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Abstract

Objective: It appears that the atherosclerotic plaque is a prooxidant environment where some molecules that are normally
antioxidants, including vitamins C and E, may act as prooxidants that contribute to atherosclerosis by oxidizing LDL. Some
molecules can act as co-antioxidants to eliminate this prooxidant effect by recycling or other mechanisms of supplementation.
Fibrinogen and other acute phase proteins found in the plaque are antioxidants. We hypothesized that fibrinogen can act as a
co-antioxidant to supplement vitamin E thereby eliminating its oxidative effect under prooxidant conditions. We tested
a model system for this hypothesis using the vitamin E analogue Trolox in a cell free system.

Methods: LDL was oxidized using 5umol/l copper. Antioxidant conditions were achieved by adding the antioxidants
immediately with LDL, while prooxidant conditions were created by adding antioxidants after a 40 min delay. Oxidation was
monitored as the lag phase at 234 nm.

Results: Under antioxidant conditions, the protective effect of fibrinogen and Trolox combined together were about equal to
the sum of the anitioxidant effects of each alone (additive), while under prooxidant conditions the combined protection was
54-200% greater (synergistic). These effects were different than those of vitamin C with Trolox in that under antioxidant
conditions fibrinogen and Trolox were additive while vitamin C and Trolox showed strong synergistic effects, and in that
unlike vitamin C and Trolox fibrinogen showed no prooxidant tendencies under prooxidant reaction conditions.

Conclusions: The data indicated that fibrinogen did act as a co-antioxidant to supplement Trolox and eliminate its
prooxidant effect, most probably, by directly quenching the phenoxyl radical, because unlike vitamin C, fibrinogen did not
appear to recycle vitamin E. But fibrinogen may act as a universal antioxidant, since unlike Trolox and vitamin C, it showed
little tendency toward becoming a prooxidant.
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has proved to be superior to other water-soluble

Introduction L . .
antioxidants at protecting LDL from free radicals and

Much evidence indicates that atherosclerosis is a
process of arterial injury, inflammation and thrombo-
sis [1,2], and that elevated beta-lipoproteins are an
integral part of this process [1-3]. Moreover, it has
been hypothesized that oxidized (Ox) LDL is a
primary ingredient in the initiation and propagation of
atherosclerosis [1,4].

Vitamin E in the form of alpha-tocopherol is the
major lipid soluble antioxidant in LDL and vitamin C

other reactive species [5,6]. Because of abundant
evidence supporting the oxidation of LDL hypothesis
of atherosclerosis, it was widely thought that ingested
antioxidant vitamins would retard atherosclerosis in
humans [5,6], but randomized secondary prevention
studies largely failed to find a reduction in heart
disease with vitamin therapy [5—7].

One reason that has been widely proposed to
explain this failure is because many small molecular
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weight antioxidants manifest radical forms themselves
as a result of one electron reactions and, under certain
conditions, can act as prooxidants [5,7]. Both vitamin
E and ascorbic acid (vitamin C) can facilitate
oxidation under prooxidant conditions [8—10]. More-
over, dehydroascorbate, uric acid, flavanoids, and
even glutathione can promote reactive species
[10—12]. Because the atherosclerotic plaque appears
to be a prooxidant environment containing transition
metals, seeding peroxides, and white blood cells which
contain enzymes that produce reactive species
[7,13,14], these antioxidant radical intermediates
may accelerate rather than retard atherosclerosis
within the plaque [7,15].

Experimentally, in cell free systems, a prooxidant
effect has most consistently been demonstrated by
delayed addition of an antioxidant to a reaction
solution consisting of a transition metal oxidizing
agent and lipid after the oxidation process has already
begun (prooxidant condition)[10,11,16]. The
addition of antioxidants at the start of the reaction
usually only causes antioxidant effects (antioxidant
condition).

Under normal conditions where cells are intact and
healthy, and in plasma, the prooxidant tendencies of
these molecules may be buffered by interactions with
other antioxidants—so called supplemental or
co-antioxidants [17]. These include P-carotene,
ubiquinol-10, 3-hydroxyanthranilic acid, bilirubin,
and vitamin C [6,7,9,17]. In some cases, a synergistic
effect has been achieved where, in the presence of a co-
antioxidant, the antioxidant effect of a mixture is
greater then the antioxidant effect of the sum of each
antioxidant alone [7,18]. Vitamin C seems to be an
especially important synergistic antioxidant, since
it can recycle the vitamin E radical back to the
reduced form [19]. The failure to date of antioxidant
cocktails to retard disease may be related to these
complex interactions of pro- and antioxidant capa-
bilities by biological molecules in the prooxidant
environment of the plaque.

Both albumin and native fibrinogen are found
in abundance in the plaque [20,21]. Albumin in
conjunction with bilirubin (natural albumin) is a
powerful antioxidant that can inhibit metal catalyzed
oxidation and appears to be a supplemental antioxi-
dant that is able to recycle vitamin E radical [22,23].

Fibrinogen has been shown to be an efficient
scavenger of reactive oxygen species [24,25], and
neutralizes reactive nitrogen species [26]. Fibrinopep-
tide B contains the amino acids arginine and
phenylalanine that readily accept electrons and has
been shown to exhibit anti-inflammatory properties
[25]. In the absence of bilirubin, albumin retards
oxidation sluggishly, but fibrinogen shows a rapid
propagation phase, more similar to vitamin C and
vitamin E [25]. This antioxidant property is most
likely due to the unique architecture of fibrinogen

allowing for the fibrinopeptides to scavenge free
radicals.

Because of these features, we hypothesized that
fibrinogen would not show prooxidant behavior under
either antioxidant or prooxidant conditions. More-
over, we hypothesized that fibrinogen would act as a
co-antioxidant that would synergistically supplement
vitamin E and eliminate its tendency for oxidizing
lipoproteins under prooxidant conditions. To explore
these hypotheses further, in this study, we investigated
the biochemical co-antioxidant interactions between
the vitamin E analogue Trolox and fibrinogen for
protecting LDL in a model cell free system during
copper mediated oxidation under antioxidant and
prooxidant conditions. Also, to obtain a better idea as
to whether or not fibrinogen might have a propensity
to recycle vitamin E, we compared the reaction effects
between fibrinogen and Trolox with those between
vitamin C, that is known to recycle Trolox, and Trolox
under both antioxidant and prooxidant conditions.

Regarding the second hypothesis, we caution that
the major physiological form of vitamin E is fat-
soluble alpha-tocopherol that acts at the membrane
surface to transfer an electron and these experiments
were conducted in a cell free system using Trolox for
our source of phenolic group. Thus, in these
experiments, we were examining the biochemical,
not the physiological, validity for these reactions.
If fibrinogen did not act as a co-antioxidant in aqueous
solution with free access to Trolox, it would be most
unlikely that it would act as a co-antioxidant with LDL
bound vitamin E and it would not appear to be worth
pursuing this hypothesis further. This approach seems
a reasonable first step in investigating these questions.

Materials and methods
Samples and lipoprotein isolation

The study was approved by the University of
Louisville and VAMC committees for protection of
human rights for performance with left over, unused
fresh human blood from the clinical laboratory.
Serum was obtained by centrifugation at room
temperature. Sera collected in red top tubes (without
anticoagulant), from patients being tested for routine
lipid profiles, were pooled into lavender tubes
containing potassium EDTA and kept refrigerated
for up to 5 days. Tubes containing triglyceride
concentrations >1500mg/l were excluded. LDL
(d=1.020-1.063) was isolated by the standard
sequential ultracentrifugation flotation procedure
at 100,000¢ using sodium bromide [27], for 18h at
d=1.020 to remove IDL and VLDL and again for
18 h at 1.063 to float LDL.. The LDL preparation was
dialyzed against 0.01 mol/l phosphate buffered saline
(PBS, Sigma, St Louis, MO), containing 100 umol/l
EDTA, and reconstitution of all volumes during LDL
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isolation was made using the same EDTA solution.
Some of the LDL solution was used to measure apo B
[24] and absorbance at 280 nm, and to test for purity.
The rest was stored frozen at —70°C in aliquots for
these experiments for up to 2 months. Agarose
lipoprotein and protein electrophoresis of the LDL
solution at a concentration of apo B near that used in
the assay and at a 10X concentrated level of apo B
showed a high degree of purified LDL for each
preparation migrating mainly as a LDL band in the
beta-region of the gels with no apparent contami-
nation by albumin.

Measurement of oxidation

The lag phase was the measure of oxidation used to
compare antioxidant effects. Assessment of LDL
oxidation by continuously monitoring conjugated
diene formation at 234 nm is a highly reproducible,
widely used approach that has been shown by many
studies to correlate quite well with other methods of
measurement of lipoprotein oxidation [7,25,28]. In a
previous report, we showed that measurement of lag
phase by following the absorbance at 234 nm was an
accurate reflection of inhibition by antioxidants in
our copper catalyzed cell free system as indicated by
good agreement with two other standard biochemical
measurements of oxidation—changes in peroxide
formation (xylenol orange) and electrophoretic
mobility [25]. Therefore, in the present study, we
measured only conjugated diene formation. All
experiments were run in duplicate and repeated in
duplicate for a total of 4 replicates. The results within
an experiment were very similar, and, although
between repeat experiments there was greater
variability, the final effects were similar. Moreover,
the conclusions from repeat experiments were always
the same.

Antioxidant solutions, concentrations of reactants and assay
conditions

Immediately, prior to each experiment, EDTA was
removed by gel filtration (Micro Biospin 30 columns,
Biorad, Hercules, CA) using PBS, and antioxidant
solutions were freshly prepared and kept cold. The
antioxidants used were immunoelectrophoretically
pure fibrinogen (Sigma), the vitamin E analogue
Trolox (Aldrich of Sigma-Aldrich Chemical Com-
pany), and vitamin C (Sigma) [25].

The final concentration of apo B used in the
oxidation reaction was nearly 30 mg/l [25] (For each
experiment, the necessary dilution was calculated
from the absorbance relationship at 280 nm between
absorbance and the apo B concentration). We used a
spectrophotometer containing 8 cells (Spectronic,
Milton Roy, Rochester, NY). The reaction was
started in each reaction cuvet by adding 10uLl of
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CuSOy to a final concentration of 5umol/l to a 1 mL
solution of LDL. Also 10 uL of each anitoxidant was
added to 1 mL of LDL solution in the cuvet. When
the antioxidants were added at zero time along with
the copper, all antioxidants elongated the lag phase
of LDL beyond that of copper alone. We call this the
antioxidant condition. When the antioxidants were
added with a 40min delay after the LDL and
copper, propagation was initiated in the cuvet
containing Trolox before the cuvet containing only
copper and LDL. We call this the prooxidant
condition. All experiments contained duplicates and
were repeated twice.

In these experiments, we used 30 mg/l of apo B in
lipoprotein and 50 mg/l of fibrinogen in the reaction
solution. The relative concentrations of the two are
similar to that found in plasma but the absolute
concentrations are diluted 40X [25]. This is an
attempt to maintain a physiological ratio between
the two. Two concentrations of Trolox were
examined since vitamin E in plasma and tissue
spaces is apt to vary more than LDL or fibrinogen.
These were 0.5 and 2umol/l. In experiments where
the combination of Trolox and fibrinogen was
compared with Trolox and vitamin C the concen-
tration of vitamin C was adjusted to give a lag phase
similar to 50mg/l of fibrinogen. This turned out to
be near 6 umol/l vitamin C.

We notice that the prooxidant effect by Trolox was
lost after a few months of LDL storage at — 70°C. The
effect was renewed when a new preparation of LDL
was obtained.

When fibrinogen or fibrinogen with Trolox was
added to the reaction mixture at 40 min, there was an
abrupt increase in absorbance that then changed into a
smooth curve. A series of experiments comparing the
addition of fibrinogen to the LDL solution with and
without copper and to buffer without copper or LDL
indicated that the abrupt shift was due to the
absorbance of fibrinogen at 234 nm and was unrelated
to any change from oxidation. The calculated blank
showed an absorbance change of 0.02-0.03 (not
shown). The same phenomenon occurred when
fibrinogen with Trolox was added. We adjusted the
baselines to account for this absorbance change in the
figures shown. The other antioxidants did not show
more than a 0.02—0.03 absorbance change at 234 mm
when added at 40 min and, therefore, required no
baseline adjustment.

Calculations and statistics

The lag phase time in minutes for each antioxidant or
combination was normalized by subtracting it from
the average lag phase absorbance in the cuvets
containing lipoprotein and copper without antioxidant
to give a lag phase difference or A ([lag phase with
antioxidant(s), copper and lipoprotein] — [lag phase
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with copper and lipoprotein only]). A measure of
cooperation or synergy was calculated by dividing the
lag phase difference from the combination of two
antioxidants together in the reaction solution by the
sum of the lag phase difference of each individual
antioxidant alone (A combination/A Trolox alone
+fibrinogen alone or Trolox alone+ vitamin C alone).
We considered a combined effect greater than 1.2
(20%) as a synergistic effect, while we considered
effects between 1 and 1.2 as being only additive.

Statistical analysis was performed using JMP
(SAS Institute, Cary, NC). Mann Whitney using a
two-tail test was used to obtain p-values.

Results
Antioxidant condition

In these experiments all antioxidants were added to
the lipoprotein—copper solution at zero time. Under
these conditions all of the antioxidants elongated the
lag phase beyond that of copper and lipoprotein
without antioxidant.

In a series of experiments, we examined the effects
of 50 mg/1 fibrinogen alone and 0.5 or 2 umol/l Trolox
alone or combinations of fibrinogen and Trolox

together. Figure 1 shows a typical experiment with
duplicates. For this particular experiment the
Table within Figure 1 indicates that the effect of
adding a combination of Trolox and fibrinogen
showed a combined effect of about 1.2 or 20% greater
than the sum of Trolox and fibrinogen added alone for
duplicate measurements. As can be seen in Table I, for
all experiments, the combined effects for the
combination of two different concentrations of Trolox
with fibrinogen varied between 1.04 and 1.2 for two
experiments with duplicates in each (4 replicates),
showing increases beyond the sum of each alone of
about 4—-20%. We consider this degree of effect
essentially equal or additive, no substantial synergy.
In order to compare the cooperation between
Trolox and fibrinogen with that of Trolox and vitamin
C, we identified a concentration of vitamin C that gave
a lag phase elongation similar to that of fibrinogen.
Figure 2 shows the results of this experiment. It was
concluded that 6umol/l vitamin C and 50mg/l
fibrinogen each showed a lag phase of about 100 min.
In a series of experiments, we examined the effects
of 6 umol/l vitamin C alone and 0.5 or 2 umol/l Trolox
alone and with 6umol/l vitamin C and Trolox
together. Figure 3 shows a typical experiment
in which the antioxidants were added at zero time.

Lag Lag Beyond

Phase Copper
0.9-| Copper =49
Trolox =207 158
Fibr = 90 41
0.8-( Both =288 239

0.7- 239141 + 158 = 1.2 or 20%

0.6+

0.5

0.4+

ABSORBANCE

0.3

Both/ Sum of Trolox + Fibrinogen

—&— Copper cnly
—8— 2 um Trolox
—a— Fibrinogen
—¢— Both

0 100

200

300

TIME {Minutes)

Figure 1.

Typical experiment illustrating the effect of Trolox and fibringen added at zero time (antioxidant conditions). The reaction solution

contained 30 mg/l LDL and 5umol/l copper. The lag phases (min) were determined from the slopes of the duplicates. Lag phases were
normalized by subtraction from the samples containing only LDL and copper. See the text for details and Table I for the results of all similar
experiments that indicated the effects of Trolox and fibrinogen together showed a small effect that was about additive to the sum of each alone.
Each anitoxidant or combination was performed in duplicate and the duplicate points are shown.
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Table I. Lipoprotein protection by Trolox supplemented by fibrinogen or vitamin C under antioxidant-conditions (zero time).

Lag phase
(min)
Antioxidant Concentration Combined effect of duplicates Average effect from combination (Antioxidant—copper)
Trolox* 0.5 umol/l From zero time 26
Fibrinogen* 50 mg/l 40
Both* 1.12 74
Trolox* 0.5 umol/l 39
Fibrinogen* 50 mg/1 59
Both* 1.09 1.11* 107
Trolox* 2umol/l From zero time 133
Fibrinogen* 50 mg/l 34
Both* 1.04 174
Trolox* 2umol/l 158
Fibrinogen* 50 mg/1 41
Both* 1.2 1.08* 239
Trolox* 0.5 umol/l From zero time 82
Vitamin C* 6 umol/l 17
Both* 1.43 142
Trolox* 0.5 umol/l 20
Vitamin C* 6 umol/l 47
Both* 2.28 1.86% 153
Trolox* 2 umol/l From zero time 210
Vitamin C* 6 umol/l 40
Both* 1.64 410
Trolox* 2umol/l 212
Vitamin C* 6 umol/l 18
Both* 1.82 1.73% 420

*All controls, antioxidants and combinations were performed in duplicate for a total of 4 replicates at each concentration and the average effect

is for 4 replicates.

For this particular experiment the Table within
Figure 3 indicates the effect of adding vitamin C and
Trolox in combination as compared to each alone was
about 1.64, or a synergy of 64% for the average of the
duplicates. As can be seen in Table I effects for the
combination of two different concentrations of Trolox
with vitamin C for all experiments gave changes that
varied between 1.43 and 2.28, reflecting synergies
between about 43 and 128% for the 4 replicates in two
experiments. This level of cooperation indicates that
the combination showed a substantial synergistic
effect over that of the sum of the two antioxidants
measured separately.

Prooxidant condition

When low molecular weight antioxidants are added
to the lipoprotein copper mixture, in a delayed
manner, after the oxidation reaction has begun,
many low molecular weight antioxidants behave as
prooxidants [10,11,16]. When Trolox was added to
LDL between 35 and 65 min after initiation of the
oxidation reaction, it behaved as a prooxidant [16].
Preliminary experiments in our laboratory indicated
that a 40 min delay produced a similar prooxidant
effect at concentrations of both 0.5 and 2umol/l
Trolox.

Figure 4 shows a typical experiment in which Trolox
and fibrinogen were added to the reaction solution

after a delay of 40 min separately and in combination.
For this experiment it can be seen in the table at the
bottom of the figure that Trolox showed a prooxidant
effect of —7 for the average of the duplicates, in that
the lag phase was shorter than that in the cuvet
containing copper and lipoprotein without antioxi-
dant. But when fibrinogen was added in combination,
the prooxidant effect was eliminated and an effect of
about 3.00 was observed. This reflects a synergy of
200%. As can be seen in Table II, synergies for the
combination as compared to each antioxidant alone,
under this condition, varied between 1.54 and 3.00 or
54 and 200% for the four replicates each at two levels
of Trolox. Thus, the prooxidant effect of Trolox was
eliminated when fibrinogen was present to give an
over all combined antioxidant effect which was
substantially greater than the sum of the individual
components alone.

Figure 5 shows a typical experiment depicting the
effect of delayed addition of Trolox and vitamin C
each alone and a combination of the two together. It
can be seen in the table at the top of the figure that,
although Trolox showed a prooxidant effect, for the
average of the duplicates, with the lag phase for
Trolox being —22 min less than the copper control,
vitamin C showed an antioxidant effect of 16 min.
Moreover, in terms of minutes, the combination
together showed a synergistic antioxidant effect with a
delay of 57 min more than the copper control while
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Figure 2. Determination of the concentration of vitamin C that produced a similar lag phase to 50 mg/! of fibrinogen. In this experiment, 2
and 6 umol/l vitamin C were tested. Otherwise conditions were similar to those in Figure 1. Each anitoxidant was performed in duplicate and

the duplicate points are shown.

the sum of each alone showed an effect that was
— 6 min less than the copper control (16 — 22 = —6).
Thus, there was a synergic effect of 63 min. These
effects were similar when 0.5 umol/l Trolox was tested
in combination with 6 umol/l vitamin C. Table III
shows the results from a series of experiments where 4
replicates each at two concentrations of Trolox were
measured.

Vitamin C has been shown to exhibit a prooxidant
effect when added to a solution of LDL between 90
and 110 min after initiation of oxidation by copper
[10]. With shorter delayed additions, vitamin C did
not show a prooxidant effect but did show a reduced
lag phase as compared to addition at zero time [10].
Similarly, we were not able to obtain a prooxidant
effect at 40min. Nevertheless, we also found a
reduced lag phase at 40 min as compared to zero
time for vitamin C. This is illustrated in Table IV
where we derived the mean lag phase for 6 umol/l of
vitamin C added at zero and 40 min from Tables I and
III, and it can be seen that there was a significant
difference between immediate and delayed addition
(p = 0.03). On the other hand, the mean lag phase for
50 mg/l fibrinogen derived from Tables I and II, shown
in Table IV, indicates that fibrinogen showed no

significant difference between addition at 40 min and
zero time (p = 0.88).

Discussion

We hypothesized that fibrinogen acts as a co-
antioxidant that would supplement vitamin E and
reduce its tendency for oxidizing lipoproteins. If this
hypothesis is true in wvivo, fibrinogen and similar
molecules may play an important natural role in
retarding arteriosclerosis and therapies based on the
architecture of these molecules might prove important
in retarding disease. In this study, we tested Trolox as
our source of phenoxyl radical to determine whether
or not this hypothesis should be pursued further.
Based on comparisons of the lag phase derived from
the reaction kinetics, we noticed that under antiox-
idant conditions fibrinogen supplemented Trolox in a
way that showed little synergy above the additive effect
of the two alone (4—20% shown in Table I and
Figure 1), but under prooxidant conditions fibrinogen
acted as a strong synergistic antioxidant with a
combined effect between 54 and 200% greater than
the sum of the antioxidants alone (Table II and
Figure 4). Thus, we conclude that fibrinogen did act
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Figure 3.

Typical experiment illustrating Trolox and vitamin C added at zero time (antioxidant conditions). Except for vitamin C

substitution for fibrinogen, conditions were similar to that in Figure 1 with lag phases in minutes. See the text for details and Table I for the
results of all similar experiments that indicated the effects of Trolox and vitamin C combined were synergistically much greater than the
additive effects of each alone. Each antioxidant or combination was performed in duplicate and the duplicate points are shown.

as a supplemental co-antioxidant that eliminated the
prooxidant effect of Trolox.

Still, these effects were in essence different than
those seen between vitamin C and Trolox where a
strong synergistic effect of between 43 and 128% was
seen under antioxidant conditions (Table I and
Figure 3). Recycling of Trolox by vitamin C has
been well described [29] and can lead to a synergistic
effect in protection of lipid oxidation that is similar to
the behavior of alpha-tocopherol with vitamin C
[18,19]. In cell or membrane systems vitamin C
radical is depleted by disproportionation or further
oxidation to dehydroascorbate that is coupled to
mechanisms that replenish vitamin C [11,18,19,29].
This type of cooperation may be especially important
in neutralizing the prooxidant behavior of radical
forms i vivo.

If fibrinogen was recycling Trolox, we would have
expected to see a more than additive synergistic effect
under both antioxidant and prooxidant conditions
similar to that seen with vitamin C, but for fibrinogen
we only saw additive effects of between 4 and 20%
under antioxidant conditions (Table I). Therefore, it is
our conclusion that fibrinogen is not recycling Trolox
but acting to directly quench the Trolox radical.

Nevertheless, under prooxidant conditions, vitamin
C alone did show a reduced antioxidant effect

exhibited by a shorter lag phase as compared to
under antioxidant conditions (Table IV). On the other
hand, fibrinogen did not show either the prooxidant
effect of Trolox (Figure 4), nor did fibrinogen exhibit a
prooxidant tendency towards a reduced lag phase as
vitamin C did (Table IV). This data supports our
hypothesis that fibrinogen does not support prooxida-
tion under either condition.

Given the potential pro and antioxidant abilities of
acute phase proteins and their easy access to
interstitial spaces and plaque tissue, it seems
important to better understand their role in athero-
sclerosis. We speculate that in physiological quantities
fibrinogen does not exhibit a reactive radical form
although more study is needed to confirm this.
Although, it is known that albumin exhibits radical
forms [30], it seems unlikely that natural albumin with
bilirubin would do this since the bilirubin should
deplete the albumin radicals while basic and aromatic
amino acids in the globular portion of albumin may
serve to bleed off bilirubin radicals. The unique
structure of fibrinopeptides and globulin in fibrinogen
may provide for a similar antioxidant mechanism.
If some acute phase proteins act only as antioxidants
under all conditions, they may have a potential as
universal antioxidants for stabilizing systems of
antioxidants under prooxidant conditions where
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Figure 4. Typical experiment illustrating the effect of Trolox and fibrinogen added with a 40 min delay (prooxidant conditions). The reaction
solution contained 30 mg/l LDL and 5 umol/l copper at zero time and the antioxidants were added later. The lag phase (min) was determined
as in Figure 1. See the text for details and Table II for the results of all similar experiments that indicated the effects of Trolox and fibrinogen
combined showed a large synergy as compared to the sum of each alone. Each anitoxidant or combination was performed in duplicate and the

duplicate points are shown.

small molecules exhibit radical forms, without show-
ing any prooxidant behavior themselves.

Weaknesses of this study are that for simplicity in
this initial study, we used Trolox in a cell free system
rather than natural vitamin E in a more biological
system. The redox potential of Trolox is very similar to

alpha-tocopherol [31,32] and, as discussed above, the
two behave very similar in exhibiting a prooxidant
effect and in being recycled by vitamin C [16,29].
Nevertheless, although the mechanisms by which
co-antioxidants react biochemically with the phenolic
group of Trolox and physiological forms of vitamin E

Table II. Lipoprotein protection by Trolox supplemented by fibrinogen under prooxidant conditions (40 min delay).
Lag phase
(min)
Antioxidant Concentration Combined effect Average effect from combination for 4 replicates (Antioxidant—copper)
Trolox* 0.5 umol/l At 40 min —11
Fibrinogen* 50 mg/1 49
Both* 1.97 75
Trolox* 0.5 umol/l —13
Fibrinogen* 50 mg/1 39
Both* 2.50 2.23% 66
Trolox* 2 umol/l At 40 min -7
Fibrinogen* 50 mg/l 20
Both* 3.00 39
Trolox* 2umol/l —12
Fibrinogen* 50 mg/1 49
Both* 1.54 2.16% 57

*All controls, antioxidants and combinations were performed in duplicate for a total of 4 replicates at each concentration. Thus, the average

effect is for 4 replicates.

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11
For personal use only.

Fibrinogen and vitamin E 329

! Lag LagBeyond
Phase Copper
Copper =63
08 7 Vitaminc =79 16
Trolox =41 -22
Both =120 57
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Figure 5. Typical experiment illustrating the effect of Trolox and vitamin C added at 40 min (prooxidant conditions). The reaction

solution contained 30 mg/l LDL and 5umol/l copper from zero time and the antioxidants were added later. The lag phase (min) was
determined as in Figure 1. See the text for details and Table III for the results of all similar experiments that indicated Trolox added alone
caused a prooxidant effect while the two in combination caused an antioxidant effect. Each anitoxidant or combination was performed in

duplicate and the duplicate points are shown.

are similar, tocopherols are bound within the LDL
while Trolox is in the aqueous phase. Therefore, it
remains unclear whether fibrinogen can act as a
physiological co-antioxidant with tocopherols. But,
since natural albumin with bilirubin appears to act as a
co-antioxidant to recycle the phenoxy radical, and the
globular portion of fibrinogen shows less negative
charge than albumin, it seems likely that fibrinogen
would be another protein that can act as a
co-antioxidant with vitamin E. Based on the bio-
chemical results obtained in this study, it seems
worthwhile to pursue our hypothesis further by
measuring interactions between alpha-tocopherol

and fibrinogen in LDL or membrane preparations
under pro- and antioxidation conditions to confirm
that these effects occur with tocopherols.

In summary and conclusion, we have shown that
fibrinogen acts as a co-antioxidant in conjunction with
Trolox in protecting lipoproteins from oxidation, only
additively under antioxidant conditions, but synergis-
tically under prooxidant conditions. The effects under
antioxidant conditions were different from those of
vitamin C, suggesting that fibrinogen quenches the
prooxidant effects of Trolox radical rather than
recycling it. Unlike Trolox, alpha-tocopherol, vitamin
C, and many other low molecular weight antioxidants,

Table III. Lipoprotein antioxidant protection by Trolox supplemented by vitamin C under prooxidant conditions (40 min delay).

Lag phase Lag phase—copper Increase of combination over the sum of each alone
Antioxidant N Concentration (min) (min) (min)
Trolox 2 0.5 umol/l 51 —-10
Vitamin C 2 6 umol/l 69 8 increase = 19
Both 2 78 17 sum of each = —2
Trolox 2 0.5 umol/l 50 -5
Vitamin C 2 6 umol/l 68 13 increase = 14
Both 2 77 22 sum of each =8
Trolox 2 2 umol/l 40 —-15
Vitamin C 2 6 umol/l 63 8 increase = 45
Both 2 93 38 sum of each = —7
Trolox 2 2 umol/l 41 —22
Vitamin C 2 6 umol/l 79 16 increase = 63
Both 2 120 57 sum of each = — 6

N = Number of replicate observations in each experiment. Sum = (Lag phase of Trolox—copper)((LLag phase of vitamin C—copper).
Increase (or synergy on minutes) = (Lag phase of both—copper) — sum.
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Table IV. Comparison of antioxidant effect of fibrinogen and vitamin C under antioxidant and prooxidant conditions.

Substance Time of addition (min) N* Mean lag" phase (min) RangeTof lag phases A P
Fibrinogen (50 mg/l) 0 4 43.5 34-59

Fibrinogen (50 mg/l) 40 4 39.25 20-49 0.145 0.88
Vitamin C (6 umol/l) 0 4 30.5 17-47

Vitamin C (6 umol/l) 40 4 11.2 8-16 —2.2 0.03
* Total number of observations from 2 experiments.

T From Tables I-1IL

Zero minutes = antioxidant condition; 40 min = prooxidant conditions.

fibrinogen did not appear to exhibit prooxidant [11] Bagnati M, Perugini C, Cau C, Bordone R, Albano E,

tendencies in a prooxidant environment. The results
suggest that fibrinogen may add stabilization to
systems of antioxidants under prooxidant conditions.
The importance of acute phase protein interactions in
oxidation and atherosclerosis is poorly understood
and needs further study. Continued study of these
processes in more physiological systems seems
worthwhile.
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