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Lipid Oxidation – An  Overview
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Outlines
 • Mechanisms of Lipid Oxidation
 • Implications of Lipid Oxidation to Meat  Quality and Human Health
 • Antioxidants
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Lipid Oxidation
 • Oxidative deterioration of lipids containing any  number of carbon‐carbon double bonds
 – Fatty acids– Cholesterol 
 • Produces various primary and secondary by‐ products that influence food quality
 • Oxidized foods can cause oxidative stress in  biological systems and cause diseases
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Implications to meat (food) products 
 • A major cause of quality deterioration– Develop rancidity in raw or fatty tissues – Produces WOF in cooked meats – Oxidized flavors in oils
 • Loss of functional properties • Loss of nutritional values• Formation of toxic compounds • Forms colored products
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Production of toxic compounds
 • Many secondary by‐products of lipid  oxidation are potential carcinogens 
 • Hydroperoxides are known to damage DNA
 • Carbonyl compounds may affect cellular  signal transduction
 • Aldehydes: 4‐HNE and MDA
 • Epoxides and hydrogen peroxide by‐products  are known carcinogens
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Mechanisms to induce lipid peroxidation 
 • Photoxidation
 – Singlet oxygen is involved
 – Require sensitizers: chlorophyll, porphyrins,  myoglobin, riboflavin, bilirubin, rose bengal,  methylene blue... 
 • Enzymatic Oxidation
 – Cyclooxygenase and lipoxygenase catalyze the  reactions between oxygen and polyunsaturated 
 fatty acids
 • Autoxidation
 – Free Radical Chain‐reaction
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Process of Lipid Oxidation ‐
 Autoxidation
 • Initiation
 RH + (reactive oxygen species) ∙OH ‐‐>R∙
 + H2
 O
 • Propagation
 R∙
 + O2
 ‐‐‐‐‐‐> ROO∙
 ROO∙
 + RH ‐‐‐‐‐‐> R∙
 + ROOH 
 ROOH ‐‐‐‐‐‐‐> RO∙
 + HO‐
 • Termination
 R∙
 + R∙
 ‐‐‐‐‐‐> RR 
 R∙
 + ROO∙
 ‐‐‐‐‐‐> ROOR 
 ROO∙
 + ROO∙
 ‐‐‐‐‐‐> ROOR + O2
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Autoxidation ‐
 Initiation
 Fatty acid
 .OH or other Free radicals
 ..
 .
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Propagation
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Propagation ‐
 continued
 • ROOH + Fe2+‐complex ‐‐‐ Fe3+‐complex ‐‐‐ RO. + OH‐
 • ROOH + Fe3+‐complex ‐‐‐ ROO. + H+ + Fe2+‐complex 
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Autoxidation
 Polyunsaturated Fatty Acids
 Free Radical InitiationH‐abstractionDiene Conjugation
 O2
 uptake
 Lipid Peroxides
 Catalysts (Fe, Fe‐O2
 )Decomposition
 Polymerization                               Secondary
 By‐products                                 Insolublization (dark color, possibly toxic)                   including rancid off‐flavor                               of proteins 
 compounds such as ketones, 
 alcohols, hydrocarbons, acids, 
 epoxides
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Factors affecting the development of  lipid oxidation in foods 
 • Fatty acid compositions
 • Oxygen, free radicals• Prooxidants• Antioxidants and additives• Processing conditions of meat
 – Irradiation– Cooking– Grinding, cutting, mixing, restructuring etc.
 – Packaging
 • Storage: time and conditions
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Types of Fatty Acids and Oxidation Rates
 • As # of double bonds increases # and reactivity of radicals  increases
 Type of Fatty Acid Rate of Reaction Relative to Stearic Acid
 18:0
 1
 18:1Δ9
 100
 18:2Δ9,12
 1200
 18:3Δ9,12,15
 2500
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14
 Atoms and Bonds:  Atom
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Dipole moment formation
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Bond Energy and Lipid Oxidation
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Bond Strength
 Fatty acid
 .OH or other Free radicals
 ..
 .
 65 kCal103 kCal 65 kCal85 kCal
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Total fat content and fatty acid composition
 Chicken  Chicken 
 Pork 
 Beef
 Breast  Thigh
 Loin
 Loin
 Total fat (%)
 1.77b
 6.32a 3.02b
 7.93a
 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
 % of total fat ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
 SFA
 31.62cz 27.92cz
 36.84by
 43.71ay
 MUFA
 29.34cz 33.44cy
 39.46by
 46.91ay
 PUFA
 39.03ay 38.64ax
 23.69bz
 9.39cz
 Total UFA 68.38ax
 72.08aw
 63.16bx
 56.29cx
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Reactive Oxygen Species and Free  Radicals
 • Reactive Oxygen Species– Triplet oxygen– Superoxide– Singlet Oxygen– Hydroperoxyl radical– Hydroxyl radical– Hydrogen peroxide– Ozone
 • Peroxyl radical (ROO.) • Alkoxyl radical (RO.) • Iron‐oxygen complexes (ferryl and perferryl radicals)• Thiyl radicals (RS.) • Nitric oxide (.NO)
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Reactive Oxygen Species ‐
 Ground‐state oxygen (3O2
 )
 • Oxygen is the most important factor on the development of  lipid oxidation 
 • Ground state oxygen is itself a radical, with two unpaired  electrons each located in a π* antibonding orbital 
 • Ground state oxygen has its outermost pair of electrons  parallel spins: does not allow them to react with most 
 molecules  
 • Ground‐state or triplet oxygen is not very reactive 
 • Can be activated by the addition of energy, and transformed  into reactive oxygen species
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Singlet oxygen (1O2
 )
 • Formed from triplet oxygen 
 • Conversion of oxygen to singlet state can be  accomplished by photosensitization in the 
 presence of suitable sensitizers, such as  chlorophyl, or heme pigments myoglobin or 
 hemoglobin or by their derivatives 
 • Has a pair of electrons with opposite spins 
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Superoxide anion (O2‐)
 • Formed in almost all aerobic cells: mitochondria 
 • Not reactive enough to abstract hydrogen from lipids
 • Cannot enter the hydrophobic interior of membrane because of its charged nature
 • Can produce hydrogen peroxide (Dismutation)
 • Involved in hydroxyl radical formation
 • Can also react with nitric oxide (NO.) to produce peroxynitrate  (OONO‐)
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Hydrogen peroxide (H2
 O2
 )
 • Not a radical 
 • Important in biological systems because it can pass readily  through cell membranes
 • Superoxide‐generating systems produces H2
 O2
 by non‐ enzymatic or SOD‐catalyzed dismutation
 • 2 O2
 ‐
 + 2 H+
 ‐‐‐‐‐> H2
 O2
 + O2
 (SOD)
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Hydroperoxyl radical (HO2.)
 • Protonation of O2
 ‐
 yields the HO2
 .
 • Hydroperoxyl radical (HO2.) is more reactive than superoxide 
 and can enter membrane fairly easily. 
 • The pKa of HO2.
 is 4.7‐4.8, and so only 0.25% of  O2
 ‐ generated in physiological conditions is hydroperoxyl radical. 
 Localized pH drop can exist
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Hydroxyl radical (OH∙)
 • The most reactive oxygen species known: site specific reaction
 • Can be produced by high‐energy ionizing radiation
 H2
 O  ∙OH + ∙H + H2
 + H2
 O2
 + H3
 O+
 +  e‐aq  (ionizing radiation)
 • Fe2+‐dependent decomposition of H2
 O2 
 (Fenton reaction)
 Fe2+
 + H2
 O2 
 Fe3+
 + ∙OH + OH‐
 Fe2+
 + H2
 O2
 ferryl?                Fe3+
 + ∙OH + OH‐
 • Metal‐catalyzed Haber‐Weiss reaction or superoxide‐driven Fenton  reaction
 Fe3+
 + O2‐
 Fe2+
 + O2
 Fe2+
 + H2
 O2
 Fe3+
 + .OH + OH‐
 Net O2‐
 + H2
 O2
 O2
 + .OH + OH‐
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Hydroxyl radical (OH∙)
 • Fe3+‐dependent multi‐stage decomposition of  H2
 O2
 Fe3+
 + H2
 O2
 ‐‐‐‐‐> ferryl + H2
 O2
 ‐‐‐‐‐>  perferryl + H2
 O2
 ‐‐‐‐‐> .OH
 • Fe2+‐EDTA dependent decomposition of H2
 O2
 • Fe2+‐EDTA + H2
 O2
 ‐‐‐‐‐> intermediate species (ferryl) ‐‐‐‐‐> Fe3+‐EDTA  + ∙OH + OH‐

Page 27
                        

Lipid (R.), peroxyl (ROO.) and alkoxyl radical  (RO.) 
 • Very strong reactivity and can abstract hydrogen atom  from lipids
 • Peroxyl and alkoxyl radicals can be formed from the lipid  radicals by iron complexes
 • ROOH + Fe3+‐complex ‐‐‐‐‐>  ROO.
 + H+
 + Fe2+complex
 • ROOH + Fe2+‐complex ‐‐‐‐‐> RO.
 + OH‐
 + Fe3+‐complex
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Free Radical Half‐Life at 37ºC
 Radical
 Symbol Half‐Life Time
 Hydroxyl
 .OH
 one nanosecond
 Singlet Oxygen
 1O2
 one microsecond
 Superoxide
 .O2−
 one microsecond
 Alkoxyl
 .OL
 one microsecond
 Peroxyl
 LOO.
 ten milliseconds
 Nitric Oxide NO. 
 few seconds
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Catalysts
 • Transition metals: Fe, Cu, Mg, Ni, etc.
 • Iron in lipid peroxidation– Loosely bound iron– Tightly‐bound iron– Stored iron– Heme iron
 – Iron‐complexes (Ferryl and perferryl)
 – Hematin
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Myoglobin
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Effect of free and protein complexed iron on the  generation of TBARS
 Treatments
 Breast Leg
 ‐‐‐‐‐‐‐
 mg MA/kg meat  ‐‐‐‐‐‐‐None
 0.34
 0.20
 10 ppm Fe
 1.44
 1.59Mb
 0.28
 0.19  
 Ferritin 
 0.41
 0.37Transferrin
 0.45
 0.31
 Ahn et al., 1993. Poultry Sci. 72:209-215
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Nonheme iron in meat during storage
 Chicken Chicken
 Storage Breast
 Thigh
 Pork
 Beef
 ‐‐‐‐‐‐‐‐‐‐
 μg nonheme iron/g meat  ‐‐‐‐‐‐‐‐‐‐Raw meat0 d
 1.30b
 1.91a
 0.93c
 1.13bcy
 3 d
 1.20b 1.74a
 1.12b
 1.35aby
 7 d
 1.08b 1.74b
 1.20b
 2.13ax
 Cooked meat0 d
 1.75b
 2.88a
 1.33b
 2.41ay
 3 d
 1.35c 2.66b
 1.89c
 3.70ax
 7 d
 1.50c 2.77b
 1.89c
 4.82ax
 Min et al., 2008. J. Food Sci. 73(8):C439-446.
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Iron and NaCl (2 %) on the TBARS of cooked meat
 1210864200.6
 0.8
 1.0
 1.2
 1.4
 1.6
 1.8
 2.00% NaCl2% NaCl
 Free ionic iron added (ppm)
 TBA
 RS
 (mg
 MD
 A/k
 g m
 eat)
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TBARS of raw and cooked meat during storage
 0.00
 0.50
 1.00
 1.50
 2.00
 2.50
 0 3 7Storage time at 4°C (days)
 TBA
 RS
 valu
 e (m
 g M
 DA
 /kg
 mea
 t)
 Raw BeefRaw ThighRaw Breas tRaw P o rk
 x
 xy
 y
 0.00
 1.00
 2.00
 3.00
 4.00
 5.00
 6.00
 7.00
 8.00
 0 3 7Storage time at 4°C (days)
 TBA
 RS
 valu
 e (m
 g M
 DA
 /kg
 mea
 t)
 Co o ked BeefCo o ked ThighCo o ked Breas tCo o ked P o rk
 ax
 ay
 az
 ax
 bx
 bxby
 cy
 by
 bzcz
 dz
 Min et al., 2008. J. Food Sci. 73(8):C439-446.

Page 36
                        

Effect of packaging methods on the  TBARS of cooked meat
 Storage (days)
 Packeging method
 0 1
 3
 7
 Hot‐vacuum packaging 0.70
 0.89
 0.89
 1.02
 Cold‐vacuum packaging 
 0.75
 1.24
 1.52
 2.01
 Aerobic packaging
 0.79
 1.72
 3.66
 7.81
 Ahn et al. (1993), J. Food Sci. 57:1075‐1077, 1115
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Prooxidants and packaging on the TBARS of cooked meat
 Control NaCl FeCl2 NaCl + FeCl20
 5
 10
 15
 20Hot vac-pkgCold vac-pkgAerobic pkg
 D. After 7 days of storage
 Prooxidant treatment
 TBA
 RS
 (mg
 MD
 A/k
 g m
 eat)
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Irradiation• Types of Irradiation
 • Radio Active Nuclides • X-ray• Gamma Rays: Cobalt-60, Cesium-137
 • Electron BeamKills pathogens in foods
 by the direct action of high-energy radiation by .OH radicals
 H2
 O •OH + •H + H2
 + H2
 O2
 + H3
 O+
 + e-aq
 IR
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Raw‐meat Pkg, Irradiation, and Cooked ‐meat Pkg on  TBARS of Cooked Pork Patties
 A-C-A A-C-V A-IR-A A-IR-V V-IR-A V-IR-V0
 1
 2
 3
 4
 5
 6
 70 day after IR3 days after IR
 7 days of storage after cooking
 Raw-meat pkg, irradiation (4.5 kGy), and cooked-meat pkg
 TBA
 RS
 (mg
 MD
 A/k
 g m
 eat)
 Ahn et al., 2000. Meat Science 56:203-209..
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Effect of antioxidants on the formation of  TBARS 
 Treatments Breast
 Leg-----------
 mg MA/kg meat -------------
 None
 0.34
 0.20Fe++
 only 1.44 1.59 Mannitol+Fe
 1.38
 1.49
 Formic acid+Fe 1.34
 1.39 DMSO+Fe
 1.42
 1.92
 Ascorbate+Fe
 0.64
 0.77BHA+Fe
 0.28 0.21
 EDTA +Fe
 0.37
 0.21DTPA + Fe 0.30
 0.14
 Desferrioxamine + Fe
 0.36
 0.25 Ahn et al. (1993). J. Food Sci. 58:278-282
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Effect of dietary supplements on TBARS of cooked chicken meat
 Dietary 0 day cooked 7 day cookedtreatment Hot-vac Aerobic Hot-vac Aerobic
 --- TBARS values (mg malondialdehyde/kg meat) ----
 Control 0.21 0.83 0.23 5.56α-LNA 0.87 2.58 1.01 9.32α-LNA+toc. 0.23 1.01 0.52 8.350 day samples were analyzed 3 hr after cooking.
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Dietary treatment on TBARS of chicken  thigh meat during storage 
 Storage
 Control
 Oxidized oil
 Antioxidant--------
 TBARS (mg MDA/kg meat) ----------
 1 day
 0.11 0.16
 0.084 day
 0.92
 1.44
 0.27
 7 day
 1.92
 2.16
 0.92
 Oxidized oil: 5% oxidized oil with pv of 100; antioxidant: BHA (200 ppm) + Vitamin E (500 IU)Xiao et al. (2010): unpublished data.
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Measurement of lipid oxidation 
 • Direct measurement of free radicals
 – Electron spin resonance 
 – Spin trapping methods
 • Indirect approach:
 Measures markers of free radicals
 – Thiobarbituric acid reacting substances (TBARS) 
 – Liquid chromatography: Fluorometric compounds
 – Gas chromatography: Gaseous compounds
 – Conjugated dienes (CD) 
 – Peroxide value 
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TBA analysis
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Implications of Lipid Oxidation  to Human Health
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Oxidative Stress
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Consequences of Lipid Peroxidation
 • Structural changes in membranes– Alter fluidity and ion channels– Alter membrane‐bound signaling proteins
 – Increase membrane permeability
 • Form lipid oxidation products adducts/crosslinks with  non lipids
 – e.g., proteins and DNA• Cause direct toxicity
 – e.g., 4‐hydroxynonenal, MDA
 • DNA damage and mutagenesis
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Consequences of Protein  Oxidation
 • Oxidation of catalytic sites on proteins– Loss of function/abnormal function
 • Formation of mixed sulfide bonds– Protein‐protein linkages (RS‐RS)– Protein‐GSH linkages (RS‐GSH)– Alterration in 2o
 and 3o
 structure
 • Increased susceptibility to proteolysis
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Consequences of DNA Oxidation
 • DNA adducts/forms AP sites/strand break– Mutation
 – Initiation of cancer
 • Stimulation of DNA repair– Can deplete energy reserves– Imbalanced induction of DNA repair enzymes
 – Induction of error prone polymerases
 – Activation of other signaling pathways
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Pathological Conditions that Involve  Oxidative Stress
 • Inflamation
 • Atherosclerosis• Ischemia/reperfusion injury
 • Cancer• Aging
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Inflamation
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Mechanism for tissue injury on reoxygenation of  ischemic or hypoxic tissues
 Deprivation of oxygen
 Xanthine dehydrogenase
 ATP       ADP        AMP       Adenosine
 oxidation of –SH groups 
 and Proteolysis (Ca2+‐
 stimulated Proteolysis)
 Inosine
 Hypoxanthine       reperfusion     xanthine oxidaseO2
 O2‐, H2
 O2
 , xanthine, uric acid
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Aging
 • The process(es) that occur during life which  culminate in changes that decrease an 
 individual’s ability to handle biological  challenges
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Free radicals and Aging
 • Protein cross-linking• Wrinkles in skin• Reduces flexibility in arterial cells• Hampers the functions of proteins and enzymes• Impedes message transmission between nerve cells
 in the brain• Damage DNA and RNA molecules
 • Results in impaired DNA replication and protein assembly
 • Causes chronic degenerative diseases and cancer• Protein degradation
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Free radical sources
 • Exogenous– Foods
 – Air pollutants
 – Radiation 
 • Endogenous– Metabolism (mitochondria and peroxisomes)
 – Detoxification –
 cytochrome P450
 – Immune cells
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Main mechanisms for inhibition of  oxidative reactions
 1. Interrupt the free‐radical chain mechanism
 2. Function as being preferentially oxidized ‐
 poor  protection
 3. Reducing agents
 4. Chelating agents for free iron 
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Defense Against Oxidative  Damages
 Biochemical preventionPrevention of prooxidant formationInterception of prooxidantsBreaking the chain of radical reactionRepair of damage caused by prooxidants
 Physical preventionAvoidance
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Antioxidant Defenses in Biological  Systems
 • Fat‐soluble cellular membrane consists 
 – Vitamin E
 – beta‐carotene– Coenzyme Q (10) 
 • Water soluble antioxidant scavengers  
 – Vitamin C
 – Glutathione peroxidase, – Superoxide dismutase
 – Catalase 
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Antioxidant Enzymes and Mechanisms
 2O2.‐
 +2H‐
 H2
 O2
 + O2 
 (superoxide dismutase)
 2H2
 O2
 2H2
 O + O2
 (catalase)
 2GSH + H2
 O2
 GSSG + H2
 O 
 (glutathione peroxidase)
 GSSG + NADPH 
 2GSH + NADP‐
 (Glutathione reductase)
 GSH: reduced glutathione, GSSG: oxidized glutathione
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Regeneration of Vitamin E by Ascorbate
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Prevention of Lipid Oxidation in Meat
 1. Interrupt the free‐radical chain mechanism: phenolic  antioxidants
 2. Function as being preferentially oxidized: ascorbate
 3. Chelating agents for free iron 
 4. Changing environments: packaging
 5. Dietary modification of fatty acids, vitamin E  enrichment
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Synthetic antioxidants
 PGTBHQ
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Natural antioxidants
 Epicatechin
 SesamolTocopherolQuercetin
 IsoflavoneFlavone
 http://www.isoflavones.info/
 http://en.wikipedia.org/wiki/Image:Vitamin_E_structure.png
 http://en.wikipedia.org/wiki/Image:Epicatechin.png
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Radical Reaction Potentials
 Radical
 mV.OH (hydroxyl)
 +2300
 .LO (alkoxyl)
 +1600
 LOO.
 (peroxyl)
 +1000
 .GS (glutathione)
 +920.HU‐
 (urate)
 +590
 .Toc (tocopherol)
 +480.Asc‐
 (ascorbate)
 +282
 Fe3+‐EDTA 
 +120
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Resonance Stabilization of Antioxidant  Radicals
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Chain‐Breaking and Free Radical Scavengers
 Synthetic Phenolic antioxidants• BHA• BHT• PG• TBHQ
 Natural antioxidants• Flavonoids• Polyphenols• Tocopherol
 OH scavengers: mannitol, formate, thiourea, dimethylthiourea,  methanol, ethanol, 1‐butanol, glucose, tris‐buffer, or 
 sorbitol 
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Iron Chelating Agents 
 • Phosphate
 • EDTA
 • Citric acid
 • DTPA
 • Desferrioxamine
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Ideal Antioxidants
 • No harmful physiological effects
 • Not contribute an objectionable flavor, odor, or  color to the product
 • Effective in low concentration• Fat soluble• Carry‐through effect – no destruction during 
 processing
 • Readily available• Economical
 • Non‐absorbable by the body
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You are what you eat!
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