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4. LIPIDS 
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INTRODUCTION 
 

Lipids are formed from structural units with a pronounced hydrophobicity:  
- soluble in organic solvents  
- not soluble in water.  
 
Neutral lipids 
 

Some lipids are amphiphilic (molecules contain both hydrophilic and 
hydrophobic moieties). 

Surface activity.  
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Neutral lipids Polar (amphiphilic) lipids 

Fatty acids (>C12) Glycerophospholipid 

Mono-, di-, triacylglycerols Glyceroglycolipid 

Sterols, sterol esters Sphingophospholipid 

Carotenoids Sphingoglycolipid 

Waxes 
Tocopherols 

Classification of lipids according to the characteristics  
“neutral–polar” 
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I. Simple lipids (not saponifiable) 
Free fatty acids, isoprenoid lipids (steroids, carotenoids, monoterpenes), 
tocopherols 

II. Acyl lipids (saponifiable) Constituents 
Mono-, di-, triacylglycerols Fatty acid, glycerol 

Phospholipids 
(phosphatides) 

Fatty acid, glycerol or sphingosine, 
phosphoric acid, organic base 

Glycolipids Fatty acid, glycerol or sphingosine, 
mono-, di- or oligosaccharide 

Diol lipids Fatty acid, ethane, propane, 
or butane diol 

Waxes Fatty acid, fatty alcohol 

Sterol esters Fatty acid, sterol 

Classification according to “acyl residue” characteristics 
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FUNCTIONS OF LIPIDS 
 

Building blocks of biological membranes.  
These lipids occur in all foods, but less than 2%. Their high reactivity may 
strongly influence the organoleptic quality of the food. 
 

In storage tissues: triacylglycerols (triglycerides) are deposited.   
Lipid content can rise to 15–20%.  
Isolation, refinement → edible oil or fat. 
 

The nutritive/physiological importance.  
- Fuel molecules (37 kJ/g triacylglycerols) 
- Source of essential fatty acids and vitamins.  
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- The majority of lipids: acyl lipids (fatty acid derivatives). 
- The fatty acids - present as esters and in amide form.  
- The acyl residue influences strongly the hydrophobicity and the 
reactivity. 
 

Fats enrich the nutritional quality of food: 
- Achieving the desired texture  
- Specific mouthfeel and aroma (pleasant creamy or oily taste) 
- Aroma retention.  
 

Lipids 
→ food aroma substances/precursors  
→ solvents for taste and odour substances. 
 

- Food emulsifiers 
- Fat- or oilsoluble pigments or food colorants. 
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Common name Structure Carbon 
number 

Melting 
point (ºC) 

Lauric acid CH3(CH2)10COOH 12 44 

Myristic acid CH3(CH2)12COOH  14 54 

Palmitic acid CH3(CH2)14COOH  16 63 

Stearic acid CH3(CH2)16COOH 18 70 

Arachidic acid CH3(CH2)18COOH 20 77 

Lignoceric acid CH3(CH2)22COOH 24 86 

Some important saturated fatty acids 

Unbranched molecules with an even number of carbon atoms are dominant 
among the saturated fatty acids. 

FATTY ACIDS 
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Short-chain, low molecular weight fatty acids (<14:0) only in fat and oil of 
milk, coconut and palmseed. 
 

High molecular weight fatty acids (>18:0) in legumes (peanut butter) 
 

Fatty acids that are rarely found in food: 
 

1. Odd carbon number fatty acids  
- Valeric (5:0) or enanthic (7:0) acids: important as food aroma constituents.  
- Pentadecanoic (15:0) and heptadecanoic acids (17:0): in milk and a plant oils. 
 

2. Branched-chain acids: 
- iso (with an isopropyl terminal group)  
- anteiso (a secondary butyl terminal group) 
 

3. Isoprenoid acids  
Pristanic and phytanic acids (in milk fat). They are obtained from the 
degradation of the phytol side chain of chlorophyll. 
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Common name Structure Carbon 
number 

Melting 
point (ºC) 

Palmitoleic acid CH3(CH2)5CH=CH-(CH2)7COOH 16:1 (9) –0.5 
 

Oleic acid CH3(CH2)7CH=CH-(CH2)7COOH 18:1 (9) 13 
 

Linoleic acid CH3(CH2)4CH=CH-CH2-CH=CH-
(CH2)7COOH 

18:2 (9, 12) –5 
 

Linolenic acid CH3CH2CH=CH-CH2-CH=CH-CH2-
CH=CH(CH2)7COOH 
 

18:3  
(6, 9, 12) 

–11 
 

Arachidonic acid CH3(CH2)4-CH=CHCH2CH=CH-CH2-
CH=CH-CH2CH=CH-(CH2)3-COOH 

20:4  
(5, 8, 11, 14) 

–49.5 
 

Some important unsaturated fatty acids 
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Three family groups: 
- ω3 (linolenic type)  
- ω6 (linoleic type)  
- ω9 (oleic acid type) 

The double bond position is determined by 
counting from the methyl end of the chain. 

Erucic acid (ω9 20:1): in the mustard family of seeds (Brassicaceae) 
 

Arachidonic acid (ω6 20:4): in meat, liver, lard and lipids of chicken eggs. 
 

C20−C22 fatty acids, with 5 and 6 double bonds, belong to the ω3 group: in 
fish lipids. 
 

Linoleic acid (ω6): can not be synthesized by the human body, building 
blocks for biologically active membranes. 
 

α-Linolenic acid (ω3) is synthesized only by plants. 
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Unsaturated fatty acids with an unusual structure: 
 

- trans-double bond  
- conjugated double bonds  
They are present in low concentrations. 
Formed on biohydrogenation in the stomach of ruminants 
→ found in meat and milk. 
 

Trans-unsaturated acids are formed as artifacts in the industrial processing of 
oil or fat (heat treatment, oil hardening).  
Trans-fatty acids are undesirable → production process has been improved.  
In Germany in margarines from 8.5% (1994) to 1.5% (1996)  
 

Conjugated linoleic acids (CLA): C18 fatty acids with two double bonds 
which differ in position. 
They are attributed to have an anticarcinogenic effect.  
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Fatty 
acid 

Aroma threshold (mg/kg) 
Cream Sweet cream 

butter 
Coconut fat 

Odour Taste Odour/taste 
not separated 

Odour Taste 

4:0 50   60   40 35 160 
6:0   85 105   15 25   50 
8:0 200 120 455 > 1000   25 
10:0 > 400 90 250 > 1000   15 
12:0 > 400 130 200 > 1000   35 
14:0 > 400 > 400 5000 > 1000   75 
16:0 n.d.  n.d. 10000 n.d. n.d. 
18:0 n.d.  n.d.  15000 n.d. n.d. 

Aroma threshold values (odour and/or taste) of free fatty acids in 
different food items 

Quality of taste:  
 
4:0 rancid 
  
6:0 rancid 
      like goat 
  
8:0 musty 
      rancid 
      soapy 
  
10:0, 12:0, 14:0 
soapy  
 
n.d.: not 
determined. 
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Organoleptic properties of free fatty acids/1 
 

Lower odour than taste threshold values of C4- and C6-fatty acids.  
It is the reverse for C8- up to C14-fatty acids. 
 

Only the undissociated fatty acid molecule is aroma active. 
→ The aroma threshold increases remarkably with higher pH-values. 
 
Additive effects 
The addition of a mixture of C4−C12 fatty acids to cream:  
→ Rancid soapy taste (capryl, capric and lauryl acid contents 40% of 
their threshold value concentration). 
→ Musty rancid odour at 50% of the threshold concentration. 
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Organoleptic properties of free fatty acids/2 
 
Unsaturated fatty acids emulsified in water taste bitter with a relatively 
low threshold value for α-linolenic acid. 
 
Fatty acids liberated by the enzymatic hydrolysis of unsaturated triacyl 
glycerides → off-taste.  
 
Triacyl glycerides are tasteless in an aqueous emulsion. 
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Carboxyl Group 
 

Dimer formation (stabilized by hydrogen bonds): 

The acidic character of the carboxyl group is based on proton dissociation 
and on the formation of the resonance-stabilized carboxylate anion: 
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ACYL LIPIDS (SAPONIFIABLE LIPIDS) 
 

Acylglycerols 
 

The mono-, di- or triesters of glycerol with fatty acids. 
 

Neutral lipids. 
 

Edible oils or fats consist nearly completely of triacylglycerols. 
 

A chiral center exists in a triacylglycerol when the acyl residues in  
  positions 1 and 3 are different: 

In addition enantiomers may be produced by 
- 1-monoglycerides,  
- all 1,2-diglycerides and 1,3-diglycerides containing unlike substituents. 



17 

Stereospecific numbering (sn) of acyl residues: 
 

The L-glycerol molecule is shown in the Fischer projection with the 
secondary HO group pointing to the left.  
The top carbon is then denoted C-1.  

The nomenclature for a triacylglycerol which contains P, S and O: 
sn-POS = sn-1-Palmito-2-oleo-3-stearin. 
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Melting Properties 
 

TG melting properties are affected by 
 - fatty acid composition, 
 - fatty acid distribution within the glyceride molecule.  
 

Mono-, di- and triglycerides are polymorphic  
(they crystallize in different modifications): α, β’ and β.  
These forms differ in their melting points and crystallographic properties. 
During the cooling of melted acylglycerols, one of the three polymorphic 
forms is yielded. This depends also on the temperature gradient chosen. 
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Chemical Properties 
 

Hydrolysis  
 

The fat or oil is cleaved or saponified by treatment with alkali (e. g. 
alcoholic KOH): 

After acidification and extraction, the free fatty acids are recovered as 
alkali salts (commonly called soaps). 
 

Interesterification  
 

It can change the physical properties of fats or oils or their mixtures 
without altering the chemical structure of the fatty acids  
→This reaction is of industrial  importance since.  
Both intra- and inter-molecular acyl residue exchanges occur. 
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Phospho- and Glycolipids 
 

Together with proteins, are the building blocks of biological membranes. 
→ Invariably occur in all foods of animal and plant origin. 
Surface-active compounds. 
Phospho- and glycolipids contain:  
- hydrophilic portions (phosphoric acid, carbohydrate). 
- hydrophobic moieties (acyl residue, N-acyl sphingosine). 

→ They are capable of forming orderly structures (micelles or planar layers) in 
aqueous media. Bilayer structures in biological membranes.  
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Phosphatidyl choline (lecithin) 
Phosphate group esterified with the OH-group of choline: 

Phosphatidyl ethanolamine  
Phosphate group esterified with ethanolamine: 
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Glyceroglycolipids 
 

Consist of 1,2-diacylglycerols and a mono-, disaccharide bound  
(less frequently, tri- or tetra saccharide bound) in position 3 of glycerol.  
Galactose is predominant as the sugar component among plant 
glycerolipids.  
The glyceroglycolipids occurring in wheat influence the baking properties. 
Monogalactosyl diacylglycerol (MGDG) 
(1,2-diacyl-3-β-D-galactopyranosyl-L-glycerol) 
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Sphingolipids 
 

Sphingolipids contain sphingosine, an amino alcohol with a long 
unsaturated hydrocarbonchain (D-erythro-1,3-dihydroxy-2-amino-trans-4-
octadecene) instead of glycerol: 

Ceramide = sphingosine + fatty acid 
 

Sphingophospholipid = sphingosine + fatty acid + phosphoric acid 
 

Sphingoglycolipid = sphingosine + fatty acid + mono-, di-, or oligo-
saccharide  
 

Phytoglycolipids = ceramide + phosphate residue + carbohydrate 
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UNSAPONIFIABLE CONSTITUENTS 
 

Fats and oils contain an average of 0.2–1.5% unsaponifiable compounds. 
Hydrocarbons, steroids, tocopherols and carotenoids.  
Some of the compounds of unsaponifiable matter serve as a reliable 
indicator for the identity of a fat or an oil. 
 
Hydrocarbons 
 

All edible oils contain hydrocarbons with an even or an odd C-number (C11 
- C35).  
Rich sources: olive, rice and fish oils. 
The main hydrocarbon constituent of olive oil and rice oil is a linear 
triterpene (C30): 

squalene  
- indicator for olive oil 
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Steroids 
The steroid skeleton is made up of four condensed rings:  
A, B, C and D.  

       Cholesterol 
-Obtained biosynthetically from squalene.   
 

-It is the main steroid of mammals and occurs in lipids in free form or esterified 
with saturated and unsaturated fatty acids.  
 

- In the animal organism, cholesterol is the starting point for the synthesis of other 
steroids: 

- sex hormones 
- bile acids. 
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Among the sex hormones, progesterone appears most often in animal 
food. (Relatively high concentrations in butter.) 
 

Natural trace components of meat and milk: testosterone 3,17-
estradiol (III) and 17-estrone (IV). 
 

Specific smell of boar in boar meat: products of cholesterol metabolism 
include C19-sterols. Five aroma components were identified; 5α-androst-
16-en-3α-ol has also been detected in truffles. 
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Plant steroids (Phytosterols) 
 

The sterols and stanols (hydrogenation products of sterols) occurring in 
plants are known as phytosterols. 
 

Nutritional and physiological point of view: they lower the concentration of 
cholesterol and LDL in the blood plasma. 
The absorption of cholesterol is inhibited. 
- A significant effect: 1 g/day of phytosterol. 
- Normal dietary intake: only 200–400 mg/day of phytosterol, margarines 
are enriched with phytosterols. 
 

The starting material for the extraction of phytosterols is plant oils and tall 
oil (Swedish “tall” = pine), which accumulates as a by-product in the 
production of paper and pulp. Tall oil is rich in phytostanols, mainly β-
sitostanol.  
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Free sterols are poorly soluble in the fat phase, sterol esters are used in the 
production of margarine. 
 

Sterol esters are hydrolysed in the digestive tract. 
  
Plant lipids contain 0.15–0.9% sterols. 
Sitosterol is the main component. 
 
In order to identify blends of fats (oils), the data on the predominant 
steroids are usually expressed as a quotient.  
E.g. the ratio of stigmasterol/campesterol is determined in order to detect 
adulteration of cocoa butter.  
This ratio is significantly lower in a number of cocoa butter substitutes 
than in pure cocoa butter.  
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Carotenoid precursors of aroma compounds 
 

Carotenoids → oxidative degradation → aroma compounds  
 

Ionones and β-damascenone: C13-norisoprenoides. 
- β-ionone (tomato, raspberry, blackberry, passion fruit, 
black tea) 
- α-ionone (raspberry, black tea, carrots, vanilla), 
- α- and β-carotene → α- and β-damascone (black tea) 
 
Of all C13-norisoprenoids, the lowest odour threshold values:  

β-damascenone 
‘smelling like honey’ 

β-ionone 
‘smelling like violets’ 



30 

Hydroxylated C13-norisoprenoids: 
 

Often occur in plants as glycosides, 
can be liberated from these by enzymatic or acid hydrolysis, 
then transformed into aroma compounds.  
 
 
The aroma profile changes when fruits are heated during the production 
of juice or marmalade. 
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Vitispirane  
Hydrolysis of glycosidic bound 3-hydroxy-7,8-dihydro-β-
ionol in wine.  

1,2-Dihydro-1,1,6-trimethyl naphthalene 
Degradation of neoxanthin and other carotinoids during the 
storage of wine.  
It smells like kerosene.  
→ Typical aroma of white wine that was stored for a long 
period in the bottle.  
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Use of carotenoids in food processing 
 

Carotenoids are utilized as food pigments to colour margarine, ice creams, 
various cheese products, beverages, sauces, meat, and confectionery and 
bakery products.  
 
Plant Extracts 
 

Annato is a yellow oil or aqueous alkaline extract of fruit pulp of Raku or 
Orleans shrubs or brushwood (Bixa orellana).  
 

Oleoresin from paprika is a red, oil extract containing about 50 different 
pigments.  
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The aqueous extract of saffron (from the pistils of the flower Crocus 
sativus) contains crocin. Used for colouring beverages and bakery 
products. 
 

Raw, unrefined palm oil contains 0.05–0.2% carotenoids with α- and β-
carotene. Colorant for margarine.  
 

Individual compounds  
 

Synthesized for use as colorants for edible fats and oils:  
 - β-carotene 
 - canthaxanthin  
 - β-apo-8-carotenal 
 

These carotenoids, in combination with surface-active agents, are 
available as micro-emulsions for colouring foods with a high moisture 
content. 
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CHANGES IN ACYL LIPIDS OF FOOD 
 

ENZYMATIC HYDROLYSIS 
 

Hydrolases (carboxyl-ester hydrolase group) cleave acyl lipids. 
Present in food and microorganisms.   
 

- Undesirable lipolysis: the release of short-chain fatty acids in milk → 
rancid aroma defect (free C4–C12 fatty acids). 
- Desired lipolysis:  during the ripening of cheese  
→ short-chain fatty acids are involved in the build-up of specific cheese 
aromas. 
 

Free linoleic and linolenic acid: 
- In emulsified form affect the flavour of food (bitter-burning sensation).  
- Further decomposition by autoxidation or enzymatic oxidation into 
compounds with an intensive odour.  
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In fruits and vegetables when tissue is sliced or homogenized: enzymatic 
oxidation in conjunction with lipolysis occur. 
 

During disintegration of oil seeds: enzymatic hydrolysis of a small amount 
of the acyl lipids present can not be avoided. 
The release of higher fatty acids promotes foaming → they are removed 
during oil refining. 
 
Triacylglycerol hydrolases (Lipases) 
 

Lipases hydrolyze only emulsified acyl lipids; they are active on a 
water/lipid interface. The smaller the size of the oil droplet → the larger the 
oil/water interface → the higher the lipase activity.  
 

Lipase activity is detected: in milk, oilseeds (soybean, peanut), cereals (oats, 
wheat), fruits and vegetables and in the digestive tract of mammals, 
microorganisms. 
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The lipase’s “hydrophobic head” is bound to the oil droplet by 
hydrophobic interactions, while the enzyme’s active site aligns with and 
binds to the substrate molecule. 

A hypothetical model of pancreatic lipase fixation of an oil/water interphase 
(Brockerhoff, 1974) 
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SPECIFICITY LIPASE FROM 
SUBSTRATE SPECIFIC 
Monoacylglycerides Rats (adipose tissue) 
Mono- and diacyl-glycerides Penicillium camembertii 
Triacylglycerides Penicillium sp. 
REGIOSPECIFIC 
1,3-Regioselective Pancreas, milk, Aspergillus niger 
sn-2-Regioselective Candida antarctia 
NON-REGIOSPECIFIC Oats, castor, Aspergillus flavus 
ACYL RESIDUE-SPECIFIC 
Short chain fatty acids Penicillium roqueforti 
cis-9-Unsaturated fatty acids Geotrichum candidum 
Long chain fatty acids Botrytis cinerea 
STEREOSPECIFIC a 

sn-1 Pseudomonas aeruginosa 
sn-3 Rabbit (digestive tract) 

a Lipases differentiate between the sn-1 and sn-3 position in TGs. 

Examples of the specificity of lipases 
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Lipases of microbiological origin are 
often very heat stable.  
 

They are not inactivated by 
- pasteurization  
- ultra high temperature treatment 
- drying procedures  
 

→ They can be the cause of decrease in 
quality during storage. 
 

Temperature 
ºC  

D-valuea  
(min) 

100 23.5 

120 7.3 

140 2.0 
 

160 0.7 

Heat inactivation of a lipase of  
Pseudomonas fluorescence dissolved in skim milk 

a Time for 90% decrease in enzyme activity. 
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Under the usual conditions of food storage, unsaturated acyl lipids cannot 
be considered as stable food constituents. 
 

Lipid peroxidation 
 

- Autoxidation 
- Lipoxygenase catalysis  
   enzymic process 

hydroperoxides 

Acyl lipid constituents have one or more allyl groups within 
the fatty acid molecule  
→ they are readily oxidized to hydroperoxides.  
 

Hydroperoxides → degradation reaction → great number of 
other compounds. 

PEROXIDATION OF UNSATURATED ACYL LIPIDS 
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Lipid peroxidation → nonvolatile compounds 
                               → volatile compounds 
   
Exceptionally odorous compounds →lipid peroxidation is detected  
- in food with unsaturated acyl lipids present as minor constituents 
- in food in which only a small portion of lipid was subjected to 
oxidation. 
 
Consumers: objectionable aromas  
e. g. as rancid, fishy, metallic or cardboardlike, or as an undefined old or 
stale flavour.  
 
Some volatile compounds, at a level below their off-flavour threshold 
values, contribute to the pleasant aroma of many fruits and vegetables. 
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AUTOXIDATION 
The rate of autoxidation in a fat/oilcontaining food is affected by  
- Fatty acid composition (the more allyl groups present, the shorter the induction 
period and the higher the oxidation rate). 
- Degree of unsaturation 
- The presence and activity of pro- and antioxidants 
- Partial pressure of oxygen 
- The nature of the surface being exposed to oxygen  
- The storage conditions (temperature, light exposure, moisture content, etc.) 
- The position of the unsaturated fatty acid in the triacylglyceride molecule (TGs 
with an unsaturated fatty acid in the 1- or 3-position oxidize faster than TGs with 
an unsaturated acyl residue in the more protected 2-position).  
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Autoxidation of unsaturated acyl lipids  
The oxygen uptake of an unsaturated fatty acid as a function of time  

Prooxidant concentration: 
1 low  
2 high 

If the prooxidant 
concentration is high, the 
induction period 
may be nonexistent. 

When induction period has expired, a steep 
rise occurs in the reaction rate.  

Induction period: the initial oxidation products are 
detectable only after a certain elapsed storage time. 
Typical for a given autoxidation process.  
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Basic steps in the autoxidation of olefins/I. 
The oxidation process is a radical-induced chain reaction. 

Autoxidation is initiated by 
free radicals of frequently unknown origin. 

Relatively stable radicals (peroxi radicals) 
that can abstract H-atoms from the activated 
methylene groups in an olefinic compound 
are formed.  
 
Due to the stability of ROO•, the whole 
process is limited by the conversion of these 
free radicals into monohydroperoxide 
molecules (ROOH).  
 
The H-abstraction is the slowest and, hence, 
the rate limiting step in radical (R•) 
formation.  
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Basic steps in the autoxidation of olefins/II. 

At a certain level of hydroperoxide 
concentration free radicals are generated 
by a bimolecular degradation mechanism. 
In most foods, this reaction is of no 
relevance since fat (oil) oxidation makes a 
food unpalatable well before 
hydroperoxides reach the necessary level 
for this reaction.  

Peroxidation of unsaturated fatty acids is 
accelerated autocatalytically by radicals 
generated from the degradation of 
hydroperoxides by a monomolecular 
reaction mechanism.  
This reaction is promoted by heavy metal 
ions or heme(in)-containing molecules.  
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Basic steps in the autoxidation of olefins/III. 

Chain termination occurs through 
collision of two peroxy radicals. 

In the presence of air (oxygen partial 
pressure >130 mbar), all alkyl radicals 
are transformed into peroxy radicals 
through the rapid radical chain reaction. 

These termination 
reactions play a role when 
the oxygen level is low, e. 
g. in the inner portion of a 
fatty food. 
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At room temperature,  
- the saturated acids are stable 
- the unsaturated fatty acids are attacked very selectively by peroxy radicals 
(the rates of autoxidation are different). 

High reaction rate: 
when the energy for H-abstraction 
is clearly lower than the energy 
released in binding H to O during 
formation of hydroperoxide 
groups (about 376 kJ/ mol). 

DR-H (kJ/mol) 

H 
|  
CH2− 

422 
 

             H 
             | 
CH3−CH− 

410 
 

    H 
    |    
−CH−CH=CH− 

322 
 

                   H 
                   | 
−CH=CH−CH−CH=CH− 

272 
 

Energy requirement  
for a H-atom abstraction 
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The peroxy radical abstracts hydrogen more readily from a methylene group 
of a 1,4-pentadiene system than from a single allyl group. 
The generated 1,4-diene radical is more effectively stabilized by resonance 
(i. e. electron delocalization over 5 C-atoms) 
 

Oleic acid: H-atom abstraction occurs on the methylene group adjacent to 
the double bond, i. e. positions 8 and 11.  
Four hydroperoxides → they have all been isolated and identified as 
autoxidation products of oleic acid.  
 

Linoleic acid: oxidation of the methylene group in position 11 is activated 
especially by the two neighbouring double bonds.  
Hence, this is the initial site for abstraction of an H-atom. 
The pentadienyl radical generated is stabilized by formation of two 
hydroperoxides at positions 9 and 13, each retaining a conjugated diene 
system. 
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Autoxidation of oleic acid  

Primary reaction products:  
(I) 11-Hydroperoxyoctadec-9-enoic acid; (II) 9-hydroperoxyoctadec-10-enoic acid,  
(III) 10-hydroperoxyoctadec-8-enoic acid, (IV) 8-hydroperoxyoctadec-9-enoic acid 
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Autoxidation of linoleic acid  

Primary reaction products: (I) 13-Hydroperoxyoctadeca-9,11-dienoic acid, 
(II) 9-hydroperoxyoctadeca-10,12-dienoic acid 
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Formation of Hydroperoxide-Epidioxides 
 

Peroxy radicals which contain isolated β, γ double bonds:  
- are formed as intermediary products after autoxidation and photooxidation 
(reaction with singlet O2) of unsaturated fatty acids having two or more 
double bonds.  
- are prone to cyclization reactions in competition with reactions leading to 
monohydroperoxides. 
 

A hydroperoxide-epidioxide results through attachment of a second oxygen 
molecule and abstraction of a hydrogen atom: 
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Fragmentation of Hydroperoxide-Epidioxides 
 

- Occurs due to heating. 
- Resulting in formation of aldehydes and aldehydic acids.  
For example, hydroperoxide-epidioxide fragments derived from the 12-
peroxy radical of linoleic acid: 
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Initiation of a Radical Chain Reaction 
 

Autoxidation of unsaturated acyl lipids → deterioration of food quality. 
Knowledge about the reactions during the induction period of autoxidation 
is important: 
How they trigger the start of autoxidation? 
 

Two fundamentally different groups of reactions are involved: 
 

1. Initiating reactions which overcome the energy barrier required 
for the reaction of molecular oxygen with an unsaturated fatty acid.  
     E. g. photosensitized oxidation (photooxidation)  
 → the “first” hydroperoxides.  
 

2. Hydroperoxides are converted further into radicals. 
(Heavy metal ions and heme(in) proteins are involved.) 
 

Between these two delineated reaction groups: some enzymes which generate the superoxide 
radical anion since at least H2O2 is necessary as reactant for the formation of radicals. 
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1. Photooxidation 
 

Triplet oxygen (3O2):  reacts preferentially with radicals, (i. e. molecules 
having one unpaired electron). 
Direct reactions of triplet state oxygen with molecules which have all 
electrons paired, as in the case of fatty acids, are prevented by spin barriers.  
 

RH + 3O2 → ROOH    Ea = 146–273 kJ/mol  
 

With singlet oxygen (1O2): the activation energy is 92 kJ/mole.  
The reactivity of this molecule resembles ethylenic or general olefinic π 
electron pair reactions, but it is more electrophilic.  
 
In the reaction with oleic acid: 
the 1-singlet-state oxygen attacks the 9−10 double bond 
→ two monohydroperoxides (the 9- and 10-isomers) are generated. 
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The stability of stored fat (oil) drops in the presence of light.  
Light triggers lipid autoxidation.  
 

Type I sensitizers: once activated by light, react directly with substrate, 
generating substrate radicals. 
These then trigger the autoxidation process. 
 

Type II sensitizers: activate the ground state of oxygen to the 1O2 singlet 
state. 
 

Type I and II photooxidation compete with each other.  
Which reaction will prevail depends on 
- the structure of the sensitizer, 
- the concentration, 
- the structure of the substrate available for oxidation. 
 

Chlorophylls a and b, pheophytins a and b and riboflavin, present in food, 
promote the Type II oxidation of oleic and linoleic acids. 
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Activated type II sensitizer does not react with the substrate but with 
ground state triplet oxygen, transforming it with an input of energy into 1-
singlet-state oxygen: 

The singlet 1O2 formed now reacts directly with the unsaturated fatty acid 
by a mechanism of “cyclo-addition”: 

The number of hydroperoxides formed are double the number of isolated 
double bonds present in the fatty acid molecule. 
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Hydroperoxides derived from linoleic acid by type-2 photooxidation 

In addition to the two hydroperoxides with a conjugated diene system also formed 
by autoxidation, two hydroperoxides are obtained with isolated double bonds. 
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Autoxidation: linoleic acid is oxidized at least 12 times faster than oleic acid.  
Photooxidiation: linoleic acid is oxidized only 2 to 3 times faster than oleic acid.  
 

Double bonds of unsaturated fatty acids containing more than one 
double bond behave as isolated C=C units rather than 1,4-diene systems. 
Consequently, the difference in the reaction rates of linoleic acid and oleic acid with 
singlet oxygen is relatively small. 

- Formation of  1O2 is inhibited 
by carotenoids (car).  
Their quenching effect is very fast.  
- They also prevent energy transfer from excited-state 
chlorophyll to 3O2.  
Carotenoids are particularly suitable for protecting fat 
(oil)-containing food from Type II photooxidation. 

k = 3 ·1010  
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2. Heavy metal ions 
 

They are involved in the second group of initiation reactions (the 
decomposition of initially-formed hydroperoxides into radicals which then 
propel the radical chain reaction of the autoxidation process). 
 

Fats, oils and foods always contain traces of heavy metals, the complete 
removal of which in a refining step would be uneconomical.  
 
The metal ions, primarily Fe, Cu and Co, may originate from: 
- Raw food  (enzymes and other metalbound proteins).  
E. g. during the crushing and solvent extraction of oilseeds, metal bonds 
dissociate and the free ions bind to fatty acids. 
- From processing and handling equipment. 
Traces of heavy metals are solubilized during the processing of fat (oil). 
Such traces are inactive physiologically but active as prooxidants. 
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- From packaging material. Traces of heavy metals from metal foils or cans 
or from wrapping paper can contaminate food and diffuse into the fat or oil 
phase. 
 
The concentration of heavy metal ions that results in fat (oil) shelf-life 
instability is dependent on: 
 - the nature of the metal ion 
 - the fatty acid composition of the fat (oil).  
 

‘Linoleic acid type’ oils (sunflower and corn germ oil): the limits for 
stability 0.03 mg/kg for Fe and 0.01 mg/kg for Cu.   
 

‘Oil with high content of oleic and/or stearic acids’ e. g. butter:  
0.2 mg/kg for Cu and 2 mg/kg for Fe. 
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The presence of a hydroperoxide group is a prerequisite for metal ion 
activity. 
The hydroperoxide group decompose into a free radical: 
 

Men+ +ROOH → Me(n+1)+ + RO• + OH– 
 

Me(n + 1)+ + ROOH → RO•2 +H+ +Men+  
 

For iron, the lower oxidation state (Fe2+) provides a ten-fold faster 
decomposition rate than the higher state (Fe3+) for the decomposition of 
linoleic acid hydroperoxide. 
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The decomposition rates for hydroperoxides emulsified in water depend on 
pH (for Fe and Cu ions pH 5.5–6.0).  
The presence of ascorbic acid, accelerates the decomposition. 
 

The direct oxidation of an unsaturated fatty acid to an acyl radical by a heavy 
metal ion: 
 

RH + Me(n +1)+ → R• + H+ + Men+  
 

proceeds, but at an exceptionally slow rate. It seems to be without significance 
for the initiation of autoxidation. 
 
The autoxidation of acyl lipids is also influenced by the moisture content of 
food. The reaction rate is  
- high for both dehydrated and water-containing food. 
- minimal at a water activity (aw) of 0.3.  
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3. Heme (Fe2+) and hemin (Fe3+) catalysis  
 

In animal tissue: lipid peroxidation is accelerated by hemoglobin, 
myoglobin and cytochrome C.  
During storage of fish, poultry and cooked meat: rancidity or aroma 
defects.  
 
In plant food: peroxidase and catalase, cytochrome P450. 
 

Some heme(in) compounds degrade the hydroperoxides several orders of 
magnitude rapidly than iron ions. 
→ more effective as initiators of lipid peroxidation.  
 

Their activity is negligibly influenced by a decrease in pH. 
 

The activity of a heme(in) protein towards hydroperoxides is influenced by 
its steric accessibility to fatty acid hydroperoxides.  
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Heme catalysis  

1. P–Fe2+ is will be oxidized by air to P–Fe3+.  
2. The formed O2 will further react yielding H2O2.  
3. Hydrogen peroxide will then oxidize P–Fe3+ to the oxene species P–Fe=O.  
4. A. The hemin protein acts as proton acceptor.  
    B. One carboxylic group of the protoporphyrin system acts as proton acceptor  
         and proton donor respectively. 

superoxide radical  

Fe2+-protoporphyrin complex 
(like in myoglobin).   

– 
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Catalase and peroxidase molecules:  the prosthetic group is free to promote 
hydroperoxide decomposition only after heat denaturation of the enzymes. 
A model experiment with peroxidase: the peroxidation of linoleic acid increased 
by a factor of 10 when the enzyme was heated for 1 minute to 140 °C. (The 
enzymatic activity was only 14%).  
 
 
An assay of heme(in) protein enzyme activity does not necessarily reflect its 
prooxidant activity. 
 

Suppression of peroxidase and catalase activity is of importance for the shelf life 
of heat-processed food.  
 

As long as the protein moiety has not been denatured, it is the lipoxygenase 
enzyme which is the most active for lipid peroxidation. 
After lipoxygenase activity is destroyed by heat denaturation, its role is replaced 
by the heme(in) proteins.  
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4. Activated oxygen 
 

In enzymatic reactions oxygen can form three intermediates, which differ 
greatly in their activities and which are all ultimately reduced to water: 

Oxygen takes up one 
electron to form the 
superoxide radical anion. 
This anion radical is a 
reducing agent. 

– O2 generated especially by flavin enzymes (e. g. xanthine oxidase).  
Milk oxidation flavour.  
 

NO: in animal and plant foods from arginine by nitrogen oxide synthase. 
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O2 and NO → ONOO (peroxy nitrite). Versatile oxidant! 
- Oxidizes unsaturated fatty acids, ascorbic acid, tocopherols, uric acid 
and amino acids. 
- Easily decomposes → formation of radicals → start lipid peroxidation. 
 

H2O2 rather indolent and sluggish reaction agent.  
The hydroxy radical (HO•) derived from it is exceptionally active. 
 

R—H + HO• → R• + H2O 
 

HO• radical reacts non-selectively with all organic constituents of food at 
an almost diffusion-controlled rate.  
It can directly initiate lipid peroxidation.  
 
“Has the HO• radical actually reached the unsaturated acyl lipid, or was it 
trapped prior to lipid oxidation by some other food ingredient?” 

– 
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Fenton reaction: the reaction of the superoxide radical anion with 
hydrogen peroxide in relation to initiation of autoxidation.  

The Fe-complex (e. g. with ADP) occurs in food of plant and animal 
origin.  
The Fe2+ obtained by reduction with O2 can then reduce the H2O2 
present and generate free HO• radicals. 

– 
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Secondary products 
 

The primary products of autoxidation → monohydroperoxides 
- odourless and tasteless. 
Food quality is not affected until volatile compounds are formed.  
 
Some secondary products of lipid peroxidation affect the odour and flavour 
of food. 
Volatile secondary products of lipid peroxidation:  
- Odor-active carbonyl compounds 
- Malonic dialdehyde 
-Alkanes, alkenes 
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Odour-active monocarbonyl compounds  
 

Autoxidation of oleic, linoleic and linolenic acid→ volatile fractions 
contain mainly aldehydes and ketones.  
Linoleic acid: sensitive to autoxidation, 
→ a precursor of hexanal that is predominant in the volatile fraction.  
Hexanal is used as indicator for the characterization of off-flavours 
resulting from lipid peroxidation. 
 

Threshold values 
   
Concentration 
 

The rapid deterioration of food containing linolenic acid: 
- the preferential oxidation of this acid, 
- low odour threshold values of the carbonyl compounds formed. 
  

Off-flavour intensity  
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Compound Flavour quality Odour threshold (μg/kg) 
 
Aldehydes in oil in water 
2:0 fruity, pungent 0.22 – 
3:0 fruity, pungent 9.4 – 
5:0 pungent, like bitter 

almonds 
240 18 

6:0 tallowy, green leafy 320 12 
7:0 oily, fatty 3200 5 
10:0 orange peel like 300 5 
9:1 (Z-2) fatty, green leafy 4.5 0.02 
trans-4,5-Epoxy-
(E)-2-decenal 

metallic 1.3 – 

Ketones 
1-Penten-3-one hot, fishy 0.73 – 
1-Octen-3-one like mushrooms, fishy  10 0.05 
1-Nonen-3-one like mushrooms, earthy  – 8×10−6 

Sensory properties of some aroma components resulting from lipid peroxidation 
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Aldehydes with exceptionally strong aromas can be released in food by the 
autoxidation of some fatty acids, even if they are present in low amounts.  
 

octadeca-(Z,Z)-11, 15-dienoic acid → (Z)-4-heptenal  
(creamy, putty — in beef, mutton, butter) 
 

Processing of oil and fat can → an altered fatty acid profile. 
 → new precursors for a new set of carbonyls.  
 

E.g. partial hydrogenation of linolenic acid → octadeca-(Z,E)-9,15-dienoic 
acid → (E)-6-nonenal.     “hardened flavour” 
 

It is formed during storage of partially hardened soya and linseed oils. 
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The formation of volatile carbonyl compounds 
β-Scission of monohydroperoxides (Badings, 1970) 

Between the two possibilities “B”, is the energetically preferred one since it 
leads to resonance-stabilized “oxoene” or “oxo-diene”compounds.  
 

Catalyzed by heavy metal ions or heme(in) compounds. 

The cleavage of the C–C bond 
located further away from the 
double bond position. 
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Decomposition of the major monohydroperoxide isomers of linoleic acid 
by β-scission mechanism (“B”) 

2,4-decadienal 
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Malonic aldehyde 
 

- Formed by autoxidation of fatty acids 
with three or more double bonds.  
- Odourless.  
- In food it may be bound to proteins by a 
double condensation, crosslinking the 
proteins.  
Malonic aldehyde is formed from  
α-linolenic acid by a modified reaction 
pathway, as outlined under the formation 
of hydroperoxide-epidioxide. 
However, a bicyclic compound 
is formed here as an intermediary 
product that readily fragments to  
malonic aldehyde. 
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Alkanes, alkenes  
 

Ethane and pentane: main constituents volatile hydrocarbon fraction. 
→ They can serve as indicators for in vivo detection of lipid peroxidation.  
 

Pentane is probably formed from the 13-hydroperoxide of linoleic acid by 
the β-scission mechanism.  

The corresponding pathway for 16-hydroperoxide of linolenic acid yields 
ethane. 
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LIPOXYGENASE: OCCURRENCE AND PROPERTIES 
 

Lipoxygenase (linoleic acid oxygen oxidoreductase, EC 1.13.11.12) 
 

- Occurs in many plants and in erythrocytes and leucocytes. 
 

- Catalyzes the oxidation of some unsaturated fatty acids to their 
corresponding monohydroperoxides → having the same structure as those 
obtained by autoxidation. 
 

- Unlike autoxidation, reactions catalyzed by lipoxygenase are: 
- substrate specific,  
- peroxidation selective,  
- having a pH optimum, 
- susceptible to heat treatment,  
-high reaction rate in the range of 0–20 °C.  
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Lipoxygenase oxidizes only fatty acids which contain a 1-cis,4-cis-
pentadiene system: 

 

The preferred substrates are: 
- Linoleic and linolenic acids for the plant enzyme.  
- Arachidonic acid for the animal enzyme; oleic acid is not oxidized. 

– CH = CH – CH2 – CH = CH – 
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The peroxy radical 
formed is then 
reduced by the 
enzyme. 

Lipoxygenase catalysis 
Proposed mechanism of reaction (Veldink, 1977) 

 

RH: linoleic acid; LOOH: linoleic acid hydroperoxide 

Enzyme is activated by 
its product, Fe2+ is 
oxidized to Fe3+. 

Abstraction of a 
methylene H-atom 
from the substrate’s 
1,4-pentadiene system 
and oxidation of the H-
atom to a proton.  

The pentadienyl radical bound to the enzyme is 
then rearranged into a conjugated diene system, 
followed by the uptake of oxygen.  

After attachment of 
a proton, the 
hydroperoxide 
formed is released. 
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Lipoxygenase catalysis 
Regio- and stereospecificity for linoleic acid oxidation  

(1) Lipoxygenase from soybean 
(2) lipoxygenase from tomato 

Lipoxygenases from plants mostly exhibit 9- or 13-regiospecificity.  
A LOX with C-8 specificity has been found in a mushroom. 
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Non-specific lipoxygenases 
 

- Occur in legumes, e. g., in peas and soybeans. 
 

- Oxidize linoleic acid to mixtures of 9- and 13-hydroperoxides, which 
approach racemic proportions.  
 

- Oxo fatty acids and volatile compounds are formed, i. e., the product 
spectrum resembles that formed by the autoxidation of linoleic acid.  
 

- In contrast to specific LOX, they do not require prior release 
of fatty acids by a lipase enzyme for activity in food, they also react with 
esterified substrate fatty acids. 
 

- The non-specific lipoxygenases can cooxidize carotenoids and 
chlorophyll and thus can degrade these pigments to colourless products. 
This property is utilized in flour “bleaching”. 
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The involvement of non-specific lipoxygenases LOX in cooxidation 
reactions: 
The peroxy radicals are not rapidly and fully converted to their 
hydroperoxides 
→ a fraction of the free peroxy radicals are released by the enzyme.  

LH- linoleic acid Car—H 
carotenoid 

Reactions of non-specific lipoxygenase (Weber and Grosch, 1976)  
(1) Main catalysis pathway; (2a) and (2b) cooxidation pathways.  

LOOH: linoleic acid hydroperoxide 
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ENZYMATIC DEGRADATION OF HYDROPEROXIDES 
 

In animal tissue: glutathione peroxidase catalyzes a reduction of the fatty acid 
hydroperoxides to the corresponding hydroxy acids. 
 

In plants and mushrooms: hydroperoxide lyase (HPL), hydroperoxide isomerase, 
allene oxide synthase (AOS) and allene oxide cyclase (AOC).  
With regard to food chemistry the HPL reaction is interesting. 

lipoxygenase 

- Green-grassy or cucumber like smelling aldehydes: 
hexanal, (Z)-3-hexenal (“leafy aldehyde”), (Z,Z)-3,6-nonadienal. 

Linoleic acid 
Linolenic acid 

Hydroperoxides  
   
 
Odorants for fruits, 
vegetables and mushrooms.  

hydroperoxide lyase 

- Mushroomlike: (R)-l-octen-3-ol.  
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Occurrence Substrate Products of the 
catalyses 

Apple, tomato, cucumber, 
tea leaf, (chloroplasts), soy 
beans, grape 

13(S)-hydroperoxy-9-cis,11- 
trans-octadecadienoic acid 
(13-LOOH)  

hexanal + 12-oxo 9-cis-dodecenoic 
acid 
 

Apple, tomato cucumber, tea 
leaf, (chloroplasts), soy beans, 
grape 

13(S)-hydroperoxy-9-cis,11- 
trans, 15-cis-octadecatrienoic 
acid (13-LnOOH)  

( Z)-3-hexenal + 12-oxo-9-cis-
dodecenoic acid 
 

Cucumber, pear 9(S)-hydroperoxy-10-trans 12-
cis-octadecadienoic acid (9-
LOOH)  

(Z)-3-nonenal + 9-oxo-nonanoic 
acid 
 

Cucumber, pear 
 

9(S)-hydroperoxy-8-trans, 12-
cis, 15-cis-octadecatrienoic 
acid (9-LnOOH) 
 

(Z,Z)-3,6-nonadienal + 9 oxo-
nonanoic acid 
 
 

Champignon 10(S)-hydroperoxy-8-trans, 
12-cis-octadecadienoic acid 
(10-LOOH)  

1-octen-3(R)-ol + 10-oxo-8-trans-
decenoic acid 
 

Occurrence and properties of various hydroperoxide-lyases 
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Mechanism of the cleavage of hydroperoxides by lyases  
(Wurzenberger and Grosch, 1986) 

a in plants b in mushrooms 1-octen-3(R)-ol 
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Different substrate and reaction specificity of HPL 
→ difference in volatile products:  
in plants: aldehydes,  
in mushrooms: allyl alcohols. 
 
The widespread presence of the C6- and C9-aldehydes in fruits and 
vegetables as well as the C8-alcohols in mushrooms  
→ enzymatic-oxidative cleavage of linoleic and linolenic acid with the 
enzymes lipoxygenase, hydroperoxide-lyase (and aldehyde-isomerase) 
generally contributes to the formation of aroma in these food items.  
 

This process is intensified when oxygen can permeate the cells freely by 
destruction of tissue (during the chopping of fruits and vegetables). 
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HYDROPEROXIDE–PROTEIN INTERACTIONS 
Products formed from hydroperoxides by nonenzymatic reactions 
Hydroperoxides formed enzymatically in food are usually degraded further.  

Nonenzymatic reactions 
(heavy metal ions, heme(in) compounds or 
proteins) 

Oxo, epoxy, mono-, di- and trihydroxy 
carboxylic acids 

Hydroperoxydes 

- Some of these derivatives have a bitter taste.  
- Such compounds are detected in legumes and cereals.  
- They may play a role in other foods rich in unsaturated fatty acids and 
proteins, such as fish and fish products. 
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Compound Threshold value for 
bitter taste  
(mmol/1) 

13-Hydroperoxy-cis-9,trans-11-octadecadienoic acid not bittera 

9-Hydroperoxy-trans-10,cis-12-octadecadienoic acid not bittera 

13-Hydroxy-cis-9,trans-11-octadecadienoic acid 7.6–8.5a 

 
9-Hydroxy-trans-10,cis-12-octadecadienoic acid 6.5–8.0a 

9,12,13-Trihydroxy-trans-10-octadecenoic acid  
0.6–0.9b 

 9,10,13-Trihydroxy-trans-11-octadecenoic acid 

Taste of oxidized fatty acids 

a A burning taste sensation. 
b A blend of the two trihydroxy fatty acids was assessed. 
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Lipid–protein complexes 
 

In the absence of oxygen, linoleic acid 13-hydroperoxide reacts with N-
acetylcysteine, yielding an adduct: 

In the presence of oxygen, covalently bound amino acid-fatty acid adduct 
formation is significantly suppressed; 
instead, oxidized fatty acids are formed. 
 

A large portion of the oxidized lipid from protein-containing food stored in 
air does not have lipid–protein covalent bonds and, hence, is readily 
extracted with a lipid solvent such as chloroform/methanol. 
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Protein changes 
Some properties of proteins are changed when they react with 
hydroperoxides or their degradation products.  
- Changes in food texture, 
- Decreases in protein solubility (formation of cross-linked proteins),  
- Colour (browning), 
- Changes in nutritive value (loss of essential amino acids). 
 

The radicals generated from hydroperoxides can abstract H-atoms from 
protein (PH) (Trp, Lys, Tyr, Arg, His, Cys) in which the phenolic HO-, S- 
or N-containing groups react: 
 

RO• + PH  →  P• + ROH  
2 P• → P–P 
 

Protein radicals combine with each other, resulting in the formation of a 
protein network. 
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Malonaldehyde: a bifunctional reagent, can crosslink proteins through a 
Schiff base reaction with the ε-NH2 groups of two lysine residues: 

Radical/malonaldehyde + protein reaction 

Formation of a protein network. 

The properties of protein change, 
e. g. decrease in solubility of fish protein during frozen storage. 
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The monocarbonyl compounds (derived from autoxidation of unsaturated 
fatty acids) readily condense with protein-free NH2 groups, forming Schiff 
bases that can provide brown polymers by repeated aldol condensations: 

The amino compound can 
be readily eliminated by 
hydrolysis. 

The brown 
polymers are 
often N-free. 
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The condensation process results not only in discoloration (browning) but 
also in a change in aroma.  

Hydrolysis in the early stages of aldol condensations  
(after the first or second condensation).  

The released aldehyde with powerful odour, does not re-enter the reaction. 
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INHIBITION OF LIPID PEROXIDATION 
 

Autoxidation of unsaturated acyl-lipids can be retarded by: 
 
1. Exclusion of oxygen. Possibilities are:  

- Packaging under a vacuum  
- Addition of glucose oxidase 

 

2. Storage at low temperature in the dark. 
→ The autoxidation rate is decreased substantially.  
 

In fruits and vegetables these precautions are not applicable.  
(Lipoxygenase !)  
Food deterioration is prevented only after inactivation of the enzyme by a 
blanching process. 
 

3. Addition of antioxidants to food. 
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Antioxidant Activity 
 

The peroxy and oxy free radicals (formed during the propagation and 
branching steps of the autoxidation radical chain) are scavenged by 
antioxidants (AH): 

Antioxidants containing a phenolic group play the major role in food.  
They form radicals which are stabilized by an aromatic resonance system.  
In contrast to the acyl peroxy and oxy free radicals, they are not able to 
abstract a H atom from an unsaturated fatty acid and therefore cannot 
initiate lipid peroxidation. 



95 

The end-products are relatively 
stable and in consequence the 
autoxidation radical chains are 
shortened. 

Antioxidants in Food 
 

Natural Antioxidants 
 

The unsaturated lipids in living tissue are relatively stable.  
 

Plants and animals effectively prevent lipid oxidation, having the necessary 
complement of : 
- Enzymes, (e. g. glutathione peroxidase and superoxide dismutase) 
- Antioxidants (e. g. tocopherols) 
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Tocopherols: a sufficient level is retained in oil even after refining, thus, 
tocopherols secure the stability of the oil end-product. 
 

- Soya oil, due to its relatively high level of linolenic acid is an exception.  
- The tocopherol content of animal fat is influenced by animal feed. 

α-tocopherol reacts with peroxy radicals faster than the other tocopherols 
and the synthetic antioxidants (DBHA, BHT). 
 

The antioxidant activity of tocopherols increases from α → δ.  
 

It is the reverse of the vitamin E activity and of the rate of reaction with 
peroxy radicals.  
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Antioxidant k  
(1·mol−1·s−1) · 10−5 

α-Tocopherol 23.5 

β-Tocopherol 16.6 

γ-Tocopherol 15.9 

δ-Tocopherol 6.5 

2,6-Di-tert-butyl-4- 1.1 
hydroxyanisole (DBHA) 

1.1 

(2,6-Di-tert-butyl-p-cresol (BHT) 0.1 

Rate constants of tocopherols and BHT at 30 °C 
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The higher efficiency of γ-tocopherol in comparison to α-tocopherol is based 
on the higher stability of γ-tocopherol and on different reaction products 
formed during the antioxidative reaction. 
 

After opening of the chroman ring system, α-tocopherol is converted into an 
chromanoxyl radical which in turn oxidizes to a hydroxy-alkylquinone: 
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Alkyl (e. g. chromanoxyl) radical can start autoxidation of unsaturated fatty 
acids.  
 
The peroxidation rate of an unsaturated fatty acid increases with higher α-
tocopherol concentrations after going through a minimum! 

The prooxidative effect for γ-tocopherol is smaller than that of α-tocopherol. 
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No opening of the chroman ring 
takes place but formation of 
diphenylether dimers  
and biphenyl dimers occurs. 

Chromanoxyl radical is slow reacting 
→ cannot start autoxidation of unsaturated 
fatty acids. 

The dimer structures (III) and (IV) possess 
one or two phenolic OH-groups that are 
also antioxidatively active. 
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Ascorbic acid  
 

Active as an antioxidant in aqueous media, but only at higher 
concentrations (~10−3 mol/l).  
 

A prooxidant activity is observed at lower levels (10−5 mol/l), especially in 
the presence of heavy metal ions.  
 

The effect of tocopherols is enhanced by the addition of fat soluble 
ascorbyl palmitate or ascorbic acid in combination with an emulsifier (e. g. 
lecithin) since the formed tocopherol radical is rapidly reduced to α-
tocopherol by vitamin C. 
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Carotinoids 
 

Act as scavengers foralkyl radicals. Radicals stabilized by resonance 
are formed, unable to initiate lipid peroxidation: 

β-Carotenes are most active at a concentration of 5 · 10−5 mol/l.  
At higher concentrations the prooxidative effect is predominant.  
The partial pressure of oxygen is critical. 
 

Phenolic compounds 
The protective effect of several herbs, spices (e. g. sage or rosemary) and 
tea extracts against fat (oil) oxidation. 
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The antioxidative effect of phenols depends on pH: 
- Low in an acidic medium (pH 4)  
- High in an alkaline medium (pH 8)  
 

The antioxidative effect depends on the structure: 
Number of OH-groups, and presence of OH-groups in the ortho position. 

Flavones  
Quercetin: 
R1 = OH, 
R2 = H 
Myricetin: 
R1, R2 = OH 

In the protection of linoleic acid micelles: 
- The antioxidative activity of quercetin is approximately as high as that of 
α-tocopherol. 
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Generation of smoke by burning wood or sawdust: 
Polyphenols in wood (lignin) undergo thermal cracking resulting in 
volatile phenols. 
These phenols  
→ deposit on the food surface during smoking, 
→ penetrate into the food, 
→ acting as antioxidants. 

Maillard reaction products 
Reductones should be considered as naturally active antioxidants. 

Vanillin 
In food items where its aroma is desired, 
plays an important role as an antioxidant.  
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Synthetic Antioxidants 
 

A synthetic compound has to meet the following requirements: 
 

-it should not be toxic, 
 

-it has to be highly active at low concentrations (0.01–0.02%),  
 

-it has to concentrate on the surface of the fat or oil phase.  
 

→ For o/w emulsions strongly lipophilic antioxidants are particularly 
suitable. (e. g. BHA, BHT or tocopherols, dodecylgallate).  
→ In fats and oils the more polar antioxidants (e. g. TBHQ and propyl 
gallate) are very active since they are enriched at the surface of fat and come 
in contact with air. 
 

Antioxidants should be stable under the usual food processing conditions. 
This stability is denoted as the “carry through” effect. 
 

tert-Butylhydroquinone (TBHQ) used e. g. for stabilization of soya oil.  
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Propyl (n = 2); octyl (n = 7) and dodecyl 
(n = 11) gallate 

2,6-Di-tert-butyl-p-hydroxytoluene 
(BHT) 

2- and 3-tert-butyl-4-hydroxyanisole (BHA) 

Worldwide used synthetic antioxidants I  
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Worldwide used synthetic antioxidants II  

6-Ethoxy-1,2-dihydro-2,2,4-trimethylquinoline 
(ethoxyquin) 

Ascorbyl palmitate 

A large portion of ethoxyquin is 
present in oil as a free radical.  

The radicals stabilize by dimerization.  
The radical, and not the dimer, is the active 
antioxidant. 
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The efficiency of an antioxidant can be evaluated by a comparative assay, 
making use of an “antioxidative factor” (AF): 
AF = IA/I0 
IA = oxidation induction period for a fat or oil in the presence of an antioxidant. 
I0 = oxidation induction period of a fat or oil without an antioxidant. 
 

The efficiency of an antioxidant increases with an increase in the AF 
value. 
Antioxidative factor (AF) values of some antioxidants (0.02%) in refined lard 

Antioxidant AF Antioxidant AF 

d-α-Tocopherol 5 Octyl gallate 6 
dl-γ-Tocopherol 12 Ascorbyl palmitate 4 

BHA 9.5 9.5  
BHA and BHT 

 
12 

BHT 6 
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BHA and BHT together are more effective in extending shelf-life of a fat. 

BHT provides a 
phenoxy radicals. 

Phenoxy radicals regenerated into the original molecule by rapid interaction with 
BHT. 
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Synergists 
 

Substances which enhance the activity of antioxidants. 
Lecithin, amino acids, citric, phosphoric, citraconic and fumaric acids, i. e. 
compounds which complex heavy metal ions.  
→initiation of heavy metal-catalyzed lipid autoxidation can be prevented. 
 

Prooxidative Effect 
 

The activity of antioxidants reverses under certain conditions: they become 
prooxidants.  
E. g. α-tocopherol can become peroxidatively active and abstract H-atoms 
from unsaturated acyl lipids. 
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This activity reversion is undesirable from a nutritional and physiological 
point of view. 
It can be prevented by co-antioxidants, e. g., vitamin C, which can reduce 
the chromanoxyl radical to α-tocopherol. 
 

FAT OR OIL HEATING (DEEP FRYING) 
The frying fat or oil changes substantially in its chemical and physical 
properties after prolonged use.  
 

Heating of oil causes reactions involving double bonds (decrease in iodine 
number).  
 - Linoleic and linolenic acid are the most effected. 
 

Peroxides formed at elevated temperatures fragment immediately with 
formation of hydroxy compounds.  
→ determination of peroxide values to evaluate the quality of fat or oil in 
deep frying is not appropriate. 
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Unsaturated TG polymerize during heating  
→ the viscosity of the fat increase. 
 Di- and trimeric TG are formed.  
 

Autoxidation of Saturated Acyl Lipids 
 

The selectivity of autoxidation decreases above 60 °C. 
 
The hydroperoxides are subjected to homolysis 
→ hydroxy and alkoxy radicals 
→ abstract H-atoms even from saturated fatty acids. 
 
e. g. tristearin → aldehydes and methyl ketones  

free fatty acids 
triglyceride hydrolysis 
oxidation of aldehydes 
 

thermal degradation 
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Important odorous compounds: 
Pleasant deep-fried flavour: (E,Z)- and (E,E)-2,4-decadienal. 
These aldehydes are formed by thermal degradation 
of linoleic acid. 
→fats or oils containing this acid provide a better aroma during deep 
frying than hydrogenated fats.  
If a fat is heated for a prolonged period of time, the volatile compounds 
produce an off-flavour. 

Polymerization 
 

Under deep frying conditions: 
The isolenic fatty acids are isomerized into 
conjugated fatty acids. 
 

Conjugated fatty acids interact by a 1,4- 
cycloaddition, yielding  Diels–Alder adducts. 
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Tetra-substituted cyclohexene derivatives 
The side chains are shortened by oxidation to oxo, hydroxy 
or carboxyl groups. 
The cyclohexene ring is readily dehydrogenated to an 
aromatic ring,  
→ compounds related to benzoic acid can be formed. 

Polymers with ether and peroxide linkages are formed in the presence of 
oxygen (hydroxy, oxo or epoxy groups). 

Such compounds are undesirable in deep-
fried oil: 
- They permanently diminish the flavouring 
characteristics of the oil. 
- Because of their HO-groups, behave like 
surface active agents, i. e. they foam. 
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Microbial degradation of acyl lipids to methyl ketones 
 

Fatty acids of short and medium chain lengths  
(in milk fat, coconut and palm oils) 
 are degraded to methyl ketones by some fungi. 
(Penicillium and Aspergillus species, Ascomycetes, Phycomycetes and fungi 
imperfecti). 
 

- Enzymatic hydrolysis of triglycerides. 
- The free acids are degraded by a β-oxidation pathway. 
- The fatty acids <C14 are transformed to methyl ketones, the C-skeletons 
of which have one C-atom less than those of the fatty acids. 
 

They act as aroma constituents,  
→ flavours of mould-ripened cheese. 
 

Methyl ketones in coconut or palm oil or in milk fat  
→undesirable, unpleasant odour “perfume rancidity”. 
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