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Abbreviations: 
AscH-   ascorbate 
DHA   dehydroascorbic acid 
DHA-22:6ω3  docoshexaenoic acid 
L●   lipid radical 
LO●   lipid alkoxyl radical 
LOO●   lipid peroxyl radical 
LOOH   lipid hyrdoperoxide 
LPO   lipid peroxidation 
NADPH   nicotinamide adenine dinucleotide phosphate 
NO●   nitric oxide 
NO2

-   nitrite 
NO2

●   nitrogen dioxide radical 
NOS    nitric oxide synthase 
ONOO-   peroxynitrite 
PUFA   polyunsaturated fatty acids 
TOH   α-tocopherol 
TO●   tocopherol radical 
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Abstract 

 The biological function of nitric oxide (NO●) is topic of intense study and yet its role 

remains elusive. The evasive and dichotomous biological function of NO● is due to its diverse 

chemistry. For example, NO● behaves as both a pro-oxidant and antioxidant. This paper will 

briefly discuss how NO● is produced, highlight NO● pro-oxidant capabilities by reacting with 

superoxide to form peroxynitrite, and demonstrate its antioxidant capabilities. The main 

production of NO● occurs enzymatically through three isoforms of nitric oxide synthase. Nitric 

oxide has a rate constant 10,000 times higher than the antioxidant, α-tocopherol, when reacting 

with lipid peroxyl radicals. Recent studies have also shown that NO● can act as a chain-breaking 

antioxidant against lipid peroxidation.  
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Introduction 

 There is great interest in the role of nitric oxide (oxidonitrogen(•) or NO●) in biology 

because of its many diverse functions.  It is involved in signaling, vasodilatation [1-4], 

neurotransmission [5], destruction of pathogens [4,6], a precursor to oxidizing and nitrating 

species [7,8], as well as an antioxidant [9-14]. However, its diverse chemistry and its biological 

activity sometimes are seemingly contradictory, behaving both as a pro-oxidant and as an 

antioxidant. The paper will briefly address the chemistry of producing NO● in a biological 

system as well as demonstrate NO● antioxidant abilities. Nitric oxide, the antioxidant, will also 

be compared kinetically to Vitamin E.  
 

Biological Production of Nitric Oxide 

The biological function of NO• might be related to how it is produced as well as the 

amount produced. Nitric oxide can be produced endogenously via two pathways: non-enzymatic 

and enzymatic.  

Non-enzymatic Pathway: 

Under some physiological conditions (i.e., low pH), nitrite (NO2
-) can be reduced to NO• 

in the presence of ascorbate (AscH-), as seen in the following reaction [15]: 

  2NO2
- + AscH- + 3H+    2NO• + DHA + 2H2O    (1) 

The non-enzymatic production has been demonstrated to occur in the stomach, on the surface of 

the skin, in the ischemic heart, and infected nitrite-containing urine [15]. 

Enzymatic Pathway: 

Nitric oxide synthase (NOS) mediates a 5-electron oxidation of L-arginine to L-citrulline. 

This process also uses nicotinamide adenine dinucleotide phosphate (NADPH) as an electron 

donor. There are three different forms of NOS:  

Neuronal (nNOS, NOS1 or Type I),  

Inducible (iNOS, NOS2 or Type II),  

Endothelial (eNOS, NOS3 or Type III)  
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Both the nNOS and eNOS isoforms are constitutively active and are regulated by the 

concentration of calcium via a calmodulin interaction. Inducible NOS on the other hand can also 

be activated by inducers that participate in inflammatory diseases (i.e., atherosclerosis, diabetes, 

septic shock, and others) [17]. Endothelial NOS and nNOS, are believed to produce biological 

concentration in the nanomolar range, while the third isoform, iNOS, can produce micromolar 

concentrations. Nitric oxide synthase is a membrane bound protein, anchored by myristoylation 

and palmitoylation to the cytoplasmic side of the endoplasmic reticulum, golgi, or plasma 

membrane. The lipid anchors are preferentially found in cholesterol and glycolipid rich 

membrane domains. The compartmentalization of NOS appears to be important for providing 

local levels of NO● [16,17]. 

Lipid Peroxidation 

Oxidative stress is a disruption in the cellular pro-oxidant antioxidant balance [18]. As 

the balance shifts towards pro-oxidants, potential damage in the form of oxidized DNA, 

proteins, and lipids can occur. Lipid peroxidation (LPO) can be defined as the oxidative 

deterioration of lipids containing two or more carbon-carbon double bonds. The propensity of 

polyunsaturated fatty acids (PUFAs) to undergo LPO is due to the bis-allylic methylene 

hydrogens that are more susceptible to hydrogen abstraction by oxidants than fully saturated 

lipids [19]. Lipid peroxidation has three major components: initiation, propagation and 

termination [20].    

L-H + oxidant•   →   L• + oxidant-H                                             (initiation)        (2) 

 L• + O2   →   LOO•                               k3 ≈ 109 M-1 s-1  [20]  (propagation cycle) (3)  

 LOO• + LH   →   L• + LOOH                k4 ≈ 50 M-1 s-1  [20]  (propagation cycle) (4) 

L• + L•   →   non-radical products                                                     (termination) (5) 

L• + LOO•   →   non-radical products                                                (termination) (6) 
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LPO is an 

important research topic 

due to its involvement 

with various conditions 

including inflammation, 

ischemia/reperfusion, and 

vascular disease [21,22]. 

It also plays a crucial role 

in the mechanisms of 

various disease 

treatments such as 

photodynamic therapy of 

cancer, therapeutic 

hyperthermia, and 

chemotherapy of cancer. 

  

Figure 1. Inhibition of lipid peroxidation by bolus additions of NO●. 
Using DHA-22:6ω3-enhanced HL-60 cells, LPO was induced using 20 µM 
Fe2+ addition. Lipid peroxidation is demonstrated through the decrease in O2 
concentration in the system; showing that O2 is being consumed. The 
additions of 1.8 µM NO● inhibited further LPO as long as NO● was present.
From Kelley et al. (1999) [14]. 

Nitric Oxide as an Antioxidant 

Antioxidants, independent of being preventive or chain-breaking, can be defined as “any 

substance that, when present at low concentrations compared to an oxidizable substrate, 

significantly delays or prevents the oxidation of the substrate” [23]. Chain-breaking antioxidants 

stop the propagation cycle of LPO. Nitric oxide has been shown to protect endothelial cells, 

fibroblasts, hepatocytes, intestinal epithelium, and cardiomyocytes against oxidative stress 

induced cytotoxicity [9-13]. 

Nitric oxide can serve as a chain-terminating antioxidant by reacting with peroxyl 

radicals (LOO●), as shown in Reaction 7. 
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  LOO● + NO●  LOONO  k7 = 2 x 109 M-1 s-1  [24] (7) 

  LOO● + TOH  LOOH + TO● k8 = 8 x 104 M-1 s-1 [24] (8) 

Comparatively between the two antioxidants of α-tocopherol, (Reaction 8), and NO● there is 

significant advantage for NO●. The rate constants between both NO● (k7 = 2 x 109 M-1 s-1) and α-

tocopherol (k8 = 8 x 104 M-1 s-1) with LOO● demonstrate a rate constant 10,000 times faster than 

the nitric oxide rate constant.  

 The LOONO can then undergo a hydrolysis reaction (Reaction 9) to form a lipid 

hyrdoperoxide (LOOH) and a nitrite.  

LOONO + H2O  LOOH + NO2
-     [25]  (9) 

LOONO  LO● + NO2
●       [25]                (10) 

Another possible reaction is that the LOONO can become a lipid alkoxyl radical and nitrogen 

dioxide radical (NO2
●). The LO● can continue the lipid peroxidation cycle while the NO2

● could 

nitrite proteins, lipids, and DNA in the surrounding area.  

Experimental data demonstrating nitric oxide’s ability to inhibit LPO is shown in Figure 

1 by Kelley et al. (1999) [14]. In this experiment a human leukemia cell line, HL-60, was 

enriched with the polyunsaturated fatty acid, docoshexaenoic acid (DHA-22:6ω3), and then 

exposed to an oxidant inducing LPO. The initiation process produces a carbon-centered lipid 

radical (L●) that reacts with O2 to form a lipid peroxyl radical (LOO●) (Reaction 11) 

consequently we can monitor the O2 consumption in the system subsequently allowing us to 

monitor LPO of the HL-60 cells. 
 

  L● + O2  LOO●       (11) 

The addition of NO● inhibited further oxygen consumption consequently Kelley et al. (1999) 

were able to deduce that NO● was acting as a chain-breaking antioxidant. The inhibition of LPO 

however only occurs as long as NO● is present in the system. 
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Figure 2. Induction of LPO when NO● levels drop to 50-100 
nM in the presence of an oxidant. Oxygen and NO● 
concentrations were monitored in DHA-22:6ω3-enhanced HL-
60 cells for the induction of LPO. The oxidant, 20 µM Fe2+, was 
added at the peak of the 1.4 µM NO● bolus. 
From unpublished work by Tony Fischer.

0 200 400 600 800 1000

210

220

230

240

250

260

270

[Fe2+] = 10 µM.  Cell Trial 57. 6/19/2002.

Time, s

[O
2],

 µ
M

 O2

-200

0

200

400

600

800

1000

1200

1400
[N

O
], nM

 NO

[•NO]

[O2]

•NO injected

Fe(II) injected

0 200 400 600 800 1000

210

220

230

240

250

260

270

[Fe2+] = 10 µM.  Cell Trial 57. 6/19/2002.

Time, s

[O
2],

 µ
M

 O2

-200

0

200

400

600

800

1000

1200

1400
[N

O
], nM

 NO

[•NO]

[O2]

•NO injected

Fe(II) injected

 The work by Kelley et al. (1999) illustrated that 1.8 µM NO● could inhibit LPO, but we 

must now examine the lower NO● concentration threshold that is capable of inhibiting LPO. 

Using a similar experimental design, Tony Fischer examined the NO● concentration when 

oxygen consumption was re-initiated. A 1.4 µM NO● bolus was added to DHA-22:6ω3-enhanced 

HL-60 cells and at the peak of the NO● bolus 20 µM final concentration of Fe2+ was added to the 

system. The decay of NO● and 

oxygen were simultaneously 

monitored. Figure 2 shows that 

when the NO● level reached a 

range of 50-100 nM (marked by the 

red lines), oxygen consumption 

drastically increased; marking the 

induction of LPO. Inhibition of 

LPO occurs for approximately 120 

seconds after the addition of Fe2+. 

This unpublished data further 

demonstrates that NO● is a chain-

breaking antioxidant.  
 

Discussion and Conclusions 

 The diverse chemistry of NO● portrays its various biological functions and is inversely 

proportional to its simplicity. On the one hand, NO● can be a pro-oxidant, yet on the other NO● 

is a potent antioxidant that has a rate constant 10,000 times faster than α-tocopherol. Nitric oxide 

has been shown to protect a variety of cells against cytotoxicity as well as be a chain-breaking 

anti-oxidant. Future studies of NO● will hopefully elicit out more details about how the molecule 

functions under various biological conditions. These details will help researchers understand and 

exploit the full potential of NO● as an antioxidant.  



Hummel S.G.  Nitric Oxide and Lipid Peroxidation   8

                                                
References 

 
1 Waldman SA, Murad F. (1988) Biochemical mechanisms underlying vascular smooth muscle 

relaxation: the guanylate cyclase-cyclic GMP system. J Cardiovasc Pharmacol 12:(Suppl 5), 
S115- S118.  

2 Ignarro LJ, Byrns RE, Buga GM, Wood KS. (1987) Endothelium dependent modulation of cGMP 
levels and intrinsic smooth muscle tone in isolated bovine intrapulmonary artery and vein. Circ 
Res. 61: 866- 879.    

3 Cohen GA, Hobbs AJ, Fitch RM, Zinner MJ, Chaudhuri G, Ignarro, LJ. (1996) Nitric oxide regulates 
endothelium-dependent vasodilator responses in rabbit hindquarters vascular bed in vivo. Am J 
Physiol. 271: H133- H139.    

4 Moncada S, Higgs A. (1993) Nitric oxide: physiology, pathophysiology, and pharmacology. N Engl J 
Med. 329: 2002- 2012.    

5 Bredt DS, Hwang PM, Snyder SH. (1990) Cloned and expressed nitric oxide synthase structurally 
resembles cytochrome P450 reductase. Nature. 347: 768- 770.    

6 Ischiropoulos H, Zhu L, Beckman JS. (1992) Peroxynitrite formation from macrophage-derived nitric 
oxide. Arch Biochem Biophys. 298: 446- 451.    

7 Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. (1990) Apparent hydroxyl radical 
production by peroxynitrite: implications for endothelial injury from nitric oxide and superoxide. 
Proc Natl Acad Sci USA. 87: 1620- 1624.    

8 Radi R. (2004) Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl Acad Sci USA. 101(12): 
4003- 4008.   

9 Struck T, Hogg N, Thomas J, Kalyanaraman B. (1995) Nitric oxide donor compounds inhibit the 
toxicity of oxidized low-density lipoprotein to endothelial cells. FEBS letters. 361: 291- 294. 

10 Sergent O, Griffon B, Morel I, Chevanne M, Dubos M, Cillard P, Cillard J. (1997) Effect of nitric 
oxide on iron-mediated oxidative stress in primary rat hepatocyte culture. Hepatology. 25: 122- 
127 

11 Wink D, Cook J, Pacelli R, Liebmann J, Krichna M, Mitchell J. (1995) Nitric oxide protects against 
cellular damage by reactive oxygen species. Toxicology Letters. 82/83: 221- 226 

12 Gupta M, Evanoff V, Hart M. (1997) Nitric oxide attenuates hydrogen peroxide-mediated injury to 
procine pulmonary artery endothelial cells. Am J Phys. 272: L1133- L1141 

13 Wink D, Hanbauer I, Krishna M, DeGraff W, Gamson J, Mitchell J. (1993) Nitric oxide protects 
against cellular damage and cytotoxicity from reactive oxygen species. Proc Natl Acad Sci USA. 
90: 9813- 9817 

14 Kelley EE, Wagner BA, Buettner GR, Burns CP. (1999) Nitric oxide inhibits iron-induced lipid 
peroxidation. Arch Biochem Biophys. 370: 97- 104. 

15 Weitzber E, Lundberg J. (1998) Nonenzymatic nitric oxide production in humans, Nitric Oxide: 
Biology and Chemistry. 2: 1- 7. 

16 Alderton W, Cooper C, Knowles R. (2001) Review article: Nitric oxide synthases: structure, function, 
and inhibition. Biochem J. 357: 593- 615. 

17 Aktan F. (2004) Minireview: iNOS-mediated nitric oxide production and its regulation. Life Sciences. 
75: 639- 653. 

18 Sies H. 1991 Oxidative Stress: from basic research to clinical application. Am J Med. 91(3C): 31S-
38S. 



Hummel S.G.  Nitric Oxide and Lipid Peroxidation   9

                                                                                                                                                             
19 Hogg N, Kalyanaraman B. (1999) Review: nitric oxide and lipid peroxidation. Bioch Biophys Acta. 

1411: 378- 384. 
20 Gardner HW. (1989) Oxygen radical chemistry of polyunsaturated fatty acids. Free Rad Biol Med. 7: 

65- 86. 
21 Henning B, Chow CK. (1998) Lipid peroxidation and endothelial cell injury: implications in 

atherosclerosis. Free Rad Biol Med. 4: 259- 314. 
22 Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. (1989) Beyond cholesterol: 

modifications of low-density lipoprotein that increase its atherogenity. J Cell Comp Physiol. 48: 
915- 924. 

23 Halliwell B, Gutteridge J. Free Radicals in Biology and Medicine Oxford Science Publications, Third 
Edition Copyright 2002. 

24 Schafer FQ, Wang H, Kelley E, Cueno K, Martin S, Buettner GR. (2002) Comparing β-carotene, 
vitamin E and nitric oxide as membrane antioxidants Biol Chem. 383: 671- 681. 

25 O’Donnell Y, Hogg N, Usmar V. Nitric oxide and lipid peroxidation. 
http://www.medicine.uiowa.edu/frrb/VirtualSchool/ODonnell-NOandLPO.ppt  Accessed on 21- 
February-05 


