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Fatty acids are important components of foods derived from livestock species, as they contribute to the healthfulness and benefits of beef and beef products. Oleic acid (18:1n-9) is the most highly regulated and most abundant fatty acid in animal tissue. The greatest risk factor for cardiovascular disease (CVD) is low circulating high-density lipoprotein cholesterol (HDL-C), and consumption of beef naturally enriched with oleic acid increases plasma HDL-C concentrations in men and women. Oleic acid is synthesized by the activity of stearoyl-coenzyme A (CoA) desaturase (SCD). In cattle, SCD activity and SCD1 gene expression are highest in adipose tissue depots, followed by skeletal muscle, intestinal mucosa, and the liver. Early studies demonstrated that the concentration of oleic acid beef contributes to positive flavor attributes, but this finding has been difficult to replicate in more recent studies. Including grain (especially corn) in the finishing diets of cattle is essential for the upregulation of SCD1 expression and activity. The measurement of SCD activity is technically difficult, but quantifying SCD gene expression or the concentration of palmitoleic acid (16:1n-7) in beef often provides insight into SCD activity. DNA polymorphisms in SCD1, the sterol regulatory element binding protein-1, the fatty acid synthase, and the growth hormone are associated with oleic acid concentration in the muscle of Japanese Black cattle, indicating a strong genetic component to the regulation of fatty acid composition of beef.
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Introduction

Unlike the essential fatty acids, linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3), the concentration of oleic acid (18:1n-9) can readily be increased in bovine adipose tissue and muscle. Oleic acid is the most abundant fatty acid in the bovine muscle, subcutaneous adipose tissue, and intramuscular adipose tissue (Westerling and Hedrick, 1979; St. John et al., 1987; Sturdivant et al., 1992; May et al., 1993; Smith et al., 1998; Chung et al., 2006; Brooks et al., 2011). Oleic acid is produced by the activity of the Δ9 desaturase, stearoyl-coenzyme A (CoA) desaturase (SCD), and SCD is encoded by stearoyl-CoA desaturase-1 (SCD1), which is expressed in virtually all bovine tissues. This mini-review describes the effects of oleic acid-enriched beef on risk factors for cardiovascular disease (CVD); the relationship between oleic acid and sensory attributes in beef; and dietary and genetic factors regulating SCD1 gene expression and SCD activity in bovine tissues.





Oleic acid and risk factors for CVD

We have demonstrated that the increased consumption of oleic acid-enriched ground beef increases plasma high-density lipoprotein cholesterol (HDL-C) concentration from baseline (Adams et al., 2010; Gilmore et al., 2011; Gilmore et al., 2013). The subjects for Adams et al. (2010) were mildly hypercholesterolemic men; those for Gilmore et al. (2011) were normocholesterolemic men; those for Gilmore et al. (2013) were normocholesterolemic, postmenopausal women; and those for Choi et al. (2018) were normocholesterolemic, postmenopausal women and mildly hypercholesterolemic, older men. Adams et al. (2010) compared the effects of ground beef formulated from lean and fat trim from grass-fed (low oleic acid) and grain-fed (high oleic acid) Wagyu steers and conventional cattle (Table 1). Gilmore et al. (2011) prepared ground beef patties from lean and fat trim from 20-month-old Angus steers raised solely on pasture and hay (low oleic acid) and Angus steers fed a corn-based feedlot diet for 8 months following weaning (high oleic acid). Gilmore et al. (2013) produced patties from retail chub pack ground beef (low oleic acid) and utilized premade ground beef patties formulated from Akaushi (American Red Wagyu) steers (high oleic acid). For Trials 1–3, the high oleic-acid ground beef patties contained 2–3 g more oleic acid per patty than the low oleic-acid patties (Table 1).


Table 1 | Characteristics of low oleic-acid (Low) and high oleic-acid (High) ground beef used in four randomized, controlled trials1.



In an effort to create ground beef patties that contained similar amounts of oleic acid, we formulated patties from chub pack ground beef (low oleic acid; 25% fat) and used premade Akaushi patties (high oleic acid; 20% fat) (Choi et al., 2018). However, after fatty acid analysis of the patties, we found that the chub pack patties contained more oleic acid (9.66 g/patty) than the Akaushi patties (7.72 g oleic acid/patty). We continue to refer to the Akaushi ground beef as high oleic acid because the monounsaturated fatty acid (MUFA):saturated fatty acid (SFA) ratio was higher in Akaushi patties (1.24) than in chub pack patties (0.96).

In Trial 1, men first consumed low oleic-acid ground beef (5 patties/week for 5 weeks) followed by a 3-week washout, during which they returned to their habitual diet. Following the washout period, the men consumed the high oleic-acid ground beef (5 patties/week for 5 weeks). During the first ground beef intervention period, the low oleic-ground beef decreased the plasma HDL-C concentration. During the second ground beef intervention period, the high oleic-acid intervention increased the plasma HDL-C concentration to pretrial levels. Trials 2–4 were randomized crossover trials in which participants consumed low oleic-acid or high oleic-acid ground beef (five 114-g patties/week for 5 weeks) and following a 4-week washout period, consumed the opposite type of ground beef. In Trials 2 and 3, the high oleic-acid ground beef increased plasma HDL-C concentration (Gilmore et al., 2011; Gilmore et al., 2013). Choi et al. (2018) demonstrated that high oleic-acid (Akaushi) ground beef had no effect on HDL-C concentration but increased the plasma concentration of the most buoyant and more healthful low-density lipoprotein cholesterol (LDL-C) fractions, LDL1-C plus LDL2-C, by over 4 mg/dL. On average, Trials 1–4 demonstrated a 3–4 mg/dL increase in HDL-C concentration when men and women consumed high oleic-acid ground beef as compared to conventional ground beef (Smith et al., 2020). A combined analysis of the Framingham Heart Study (1,428 participants), the Lipid Research Clinics Prevalence Mortality Follow-up Study (6,234 participants), the Lipid Research Clinics Coronary Primary Prevention Trial (1,808 participants), and the Multiple Risk Factor Intervention Trial (5,792 participants) concluded that a 1 mg/dL increase in HDL-C was associated with a 2%–3% depression in CVD mortality (Gordon et al., 1989). Therefore, even a relatively small increase in HDL-C concentration might reduce risk for CVD.

In Trial 2, both low and high oleic-acid ground beef decreased HDL2-C and HDL3 particle diameters (Gilmore et al., 2011). Roussell et al. (2012) reported that a Beef in an Optimal Lean Diet (BOLD) depressed HDL-C concentrations in men and women, and Wu et al. (2021) documented that BOLD decreased the abundance of the larger HDL2b lipoprotein particles. Lytle et al. (2023) reported that consumption of lean ground beef (5% fat) decreased HDL-C concentration in men and depressed the abundance of the larger HDL2b and HDL2a lipoprotein particles. The effects of these lean beef interventions might explain the decreased HDL2 and HDL3 particle size reported by Gilmore et al. (2011).





Fatty acids and beef sensory attributes

For over six decades, researchers have attempted to establish a relationship between fatty acid composition and beef palatability. Waldman et al. (1968) investigated the relationship of palatability traits with the percentage of fatty acids in lipids from three adipose tissue depots and the longissimus muscle (LM) but there were no significant associations among fatty acid composition, LM tenderness, juiciness, or flavor. Dryden and Marchello (1970) reported that the percentage of oleic acid was positively correlated with beef flavor, but not juiciness, in LM intramuscular lipid (IML), whereas linoleic acid was negatively correlated with juiciness. Westerling and Hedrick (1979) compared fatty acid composition and the flavor characteristics of steers and heifers fed fescue pasture or fescue pasture plus grain. Beef flavor score increased with time for those fed the grain-based diet and was positively correlated with oleic acid and negatively correlated with palmitic acid (16:0), stearic acid (18:0), and linoleic acid. Melton et al. (1982a) reported a significant, positive correlation with flavor score and oleic acid in beef from grass-finished, forage-grain-finished, and grain-finished steers. Melton et al. (1982b) demonstrated that the percentage of oleic acid was low and that stearic acid was higher in ground beef from steers backgrounded on pasture than in ground beef from steers that had been fed a cracked corn finishing diet. Positive flavor descriptors increased with days on feed and negative flavor descriptors declined with days on feed, and oleic acid was negatively correlated with negative flavor descriptors. Conversely, stearic and α-linolenic acids were positively correlated with negative flavor descriptors. Mandell et al. (1998) compared beef from forage-fed cattle to beef from grain-fed cattle and surmised that higher concentrations of linoleic acid and lower concentrations of oleic acid may have been responsible for the differences in beef flavor.

It has been more difficult to establish a relationship between fatty acid composition and beef flavor attributes when cattle are feedlot-finished the same number of days. Gilbert et al. (2003) fed Brangus steers cracked corn, casein-formaldehyde-protected canola lipid (high in oleic acid), or casein-formaldehyde-protected starch (which also contained canola oil). There was no difference in the oleic acid concentration of subcutaneous or intramuscular adipose tissue or in descriptive meat sensory or flavor attributes among treatments. Blackmon et al. (2015) produced ground beef from beef brisket, flank, and plate primals. Brisket is especially high in oleic acid (Turk and Smith, 2009; Smith et al., 2012; Smith et al., 2020) and the ground beef formulated from the brisket primal contained more oleic acid than ground beef from the flank or plate (Blackmon et al., 2015). Brisket ground beef had greater bloody/serumy and fat-like sensory attributes than ground beef from the flank, but there was no correlation between oleic acid concentration and any sensory panel flavor attributes. Kerth et al. (2015) formulated ground beef containing fat trim from the brisket, chuck, flank, and round. Brisket ground beef contained slightly more oleic acid than ground beef formulated from the other fat trims but there were no differences in consumer sensory traits.

Frank et al. (2016) reported the influence of intramuscular fat, animal feed, and breed type on sensory characteristics, chemical characteristics, and fatty acid composition of Australian Angus and Wagyu cattle. Although they observed several significant relationships between the percentages of IML, sensory attributes, and headspace volatile compounds, Frank et al. (2016) did not report associations among fatty acids and sensory characteristics. Chen et al. (2022) documented muscle fatty acids, beef flavor compounds, and beef flavors in Angus and Xianxi Yellow cattle. Although they reported principal component analysis (PCA) for flavor compounds and flavor attributes, a PCA was not reported for beef fatty acids and flavor attributes. We interpret the results of Frank et al. (2016) and Chen et al. (2022) to mean that there was no relationship between beef fatty acids and any sensory attributes. We conclude that there is little correlation between the concentration of fatty acids and flavor attributes of beef unless there are differences in the production of cattle (e.g., grass feeding vs. grain feeding).





Fatty acid composition, SCD activity, and SCD1 gene expression

As marbling score increases across a broad range of production conditions, the concentration and amount of oleic acid increase, and there is a concomitant decrease in stearic acid in bovine adipose tissue (Waldman et al., 1968; Chung et al., 2006; Brooks et al., 2011; Legako et al., 2015; Frank et al., 2016). In ruminants, dietary oleic acid is largely hydrogenated to stearic acid by ruminal microorganisms before reaching the abomasum (St. John et al., 1991; Ekeren et al., 1992). For bovine tissues, SCD activity is highest in adipose tissues but readily detectable in intestinal mucosal cells (St. John et al., 1991; Chang et al., 1992; Page et al., 1997; Archibeque et al., 2005). We interpret this to mean that duodenal stearic acid is converted in large part to oleic acid before being incorporated into chylomicrons. The primary source of oleic acid in bovine adipose tissue is de novo synthesis. Glucose, acetate, and lactate can be incorporated in fatty acid in bovine subcutaneous and intramuscular adipose tissues (Whitehurst et al., 1978; Smith and Prior, 1981; Smith, 1983; Smith and Crouse, 1984). The fatty acid synthase reaction produces palmitic acid and a small amount of myristic acid (14:0); stearic acid is synthesized by fatty acid elongase; and oleic acid is produced by desaturating stearic acid via SCD. Small amounts of palmitoleic acid (16:1n-7) are also generated by the desaturation of palmitic acid.

Percentages of palmitoleic acid in bovine tissues may provide evidence for current and/or past SCD activity (Smith et al., 1998). Subcutaneous adipose tissue from Japanese Black steers produced in Japan contained 5.2% palmitoleic acid, and subcutaneous adipose tissues from cattle raised in Australia and fed wheat and/or barley contained 1.6% palmitoleic acid (Smith et al., 1998). The proportions of stearic acid for these two groups of steers were 7.6% and 26.1%, respectively. These results illustrate the impact of finishing diets on the fatty acid composition of bovine adipose tissue.

Several studies have documented higher SCD1 gene expression and/or higher SCD activity in subcutaneous adipose tissue is associated with higher concentrations of MUFA (Yang et al., 1999; Archibeque et al., 2005; Chung et al., 2007; Duckett et al., 2009; Brooks et al., 2011). Yang et al. (1999) measured SCD activity in subcutaneous adipose tissue from Australian pasture-finished and feedlot cattle, in which feedlot cattle were fed sorghum-based finishing diets in the absence and presence of rumen-protected cottonseed oil (CSO). Subcutaneous adipose tissue from pasture-finished cattle had higher SCD activity than adipose tissue from grain-finished cattle, and protected CSO strongly depressed SCD activity relative to grain-finished cattle that were not fed CSO. The results of Smith et al. (1998) (which also included Australian grain-finished cattle) and Yang et al. (1999) were quite the opposite of the effects of grain finishing of cattle in the US. Research from the US has consistently demonstrated that MUFA increased over time in adipose tissue from grain-finished steers (Westerling and Hedrick, 1979; Huerta-Leidenz et al., 1996; Chung et al. 2006). SCD1 gene expression is not upregulated until cattle are fed a grain-based diet (Brooks et al., 2011) and SCD1 gene expression increases in LM and most adipose tissue depots the longer the steers are fed a corn-based finishing diet (Martin et al., 1999; Chung et al., 2007; Smith et al., 2012; Li et al., 2018).





Genetic regulation of fatty acid composition in beef cattle

Adipose tissue and muscle from Japanese Black, Hanwoo, and Yanbian Yellow cattle (raised in Japan, Korea, and China, respectively) contain an unusually high concentration of oleic acid (Sturdivant et al., 1992; Zembayashi et al., 1995; Smith et al., 2001; Smith et al., 2009; Maharani et al., 2012; Li et al., 2018). Comparisons of beef from Black Wagyu, Akaushi (Red Wagyu), Angus, and commercial beef raised in the US have confirmed that beef from Wagyu and Akaushi cattle fed a grain-based diet contains a higher concentration of MUFA than beef from domestic cattle (May et al., 1993; Chung et al., 2006; Adams et al., 2010; Gilmore et al., 2013; Choi et al., 2018).

Lunt et al. (1993) were the first to compare American Wagyu and Angus steers under the same management conditions. The Wagyu’s subcutaneous adipose tissue contained more MUFA and less SFA (MUFA : SFA ratio = 1.50) than adipose tissue from Angus steers (MUFA : SFA ratio = 1.17) (May et al., 1993). Subsequently, we documented USDA quality grade, fatty acid composition, SCD activity, and SCD1 gene expression in Angus and Wagyu slaughtered at a targeted final body weight of 525 kg and 650 kg (Chung et al., 2006; Chung et al., 2007). The MUFA : SFA ratio increased over time in Wagyu and Angus subcutaneous adipose tissues and was higher in adipose tissues from corn-fed steers than in hay/corn-fed steers (Chung et al., 2006) (Figure 1A). The MUFA : SFA ratio was higher in adipose tissue from Wagyu steers and the slip point (a measure of melting point) was lower in subcutaneous adipose tissue lipids from cattle raised to the Japanese endpoint than in cattle raised to the US endpoint (Chung et al., 2006) (Figure 1B). These findings illustrate the importance of the duration of feeding a finishing diet for adipose MUFA and lipid slip point. SCD activity increased over time in subcutaneous adipose tissue from corn-fed Angus and Wagyu steers and in hay/corn-fed Wagyu steers (Figure 1C) (Chung et al., 2007), and SCD1 expression increased over time in adipose tissue from Wagyu steers (but not Angus steers) fed either the corn or the hay/corn diet (Figure 1D).




Figure 1 | Monounsaturated fatty acid (MUFA):saturated fatty acid (SFA) ratio (A), slip point (B), stearoyl-CoA desaturase activity (C), and SCD1 gene expression (D) in subcutaneous adipose tissues of Angus steers fed a corn-based diet; Angus steers fed a hay/corn diet; Wagyu steers fed a corn-based diet; and Wagyu steers fed a hay/corn diet (n = 4 at all sampling times). All steers were weaned at 8 months of age. The US endpoint steers weighed 525 kg on average at sampling and the Japanese endpoint steers weighed 620 kg on average at sampling. The corn-based diet (Corn-fed) was designed to yield an average daily gain of 1.36 kg/d and the hay-based diet (Hay-fed) was supplemented with the same corn-based diet to yield an average daily gain of 0.9 kg/d. Marbling score was based on USDA marbling standards, and slip point is an estimate of the subcutaneous adipose tissue melting point. Stearoyl-CoA desaturase activity is expressed in nanomoles (nmol) stearic acid converted to oleic acid/(7 min•mg protein) and SCD1 gene expression is the SCD:28S ratio; both were measured in subcutaneous adipose tissues overlying the longissimus muscle. Data were derived from Chung et al. (2006), and Chung et al. (2007).



Taniguchi et al. (2004) demonstrated single-nucleotide polymorphisms in the open-reading frame (exon 5) of an SCD1 cDNA generated from Japanese Black cattle, in which valine was replaced with alanine. The VA and AA genotypes contributed to higher MUFA and lower melting points in intramuscular adipose tissue than the more infrequent VV genotype (Hoashi et al., 2007). Matsuhashi et al. (2011), Narukami et al. (2011), and Yokota et al. (2012) subsequently confirmed that these SCD1 polymorphisms contributed to variations in fatty acid composition across populations of Japanese Black cattle. In contrast, Maharani et al. (2012) reported that SCD1 TT, CC, and CT genotypes in exon 5 had no effect on oleic acid or total MUFA in beef from Korean Hanwoo cattle.

Taylor et al. (1998) first reported quantitative trait loci for stearic and oleic acids flanking the region in BTA19 between 28 cM and 51 cM. This region includes growth hormone (GH; 48.8 cM) but Taylor et al. (1998) were unable to identify the other genes in BTA19 responsible for the differences in stearic and oleic acids. Kawaguchi et al. (2021) reported fatty acid synthase (FASN; 51.4 cM) and sterol regulatory element-binding protein 1 (SREBP1; 35.2 cM) are located on BTA19. FASN regulates myristic acid and palmitic acid synthesis and SREPB1 is a transcription factor that regulates expression of FASN and SCD1 (located on BTA26; Campbell et al., 2001). Hoashi et al. (2007) and Matsuhashi et al. (2011) reported that the genotypes of SREPB1 and SCD1 are associated with the concentration of MUFA in beef from Japanese Black cattle, and Matsuhashi et al. (2011) reported that genotypes of FASN and GH are also associated with the concentration of MUFA.





Summary

Oleic-acid-enriched beef may reduce the risk for CVD but the effect of oleic acid on sensory attributes of beef has been difficult to demonstrate. Oleic acid increases in beef if cattle are raised to heavier weights and fed corn-based diets. Stearic acid in adipose tissue samples predicts the lipid melting point and may be negatively associated with beef sensory attributes. Although considerable research has focused on SCD1 gene expression, genetic polymorphisms in GH, FASN, and SREBP1 also contribute significantly to the fatty acid composition of beef.
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