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PREFACE 

This is the one of a series of technical reports generated from the experimental 

laboratory programs conducted in the Electron Paramagnetic Resonance laboratory for the 

Pharmacodynamic Group, Armstrong Laboratory, Toxicology Division. The research 

described in this report began in July 1995 and was completed in August 1995. It was 

sponsored by the Air Force Office of Scientific Research, Boiling AFB, Washington DC, 

Apprenticeship Program. Mouse liver was obtained from CPT Clay Miller under a 

program sponsored by AFOSR Environmental Initiative Program Work Unit #2312A202. 

Lt Col Terry A. Childress served as Contract Technical Monitor for the U.S. Air Force, 

Armstrong Laboratory, Toxicology Division. 

The animals used in this study were cared for under the Guide for the Care and 

Use of Laboratory Animals, prepared by the Committee on Care and Use of Laboratory 

Animals of the Institute of Laboratory Resources, National Research Council, Department 

of Health and Human Services, National Institute of Health Publication #86-23, 1985, and 

the Animal Welfare Act of 1966, as amended. 
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INTRODUCTION 

Understanding free radical reactions is important to the military. The main 

objective of this project is to study free radicals which can be detected in lyophilized 

tissue. A free radical is an atom, molecule or compound with one or more unpaired 

electrons (Pryor, 1976). As free radicals will attempt to gain an electron from other 

compounds in order to pair with their odd electrons, free radicals are classified as highly 

reactive. Free radicals were first postulated by Fenton in 1893. Following this early 

work, free radical studies expanded with the recognition that food spoilage is an oxygen 

free radical process. 

The Armed Forces have an interest in oxidative degradation of foods because they 

need to be able to store food for long periods of time (Pryor 1984, Simic et al 1980) . 

Stored food is used in space missions and by special forces deployed for limited periods. 

After recognition of the importance of free radicals in radiation injury, the US Army began 

studying ways to prevent free radical reactions (Vladimirov 1974). Radioprotection is 

currently studied at the Armed Forces Institute of Radiobiology (Steel-Goodwin et al 

1993 & 1994) which trains medical personnel on the effects of nuclear weapons (Walker et 

al 1989).  More recently the US Army has studied radicals produced by chemical 

weapons and pest control agents (Arroyo et al 1993, 1994, &1995). 

Studies of free radicals are also of interest to the US Air Force for the biological 

effects of trichloroethylene, TCE, (Steel-Goodwin et al 1994) . TCE is the best solution 



available to remove grease from aircraft without damaging the metal parts. However as 

TCE contains chlorine it is a potential environmental hazard. The US Navy also 

investigates free radical chemistry. Two examples relevant to USAF toxicology studies 

involve the work of Rivera et al 1992 for the US Navy Medical Research Institute studies 

on the free radical effects of paint constituents used to coat the hulls of ships and Pace's 

work in 1994 for the Naval Research Laboratory on the decomposition of the new high 

energy explosive, ammonium dinitramide. 

The liver is the most important organ for metabolism of chemicals in the body. 

The effects of free radicals on liver can be studied using precision cut liver slices(Barr et 

al, 1991). Slices can be prepared from the liver of research animals as well as from liver 

donors. Slices are most like the liver in vivo than other in vitro techniques because it 

includes all the populations of cells necessary to study cytotoxicity. The principal 

technique used to determine free radicals is electron paramagnetic resonance spectroscopy 

(EPR). EPR is the most sensitive and direct method of measuring free radicals(Mason 

1984). In general, the technique measures the effect of a magnetic field on an unpaired 

electron (free radicals and transition metals). The spinning electron acts as a small 

magnet. It also interacts with neighboring nuclei. When placed in an external electric 

field, information is obtained regarding the local environment surrounding the unpaired 

electron(Bruker 1992).   In biological systems free radicals are mostly short-lived and 

highly reactive species reacting at diffusion controlled rates.  For this reason the technique 

of spin trapping is used for detection of radicals (Buttner 1987). 



Spin trapping consists of reacting a short lived radical with a spin trap', usually a 

nitrone or nitroso compound yielding a longer lived nitroxide spin adduct which can be 

detected by EPR(Mason 1984, Buttner 1987). There are a number of spin traps which 

can be used to study free radicals at the cellular and sub-cellular level of tissue (Mason 

1984, Buttner 1987, Knecht & Mason 1993). There are a number of spin traps available 

but literature review suggested N-tert-butyl-a phenyl nitrone (PBN) should be the trap of 

choice for liver experiments (Mason 1984, Buttner 1987, Knecht & Mason 1993, Chignell 

1984, Rice-Evans et al 1991). 

Spin labeling is a technique which makes use of stable nitroxide radicals to label 

biological components of a cell, allowing them to be monitored by EPR(Rice-Evans et al 

1991). A nitroxide spin label can act as a biological marker and yield information on the 

environment and motion of the component to which it is attached. Subtle changes in 

environment and motion of the spin labeled component are observed and measured 

through changes in the nitroxide EPR line shape.   It was hypothesized that the spin label 

2,2,5,5-tetramethyl -1-pyrrolidinyl oxy-3-carboxamide will have a different EPR line 

shape when lyophilized with mouse liver slices with and without the nitroxide spin trap 

PBN. 

PBN has been used previously to trap radicals produced by the oxidizing agent 

ammonium dinitramide(Armengol 1995, Berry 1994, Young 1994). It has also been 

studied in human and mouse liver slices (Steel-Goodwin et al 1994, Pravecek et al 1994, 

Steel-Goodwin 1995). It is currently used to trap radicals in liver slices exposed to a 

number of chemical carcinogens. Understanding the efficiency of PBN to trap these 



radicals is important for their quantitation. The interaction of 3-CAR with PBN was used 

to assess the efficiency of this nitroxide to trap a free radical. 



METHODS 

Chemicals 

N-tert-butyl-a phenyl nitrone (PBN) and 2,2,5,5,-tetramethyl-l-pyrolidinyl oxy-3- 

carboxamide (3-CAR) were obtained from Aldrich and Kodak Chemical respectively. 

PBN (IM) was dissolved in DMSO obtained from Sigma Chemical Co, St. Louis MO. 

Sample preparation 

Ten slices of B6C3F1 mouse liver which were extras not needed from experiments 

on lipid peroxidation were used in this study. The slices were prepared from B6C3F1 

mice as described previously (Steel-Goodwin et al 1994). Each slice was homogenized in 

preweighed scintillation vials containing solutions supplemented with or without lOmM 

PBN.   3-CAR was added to the homogenate at concentrations ranging from 0 to 0.5 mM. 

The homogenate was immediately frozen in liquid nitrogen and lyophilized for 18 h. 

EPR analysis 

The lyophilized liver homogenate was weighed.   A known weight of sample was 

added to a glass micropipette (Clay Adams, Becton, Dickinson and Company, Parsippany, 

N.J.) The micropipette was placed in an EPR tube and put in the cavity of a precalibrated 

EMS 104 EPR analyzer. The instrument parameters were:  Power 25.06 mW, Sweep 

width 100 G, Modulation 4.02 G, Sweep Time 10.49 s, Filter time constant 20.48 ms, 

Receiver Gain 45 dB. The spectra were measured by peak-peak and double integration 

and compared with and without PBN. The data was normalized to liver weight. From this 

data the trapping efficiency of the PBN for 3-CAR was determined using the equation: 

Efficiency = EPR Reading 3-CAR, PBN X 100 Equation 1 
EPR Reading 3-CAR. PBN 



Data analysis 

The data was analyzed by Analysis of Variance using Design Ease®, computer program. 



RESULTS 

The EPR spectra of 3-CAR and PBN-3-CAR are shown in Figure 1. When the 3- 

CAR spin label is in solution the electrons are free to tumble giving a first derivative 

spectrum shown in, Figure 1 A. 

A   \       I       |0.2mT 

Figure 1. EPR first derivative spectra of 3-CAR (A) 3-CAR in solution ß) 3-CAR before 

and after lyophilization (C) 3-CAR before and after fyophilized with liver slice in the 

presence of lOmM PBN. 



However, when added to liver and lyophilized to a powder the free radicals are 

immobilized. Figure IB shows the first derivative spectrum of 3-CAR in solution before 
* 

and after lyophilization. The hyperfine splitting of the 3-CAR spectrum is no longer the 

same because the electrons are immobilized in the solid and are not freely moving. A spin 

trap will react with a free radical. When PBN reacts with 3-CAR it gives a spectrum with 

a difference in the line shape, Figure 1C.  Comparison of the spectra of lyophilized liver 

with 3-CAR ± 10 mM PBN, Figure 2, show subtle differences in the hyperfine splitting. 

The difference in these spectra are shown in Figure 2B. 

0.2 mT 

Figure 2 First derivative spectra of 3-CAR lyophilized with liver. (A) Spectra 3-CAR ± 

J0mMPBN(B) Difference spectrum of the first derivative spectra shown in (A). 



The peak-peak values and the double integration of the EPR first derivative 

spectra of lyophilized 3-CAR were compared with and without lOmM PBN and 

normalized for liver weight. This data is summarized in Table I. 

Treatment 

Group [PBN]mM 

Double Integration 

EPR a.u. 

Peak Height 

EPR a.u. 

A 0 1016 ±50 0.60 ± 0.0001 

A 10 272 ±22* 0.23 ± 0.04* 

B 0 287 ±3 0.66 ± 0.009 

B 10 272 ± 21 1.09 ± 0.004* 

C 0 8374 ± 40 5.25 ± 0.02 

C 10 2584 ± 103* 3.75 ± 0.002* 

F 0 1597 ± 191 1.07 ± 0.001 

F 10 972 ±11* 0.99 ± 0.005* 

G 0 6169 ± 356 3.00 ± 0.008 

G 10 1749 ± 120* 1.51 ±0.02* 

Table 1.  Mean ± SD of computer analysis of data., *p<0.050 



The computer analysis of this data indicated the data was normally distributed and 

there were significant differences between the groups studied. Figure 3 pictorially shows 

the results of the computer analysis. 
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Figure 3 Results ofANOVA (A) Normal probability of double integration results (B) 

Diagnostic graph of response of double integrations (C) Normal probability of peak 

height results (D) Diagnostic graph of response of peak heights 

Figure 3A is the normal distribution of the double integration of the EPR 

spectrum and Figure 3B shows the average differences between the groups.  Figure 3C is 

the normal distribution of the peak height of the EPR spectrum and Figure 3D is the 

average differences between the groups. 
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Using equation 1, the efficiency of PBN to trap 3-CAR was calculated using the double 

integration data, Table 2. 

Double Integration Data 
37.07 
36.79 
32.04 
32.26 
33.38 
33.05 
33.35 
33.03 
26.14 
26.12 
29.51 
29.48 
43.48 
43.15 
37.58 
37.83 
30.82 
30.52 
30.8 
30.5 
29.97 
29.95 
33.84 
33.84 
33±4 

Table 2. Results of calculations of trapping efficiency using Equation 1 

From this data the efficiency of PBN to trap 3-CAR was 33 ± 4 %. 
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DISCUSSION 

The efficiency of PBN to trap the radiation induced TCE» radical has been 

calculated to be 20.6% (Steel-Goodwin and Carmichael 1995). This radical has been 

shown to have the same hyperfine coupling constant as the TCE radical produced in liver 

slices (Carmicheal and Steel-Goodwin, unpublished data). 

The liver slice technique is a useful method to study the metabolism and biological 

effects of chemicals (Fraga et al 1988). It has been used to study the effects of TCE on 

mouse and human liver slices (Steel-Goodwin et al 1994, Pravecek et al 1994) and more 

recently the effects of oxidizer ammonium dinitramide on human slices (Steel-Goodwin 

1995). 

For studies involving quantitation it should always be remembered that the radicals 

trapped are not necessarily all the radicals present in the tissue. Radicals are unpaired 

electrons which make them very reactive. The amount of radicals trapped depends on a 

number of assumptions. 

First, the trap must be non-toxic. Studies by Mason (1984) suggest that PBN is 

nontoxic at 10 mM which is the concentration used in these experiments. Second, there is 

the assumption that the trap is not being metabolized by the tissue. In this experiment the 

samples were harvested immediately preventing liver metabolism.   Third, there has to be 

sufficient trap to react with the radicals rather than other components of the cell. In this 

experiment we choose 3-CAR, a stable radical, because studies suggest it is not permeable 

to hepatocytes (Steel-Goodwin and Dean unpublished data). 

12 



The concentration of the 3-CAR ± PBN is proportional to the peak-peak and 

double integration of the spectrum and this was used to calculate the trap efficiency.   The 

efficiency of PBN to trap 3-CAR was determined to be 33 ± 4 %. This value is similar to 

the efficiency of this trap for the lipophilic TCE» radical. 

In conclusion, if radicals are quantitated using EPR/spin trapping technique, the 

efficiency of the trap should be determined for each compound which is being studied. 

Quantitation of radicals by EPR/spin trapping only detects the radicals trapped. If the 

efficiency of the trap for the radical is known, then a true estimate of the radicals present 

in the sample can be determined. 

13 



REFERENCES 

Armengol, J M 1994 Effects of ammonium dinitramide on lactoferrin and transform 
receptors in liver: An EPR study. AFRRI/George Washington DoD Apprenticeship 
Program Report. Mentor: A.J. Carmichael 
Arroyo, CM, von Tersch, RL., Broomfield CA. 1995 Activation of alpha-human tumor 
necrosis factor (TNF-a) by Human monocytes (THP-1) exposed to 2-chloroethyl ethyl 
sulphide (HMG). Human and Experimental Toxicology 14 (7) 547. 
Arroyo, CM., Feliciano F, Kolb DI, Keeler JR, Millette Sr and Stotts RR. 
Autoionization reaction of phosgene (OCCl2) studied by EPR. 1993 J. Biochem 
Toxicology 8 (2) 107 
Arroyo, CM, Kirby SD, Werrelen RJ, McCarthy, RC, Theodore SM, and Keeler 
JR. 1994 Reactive oxygen species produced in metal catalyzed oxidation of 
Bis(Trifluormethyl)disulfide and protection by ZE™ 1994 J. Toxicology and 
Environmental Health 41: 329 
Barr J, Weir, AJ, Brendel K and Sipes IG. 1991. Liver slices in dynamic organ culture. 
I. An alternative in vitro technique for the study of rat hepatic drug metabolism. 
Xenobiotica 21 (3)331 
Berty S 1994 The biological effects of ammonium dinitramide on hepatocytes: An EPR 
study. Armstrong Laboratory and AFOSR Apprentice Report Mentor: Linda Steel- 
Goodwin 
Bruker Instruments Inc. 1992 EMS 104 EPR analyzer's user's handbook. 
Buttner, GR 1987 Spin trapping: ESR parameters of spin adducts. Free Radical 
Biology and Medicine (3) p259 
Chignell, CF 1984 Use of Spin Labels as enzyme probes. Chapter 3. In Spin Labeling in 
Pharmacology Academic Press Inc. 
Fraga, CG., Leibovitz, B.E., and Tappel, A.L. 1988 Lipid peroxidation measured as 
thiobarbituric acid reactive substances in tissue slices: characterization and comparison 
with homogenates and microsomes. Free Radical Biology & Medicine 4: 155-161 
Knecht, KT and Mason RP. 1993. In vivo spin trapping of xenobiotic free radical 
metabolites. Arch Biochemistry and Biophysics 303 (2) pi85 
Mason RP Spin trapping free radical metabolites of toxic chemicals. In Spin Labeling in 
Pharmacology. Chapter 2. Academic Press, Inc. 
Pace, MD 1994 Spin trapping of nitrogen dioxide from photolysis of sodium nitrite, 
ammonium nitrate, ammonium dinitramide and cyclic nhramines. J Physical Chemistry 98 
p6251 
Pravecek, T.L., L. Steel-Goodwin, A.J. Carmichael, and S.R Channel 1994 Free 
radical study using precision cut tissue slice techniques. J. Free Rad in Biol & Medicine 
Q15 
Pry or, WA 1976 The role of free radical reactions in biological systems. In Free 
Radicals in Biology Vol 1, Chapter 1. Academic Press Inc, New York, NY. 
Pryor, WA 1984 Free radical involvement in chronic diseases and aging. The toxicity of 
lipid hydroperoxides and their decomposition products. In Xenobiotic Metabolism: 

14 



Nutritional Effects Ed. JW Finley and Daniel E Schwartz American Chemical Society, 
Washington DC 
Rice-Evans,CA., Diplock, AT., Symons, MCR 1991 Techniques in free radical 
research. ED. RH Burdon and PH van Knippenberg Elsevier, New York 
Rivera J, S.C. Cummings., Macys D.A. 1992 In Vitro activation of lipophilic tributyltins 
by Superoxide produces tributylstannyl superoxo radicals proposed initiators of lipid 
peroxidation: An EPR model system Chem Res. Toxicol. 5: 698 
Simic, MG and Karel, M Editors. In Autoxidation in Food and Biological Systems" 
Plenum Press New York 1980. 
Steel-Goodwin, L., Egan, JE., Kendrick, JM Jackson, WE. 1992 Pathological 
evaluation of WR-151327 administered orally in irradiated and non-irradiated male mice. 
Ann Clin & Lab Sei 22 (3) 182 
Steel-Gooodwin, L., Egan, JE., Kendrick., JM, Jackson WE., Heman-Aackah, LM 
and Eckstein, JM. 1993 Comparative intestinal and testes toxicity of 4 aminothiols in 
irradiated and non-irradiated mice. Ann Clin and Lab Sei 23 (6) 439 
Steel-Goodwin, L., Pravecek, TL., Carmichael, AJ 1994 Trichloroethylene: An EPR 
Study. J Free Radicals in Biology and Medicine 1994 2 (3) Q10. 
Steel-Goodwin, L. 1995 How to measure free radicals by EPR/Spin trapping: A study of 
ammonium dinitramide in human liver slices. 
Steel-Goodwin, L., A. J. Carmichael 1995 Trichloroethylene radicals: An EPR/spin 
trapping study Submitted OL/AL Technical report 
Walker, RI, Cerveny, TJ. 1989 Editors Medical Consequences of Nuclear 
WarfareEffects of Nuclear Weapons. TMM Publications, Office of the Surgeon General 
United States Army, Falls Church, VA. 
Vladimirov, VG 1974 The search for antiradiation agents in the United States. Military 
Medical Journal (6) 86. 
Young, A.J. 1994 Ammonium dinitramide effects on WB344 cell membranes: An EPR 
Study AFRRI/George Washington DoD Apprenticeship Program Report. Mentor: A.J. 
Carmichael 

15 


