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Abstract: This article provides an overview of fatty acids in meat, their variation among animal species, and the roles of
fatty acids as flavor precursors. Animal fat mostly consists of triglycerides and phospholipids. Fats from ruminant (cattle,
sheep, and goats) and monogastric (pigs and horses) animals have similar fatty acids with more saturated fatty acids and
monounsaturated fatty acids than polyunsaturated fatty acids. In monogastric animals, fatty acids in the muscle reflect the
composition of diets, whereas ruminant fatty acids are more saturated because of biohydrogenation in the rumen. Lipid-
derived flavor compounds are formed from the thermal oxidation of fatty acids during cooking, producing more desirable
aromatic compounds than autoxidation.Monounsaturated fatty acids such as oleic acid and polyunsaturated fatty acids such
as linoleic acid in meat produce various volatile compounds contributing to cooked meat aromas. Under most cooking
conditions, lipid-derived flavor compounds are usually predominant. However, these compounds have greater thresholds
than those derived from water-soluble compounds, such as the Maillard reaction products. The interactions between lipid
oxidation products andMaillard compounds are more important for the development of meat flavor than originally thought.
Moreover, fat-derived volatile compounds provide flavor notes indicative of species identification.
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Introduction

Fatty acid composition in meat is a topic of interest to
both the scientific community and the public. Fat in
meat animals consists mostly of triglycerides, acquired
from dietary sources and fatty acid de novo synthesis
(Dinh et al., 2010; Bravo-Lamas et al., 2018). Fatty
acids are classified by the length of their carbon chains
and the number of double bonds. The interest in fatty
acids is related to nutritional and sensory implications.
Fatty acid composition and the roles of each fatty acid
in thermal oxidation during cooking are of interest
because of their contribution to the cooked meat aro-
mas (Khan et al., 2015; Arshad et al., 2018). The ther-
mal oxidation of both saturated fatty acids (SFA) and
unsaturated fatty acids creates classes of compounds

(i.e., alkanes, aldehydes, ketones, organic acids, etc.)
similar to those that are formed during lipid autoxida-
tion (Khan et al., 2015; Arshad et al., 2018; Dinh et al.,
2018). However, thermal oxidation produces much
more desirable aromas because it shifts the composi-
tion of the oxidation products toward a greater concen-
tration of acids, esters, long-chain aldehydes and
ketones, and various polymerized compounds. Many
reviews have discussed meat flavor, including various
pathways of flavor compounds from both fat- and
water-soluble fractions (Calkins and Hodgen, 2007;
Arshad et al., 2018; Bravo-Lamas et al., 2018; Dinh
et al., 2018). The objective of this review, however,
is to provide an overview of fatty acids in meat, their
variation in meat from various species, and their roles
as meat flavor precursors during cooking.

© 2021 Dinh, et al. www.meatandmusclebiology.com
This is an open access article distributed under the CC BY license (https://creativecommons.org/licenses/by/4.0/)

mailto:thu.dinh@mssstate.edu
https://doi.org/10.22175/mmb.12251
www.meatandmusclebiology.com
https://creativecommons.org/licenses/by/4.0/


Overview of Fatty Acids in Meat

Animal fat is commonly classified as depot fat
(localized in adipose tissues) and intramuscular fat
(localized in muscle tissues; Rhee et al., 2000). Depot
fats are mostly localized in the subcutaneous layer,
although they also include intermuscular deposits (seam
fats). Intramuscular fat includes lipids from adipose cells
in the muscle (marbling) and membrane-bound lipids.
However, in red meat, the term “intramuscular fat” nor-
mally denotes marbling. In fresh red meat, the principal
lipid components of depot fats are triglycerides, which
can be easily extracted using non-polar organic solvents.
Slightly different from subcutaneous fats, marbling con-
tainsmore phospholipids,which are associatedwith pro-
teins as lipoproteins or proteolipids (Rhee et al., 2000;
Aberle et al., 2001). Although triglycerides are still pre-
dominant in marbling, in very lean meat, the cellular
phospholipids may account for up to one-third of fat
content (Rhee et al., 2000). The fatty acids found in tri-
glycerides and other lipids in red meat are differentiated
by the carbon chain length and the type of bonding
between carbons. Fatty acids are carboxylic acids, typ-
ically composed of hydrocarbon chains with a methyl
group on one end and a carboxyl group on the other
(Figure 1). Fatty acids in meats are usually unbranched
and have an even number of carbons from 4 to 24,
although 12 to 24 is most common (Voet et al.,
2006). However, some branched or odd-numbered fatty
acids can be found in ruminant adipose tissues or milk
fat (Lobb and Chow, 2000; Duncan, 2001) because of
propionate production in the rumen.

Fatty acids in foods are most often esterified, mono-
carboxylic acids, which are classified as SFA (no double
bond), monounsaturated fatty acids (MUFA) (1 double
bond), or polyunsaturated fatty acids (PUFA) (2 or more
double bonds; Figure 2). The 4 common systems to name
fatty acids are common names, International Union of
Pure and Applied Chemistry (IUPAC) names, car-
boxyl-reference, and omega-reference abbreviated
names as shown in Table 1 (Duncan, 2001). Common
names are derived from the primary source of specific
fatty acids, such as olive oil and oleic acid, and contain
no structural information. The other nomenclature sys-
tems are used to identify the chain length and number
and position of double bonds so that the structures of fatty
acids can be determined. The IUPAC system denotes the
carboxyl carbon as the first carbon and other carbons as a

reference to the carboxyl group. The carbon chain is
named according to the saturated hydrocarbon with the
suffix “-anoic” for SFA and “-enoic” for MUFA and
PUFA. The numbers are used to identify the position
of the double bond, and “cis” and “trans” are used to
describe the three-dimensional configuration. The car-
boxyl-reference system is different from the IUPAC sys-
tem in using numbers to name the carbon chain, whereas
the omega-reference system is used to indicate the posi-
tion of the double bond that is closest to the omega car-
bon, i.e., the last (methyl) carbon. This system is useful
for physiological consideration between ω-3 and ω-6
fatty acids. The omega symbol can be replaced with “n.”

The presence of a double bond allows for the
occurrence of 2 different geometric configurations:
“cis” and “trans” (Figure 3). The cis configuration is
formed when both hydrogen atoms of the two carbons

CH3 COOH

Figure 1. Typical features of fatty acids (ACD/ChemSketch, 2020).
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Figure 2. Typical 18-carbon fatty acids with different degrees of sat-
uration (ACD/ChemSketch, 2020).

Table 1. Fatty acid nomenclature systems

Common IUPAC
Carboxyl
Reference

ω
Reference

Palmitic acid Hexadecanoic acid 16:0 16:0

Stearic acid Octadecanoic acid 18:0 18:0

Oleic acid cis9-octadecanoic acid 18:1 Δ9 18:1 ω9
Linoleic acid cis9,12-octadecanoic acid 18:2 Δ9,12 18:2 ω6
Linolenic acid cis9,12,15-octadecanoic

acid
18:3 Δ9,12,15 18:3 ω3

IUPAC= International Union of Pure and Applied Chemistry.

CH3 COOHOleic acid or cis9-octadecanoic acid

CH3

COOHElaidic acid or trans9-octadecanoic acid

Figure 3. Structural differences between cis- and trans-configuration
of 18:1Δ9 fatty acids (ACD/ChemSketch, 2020).
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joined by a double bond are on the same planar side of
the double bond. The cis configuration is the most
common naturally occurring configuration and pos-
sesses a distinctly different geometry from SFA
(Lobb and Chow, 2000). In contrast, the trans configu-
ration does not change the molecule shape, and it is
very similar to the SFA configuration. Trans configu-
ration naturally occurs in ruminant meat and milk in
small concentrations. The major fatty acids in red meat
are myristic (14:0), palmitic (16:0), and stearic (18:0)
acids in the SFA category; palmitoleic (16:1) and oleic
(18:1) acids in theMUFA category; and linoleic (18:2),
linolenic (18:3), and arachidonic (20:4) acids in the
PUFA category (Table 2).

Among SFA, palmitic and stearic acids occur most
predominantly (Lobb and Chow, 2000). These fatty
acids are found in fish oil, milk, body fats of land ani-
mals, and almost all vegetable oils at levels between
5% and 50% of total fatty acids (Jenkins, 1993).
Stearic acid is more likely to be found in animal fat than
other sources because of the elongation of palmityl-
coenzyme A and biohydrogenation in the rumen
(Jenkins, 1993). Most MUFA have the cis configura-
tion at Δ9 or ω9 (Gunstone, 1996). Oleic acid (18:1
n-9cis) is present in significant concentrations in many
foodstuffs, specifically in animal fats because it serves
as the biological precursor of other n-9 monoene fatty
acids and the n-9 family of polyene acids (Gunstone,
1996). The most common PUFA in meats have a
methylene-interrupted double bond system with 2 to
6 double bonds and the cis configuration (Gunstone,
1996). Two major groups of PUFA are n-6 fatty acids
based on linoleic acid and the n-3 group based on α-
linolenic acid. The most common C18 PUFA in
meats—i.e., linoleic and linolenic acids—are also
found in vegetable oils (Wallis et al., 2002), whereas
arachidonic acid (20:4 n-6) is one of the few important
PUFA only present in animal fats (Gunstone, 2012).

In addition to the normal methylene interrupted double
bond system, which is most abundant in the PUFA
structure, conjugated or polymethylene interrupted
double bonds also exist in meat. The conjugated diene
system in the tissue of ruminant animals has garnered
attention because of its human health benefits (Schmid
et al., 2006). Polyunsaturated fatty acids such as lino-
lenic acid are modified by ruminal microorganisms to
form conjugated linoleic acids—which are intermedi-
ates or byproducts of biohydrogenation—with 18:2
cis-9 trans-11 and 18:2 trans-10 cis-12 as the main iso-
mers (Wahle et al., 2004; Schmid et al., 2006; Sébédio
and Ratnayake, 2008).

Ruminant Fat

Ruminant fatty acid composition is greatly influ-
enced by biohydrogenation in the rumen, which satu-
rates linoleic and linolenic acids, as a protective
mechanism from natural microflora against the toxic
effects of unsaturated fatty acids (Wood et al., 2008;
Shingfield et al., 2013; Bessa et al., 2015); therefore,
even though PUFA are the predominant fatty acids in
cattle feeds (both forage and concentrated diets;
Palmquist and Jenkins, 1980; French et al., 2000;
Nuernberg et al., 2005; Warren et al., 2008; Fruet et al.,
2018), the triglyceride composition of beef contains
much more SFA and MUFA than PUFA. However,
the percentage of PUFA can be increased because
PUFA—if fed at a high concentration such as through
the inclusion of forage or distillers grains—will bypass
the rumen. Reviews on the effects of diets on ruminant
fat and fatty acid metabolism suggest that inclusion of
forage and distillers grains in ruminant diets increases
the passage of 18:2 and 18:3 (Klopfenstein et al.,
2008; Schingoethe et al., 2009) and the tissue percentage
of these fatty acids as well as total PUFA (Wood et al.,
2008; Kouba and Mourot, 2011; Bessa et al., 2015;

Table 2. Percentages of major fatty acids in red meats

Product* SFA MUFA PUFA 14:0 16:0 18:0 16:1 18:1 18:2 18:3 20:4

Beef

Concentrate finishing 40.9–47.9 40.1–49.9 2.9–10.7 2.0–3.7 23.8–28.0 12.8–14.8 3.6–5.7 30.5–44.5 2.5–7.7 0.1–0.9 0.2–3.5

Grass finishing 47.7- 51.5 25.4–47.2 3.6–7.9 2.5–3.0 28.3–30.7 14.2–18.0 2.5–3.5 31.3–42.8 2.12–3.1 0.7–1.7 0.3–0.8

Lamb 40.8–53.3 37.9–47.3 3.6–8.6 1.9–4.0 20.9–28.8 16.1–23.9 1.4–2.2 35.7–54.3 3.2–5.2 0.6–2.20 0.5–1.1

Goat 37.2–53.8 33.7–53.9 8.9–16.5 1.6–5.1 17.3–31.4 15.0–17.3 2.1–5.7 28.0–49.2 5.2–11.8 1.1–1.2 3.1–4.7

Pork 36.9–41.7 26.9–46.8 14.0–32.5 1.1–1.5 23.8–26.7 11.9–14.0 2.5–3.6 31.1–42.8 11.3–23.3 0.2–0.4 1.4–6.5

Horse 35.8–36.8 27.4–34.6 29.7–35.8 2.3–4.5 24.2–25.9 5.5–7.5 2.9–4.5 22.2–28.1 11.7–22.9 7.9–16.6 0.7–3.0

*Beef: Banskalieva et al., 2000; Leheska et al., 2008; USDA, 2021 (loin, lean only, raw; FDC ID: 173970, FDC ID: 174002). Lamb: Banskalieva et al.,
2000; USDA, 2021 (loin chop, lean only, raw; FDC ID: 173810). Goat: Banskalieva et al., 2000; USDA, 2021 (game meat, raw; FDC ID: 175303). Pork:
Banskalieva et al., 2000; Yu and Shu, 2013; USDA, 2021 (center loin [chops], lean only, raw; FDC ID: 168263). Horse: Tonial et al., 2009; Ferjak et al., 2019.

MUFA=monounsaturated fatty acids; PUFA= polyunsaturated fatty acids; SFA= saturated fatty acids.
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Brzozowska and Oprządek, 2016). Although an overall
increase in PUFA may facilitate the deposition of more
PUFA in the neutral lipid fraction (Warren et al., 2008),
the percentage of PUFA ismuch greater in the cell mem-
brane, which is detected in the phospholipid fraction.
The unsaturation of phospholipids is the major cause
of off-flavors and oxidative rancidity in meat (Legako
et al., 2015). Contrary to common belief, beef fats have
more unsaturated fatty acids in edible portions, accord-
ing to the USDA FoodData Central (FDC) (USDA,
2021), which reports the fatty acid composition of thou-
sands of meat products. Averaged across all quality
grades (product #23369: beef, loin, top loin steak, bone-
less, lip off, separable lean only, trimmed to 0” fat, all
grades, raw), beef lean has 5.7 g of fat in 100 g of sepa-
rable lean (5.7%). This ranges from 3% in USDA
Standard to 12% in USDA Prime beef (Legako et al.,
2015). Beef marbling typically comprises 43% SFA,
50% MUFA, and 7% PUFA (USDA, 2021). The major
SFA—palmitic and stearic acids—constitute 25% and
13%, respectively, of the total fatty acids. In the
MUFA category, oleic acid alone contributes 40% to
the total fatty acids. Linoleic acid accounts for more than
5% of the total fatty acids. An important animal-origin
fatty acid, arachidonic acid, constitutes only 0.8% of the
fatty acid composition in beef. As marbling increases,
the concentration (milligrams per gram of muscle) of
almost all fatty acids in beef also increases; however, this
increase is not the same for all fatty acids because SFA
and MUFA are deposited in adipose tissues at a greater
rate than PUFA (Dinh et al., 2010). Dinh et al. (2010)
reported that SFA andMUFAweremore correlatedwith
intramuscular fat content than PUFA. In a review by
De Smet et al. (2004), both SFA and MUFA content
(milligrams/gram) linearly increased with intramuscular
content, whereas PUFA content remained constant,
confirming what was reported by Dinh et al. (2010).
The authors also summarized an inverse relationship
between PUFA/SFA ratio and intramuscular fat content.
This phenomenon has been found across all livestock
species because lipids stored in adipose tissues are usu-
ally neutral lipids rich in triglycerides, which in turn con-
tain more SFA and MUFA than PUFA in their structure
(Brockerhoff et al., 1966). De Smet et al. (2004) reported
that triglycerides in animal fats tend to have PUFA in
position 2, whereas palmitic and oleic acids occupy posi-
tions 1 and 3 of the triglyceride structure.Moreover, C16
and C18 SFA and MUFA are natural end-products of
fatty acid de novo synthesis (De Smet et al., 2004).
Legako et al. (2015) substantiated these findings with
data revealing a linear increase in concentrations of fatty
acids in the neutral lipid fraction as total fatty acids

increased, whereas concentrations of fatty acids in the
polar lipid fraction remained unchanged.

In beef and other ruminant meats, biohydrogena-
tion in the rumen contributes to the saturation of fatty
acids; therefore, the meats from other ruminants have a
very similar fatty acid composition to that of beef.
Banskalieva et al. (2000) reported in a review paper
that goat meat is typically very lean—with 2% to 3%
intramuscular fat unless the animals are specifically fat-
tened—regardless of anatomical location, sex, breed,
and dietary influences. Across various meat cuts, goat
meat has 30% to 40% SFA, more than 50% MUFA,
and less than 10% PUFA. The authors reported 10%
to 12% PUFA in only a few studies. In the USDA
FDC, a goat product classified as game meat (FDC
ID 175303; game meat, goat, raw) has only 37%
SFA and 9% PUFA. The game meat designation
may indicate that wild goat meat is represented in
the database, which explains a high PUFA percentage.
Our previous research showed that feeding castrated
male Kiko goats with deoiled distillers dried grains
with solubles led to a decrease in PUFA concentration
in the fat. The goat meat had 44% SFA, 54% MUFA,
and only 2% PUFA (Camareno et al., 2016). A similar
phenomenon of the shifting between SFA and PUFA
was reported by Brassard et al. (2017) on concen-
trate-fed Boer kids. The goat muscle had 40% SFA,
54%MUFA, and 6%PUFA. These findings again indi-
cate that PUFA can bypass the rumen and, if naturally
occurring (forage) or supplemented (distillers grain)
more in feeds, will be deposited more in the adipose
tissues. TheMUFA seems to be unaffected, fluctuating
in a narrow range of 50% to 54%. Interestingly, in beef
cattle, grass-finished beef has up to 4% less MUFA
than grain-finished beef (Leheska et al., 2008). This
decrease was translated into an increase in SFA and
PUFA proportions (Leheska et al., 2008; Daley et al.,
2010) because these two categories become more pre-
dominant in the total fatty acid composition.

The fatty acid composition of lamb includes 42%
SFA, 47% MUFA, and 11% PUFA (USDA, 2021;
FDC ID: 174307; lamb, composite of trimmed retail
cuts, separable lean only, trimmed to 1/4” fat, choice,
raw), although antemortem factors such as sex, breed,
and diet also influence lamb fatty acid composition
(Ribeiro et al., 2011). The predominant fatty acids in
SFA, MUFA, and PUFA categories in lamb are the
same as in beef, although the percentages may vary
up to 5%. The inclusion of more PUFA in the diets also
increased PUFA percentage in lamb, similar to other
ruminant species. These compositional data agree with
various published data in the literature (Bravo-Lamas

Meat and Muscle Biology 2021, 5(1): 34, 1–16 Dinh et al. Fatty acids as meat flavor precursors

American Meat Science Association. 4 www.meatandmusclebiology.com

www.meatandmusclebiology.com


et al., 2016; Oliveira et al., 2017). Compared with beef,
lamb has up to 5%more SFA, less MUFA, and approx-
imately 0.5% greater arachidonic acid. This is signifi-
cant for flavor development because thermal oxidation
of MUFA contributes to the formation of a different,
more desirable flavor profile than SFA and PUFA.
In addition, the autoxidation of arachidonic acid is
one of the primary sources of off-odors in meat
(Frankel, 1980; Pegg and Shahidi, 2012). Lamb has
up to 3% volatile branched-chain fatty acids (Bravo-
Lamas et al., 2016, 2018), which are precursors of
characteristic lamb and mutton odors. These odor-
producing fatty acids concentrate more in subcutane-
ous fat than in muscle (Brennand and Lindsay, 1992).
Longer branched-chain fatty acids (14–16 carbons)
have been found in beef (unpublished data); however,
they do not contribute to characteristic odors in beef.

Monogastric Fat

Monogastric animals such as pigs cannot hydrog-
enate fatty acids; therefore, their muscle fatty acids are
more similar to the fatty acid composition of their diets,
as influenced by fatty acid synthesis, elongation, Δ9-
desaturation, and deposition. On average, pork has
38% SFA, 50% MUFA, and 12% PUFA (USDA,
2021; FDC ID: 168251; pork, fresh, loin, top loin
[chops], boneless, separable lean only, raw). In the
SFA category, palmitic and stearic acids account for
25% and 12% of the total fatty acids, respectively.
Oleic acid in pork fat is slightly more than that in beef
fat, contributing 45% to the total fatty acids. Linoleic acid
constitutes approximately 10% of the total fatty acids.
The arachidonic acid proportion in pork fat is slightly
greater than that in beef fat, at 1.4%. The contribution
of each fatty acid to flavor development may not be dif-
ferent among livestock species, except for the fatty acids
that provide distinct species odors. However, the fatty
acid composition of pork can be easily manipulated by
altering the dietary composition, such as fatty acids
(Jiang et al., 2017; Komprda et al., 2020) or amino acids
(Wang et al., 2018). By supplementing the pigs’ diet with
soybean oil and linseed oil, Jiang et al. (2017) were able
to decrease SFA by 6% to 7% and MUFA by 12% but
increase PUFA by more than 14% in comparison with
the data from the USDA FDC. de Tonnac et al. (2018)
reported similar findings with pigs that were fed
microalgae rich in n-3 fatty acids and contained less
SFA and MUFA in muscle but more n-3 fatty acids.
Interestingly, n-3 fatty acid deposition varied by fat
depots. This depot-specific phenomenon has been found

in other monogastric species such as horses, a monogas-
tric species which grazes on forage rich in linoleic and
linolenic acids (Belaunzaran et al., 2017). Wang et al.
(2018) altered the lysine content in the diet of pigs and
were able to change oleic acid in intramuscular fat by
approximately 3%. The authors observed that the activity
of stearoyl-coenzyme A desaturase was increased with a
lysine-deficient diet. This enzyme desaturates stearic acid
to produce more oleic acid in muscle tissues.

Although horse meat is rarely consumed in the US,
it is a popular meat in various countries around the
world. In one of the very few studies on the fatty acid
composition of horse meat, Belaunzaran et al. (2017)
reported 36% to 37% SFA, 32% to 35% MUFA, and
23% to 27% PUFA. These findings are similar to
35% to 37% SFA, 35% to 37% MUFA, and 26% to
30% PUFA in our study on stock-type horse subcutane-
ous and intermuscular adipose tissues (Ferjak et al.,
2019). Moreover, similar to lamb, horse meat has
approximately 0.4% branch-chained fatty acids. The
predominant fatty acids in the SFA and MUFA catego-
ries are the same as other species. However, the pre-
dominant PUFA is linolenic acid at 17%, in
comparison with 12% linoleic acid. This reflects the fact
that linolenic acid is the predominant fatty acid in most
grasses (Palmquist and Jenkins, 1980; Khan et al., 2012)
and that horse is a monogastric animal typically grazing
on grasses. However, grasses only have 3.4% oleic acid,
which reveals the significant role of fatty acid de novo
synthesis, including elongation and Δ9-desaturation in
livestock adipose tissues since oleic acid is still one of
the predominant fatty acids in horse meat. The distribu-
tion of fatty acids, especially unsaturated fatty acids,
vary by tissue location. Abdominal fat is most saturated
(37%–38%), whereas cardiac fat hasmore PUFA (37%–

38%)—although cardiac fat also has palmitic acid
(25%–26%) as the predominant fatty acid instead of
oleic acid (22%–24%) as in other fat depots (Ferjak et al.,
2019). This phenomenon is similar to what has been
reported in pork meat, another monogastric species. A
high percentage of PUFA—especially the predomi-
nance of linolenic acid (15%–17%)—may contribute
to lipid oxidation that contributes to the development
of negative flavors in horse meat (Ferjak et al., 2019).

Fatty Acids as Flavor Precursors

Overview of lipid oxidation

Lipid-derived flavor compounds include aldehydes
(alkanals), ketones (alkanones), carboxylic acids (alka-
noics), alcohols (alkanols), lactones, and alkylfurans
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(Mottram, 1998). These compounds result from the oxi-
dation of fatty acids in various chain reactions of free
radicals. These reactions, if occurring during storage,
lead to an undesirable aromatic profile and the end of
shelf life (Amaral et al., 2018; Domínguez et al.,
2019). However, during cooking, similar reactions
under thermal oxidation produce desirable and often
characteristic cooked flavor profiles (Nawar, 1984;
Song et al., 2011). The lipid autoxidation mechanism
has been reviewed extensively by Frankel (1980,
1984, 1991) and Grosch (1982). Recently, the focus
has been shifted to the interaction of lipid oxidation
products with other biological compounds such as cho-
lesterol (Dinh and Thompson, 2016), proteins
(Faustman et al., 2010), and Maillard reaction products
(Zamora and Hidalgo, 2011; Zhao et al., 2019) to eluci-
date the complex impacts of lipid oxidation on the nutri-
tional value, color, and flavor of the meat. Lipid
autoxidation and thermal oxidation occur by the same
free radical mechanisms through initiation, propagation,
and termination processes; however, optimal oxygen
concentration (Choe andMin, 2007) and higher temper-
ature during cooking (Wasserman, 1972) produce desir-
able flavor components in the aroma of cooked meat.

Lipid oxidation starts with the abstraction of allylic
hydrogen—the hydrogen at an allylic carbon adjacent
to the C=C double bond—on the carbon chain of
MUFA or PUFA by a reactive oxygen species, such
as •OH radical or singlet oxygen (Figure 4). The initia-
tion produces lipid radicals that propagate through vari-
ous structural changes, by either addition of oxygen
(radical coupling), atom transfer (radicalization of
another lipid molecule), fragmentation (decomposi-
tion), or rearrangement of double bonds (formation
of conjugated dienes). Lipid radicals continue to propa-
gate through the chain reactions until 2 lipid radicals
react to form a nonradical compound (Frankel, 1980).

With the availability of oxygen and heat, radical
coupling with oxygen is likely to occur in meat prod-
ucts during cooking, which produces hydroperoxides.
This leads to various other structural changes, includ-
ing the rearrangement of double bonds, cyclization,
and fragmentation (Figure 5). Hydroperoxides are sub-
sequently decomposed into various volatile com-
pounds that contribute to the cooked meat flavor.
The most common MUFA, oleic acid, and the most
common PUFA, linoleic acid, in meat produce various

hydroperoxides at carbon 8, 9, 10, 11, and 13 (Frankel,
1980; Figures 6–7). The oxygen–oxygen bond of
hydroperoxides (R-O-O-H) is relatively weak and
therefore not stable during heating (Choe and Min,
2007). Hydroperoxides are decomposed to alkoxy rad-
icals and hydroxy radicals by homolysis of the perox-
ide bond. The alkoxy radicals are then decomposed or
react with other alkoxy radicals to form nonradical vol-
atile or nonvolatile compounds (Choe and Min, 2007)
such as aldehydes, esters, alcohols, ketones, carboxylic
acids, and hydrocarbons. This process is called the ter-
mination of oxidation (Figure 8).

Lipid oxidation products as flavor
compounds

The decomposition of oleate hydroperoxides yields
decanal, nonanal, octanal, short-chain alcohols (hepta-
nol and octanol), and several carboxylic acids such as
octanoic acid. The decomposition of linoleate hydro-
peroxides yields unsaturated aldehydes and carboxylic
acids such as 2- and 3-nonenal and 11-tridecadienoate
(Frankel, 1980). Moreover, hundreds of compounds
classified as lipid-derived volatiles by Mottram
(1998) are formed. These compounds include n-alde-
hydes, ketones, carboxylic acids, alcohols, and alkanes
that have been confirmed in various beef and pork fla-
vor studies (King et al., 1993; Elmore et al., 1999, 2004;
Legako et al., 2015; Hunt et al., 2016; Wang et al.,
2016; Frank et al., 2017). Song et al. (2011) reported

R – R•  +  H• •OH (H2O) 

Figure 4. Initiation of lipid oxidation by •OH radical (ACD/
ChemSketch, 2020).

Radical coupling: formation of very reactive peroxide radicals

R•  +  O2 ROO•

Atom transfer: formation of hydroperoxides

ROO•  +  R – R – OOH +  R•

Fragmentation: decomposition to various volatile products

2

Rearrangement of double bonds: formation of conjugated dienes

O

O

O

O

Cyclization: formation of cyclic peroxides

OO O
O
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O

Figure 5. Various mechanisms for the propagation of lipid oxidation
(ACD/ChemSketch, 2020; adapted from Frankel, 1980).
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that hexanal, 1-octen-3-ol, (E,E)-2,4-decadienal, and
(E,E)-2,4-heptadienal are characteristic of beef flavor
in addition to butanoic, 2-methylbutanoic, 3-methylbu-
tanoic, heptanoic, 4-ethyloctanoic, and nonanoic
acids (Um et al., 1992). These authors also reported
that other n-aldehydes and unsaturated aldehydes such
as (E)-2-nonenal, 4-heptenal, nonanal, octanal, and

(E)-2-decenal contribute to undesirable cooked beef
flavor. Wang et al. (2016) reported slight differ-
ences in pork-characteristic volatiles, including ethyl
acetate, 3-(methylthio) propanal, hexanal, 2-butanone,
dimethyl disulfide, and dimethyl trisulfide, among
which 2-butanone and dimethyl disulfide were also
found in beef volatiles (Legako et al., 2015; Hunt et al.,
2016). Lamb-characteristic volatiles result from alkyl-
pyrazines, such as 2,5-dimethylpyrazine, and alkylpyr-
idines, such as 2-pentylpyridine (Buttery et al., 1977);
both are products of reactions between lipid oxidation
products and Maillard reaction products. Lamb vola-
tiles also contain more saturated aldehydes than goat
meat and other meats (Buttery et al., 1977; Mottram,
1998; Madruga et al., 2013).

Lipid oxidation occurs more readily in unsaturated
fatty acid carbon chains, although SFA is also oxidized
when exposed to heat during cooking (Mottram, 1998;
Choe and Min, 2007). Therefore, the degree of satura-
tion greatly influences the formation of lipid volatiles.
As discussed previously, phospholipids in the polar
lipid fraction aremore unsaturated than the neutral lipid
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Figure 6. Hydroperoxides from oleic acid through abstraction of the allylic hydrogens at carbon 8 or 11 (ACD/ChemSketch, 2020).
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fraction (triglycerides); therefore, their impacts on lipid
volatiles are much greater. Legako et al. (2015)
reported that beef with greater USDA grade (more
intramuscular fat or greater marbling) had more neutral
lipids but not less phospholipids. Moreover, cooking
changed PUFA and MUFA in the polar lipid fraction
more than it did in the neutral lipid fraction.
Mottram and Edwards (1983) also reported that meat
flavor remained similar after neutral lipids were
removed from muscle through solvent extraction.
However, when both neutral and polar lipids were
removed, cooked aromas changed dramatically.
Elmore et al. (1999) changed n-3 PUFA in beef muscle
by supplementing steers with bruised whole linseed
(rich in α-linolenic; 18:3 n-3), eicosapentaenoic acid
(20:5 n−3), fish oil (rich in eicosapentaenoic acid
and docosahexaenoic acid, 22:6 n-3), or equal portions
of linseed and fish oil. Steaks with greater PUFA pro-
duced more undesirable lipid oxidation products in
cooked aromas—particularly n-alkanals, 2-alkenals,
1-alkanols, and alkylfurans—by up to 4-fold. These
products are derived from the oxidation of MUFA
and PUFA, promoted by adding more n-3 PUFA in
the diet of the steers.

Thermal oxidation occurs through similar mecha-
nisms and produces the same classes of compounds as
autoxidation (Choe andMin, 2007). However, high tem-
perature and optimal oxygen concentration during cook-
ing drive volatile flavor compound development to the
direction of more desirable volatile profiles. Under ther-
mal oxidation, especially on the surface of the meat,
unsaturated fatty acids are oxidized more quickly
(Choe andMin, 2007; Song et al., 2011) and also polym-
erized to producemore oxygenated dimers and polymers
(Nawar, 1984; Mottram, 1998). In addition, short-chain
aldehydes, ketones, and alcohols are further oxidized to
organic acids and esters (Song et al., 2011), lipid perox-
ides are polymerized to produce more oxygenated
heterocyclic compounds such as cyclic carboxylic acids
and their lactones (cyclic carboxylic esters), and SFA are
also degraded to long-chain alkanes, aldehydes, and lac-
tones (Nawar, 1984). This shift in volatile composition
with less short-chain and unsaturated aldehydes and
alcohols yields more desirable aromas, less volatility,
and higher thresholds.

Although thermal oxidation of lipids occurs at as
low as 60°C, the desirable composition of lipid-derived
volatiles is produced at a temperature from 100°C up to
300°C (Wasserman, 1972) due to the rapid oxidation of
unsaturated fatty acids and other oxidation products.
The author documented lactones, alcohols, ketones,
and short-chain fatty acids as the major volatiles

produced at these high temperatures. Song et al.
(2011) heated beef tallow at 140°C for 2 h with
adequate airflow and documented a rapid increase in
acidic value and a decrease in peroxide value with
elevated temperature. Studies on thermal oxidation
of lipids, such as the heating of frying oils, documented
rapid hydrolysis of triglycerides into free fatty acids,
especially when there is an abundance of water, and
a high degree of oxidation of unsaturated fatty acids
(Choe and Min, 2007). However, unlike autoxidation,
many short-chain aldehydes and ketones are removed
by the steam during cooking. They are also decom-
posed because of the high temperature or react with
other compounds such as Maillard reaction products
to produce more desirable volatiles.

The facts that short-chain aldehydes and ketones
have higher aromatic thresholds than Maillard products
(Mottram, 1998) and that they are decomposed and
removed during cooking explain a much more desirable
volatile composition of cooked meat compared with that
of autoxidation. Reviews by both Choe and Min (2007)
and Nawar (1984) document a high degree of dimeriza-
tion and polymerization of unsaturated fatty acids, with
dimeric compounds being predominant (Figure 9). The
polymers can be radicalized to form cyclic compounds
with carbonyl and hydroxyl groups (Nawar, 1984; Liu
et al., 2020). Dimerization occurs through allyl radicals,
hydroperoxides, intramolecular cyclization, and Diels-
Alder reactions, in which conjugated PUFA react with
other unsaturated linkages of other PUFA during cook-
ing (Frankel et al., 1960, 1988; Frankel, 1980; Brühl,
2014). Among PUFA, long-chain PUFA—such as
arachidonic acid—are also more susceptible to intermo-
lecular cyclization (Figure 9). The intramolecular cycli-
zation of long-chain PUFA and other C-C dimerization
between unsaturated fatty acids form nonvolatile prod-
ucts, which further limits PUFA participation in the pro-
duction of volatile compounds with offensive odors.
However, these dimers and cyclic compounds are also
susceptible to autoxidation in cooked meat and are
sources of what is termed “hidden oxidation” because
thermally dimerized compounds can be further autoxi-
dized and decomposed to produce offensive volatile aro-
matic compounds during storage. Conversely, prolonged
autoxidation may produce oxidative polymers, which
decompose during cooking and yield off-odor volatiles
(Frankel, 1980; Neff et al., 1988). Degradation of SFA
and the production of lactone from hydroxy-fatty acids
occur from thermal degradation during cooking.
Several γ-lactones (Nawar, 1969; Song et al., 2011)
come from γ-hydroxyalkanoic acids that are esterified
with glycerol.
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Saturated fatty acids are considered more stable
than unsaturated ones; however, during cooking at
150°C or above—such as on the surface of grilled
steaks—SFA are oxidized in a more complex pattern,
yielding long-chain alkanes, alkanals, and ketones
(Figure 9). If the oxygen attack occurs at C4 or C5
of the saturated carbon chain, γ- or δ-lactones will be
formed. Song et al. (2011) reported an accumulation
of hexanal, 1-octen-3-ol, (E,E)-2,4-decadienal, and
(E,E)-2,4-heptadienal as contributors to the character-
istics of beef flavor, whereas others have reported these
volatile compounds as off-odors in meat products. The
fact that only beef tallow was heated in this study

implies the importance of flavor precursors from the
lean portion and lipid–Maillard interactions that have
been reviewed by Mottram (1998). The conditions
for the Maillard reactions start early because proteins
start to unfold at an internal temperature of 35°C and
coagulate from 55°C to 80°C (Wasserman, 1972).
Maillard browning, characterized by the brown color
and polymerization of Maillard products, typically
occur mildly in cooked meat unless meat is dehydrated
at a high temperature. As the meat surface is roasted at
190°C, while fatty acids are extensively oxidized on the
surface, milder Maillard reactions occur at an internal
temperature of 60°C to 80°C (Wasserman, 1972), in
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which lipid-derived aldehydes are active participants,
yielding some of the most characteristic volatiles of
cooked meat aroma.

Interactions between lipid- and water-soluble
flavor precursors

Under most cooking conditions, lipid flavor com-
pounds are usually predominant. Fat also helps retain
the aldehydes and ketones that are the most significant
aroma contributors (Legako et al., 2016). It has tradi-
tionally been accepted that lipids are the source of char-
acteristic flavors in meat (Hornstein and Crowe, 1960),
through the formation of saturated and unsaturated
aldehydes with 6 to 10 carbons. However, lipid volatile
compounds have greater thresholds than volatiles
derived from water-soluble compounds such as those
participating in Maillard reactions (Mottram, 1998).
Moreover, the interactions between lipid-derived com-
pounds and Maillard compounds are probably more
important for the development of meat flavor than
originally thought. Legako et al. (2016) reported that
USDA Standard steaks produced more n-aldehydes
than USDA Prime and Low-Choice steaks. Although
the percentage of PUFA in leaner meat is greater than

that in fattier meat because of less total lipid content,
Legako et al. (2015) reported that the PUFA content
in USDA Standard steaks was still less than that in
USDA Prime and Low-Choice steaks. Therefore, the
development of lipid flavor compounds must also be
influenced by the lean portion of meat, especially the
water-soluble components, not just phospholipids.
This interaction was researched in the early exploration
of meat flavor chemistry. Wasserman and Spinelli
(1970) extracted fat from pork tissues with chloroform
and methanol and washed the extract with water. The
original extract developed species-specific meat flavor
after heating, whereas the water-washed portion
retained only slightly cooked pork flavor, identified
as a “piggy” note through 5,α-androst-16-en-3-one,
the boar odor dissolved in pork fat. Pippen and
Mecchi (1969) demonstrated that lipid from chicken
adipose tissue had no chicken aroma after removing
polar compounds by water washing. The authors also
reported that hydrogen sulfide reacted with acetalde-
hyde to form an odorous compound and suggested that
flavor compounds were formed interactively between
lipid and water-soluble precursors. Sanderson et al.
(1966) also reported that heating beef fat together with
beef lean yielded much more flavor carbonyls than
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heating beef fat alone. Myers et al. (2009) reported that
beef and pork lean was more important for species-spe-
cific flavor, although fat level affected flavor intensity.
As discussed previously, the lamb-specific flavor
results not only from branched-chain fatty acids that
are not found in other species (Mottram, 1998) but
also from the reactions between lipid oxidation prod-
ucts and Maillard products, forming various alkyl-
substituted flavor compounds such as alkylthiazoles,
alkylpyrazines, and alkylpyridines. Lipid oxidation
products participating in Maillard reactions are most
likely aldehydes that compete with carbonyls from
reducing sugars for amino compounds (Zamora and
Hidalgo, 2011). Compounds such as alkyldimethylpyr-
azines and alkyltrithiolanes (Mottram, 1998) are
formed when lipid-derived aldehydes enter Maillard
reactions with either pyrazines or hydrogen sulfide,
respectively (Figure 10). Compounds such as 2-pentyl-
pyridine (Figure 10) are produced from the reactions
between lipid aldehydes and ammonia, a byproduct
of Maillard reactions. Recently, this competition was
shown to produce various characteristic and desirable
flavor compounds in cooked meat (Zamora and
Hidalgo, 2011; Kosowska et al., 2017). Myer et al.
(2009) reported an increase in flavor intensity as the
authors increased the internal temperature of beef
and pork patties from 66°C to 71°C. These authors also
suggested that flavor precursors in the lean portion of
meats are more important to the species-specific aro-
mas, which substantiates the previous discussion in this
manuscript. These authors suggested that lower tem-
peratures such as 66°C did not allowMaillard reactions
to occur, thereby possibly hindering the lipid–Maillard
pathways as well. Gardner and Legako (2018) found
that dimethyl- and trimethylpyrazine concentrations
in the headspace of ground beef were greater at higher
temperatures. Their data indicated that such an increase
was more drastic in USDA Prime beef than in USDA
Choice and Standard. USDA Prime beef has more fat,
and these pyrazines are products of lipid–Maillard
interactions. These findings imply that fatty acid oxida-
tion products are not simply flavor compounds; they
are also precursors for complex interactions with
Maillard products to form a more characteristic and
desirable cooked meat flavor. Such interactions do
not occur in autoxidation during the storage of meats.

Off-flavor compounds from lipid oxidation

During refrigerated storage at 1°C to 7°C, lipid oxi-
dation occurs slowly with minimal interactions with
other compounds such as Maillard products and yields

various off-odor compounds that are detrimental to meat
quality. The heat used in cooking not only accelerates
lipid oxidation and produces a desirable profile of lipid
carbonyls and carboxylic acids for cooked meat flavor
but also facilitates the hydrolysis of fatty acids from tri-
glycerides or phospholipids. This hydrolysis allows fatty
acids to be more reactive and produce more carbonyls
more quickly (Wasserman, 1972). Although data from
the early literature indicated that lower temperature
(71°C) produced a less intense beef flavor than higher
temperature (77°C; Berry, 1994; Kregel et al., 1986),
Myer et al. (2009) disagreed because their patties cooked
to 71°C internal temperature exhibited intense character-
istic meat flavor. However, these authors also docu-
mented a less intense meat flavor at 66°C internal
temperature. They suggested that lower temperatures
such as 66°C did not allow Maillard reactions to occur.
As discussed previously, if Maillard reactions occur to a
minimal degree, lipid oxidation products—without
much interaction with Maillard products—tend to pro-
duce a less desirable volatile composition.

At lower temperatures in storage conditions,
autoxidation of meat produces short-chain aldehydes
and alcohols that have offensive odors (Ismail et al.,
2008). Although aldehydes from theMaillard reactions
such as 2,3-butanedione (Hunt et al., 2016) are desir-
able, major aldehydes from the autoxidation of meat
lipids such as hexanal are undesirable. Ross and
Smith (2006) reviewed various studies on lipid oxida-
tion in muscle foods and selected aldehydes such as
octanal, heptanal, pentanal, and hexanal as the best
indicators of lipid autoxidation. Yancey et al. (2006)
also reported that 2-decenal-[E]-, 2-undecenal, and
propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-
methyl-1,3-propanediyl ester in beef were indicative
of a strong livery odor. Another phenomenon called
“warmed-over,” coined first by Younathan and Watts
(1959), describes the rancidity onset of cooked meat
after a refrigeration period. The warmed-over flavor
is caused by the continuous oxidation of lipids after
cooking and can be estimated by measuring the thio-
barbituric acid reactive substances (Wilson et al.,
1976). This value primarily measures malondialde-
hyde, a secondary oxidation product from linolenic
acid (Frankel, 1980), although this assay has been
shown to include various aldehydes and other interfer-
ences from proteins and PUFA (Draper et al., 1993;
Jardine et al., 2002). Angelo et al. (1987) reported that
warmed-over flavor was characterized by hexanal and
2,3-octanedione, both of which are products of lipid
oxidation. Studies in beef and pork have consistently
identified these 2 compounds as warmed-over flavor
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markers (Kerler and Grosch, 1996; Akcan et al., 2017).
However, as discussed previously, other lipid thermal
oxidation products such as dimers and cyclic com-
pounds are also oxidized and decomposed to offensive
aromas during the storage of cooked meat.

Conclusions

Meat from various species has similar fatty acids,
with palmitic, stearic, oleic, palmitoleic, linoleic, lino-
lenic, and arachidonic acids being the most predomi-
nant; however, their concentrations and percentages
vary greatly. Autoxidation of unsaturated fatty acids
causes off-odors, whereas the lipid-derived volatile
profile is more desirable under thermal oxidation and
in the reactions with other flavor compounds such as
Maillard reaction products. Recent research has sug-
gested that the development of lipid flavor compounds
is influenced by the lean portion of meat. Therefore,
the interactions among lipid-derived water-soluble,
and Maillard compounds are probably more important
than originally thought and warrant further research.
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