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Abstract-Oxidative injury was initiated by addition of ferrous ammonium sulfate (FAS) to a suspension 
of whole rat brain homogenate in Krebs buffer. After FAS addition, tissue vitamin E dropped sharply 
over a 30-set interval and then recovered marginally for 5 min. After 5 min, vitamin E levels dropped 
to a low and constant level. Also after 5 min, TBARS (thiobarbituric acid reactive substances, a color 
test for lipid peroxidation) showed a statistically significant (P s 0.05) increase that continued through 
the remainder of the 30-min experiment. Reduced protein thiols decreased significantly (P < 0.05) at 
15 min post FAS addition. This suggests that, in this model of iron-initiated lipid peroxidation (LP), the 
endogenous antioxidant vitamin E is first depleted before membrane lipids and membrane bound 
proteins show evidence of oxidative injury. A novel antioxidant, U-78517F, inhibited the destruction of 
vitamin E. LP and orotein thiol oxidation in this model. The efficacy of the compound after different 
times of addition is-described. 

Reactive oxygen species including oxygen radicals 
are commonly produced in normal cell metabolism. 
However, in traumatic or ischemia/reperfusion 
injury, reactive oxygen overwhelms the normal 
cellular defense systems. The role of oxygen radicals 
in the pathophysiology of traumatic or ischemic 
damage to the central nervous system has been 
reviewed extensively [l, 21. Free radical attack of 
polyunsaturated fatty acids in the cell membrane has 
been experimentally assessed by the formation of 
thiobarbituric acid reactive substances (TBARS)? 
[3-51. Free radicals also attack cellular proteins and 
cause: (1) amino acid modification [6], (2) 
fragmentation [7], and (3) cross-linking [7]. Tran- 
sition metals, like ferrous ion, have an integral role 
in the generation of reactive species that initiate 
oxidative damage via a Fenton-like reaction 
[8,9]. In fact, metal ion-catalyzed oxidation of 
polyunsaturated fatty acids forms lipid alkoxyl 
radicals (LO’) and lipid peroxyl radicals (LOO’) 
[lo] which further propagate lipid peroxidation (LP). 
Reactive oxygen species (e.g. hydroxyl radical and 
ferry1 ion) can also form at metal binding sites on 
proteins and modify amino acid side chains [6]. 

Cells can normally defend themselves against 
oxidative damage by utilizing important endogenous 
antioxidants such as membrane bound vitamin E. 
Vitamin E can terminate lipid peroxidative chain 
reactions by scavenging lipid peroxyl and alkoxyl 
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t Abbreviations: TBARS, thiobarbituric acid reactive 
substances; LP, lipidperoxidation; FAS, ferrousammonium 
sulfate; and TCA, trichloroacetic acid. 

radicals, thus limiting LP chain reactions [lo]. A 
link between decreasing vitamin E concentration, 
initiation of LP and protein oxidation has been 
implied by the work of Takenaka et al. [ll]. This 
group looked at both an aqueous [2,2’-azobis(2- 
amidinopropane)dihydrochloride] andalipid-soluble 
[2,2’-azobis(2,4-dimethylvaleronitrile) radical gen- 
erating system and their respective effects on vitamin 
E depletion, initiation of lipid peroxidation and 
protein damage. They found that when radicals were 
initiated in a lipid region, thiol oxidation and TBARS 
formation were delayed until vitamin E fell below 
a critical level. The link between vitamin E 
concentration and further oxidative cell injury 
suggests that exogenous antioxidants that can 
augment and protect endogenous vitamin E may 
limit subsequent lipid and protein damage. We have 
developed compounds that are potent inhibitors of 
free radical-mediated LP [12]. The results reported 
here show that one representative compound, 
U-78517F [(-)-2-[[4-(2,6-di-1-pyrrolidinyl-4- 
pyrimidinyl) - 1 - piperazinyl]methyl] - 3,4 - dihydro - 
2,5,7,8-tetramethyl-2H-1-benzopyran-6-01, dihydro- 
chloride], can block lipid peroxidation, preserve 
vitamin E, and prevent further oxidative damage to 
the membranes and proteins. This paper describes: 
(1) the relationship between vitamin E concentration, 
initiation of LP and protein oxidation caused by 
ferrous ion, and (2) the inhibition of LP by a novel 
antioxidant compound. 

MATERIALSANDMETHODS 

Reagents. Ferrous ammonium sulfate (FAS), 
thiobarbituric acid, dithio-bis-nitrobenzoic acid, and 
Tris-HCl were purchased from the Sigma Chemical 
Co. (St. Louis, MO). Trichloroacetic acid (TCA) 
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was purchased from the Mallinckrodt Specialty 
Chemical Co. (Paris, KY). 

Homogenate preparation, incubations, and 
TBARS measurement were as described elsewhere 
[4]. Time-course incubations for TBARS measure- 
ment were conducted in triplicate in individual assay 
tubes containing homogenate (2OpL) and Krebs 
buffer (q.s. to 1OOpL). Samples were pre-warmed 
to 37” and reactions were started by the addition of 
FAS (10 pL, 200 PM final concentration). Samples 
(100 pL) for TBARS determination were removed 
and added to ice-cold TCA (12S%)/desferal(5 mM) 
either before FAS addition or at the following time 
points after FAS addition: 0.5, 1, 2, 5, 10, 15, 20, 
30,45, and 60 min. Control tubes containing no iron 
were incubated for 60 min. Where indicated, the 
effects of U-78517F were investigated by adding the 
compound (10 pL, 3 PM final concentration) to 
incubations either prior to FAS addition, or at 
various times after FAS as indicated (0.5, 2, 5, 15 
or 30 min after FAS). The procedure for measuring 
TBARS has been described [4]. 

Time-course incubations for vitamin E deter- 
mination. Vitamin E was detected by a modified 
method of VonVoigtlander et al. [13]. Briefly 
individual assay tubes (in duplicate) containing 
homogenate (1OOpL) and Krebs buffer (q.s. to 
5OOpL) were incubated with FAS (50 pL, 2OO@l 
final concentration) in the presence or absence of 
U-78517F (50 pL, 3 PM final concentration) as above 
except that reactions were terminated by the addition 
of 5OOpL of ethyl acetate. Samples were then 
transferred to 1.5 mL plastic Eppendorf conical 
tubes with 2-3 4-mm glass beads, capped, and placed 
on ice. Samples were vortexed and microcentrifuged 
at 15,900 g for 5 min; then 300 PL of the top layer 
were transferred to HPLC vials. Samples (2OpL) 
were injected onto a reverse phase column (Supelco 
C18, 250 x 4.6 mm; Waters) with a Perkin-Elmer 
ISS-100 autosampler. Mobile phase consisted of 
degassed 100% methanol. Vitamin E was detected 
via a Waters fluorescence detector at 285 nm 
excitation and 335 nm emission. Peaks were 
integrated with Waters Maxima 820 software. 

Time-course incubations for SH measurement. 
Individual assay tubes (in duplicate) containing 
homogenate (8Op.L) and Krebs buffer (q.s. to 
4OOpL) were incubated with FAS (4OpL, 200pM 
final concentration) in the presence or absence of 
U-78517F (40 ,uL, 3 PM final concentration) as above. 
Detection of protein SH was determined by the 
method of Di Monte et al. [14]. 

Detection of U-78517F. Time-course assays were 
conducted as above with U-78517F added at the 
beginning of the assay before FAS addition and at 
5, 15, or 30 min after FAS addition. U-78517F was 
extracted by adding 2 mL acetonitrile to samples 
that were supplemented with U-78218 [l-[(3,4- 
dihydro - 6 - hydroxy - 2,5,7,8 - tetramethyl - 2H - 1 - 
benzopyran- 2-yl)carbonyl]- 4-(2,6- di-l-pyrrolidinyl- 
4-pyrimidinyl-piperazine)] as an internal standard. 
The extracts were evaporated to dryness and 
redissolved in mobile phase (3OOpL) consisting of 
60% (v/v) acetonitrile, 40% (v/v) water containing 
25 mM triethylamine and 1 mM EDTA adjusted to 
an apparent pH of 5.0 with glacial acetic acid. 
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Fig. 1. Percent of control values for vitamin E and StI, 
and TBARS values from 60-min iron time-course studies 
in rat brain homogenate (N = 6). Assay conditions are 
described under Materials and Methods. Vitamin E and 
SH levels prior to the addition of FAS were 16ng/mg 
tissue and 50nmol/mg protein, respectively. Vitamin E 
concentration in FAS-treated samples was significant 
(P C 0.05) from control values at 30 set, TBARS values 
were significant (P G 0.05) from control values from 5 min 
on, and SH levels were significant (P s 0.05) from 

15 min on. 

Samples were then chromatographed on a reverse 
phase column (Zorbax C8, 250 x 4.6 mm; DuPont) 
using an auto sampler for sample injection (150 pL) 
and a flow rate of 1.25 mL/min. The amperometric 
electrochemical response of the column effluent was 
monitored using a glassy carbon electrode surface 
with an applied potential of +400 mV versus the 
Ag/AgCl reference electrode. The concentration of 
U-78517F in unknown samples and standard curve 
statistics were calculated by using peak height 
measurements of U-78517F and U-78218 (internal) 
standards. U-78517F standards were prepared by 
spiking rat brain homogenate (500 pL) with various 
concentrations of compound. 

The electrochemical properties of U-78517F were 
evaluated by cyclic voltametry in water: acetonitrile 
(30:70) with pH adjusted to 5.0 with triethylamine 
and glacial acetic acid. U-78517F demonstrated two 
independent peak oxidation potentials centered at 
+370 mV (the trolox ring) and +870 mV (the bis- 
pyrrolopyrimidine ring). Cyclic voltametric measure- 
ments were performed at room temperature with a 
glassy carbon working electrode, Ag/AgCl reference 
electrode and platinum auxiliary electrode. 

Statistical analysis. Values represent the means + 
range of duplicate (SH and vitamin E) samples or 
the means + SEM of triplicate (TBARS) samples 
from representative experiments. All data were 
analyzed by Student’s t-test, with P s 0.05, con- 
sidered to be statistically significant. 

RESULTS AND DISCUSSION 

The addition of FAS resulted in a sharp decrease 
in the vitamin E concentration of brain homogenate 
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Table 1. Comparison of vitamin E levels vs U-78517F levels when U-78517F (92 ng/mg tissue) was 
added at different time points over a 60-min time-course incubation following the addition of FAS 

in rat brain homogenate 

Incubation 
time 
(min) 

0 
0.5 
1 
2 
5 

10 
15 
20 
30 
45 
60 

Vitamin E, 

U-7%7F 

24 
5 
6 
7 
9 
8 
7 
6 
7 
6 
6 

U-78517F, 0 min U-78517F. 5 min U-78517F, 15 min 

Vit E 78517F Vit E 78517F Vit E 78517F 
(ng/mg tissue) (ng/mg tissue) (ng/mg tissue) 

22 85 22 - 28 - 
lo* 83 5 - 6 - 
9* 83 6 - 8 - 

11* 83 7 - 9 - 
14* 83 13* 85 12 
16* 83 17* 52 9 - 
15* 83 18* 46 14* 92 
15* 88 18” 43 16* 76 
15* 76 17: 40 15* 70 
17* 83 18: 43 16’ 60 
17* 88 18* 43 16* 60 

* Iron + U-78517F-treated samples were significantly different from iron-treated samples at 
P S 0.05. 

within 30 sec. This was followed by a transient 
recovery of vitamin E until 5 min, when vitamin E 
again decreased, but more slowly, to a constant 
basal level. No significant TBARS formation was 
observed until 5 min of incubation after which 
vitamin E concentrations began falling again despite 
the presence of some remaining vitamin E. After 
5 min, TBARS increased continuously throughout 
the remaining incubation period. Protein thiol 
concentrations were preserved until 15 min after the 
introduction of FAS, then decreased gradually, but 
significantly with time (Fig. 1). 

These results are consistent with those of Takenaka 
et al. [ll] who reported similar observations using 
RBC ghost membranes from Wistar rats. The present 
data, along with that of Takenaka, suggest that 
initially vitamin E may be converted rapidly to its 
stable radical form following the addition of FAS to 
rat brain homogenate. Apparently vitamin E and its 
radical form can recycle to some extent between 0.5 
and 5 min, perhaps until antioxidants like ascorbate 
and glutathione are consumed. The fact that TBARS 
formation did not increase significantly until vitamin 
E began to decline again at 5 min suggests that 
multiple mechanisms may interplay initially (between 
0 and 5 min) to limit membrane lipid damage in part 
by maintaining critical levels of vitamin E in the 
membrane. 

If an endogenous antioxidant inhibited the LP 
chain reaction or spared or recycled vitamin E, then 
the time course for LP and protein oxidation could 
be altered. U-78517F is an effective antioxidant with 
an oxidation potential (+400 mV) similar to that of 
vitamin E* [15]. The effects of U-78517F on vitamin 
E, TBARS and loss of protein sulfhydryls were 
examined by adding U-78517F at different time points 
during homogenate incubation. When compound was 
added before FAS or at later times up to 5 min after 
FAS addition, vitamin E was markedly preserved 

* Padbury G, The Upjohn Company, personal com- 
munication, July 1992. Cited with permission. 

(Table 1) and returned to near control levels. Despite 
the presence of U-78517F at the beginning of these 
assays, vitamin E still dropped sharply upon addition 
of FAS, though not quite to the extent observed in 
the absence of U-78517F. These findings suggest 
that vitamin E is the first line of defense against an 
oxidant challenge even in the presence of an 
exogenous antioxidant like U-78517F. Despite the 
significant preservation of vitamin E and inhibition 
of LP by U-78517F, significant loss of U-78517F was 
not observed unless the compound was added at 
later times in the assay (e.g. 5 min and later). When 
added at 30min after FAS, U-78517F was rapidly 
consumed in the short time between its addition and 
the first sampling (approximately 5 set). Associated 
with the loss of U-78517F on its addition at 5 or 
15 min was an increase in vitamin E levels. This was 
in marked contrast to what is typically seen with 
vitamin E in the absence of U-78517F where vitamin 
E continues to decrease after 5 min. The preservation 
and apparent restoration of vitamin E by U-78517F 
are not surprising in view of its structural similarity 
to vitamin E and its similar oxidation potential* 
[15, 161. 

LP, as measured by TBARS. was inhibited almost 
completely when U-78517F was added at c-5 min 
after FAS addition (Fig. 2). Furthermore, when U- 
78517F was added at later time points atter FAS 
addition, such as 15 min, TBARS formation was 
essentially halted although some modest increase in 
TBARS was observed at long incubation times under 
these conditions (Fig. 2). The fact that U-78517F 
could halt LP when added to an ongoing reaction 
suggests termination of the LP chain reaction. 
Coincident with the halting of LP was a loss of 
U-78517F and a partial restoration of vitamin E 
(Table 1). 

Loss of protein SH in the absence of U-78517F 
was gradual over time and became statistically 
significant after 15 min when vitamin E concentration 
began its second loss phase (Fig. 1). As seen for 
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Fig. 2. TBARS during a 60-min time-course study in rat brain homogenate. (A) U-78517F was added 
before FAS, (B) U-78517F was added 5 min after addition of FAS, and (C) U-78517F was added 15 min 
after FAS. Values are means 2 SEM of triplicate determinations from one experiment. Control samples 
were incubated for 60 min in the absence of FAS. Control samples incubated in the absence of FAS 
(not shown) contained: 35 -t 4 (A), 32 5 2 (B), and 34 k 5 ‘(C) nmol TBARS/mL homogenate. 
respectively. Details of the assay are described in Materials and Methods. Key: (*) significantly different 

from iron-treated samples at P G 0.05. 

TBARS formation, U-78517F completely inhibited thiol occur with a definite chronology after an 
protein oxidation (Fig. 3). oxidative insult. Vitamin E is the first membrane 

The results of this study are consistent with those component that is rapidly depleted. However, the 
reported by others [ll], demonstrating that lipid slight increase of vitamin E that was seen over the 
peroxidation, vitamin E depletion and loss of protein first 5 min after FAS addition may be explained by 
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Fig. 3. Protein sulfhydryl content during a time-course study in rat brain homogenate. See legend 
of Fig. 2 for description of panels A-C. Values are means 2 range of duplicate determinations from 
one experiment. Control samples (not shown) contained: 50 -’ 0 (A), 50 k 0.5 (B), and 69 * 4 (C) 
nmol SH/mg protein, respectively. Key: (‘) significantly different from iron-treated samples at 

vitamin E radical recycling through endogenous hypothesis. Logically, once the vitamin E radical 
antioxidant stores such as glutathione, vitamin C, can no longer be recycled and the equilibrium shifts 
and other protein SH groups to regenerate reduced in favor of the oxidized form, other ceilular 
vitamin E. Furthermore, an exogenous antioxidant components Iike lipid and protein sulfhydryis become 
like U-78517F may assist either directly or indirectly prime targets for oxidation. In such in vitro systems, 
in regeneration of endogenous vitamin E, Further antioxidants like U-78517F may be key to sparing 
studies of this recycling will be required to test this vitamin E and protecting membrane components by 
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either directly inhibiting LP or perhaps by 
maintaining vitamin E at a critical level for preventing 
the propagation of LP. 

Either mechanism may result in only minor 
consumption of the exogenous antioxidant present 
at the beginning of radical initiation since radical 
reaction chain lengths would be short and propagation 
reactions might be kept to a minimum. On the other 
hand, when antioxidants are added after free radical 
damage has had time to progress for some time and 
endogenous vitamin E has been depleted, significant 
consumption of the exogenous antioxidant may 
occur. Under these circumstances, radical chains are 
long and the concentrations of LOO’, LO*, and 
LOOH may be high. 
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