concentrations than Holstein heifers. Shingu et al. (2001) further observed greater plasma insulin 

concentrations in mature JB cattle than Holstein cattle fed the same diet. Plasma insulin 

concentrations were 13.94 and 9.85 µU/mL at 12 mo of age and 29.17 and 12.75 µU/mL at 18 

mo of age for JB and Holstein heifers, respectively. Shingu et al. (2001) also observed that 

during the suckling period and at 18 mo of age, JB heifers had significantly higher maximum 

insulin concentrations after glucose injection than Holstein heifers indicating a greater insulin 

response in JB heifers. Satou et al (1998a,b) observed similar results in JB heifers. Similar results 

with steers also have been observed (Matsuzaki et al., 1997). Shingu et al. (2001) speculated that 

this difference in insulin level and secretion in response to glucose treatment could be due to beef 

vs. dairy cattle (muscle accumulation and marbling in beef cattle versus milk production in dairy 

cattle) that favor anabolic processes (JB) or catabolic processes (Holstein). Matsuzaki et al. 

(1997) observed that plasma insulin concentrations increased with increasing BW from 3.3 to 
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124.3 µU/mL, from 10.8 to 45.2 µU/mL, and from 2.6 to 73.9 µU/mL for the JB, Japanese 

Brown, and Holstein cattle, respectively. At 400 kg BW, JB steers had higher plasma insulin 

concentrations than either Japanese Brown or Holstein cattle, but only were higher than Japanese 

Brown at 600 kg BW (Matsuzaki et al., 1997). Similar results were observed by Grigsby and 

Trenkle (1986), who reported higher plasma insulin concentrations in smaller-framed Angus 

cattle than in larger-framed Limousin and Simmental cattle. Matsuzaki et al. (1997) found that 

the different plasma insulin concentrations between JB and Japanese Brown were greater for JB 

steers, but carcass fatness was similar to Japanese Brown steers. JB had greater plasma insulin 

concentrations as well as carcass fat than Holstein steers even with different degrees of carcass 

fatness. Carcass fatness differed between Holstein and Japanese Brown cattle, but plasma insulin 

concentrations were similar. This could be due to the closer genetic similarity between JB and 

Japanese Brown cattle. Matsuzaki et al. (1997) determined that the differences in plasma insulin 

concentrations are more likely due to genetic differences rather than differences in feed intake. 

The above studies investigated plasma insulin concentrations in breeds of cattle that 

varied genetically in both BW, frame-size, and marbling potential. All these factors, either 

combined or independently, have shown to be associated with differences in plasma insulin 

concentrations. The present study utilized genetically similar cattle (Angus) and there were no 

differences in plasma insulin concentrations. What remains to be determined is whether greater 

differences in marbling status than was seen in this study is correlated with plasma insulin 

concentrations. 
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5.4.2 Ghrelin 

Ghrelin has two, major circulating isomers, acyl-ghrelin and des-acyl ghrelin. Des-acyl 

ghrelin circulates at much higher concentrations than acyl-ghrelin (active ghrelin) (Hosoda et al., 

2000; ThidarMyint et al., 2006). The functions of des-acyl ghrelin in cattle are largely unknown. 

Foote et al. (2014) reported that plasma active ghrelin concentrations differed among breeds of 

cattle, but plasma total ghrelin concentrations did not. Foote et al. (2014), therefore, speculated 

that the activation of ghrelin (acylation and deacylation) could be more important for regulating 

ghrelin activity and signaling than the removal of the ghrelin peptide from circulation. Ghrelin o-

actlytransferase (GOAT), the enzyme that catalyzes the addition of the octanoyl group onto 

ghrelin (Yang et al., 2008), increases expression in the stomach, hypothalamus, and pituitary 

with fasting in mice (Gahete et al., 2010). Des-acyl ghrelin has been suggested to induce a 

negative energy balance (Tschöp et al. 2000, Nakazato et al. 2001) and possesses peripheral 

effects (Gauna et al., 2005; Thompson et al., 2004), indicating it may be a natural antagonist to 

active ghrelin. Gauna et al. (2004) reported that injection of acyl-ghrelin induced a rapid rise in 

plasma insulin and glucose concentrations, but caused decreased insulin sensitivity in human 

models. The same authors also reported that in an in vitro study, acyl-ghrelin induced while des-

acyl ghrelin inhibited glucose output from primary porcine hepatocytes (Gauna et al., 2005). 

Although the function of des-acyl ghrelin is still unclear in ruminants and only total ghrelin was 

quantified in the present study, this antagonistic relationship between the ghrelin isomers and 

glucose and insulin metabolism could be why differences were not observed for plasma glucose 

and insulin concentrations, but total ghrelin was elevated in grain-fed heifers. 

Plasma ghrelin concentrations were negatively correlated with feed:gain ratio, which 

coincides with the difference seen in feed:gain ratio and dietary treatment with heifers fed the 
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grain-based diet being lower than those fed the hay-based diet. Also, plasma ghrelin 

concentrations tended to be negatively correlated with ADI. These results partially supported our 

hypothesis that ghrelin concentrations would be greater in heifers fed the grain-based diet than 

heifers fed the hay-based diet, but did not support a correlation between ghrelin and marbling. 

Foote et al. (2014) reported that plasma active ghrelin concentrations were not correlated with 

dry matter intake (DMI) (intake on a dry matter-basis), but the active:total ghrelin ratio was 

positively correlated with DMI, and plasma total ghrelin concentrations were negatively 

correlated with DMI. The negative relationship between total ghrelin and DMI reported by Foote 

et al. (2014) supports the results of the present study. Foote et al. (2014) argues that the 

active:total ghrelin ratio is a better indicator and/or predictor of DMI than plasma active or total 

ghrelin concentrations individually because the active:total ghrelin ratio accounted for more 

variation explained by the model than either the plasma active or total ghrelin concentrations did. 

Foote et al. (2014) also reported that ADG was negatively correlated to plasma total ghrelin 

concentrations, but in the present study, plasma ghrelin concentrations were positively correlated 

with ADG. This could be due to the diet effect in the present study, as there was no dietary 

treatment in the study by Foote et al. (2014). The results of the present and previous studies 

suggest that ghrelin is a potential indicator of production performance, including feed efficiency 

and ADG. In future studies, measurement of the ratio of active:total ghrelin would be beneficial 

for exploring the relationship between ghrelin and dietary treatment, marbling, and growth. 

A polymorphism near the gene LYPLA1 was found to be significantly associated with 

DMI in cattle (Lindholm-Perry et al., 2012). LYPLA1 encodes for lysophospholipase I, which 

cleaves the Octanoyl group from serine 3 on ghrelin (Shanado et al., 2004). Octanoyl group 

cleavage is thought to prevent ghrelin from activating the growth hormone secretagogue receptor 
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(GHS-R), which is important for stimulating appetite (Al Massadi et al., 2011; Kojima and 

Kangawa, 2002). Foote et al. (2014) speculated that the LYPLA1 polymorphism could affect 

LYPLA1 expression and alter acyl-ghrelin concentrations, but ghrelin likely is not essential for 

regulation of feed intake. Deletion of ghrelin receptors or related receptors in mice did not affect 

feed intake (McFarlane et al., 2014; Sun et al., 2003, 2004, 2006; Wortley et al., 2004; Zhao et 

al., 2010). Wertz-Lutz et al. (2006) reported that ghrelin infusion of satiated steers did not 

increase DMI, therefore, ghrelin likely is not able to overcome satiety factors and/or signals. 

Therefore, the LYPLA1 polymorphism probably is not a driving force influencing DMI or 

ghrelin signaling to stimulate feed intake. 

Plasma ghrelin concentrations in the present study, which used an ELISA assay, were 4 

to 10 times that reported in previous studies that used radioimmunoassay (RIA) to quantify 

plasma ghrelin concentrations (1,630 pg/mL and 2,877 pg/mL vs 123 to 690 pg/mL) (Wertz-Lutz 

et al., 2006). ThidarMyint et al. (2006) reported Holstein heifers at 6 mo age had basal total 

plasma ghrelin concentrations averaging at 2,800 pg/mL, which was approximately 16 times 

higher than the basal active plasma ghrelin concentrations they measured. The total plasma 

ghrelin concentrations observed by ThidarMyint et al. (2006) are closer to the concentrations 

observed in the present study. This indicates that previous reports are likely quantifying active 

plasma ghrelin concentrations, although this is not specified. In the present study, blood was 

taken before feeding, so the elevated concentrations were consistent with previous studies that 

reported that plasma ghrelin concentrations are elevated prior to feeding (Miura et al., 2004; 

Wertz-Lutz et al., 2006). Miura et al. (2004) observed greater pre-feeding ghrelin concentrations 

for mature Holstein cows fed a solely forage diet at 1.3% BW. Wertz-Lutz et al. (2006) observed 

greater plasma ghrelin concentrations prior to feeding in Simmental x Angus crossbred steers fed 
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a diet composed of 80% grain at 2.3% BW. In monogastrics, ghrelin concentrations were 

suppressed post-feeding proportionally to ingested caloric load, and this was dependent on the 

macronutrient composition of the meal (Callahan et al., 2004).  

Jennings et al. (2011) reported a significant diet effect on plasma ghrelin concentrations. 

Plasma ghrelin concentrations were similar during the growing phase between dietary treatment, 

which was started at 8 mo of age, but were greater during the finishing phase in steers that were 

fed a high-energy diet for both growing and finishing phases than steers fed a low-energy diet for 

the growing phase (Jennings et al., 2011). This partially agrees with the results seen in the 

present study, where heifers fed the grain-based diet had greater plasma ghrelin concentrations 

than heifers fed the hay-based diet. The cattle in the present study began treatment at 12 mo of 

age whereas the cattle in Jennings et al. (2011) were started on treatment at 8 mo of age. Miura et 

al. (2004) demonstrated that 3-mo-old calves had lower plasma ghrelin concentrations and less 

fluctuation relative to feeding time than mature cows, demonstrating an age effect. Therefore, 

age may have played a role in the differences in results seen between the present study and 

Jennings et al. (2011). In contrast, Jennings et al. (2011) reported that the abundance of GHS-R, 

a receptor for ghrelin signaling, in s.c. adipose tissue, liver, and muscle tissue did not differ with 

dietary treatment although plasma ghrelin concentrations differed. GHS-R differed with time and 

body composition; the greatest abundance of GHS-R in s.c. adipose tissue was at the final 

slaughter, and liver had the greatest abundance of GHS-R at the 1.0 cm rib fat compositional 

endpoint (Jennings et al., 2011). This indicates that the GHS-R is influenced by body 

composition (perhaps adiposity) rather than diet, which affects plasma ghrelin concentrations.  

Heifers tended to have greater plasma active ghrelin concentrations but lower DMI than 

steers (Foote et al., 2014). Also, heifers had greater total plasma ghrelin concentrations, but 



51 
 

similar active:total ghrelin ratios than steers (Foote et al., 2014). There also were breed effects 

observed by Foote et al. (2014); Gelbveih-sired cattle had the greatest plasma active ghrelin 

concentrations and Charolais-sired cattle had the least, and Angus-sired cattle were intermediate. 

The active:total ghrelin ratios mirrored the plasma active ghrelin concentration results because 

there were no differences with plasma total ghrelin concentrations among sire breeds (Foote et 

al., 2014). These results suggest that plasma ghrelin concentrations are influenced by both 

genetics and diet. 

In the present study, plasma ghrelin concentrations were greater in heifers fed the grain-

based diet than heifers maintained on hay, but there was no correlation observed between plasma 

concentrations of ghrelin and %IMF. Choi et al. (2003) reported that ghrelin stimulates 

adipogenesis in 3T3 cells through the stimulation of the expression of peroxisome proliferator-

activated receptor γ2 (PPARγ2), a transcription factor involved in adipocyte differentiation. 

Jennings et al. (2011) speculated that increased ghrelin in steers fed the high-energy diet for both 

phases may be signaling increased differentiation of preadipocytes to lipid-filled adipocytes in 

cattle consuming energy-dense diets. Infusion with ghrelin in rat adipose tissue increased glucose 

transporter and lipogenic precursor expression (Davies et al., 2009). There also was an additive 

effect of ghrelin and insulin on glucose uptake in rodent adipocytes (Patel et al., 2006). 

Therefore, considering glucose is the preferred precursor for fatty acid synthesis in i.m. adipose 

tissue, Jennings et al. (2011) speculated ghrelin could promote i.m. adipose tissue deposition. 

This is supported by the greater rate of increase in %IMF in the present study and Jennings et al. 

(2011) for heifers and steers fed high-energy diets.  

Jennings et al. (2011) alternatively speculated that increased ghrelin in cattle fed high-

energy diets may be the result of lower receptor abundance in target tissues. However, Jennings 
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et al. (2011) observed no differences in GHS-R in s.c. adipose tissue, liver, or muscle tissue 

between dietary treatments, further supporting that the abundance of GHS-R is influenced by 

body composition rather than diet. There was a decrease in the abundance of receptors observed 

in the hypothalamus in obese sheep by Kurose et al. (2005). Zigman et al. (2016) demonstrated a 

decreased effect of ghrelin on food intake in obese animal models, suggesting ghrelin resistance 

with obesity (Cui et al., 2017).  

GHS-R abundance was not measured in the present study, but the present study 

confirmed that dietary treatment does affect plasma ghrelin concentrations. Also, body 

composition (especially adiposity) is a possible factor affecting plasma ghrelin concentrations as 

seen by the greater %IMF and rib fat thickness and plasma ghrelin concentrations with high-

energy diets in the present study and in the studies done by Jennings et al. (2011) and Kurose et 

al. (2005). In the present study, rib fat thickness was positively correlated with plasma ghrelin 

concentrations, which also agrees with the greater rib fat thickness measured in grain-fed heifers 

than in hay-fed heifers. Future studies investigating the influence of ghrelin on lipid metabolism 

and adiposity are warranted. The active:total ghrelin ratio also needs to be considered when 

looking at the relationship between ghrelin and feed intake, adiposity, and marbling in the future. 

 

5.4.3 Adiponectin 

Plasma adiponectin concentrations did not differ between diets, nor was there a 

significant correlation between plasma adiponectin concentrations and %IMF. These results did 

not support our hypotheses that plasma adiponectin concentrations would be lower in heifers fed 

the grain-based diet than in heifers fed the hay-based diet and that there would be a correlation of 

adiponectin with %IMF. Adiponectin concentrations are reportedly associated with sex in cattle 
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and obesity in humans. Serum adiponectin concentrations were less for bulls than heifers of the 

same age (25.1 vs 31.0 µg/mL, respectively) (Heinz et al., 2015). In humans, adiponectin 

concentrations were greater in non-obese subjects (8.9 mg/mL) than in obese subjects (3.7 

mg/mL) (Arita et al., 1999). There was a strong, negative correlation observed between plasma 

adiponectin concentrations and body mass indices in humans (Arita et al., 1999). Additionally, 

circulating adiponectin concentrations are negatively correlated with plasma glucose, insulin, and 

TAG, in healthy human subjects (Hirose et al., 2010). There were heifers with undetectable 

concentrations of adiponectin in both diet groups in the current study, but there was no 

correlation between plasma adiponectin concentrations and rib fat thickness. This contradicts 

previous reports on the relationship between adiponectin and white adipose tissue mass. 

A lack of significant difference and/or correlation between plasma adiponectin 

concentrations and %IMF and/or rib fat thickness could be due to the cattle being the same breed 

and sex with genetically similar marbling potential. Also, the range for %IMF and rib fat 

thickness of the heifers in the present study was narrow. Although the goal of this study was to 

establish a preliminary model that could provide information on marbling status and/or potential 

regardless of breed, more differences in %IMF and back fat thickness due to diet may be 

required. Further, it would be interesting to examine differences between breeds of cattle with 

known differences in genetic marbling potential. Most studies that have established the 

relationships between obesity, white adipose tissue mass, and adiponectin concentrations have 

been done in humans and rodents, and there are limited data examining adiposity and 

adiponectin concentrations in ruminants. The differences in metabolic function between 

monogastrics and ruminants may be a significant factor as to why significant differences were 

not seen in this study. Adiponectin concentrations in white adipose tissue were significantly 



54 
 

decreased with increased BW, body condition, and fat cell size in cattle (Locher et al., 2015). 

Locher et al. (2015) also reported that blood adiponectin concentrations decreased with weight 

gain, but the significance was less than with white adipose tissue adiponectin concentrations 

suggesting that fluctuations in adiponectin concentrations are more apparent in white adipose 

tissue than in plasma. Therefore, there may be a significant difference seen in adiponectin 

concentrations in white adipose tissue with diet, rib fat thickness, and/or %IMF in contrast to 

what was observed in this study, which used plasma adiponectin concentrations. 

 

5.5 Fatty acid composition 

Although previous studies reported that diet and time on feed influence fatty acid 

composition (Sturdivant et al., 1992; May et al., 1993; Huerta-Leidenz et al., 1996; Chung et al., 

2006), there were no differences seen among fatty acid species due to diet except for plasma α-

linolenic acid proportions, which were greater in heifers fed the hay-based diet than heifers fed 

the grain-based diet. Brooks et al. (2011) compared calf-fed and yearling-fed angus steers, and 

reported greater proportions of plasma linoleic acid in yearling-fed (pasture-fed) steers than in 

calf-fed steers. Plasma linoleic acid proportions tended to be negatively correlated to feed:gain 

ratio and tended to be negatively correlated with final BW in the present study, which agrees 

with the results seen by Brooks et al. (2011), when considering the higher feed:gain ratio and 

final BW observed in heifers fed the hay-based diet than in heifers fed the grain-based diet. 

Increasing grain in the diet changes the microflora population in the rumen, leading to 

decreases in ruminal fatty acid biohydrogenation (Fukuda et al., 2006; Nagaraja and Titgemeyer, 

2007; van de Vossenberg and Joblin, 2003; Wallace et al., 2006). Therefore, as the microbial 

populations responsible for fatty acid isomerization and biohydrogenation decrease, the 
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substrates for their reactions (unsaturated fatty acids) would accumulate, resulting in a decrease 

in the reaction products (stearic and trans-vaccenic acids) (Brooks et al., 2011). Brooks et al. 

(2011) reported increased proportions of linoleic acid and 18:2cis-9,trans-11 conjugated linoleic 

acid (CLA) in duodenal digesta of calf-fed steers indicating a decrease in SFA exiting the rumen, 

therefore, reduced substrate for the SCD reaction. In the present study, plasma trans-vaccenic 

acid proportions tended to be negatively correlated with ADG, suggesting less ruminal bacterial 

isomerization in grain-fed heifers (which had higher ADG) than hay-fed heifers. Brooks et al. 

(2011) fed diets composed largely of Bermuda hay whereas, the bulk of the diets in the present 

study consisted of alfalfa hay and distiller’s grains. According to Dal Bosco et al. (2014), alfalfa 

contains 0.375 g α-linolenic acid per 100 g of fatty acids compared to the limited amounts of α-

linolenic acid in corn (Archibeque et al., 2005; Gilbert et al., 2003). In the current study, there 

were only low concentrations of plasma α-linolenic acid in heifers fed hay and α-linolenic acid 

was undetectable in the plasma of heifers fed grain.  

There were positive correlations observed between plasma proportions of palmitoleic and 

oleic acid and %IMF. Additionally, plasma proportions of stearic acid and SFA tended to be 

negatively correlated with %IMF. The 18:1:18:0 ratio was significantly, positively correlated 

to %IMF, and the MUFA:SFA ratio tended to be positively correlated to %IMF. Delta 9-

desaturase is responsible for converting SFA to MUFA (St John et al., 1991; Jiang et al., 2008; 

Duckett et al., 2009) and studies have indicated that corn-based diets increase mRNA levels of 

SCD, the gene responsible for delta 9-desaturase, gene expression (Archibeque et al., 2005; 

Chung et al., 2007; Duckett et al., 2009; Jiang et al., 2008; Martin et al., 1999). Although 

Archibeque et al. (2005) argues against using fatty acid ratios to predict SCD activity due to the 

presence of oleic acid from the diet, Chung et al. (2007) argued that palmitoleic acid is a strong 
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indicator of SCD activity because it can only be produced endogenously. In the present study, 

palmitoleic acid was positively correlated to %IMF and stearic acid had a weak, negative 

correlation with %IMF. This suggests increased SCD activity in the adipose tissue and/or liver of 

heifers with higher marbling. Brooks et al. (2011) reported a higher SCD gene expression and 

SCD index in i.m. adipose tissue of calf-fed steers than in yearling-fed steers. Further, Chung et 

al. (2007) reported a greater increase in SCD activity in corn-fed steers than in forage-fed steers 

and differences with marbling score were reported being higher in steers fed corn than steers fed 

forage (Lunt et al., 2005). This agrees with the correlations observed in the present study 

between 18:1:18:0 and MUFA:SFA ratios and %IMF. Although there were no differences found 

with MUFA nor %IMF between diet groups, the correlations in the present study may suggest 

that the mechanisms responsible for stimulating SCD gene expression are closely related to i.m. 

adipose tissue deposition regardless of diet. These observations, along with the greater marbling 

in steers fed corn than steers fed forage (Brooks et al., 2011; Chung et al., 2007; Lunt et al., 

2005), suggest that SCD gene expression in i.m. adipose tissue is influenced by diet and that 

SCD gene expression could differ between cattle with differences in genetic marbling potential 

regardless of diet. Cattle with higher genetic marbling potential may have higher base level SCD 

gene expression than cattle with lower genetic marbling potential. Any increase in i.m. lipid (or 

marbling scores) generally is positively correlated with an accumulation of MUFA when feeding 

corn to finishing cattle (Chung et al., 2006; reviewed in Smith et al., 2006). Further research is 

warranted to establish relationships between SCD gene expression in i.m. adipose tissue with 

marbling in cattle.  

Previous studies reported that JB accumulate more MUFA and fewer SFA in s.c. and i.m. 

adipose tissue than Angus steers (Sturdivant et al., 1992; May et al., 1993; Chung et al., 2006). A 
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greater MUFA:SFA ratio also was demonstrated in Wagyu compared to Angus steer s.c. adipose 

tissue on the same, high-roughage diet and at the same maturity (May et al., 1993). This effect 

between breeds with known genetic differences agrees with the results of the present study that 

demonstrated a positive correlation with 18:1:18:0, MUFA:SFA and %IMF. Further, there were 

negative correlations for stearic acid and SFA with %IMF. This suggests that the correlations 

and differences observed in the current study and previous studies could be due differences in 

marbling activity rather than breed differences alone. In contrast, Cameron et al. (1994) reported 

no differences in SCD enzyme activity or SCD gene expression in s.c. adipose tissues of Wagyu 

and Angus steers fed the same diet. Chung et al. (2007) also found that there was no difference in 

SCD enzyme activity in s.c. adipose tissue between Wagyu and Angus steers. Considering the 

differences in substrate preference for s.c. and i.m. adipose tissue, it is possible that SCD enzyme 

expression and activity only differs in i.m. adipose tissue, and not s.c. adipose tissue. 

 

5.5.1 Fatty acid composition and hormones 

There were further results not considered in the original hypotheses of this study. There 

was a positive correlation between plasma proportions of linoleic acid and plasma ghrelin 

concentrations. This correlation with linoleic acid is consistent considering the higher plasma 

ghrelin concentrations associated with the grain diet. Corn contains an average fatty acid 

proportion of 52.7% linoleic acid  (Carrillo et al., 2017) whereas alfalfa contains approximately 

6.4% linoleic acid as a proportion of total fatty acids (calculated from Dal Bosco et al., 2014). 

Linoleic acid also tended to be positively correlated with BW. This coincides with the greater 

plasma ghrelin concentrations in the grain-fed heifers than in the hay-fed heifers.  
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Plasma palmitic acid proportions tended to be negatively correlated with both plasma 

ghrelin and adiponectin concentrations and plasma palmitoleic acid proportions were negatively 

correlated with plasma ghrelin concentrations. Alfalfa does have approximately 2 times the 

proportion of palmitic acid (25%) in its fatty acid composition than corn does (12.6%) (Carrillo 

et al., 2017; Toral et al., 2016), which could explain the negative correlation between plasma 

ghrelin concentrations and plasma palmitic acid proportions. These correlations possibly are due 

to increased SCD activity with grain-based diets (Archibeque et al., 2005; Chung et al., 2007; 

Duckett et al., 2009; Jiang et al., 2008; Martin et al., 1999). Either SCD expression is 

upregulated in cattle with higher ghrelin concentrations or the fatty acid composition of the diet 

affects plasma ghrelin and adiponectin concentrations. Chung et al. (2007) argued that 

palmitoleic acid is a strong indicator of SCD gene activity because it can only be produced 

endogenously. Long-chain fatty acids suppressed ghrelin release from monogastric gastric 

mucosal cells in vitro (Lu et al., 2012; Sakata et al., 2012), but, no research has been reported 

that relates plasma ghrelin or plasma adiponectin concentrations to plasma fatty acid 

concentrations. Additionally, there was an additive effect of ghrelin and insulin on glucose use 

for fatty acid synthesis in rodent adipocytes (Davies et al., 2009; Patel et al., 2006), which needs 

to be investigated in ruminants. 
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CHAPTER VI 

SUMMARY 

The heifers in this study did not differ in %IMF, but %IMF decreased in hay-fed heifers 

and increased in grain-fed heifers over time. There may be a minimal level of difference 

in %IMF required to further develop a metabolic profile that could evaluate marbling status 

and/or future marbling potential.  

Plasma ghrelin concentrations have been confirmed to be greater in grain-fed cattle than 

in hay-fed cattle and have demonstrated correlations with production characteristics (ADI and 

ADG). Ghrelin also has demonstrated a positive correlation with adiposity (rib fat thickness). 

Ghrelin also was positively correlated with %IMF, although not significantly. Subcutaneous and 

i.m. adipose tissue depots are metabolically distinct, thus the difference in significance with 

correlations between s.c. and i.m. adipose tissue depots and plasma ghrelin concentrations. With 

this, ghrelin shows promise in predicting carcass adiposity and marbling. Fatty acid composition 

also shows promise in predicting marbling due to its correlation with %IMF in the present study. 

Future investigation into active ghrelin and the active:total ghrelin ratio and their 

potential influence on fatty acid composition and vice versa is needed. Novel data correlating 

ghrelin to fatty acid composition suggests it’s involvement in lipid metabolism, especially 

concerning preadipocyte differentiation and SCD expression. Active ghrelin and the active:total 

ghrelin ratio need further investigation related to their effect on lipid metabolism. Further 

research also is needed to explore whether ghrelin is a true indicator of production performance. 

It is not clear whether ghrelin affects fatty acid composition or fatty acid composition affects 

ghrelin activity, so the effect of dietary fatty acids on plasma ghrelin concentrations need to be 

further explored. The effect of diet and adiposity on the abundance of GHS-R in both central 
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nervous tissue and peripheral tissue needs further examination to clarify whether the driving 

force of ghrelin activity is the abundance of ghrelin (total or active) or GHS-R or a combination 

of both. 
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