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ABSTRACT The temporal disappearance in human blood
plasma of endogenous antioxidants in relation to the appear-
ance of various classes of lipid hydroperoxides measured by
HPLC postcolumn chemiluminescence detection has been in-
vestigated under two types of oxidizing conditions. Exposure of
plasma to aqueous peroxyl radicals generated at a constant rate
leads immediately to oxidation of endogenous ascorbate and
sulfhydryl groups, followed by sequential depletion of biliru-
bin, urate, and a-tocopherol. Stimulating polymorphonuclear
leukocytes in plasma initiates very rapid oxidation of ascorbate,
followed by partial depletion of urate. Once ascorbate is
consumed completely, micromolar concentrations of hydro-
peroxides of plasma phospholipids, triglycerides, and choles-
terol esters appear simultaneously, even though sulfhydryl
groups, bilirubin, urate, and a-tocopherol are still present at
high concentrations. Nonesterified fatty acids, the only lipid
class in plasma not transported in lipoproteins but bound to
albumin, are preserved from peroxidative damage even after
complete oxidation of ascorbate, most likely due to site-specific
antioxidant protection by albumin-bound bilirubin and possi-
bly by albumin itself. Thus, in plasma ascorbate and, in a
site-specific manner, bilirubin appear to be much more effec-
tive in protecting lipids from peroxidative damage by aqueous
oxidants than all the other endogenous antioxidants. Hydrop-
eroxides of linoleic acid, phosphatidylcholine, and cholesterol
added to plasma in the absence of added reducing substrates
are degraded, in contrast to hydroperoxides of trilinolein and
cholesterol linoleate. These findings indicate the presence of a
selective peroxidase activity operative under physiological
conditions. Our data suggest that in states of leukocyte acti-
vation and other types of acute or chronic oxidative stress such
a simple regimen as controlled ascorbate supplementation
could prove helpful in preventing formation of lipid hydrop-
eroxides, some of which cannot be detoxified by endogenous
plasma activities and thus might cause damage to critical
targets.

Free radical-mediated lipid peroxidation has been proposed
to be critically involved in several disease states including
cancer, rheumatoid arthritis, drug-associated toxicity, and
postischemic reoxygenation injury, as well as in the degen-
erative processes associated with aging (1-3). Recently,
evidence has accumulated suggesting that circulating lipid
hydroperoxides play a pivotal role in atherogenesis (3—6) and
thus coronary heart disease, the single most frequent cause
of death in the United States and the western world. Lipid
peroxidation initiates a series of events in vitro that eventu-
ally lead to enhanced uptake of low-density lipoproteins by
macrophages and formation of lipid-laden foam cells, one of
the earliest atherosclerotic lesions in the arterial intima. A
detailed knowledge of the mechanisms of formation and
breakdown of lipid hydroperoxides in human blood plasma,
therefore, could prove helpful in the understanding and
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preventive treatment of atherosclerosis. Also, eliminating
lipid hydroperoxides in plasma before they are taken up into
peripheral tissues might have a great impact on the various
other diseases associated with oxidative stress.

Human plasma is endowed with an array of antioxidant
defense mechanisms. Important plasma antioxidants appear
to be ascorbate (7), urate (8), a-tocopherol (9), albumin-
bound bilirubin (10), and albumin itself (11). Protein sulfhy-
dryl groups have also been suggested to contribute signifi-
cantly to the antioxidant capacity of plasma (12), although
their oxidation could also be considered oxidative damage,
depending on the protein affected. Furthermore, transferrin
(13) and ceruloplasmin (14) are considered preventive plasma
antioxidants because they sequester transition metals,
thereby preventing them from participating in free radical
reactions. Finally, extracellular superoxide dismutase (15)
and a selenium-dependent glutathione peroxidase (16-18)
have been proposed to be involved in antioxidant defenses in
human plasma.

In view of the central role of plasma in the transport and
fate of lipids, and thus potentially lipid hydroperoxides, little
is known about possible formation of lipid hydroperoxides in
plasma and the relative contributions of each of the various
endogenous antioxidants in preventing peroxidative damage
to lipids. Furthermore, the fate of lipid hydroperoxides once
they have been formed in plasma or taken up into it and the
possible involvement of the various antioxidants therein are
mainly unexplored. This prompted us to study the formation
and degradation of lipid hydroperoxides in human plasma in
relation to the consumption of endogenous antioxidants. The
results give detailed insight into the effectiveness of the
various antioxidants in preventing lipid peroxidation and lead
to an alternative viewpoint of how plasma copes with
oxidative stress.

MATERIALS AND METHODS

Materials. The chemicals used were the same as described
(19). In addition, bilirubin, glutathione (reduced form) (GSH),
5,5'-dithiobis(2-nitrobenzoic acid), phorbol 12-myristate 13-
acetate (PMA), cytochalasin B, and sodium borohydride were
purchased from Sigma. 2,2’-Azobis(2-amidinopropane) hydro-
chloride (AAPH) was obtained from Polysciences (War-
rington, PA), and sodium borate was from Fisher. Percoll and
dextran T-500 were purchased from Pharmacia. Lipid hydro-
peroxide standards were prepared as described (19). The
equipment used was the same as in ref. 19 except that a 10-ul
flow cell was used in the fluorometer instead of a 5-ul flow cell.

Extraction of Plasma and Analysis of Lipid Hydroperoxides
and Antioxidants. Plasma prepared from fresh heparinized
blood (19) of a healthy 29-year-old male was incubated in the
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presence of AAPH, activated polymorphonuclear leukocytes
(PMNs), or lipid hydroperoxides as described below in a
shaking waterbath at 37°C under air. At various time points,
aliquots of between 200 ul and 500 ul were withdrawn and
extracted with 4 vol of methanol and 20 vol of hexane. After
centrifugation, aliquots of the two phases were analyzed for
ascorbate, urate, a-tocopherol, and lipid hydroperoxides
using HPLC with UV and chemiluminescence detection as
reported (19-21). With the chemiluminescence assay, the
detection limit for lipid hydroperoxides is =0.03 uM in
plasma (21). For accurate ascorbate determination a fast
extraction procedure was used by adding 50 ul of plasma to
200 ul of ice-cold methanol in an Eppendorf tube, spinning for
3 min at 13,600 X g, and immediately analyzing 50 ul of the
supernatant. Bilirubin was determined in separate 50-ul
plasma samples as described (10), and plasma sulfhydryl
groups were measured in 100-ul samples with a method also
described earlier (12).

Incubation of Plasma with AAPH. Seven milliliters of fresh
plasma was kept for 5 min at 37°C, and then 500 ul of 750 mM
AAPH (final concentration, 50 mM) was added. AAPH is a
water-soluble azo compound that thermally deconiposes and
thereby produces peroxyl radicals at a known and constant
rate (22, 23). Immediately after the addition of AAPH (time
zero) and at the time points indicated, a 50-ul and a 500-ul
aliquot were withdrawn and extracted with ice-cold metha-
nol, and methanol followed by hexane, respectively. The
methanol extract of the former sample and the hexane extract
of the latter one were analyzed using HPLC with UV and
chemiluminescence detection. Bilurubin was determined as
described above. Plasma sulfhydryl groups (together with
bilurubin as a relative standard) were measured in a séparate
experiment.

Incubation of Plasma with Stimulated PMNs. PMNs from 37
ml of fresh heparinized blood were isolated as described (24),
washed twice with phosphate-buffered saline, pH 7.4 (PBS)
and resuspended in 0.75 ml of PBS containing 5 mM glucdse
to give a final PMN concentration of =6.0 x 107 cells per ml.
This step was followed by the addition of 3.45 ml of fresh
plasma and 42 ug of cytochalasin B in 9 ul of dimethyl
sulfoxide. After 5 min at 37°C and withdrawal of a first set of
aliquots (see below) to determine the zero min values, the
plasma/PMN mixture was divided into a 0.85-ml control
sample, to which 1.2 ul of dimethyl sulfoxide was added and
a 3.0-ml sample, to which 22 ug of PMA in 4.4 ul of dimethyl
sulfoxide was added. Immediately after the addition of PMA
and at the time points indicated, a 50-ul and a 200-ul aliquot
were withdrawn, extracted with ice-cold methanol, and
methanol followed by hexane, respectively, and analyzed as
described above.

Stability of Lipid Hydroperoxides in Plasma. Lipid hydro-
peroxides in methanol or methanol/tert-butanol (19) were
concentrated to =2 mM in a rotary evaporator under vac-
uum. The exact concentrations of the lipid hydroperoxides
were determined by HPLC with chemiluminescence detec-
tion using linoleic acid hydroperoxide as a standard. Three
milliliters of fresh plasma was incubated at 37°C for 3 min,
and then =15 ul of the lipid hydroperoxide solution was
added to give a concentration of 10.0 uM. Thirty seconds
later and at the time points indicated, 250-ul aliquots were
withdrawn, extracted with methanol and hexane, and the two
phases were analyzed. The zero-min value was obtained by
adding =12.5 ul of the lipid hydroperoxide solution diluted 1:
10 to a mixture consisting of 0.25 ml of plasma and 1.0 ml of
methanol. This step was followed by the addition of 5 ml of
hexane and the normal analysis procedure.

RESULTS

To investigate the free radical-induced damage to plasma
lipids and the relative effectiveness of the various plasma

Proc. Natl. Acad. Sci. USA 85 (1988) 9749

antioxidants in preventing this damage, we incubated fresh
human blood plasma at 37°C in the presence of 50 mM of the
water-soluble radical initiator AAPH. Under these condi-
tions AAPH, through thermal decomposition produces per-
oxyl radicals at a constant rate of 3.0 uM/min (22, 23; see also
ref. 10). As shown in Fig. 1, this initiated consumption of the
plasma antioxidants in the temporal order: ascorbate, sulf-
hydryl groups > bilirubin > urate > a-tocopherol. During the
first 50 min of the experiment the antioxidant defenses in
plasma effectively protected all lipids from peroxidation.
[Note that no detectable amounts of lipid hydroperoxides are
present in fresh human plasma (21), although in two earlier
reports (19, 20) two compounds producing chemilumines-
cence in the lipid peroxidation assay had been erroneously
assigned to nonesterified fatty acid hydroperoxide and cho-
lesterol ester hydroperoxide.] The initial phase of successful
prevention of detectable lipid peroxidation coincided with the
complete consumption of ascorbate (Fig. 1), suggesting that
it was ascorbate that effectively protected plasma lipids from
peroxidative damage. Once ascorbate was oxidized com-
pletely, micromolar concentrations of hydroperoxides of
plasma phospholipids, triglycerides, and cholesterol esters
appeared simultaneously, while the antioxidants bilurubin,
urate, and a-tocopherol were consumed sequentially (Fig. 1).
Nonesterified fatty acids appeared to be better protected
against peroxidative damage than esterified fatty acids in the
above lipid classes. Nonesterified fatty acids are present in
plasma at a concentration of ~0.5 mM, as compared with 12—
14 mM esterified fatty acids (25). As can be seen in Fig. 1, 273
uM esterified fatty acid hydroperoxides were formed in
plasma incubated for 5 hr with AAPH. Assuming a similar
oxidation rate for nonesterified and esterified fatty acids, one
would expect =10 uM nonesterified fatty acid hydroperox-
ides after 5 hr of incubation. However, in two of five
experiments, no nonesterified fatty acid hydroperoxides
could be detected (i.e., <0.03 uM in plasma), and in the three
other experiments only very small amounts of nonesterified
fatty acid hydroperoxides were formed (0.71 = 0.54 uM) after
5 hr of incubation, their formation starting between 90 and
120 min of incubation with AAPH. No detectable amounts of
cholesterol hydroperoxides were formed by incubation of
plasma with AAPH.

One major source of oxidants in biological systems are
activated PMNs. Upon specific membrane perturbation,
PMNs exhibit a burst of oxygen consumption and start to
generate a variety of oxidants such as superoxide radicals,
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FiG. 1. Antioxidant defenses and lipid peroxidation in human
plasma exposed to the water-soluble radical initiator AAPH. Plasma
was incubated at 37°C in the presence of 50 mM AAPH. The levels
of the antioxidants ascorbate (initial concentration, 72 uM), sulfhy-
dryl groups (SH-groups, 425 uM), bilirubin (18 uM), urate (225 uM),
and a-tocopherol (alpha-toc, 32 uM) are given as % of the initial
concentrations. The levels of the lipid hydroperoxides triglyceride
hydroperoxide (TG-OOH), cholesterol ester hydroperoxide (CE-
OOH), and phospholipid hydroperoxide (PL-OOH) are given in uM
concentrations (right ordinate). One experiment typical of four is
shown.
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hydrogen peroxide, and hypochlorous acid (26). Therefore,
we added PMNs to plasma and stimulated them with PMA in
the presence of cytochalasin B (27). As shown in Fig. 2,
ascorbate was depleted very rapidly upon stimulation of
PMNs with PMA. No lipid hydroperoxides could be detected
during ascorbate depletion. However, once ascorbate was
oxidized completely, detectable amounts of hydroperoxides
of cholesterol esters, triglycerides, and phospholipids were
formed simultaneously (Fig. 2). Their identity as hydroper-
oxides was confirmed by elimination of their chemilumines-
cence response in the lipid peroxidation assay after treatment
of the samples with sodium borohydride (21) (data not
shown). Neither nonesterified fatty acid hydroperoxides nor
cholesterol hydroperoxides could be detected in plasma
incubated with activated PMNs. During the oxidation of
cholesterol esters, triglycerides, and phospholipids, urate
was depleted partially, whereas the levels of bilirubin and
a-tocopherol remained virtually unchanged (Fig. 2). The
concentration of urate decreased to 68% of the initial value
between 10 and 30 min after the addition of PMA and then
remained constant. The cessation of urate oxidation 30 min
after the addition of PMA most probably reflects the cessa-
tion of oxidant production by the PMNs. Interestingly, lipid
peroxidation did not cease after this time but continued for at
least another 90 min (Fig. 2). In the control experiment,
where the PMNs were left unstimulated, no lipid hydroper-
oxides could be detected. Ascorbate was oxidized. very
slowly and continuously, the concentration dropping from 58
to 32 uM during the 2-hr incubation (data not shown); this is
most probably due to autoxidation of ascorbate in plasma
incubated at 37°C (ref. 28, see also Fig. 3B). The levels of
bilirubin, urate, and a-tocopherol remained unchanged in the
control experiment without PMA (the concentrations after 2
hr of incubation being 99%, 102%, and 102%, respectively, of
the concentrations at the beginning of the experiment) (data
not shown).

To determine the fate of lipid hydroperoxides in plasma
once they have been formed or taken up into it, various lipid
hydroperoxides were added to fresh plasma and incubated at
37°C. Significant differences in the stability of the various
lipid hydroperoxides were seen (Fig. 34). Whereas choles-
terol linoleate hydroperoxide and trilinolein hydroperoxide
were stable, hydroperoxides of phosphatidylcholine, linoleic
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F1G. 2. Antioxidant defenses and lipid peroxidation in human
plasma exposed to activated PMNs. Plasma was incubated at 37°C
with freshly prepared PMNs at =1.3 X 107 cells per ml of plasma in
the presence of cytochalasin B at 10 ug/ml. The PMNs were
stimulated by the addition of PMA at 6.8 ug per ~10’ cells at time zero.
The levels of the antioxidants ascorbate (initial concentration, 58 uM),
bilirubin (12 uM), urate (152 xM), and a-tocopherol (alpha-toc, 23 uM)
are given as % of the initial concentrations. The ascorbate concen-
tration before the addition of PMNs was 43 uM. The levels of the lipid
hydroperoxides triglyceride hydroperoxide (TG-OOH), cholesterol
ester hydroperoxide (CE-OOH), and phospholipid hydroperoxide
(PL-OOH) are given in uM concentrations (right ordinate). Note the
difference in the scales for lipid hydroperoxides between this figure
and Fig. 1. One experiment typical of three is shown.
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FiG. 3. Stability of various lipid hydroperoxides and antioxi-
dants in human plasma. Ten uM of each lipid hydroperoxide was
incubated separately in fresh plasma at 37°C. (A) The levels of the
added lipid hydroperoxides cholesterol linoleate hydroperoxide
(ch18:2-O0H), trilinolein hydroperoxide (TG18:2-OOH), phosphati-
dylcholine hydroperoxide (PC-OOH), linoleic acid hydroperoxide
(18:2-O0H), and cholesterol-7-hydroperoxide (ch-OOH) are given in
uM concentrations. (B) Mean values = SD of the levels of the
antioxidants ascorbate (initial mean concentration, 42 uM), urate
(208 uM), and a-tocopherol (alpha-toc, 25 uM) for the five experi-
ments shown in A are given as % of the initial concentrations.

acid, and cholesterol were degraded. Some of the added
phosphatidylcholine hydroperoxide, before being degraded,
reacted with endogenous cholesterol to produce cholesterol
ester hydroperoxides (0.07 uM after 30 min of incubation),
reflecting lecithin-cholesterol acyltransferase activity in
plasma. The degradation of linoleic acid hydroperoxide
occurred at an initial rate of 1.08 = 0.22 uM/min (n = 4) as
measured over the first 3 min of the experiment. The ability
of plasma to degrade 10 uM linoleic acid hydroperoxide was
drastically diminished by preincubation of plasma with 50
mM AAPH for 30 min at 37°C (rate of degradation, 0.06
uM/min as measured over the first 15 min of the experiment).
In all incubations with the various lipid hydroperoxides, the
concentrations of a-tocopherol and urate remained un-
changed (Fig. 3B). The level of ascorbate decreased slowly
with time (Fig. 3B), but no significant differences were
observed between the different incubations. Linoleic acid
hydroperoxide and phosphatidylcholine hydroperoxide when
added at a concentration of 10 uM were very stable in PBS,
incubated at 37°C (9.3 uM and 8.4 uM, respectively, left after
2-hr incubation), indicating that their degradation in plasma
is not due to chemical instability. Cholesterol-7-hydroper-
oxide was less stable in PBS at 37°C (3.3 uM and 1.0 uM left
from an initial 10 uM after 30-min and 2-hr incubation,
respectively), and, thus, the very rapid decrease in the level
of cholesterol-7-hydroperoxide added to plasma might be
partly due to its chemical instability under the incubation
conditions.

DISCUSSION

Human blood plasma is considered well equipped with both
chain-breaking and preventive antioxidants to cope with
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oxidative stress and prevent peroxidative damage to circu-
lating lipids. Determining the total peroxyl radical-trapping
antioxidant parameter of plasma by use of the water-soluble
radical initiator AAPH, Ingold and colleagues (12) reported
that plasma ‘‘resists’ lipid peroxidation until all chain-
breaking antioxidants have been completely consumed. In
contrast, in this study we show that in plasma lipid peroxi-
dation is prevented only as long as ascorbate is present and
that sulfhydryl groups, urate, and a-tocopherol cannot pre-
vent formation of micromolar—i.e., pathologically relevant
(3)—concentrations of lipid hydroperoxides. Thus, the ef-
fectiveness of the various plasma antioxidants in protecting
lipids against aqueous oxidants varies widely. In the exper-
iment with AAPH described in Fig. 1, only 64% of the peroxyl
radicals produced after completion of ascorbate oxidation are
trapped by the remaining plasma antioxidants (see also
below), and as much as 36% escape the antioxidant defenses,
causing peroxidative damage to lipids. Ingold and associates,
however, based their calculations of the total peroxyl radical-
trapping antioxidant parameter on the premise that 100% of
the peroxyl radicals generated by AAPH are trapped by the
plasma antioxidants (12). The fundamental differences be-
tween our results and those of Ingold and colleagues most
probably arise from the use of different incubation conditions
and different techniques for measuring lipid peroxidation.
Ingold and colleagues determined the rate of oxygen uptake,
an indirect index of lipid peroxidation, using either highly
diluted plasma in the presence of added linoleic acid or
slightly diluted plasma in a pressure transducer chamber (12).
We measure the lipid hydroperoxides themselves (21) in
almost undiluted plasma.

Nonesterified fatty acid hydroperoxides are not formed in
significant amounts in plasma under oxidative stress. This
most probably is not due to rapid degradation of nonesterified
fatty acid hydroperoxides after they have been formed,
because the plasma peroxidase activity is virtually com-
pletely inactivated by preincubation of plasma with AAPH
for >30 min—i.e., when nonesterified fatty acid hydroper-
oxides would be expected to accumulate. During the initial
phase of oxidant challenge, peroxidation of nonesterified
fatty acids and all the other lipid classes appears to be very
effectively prevented by ascorbate. After that, peroxidative
damage to lipids transported in lipoproteins becomes detect-
able, whereas nonesterified fatty acids, bound in plasma to
albumin, are further protected. In the experiment with AAPH
this site-specific antioxidant protection is likely to be pro-
vided by albumin-bound bilirubin, the consumption of which
starts after ascorbate depletion (Fig. 1 and ref. 10), and
possibly by albumin itself.

Such very effective, site-specific antioxidant protection
against aqueous oxidants apparently is not provided for the
esterified fatty acids of phospholipids, triglycerides, and
cholesterol esters transported in lipoproteins. As mentioned
above, under our experimental conditions formation of mi-
cromolar concentrations of hydroperoxides of these lipid
classes is prevented neither by water-soluble sulfhydryl
groups and urate nor by lipoprotein-associated a-tocopherol.
These antioxidants merely reduce the rate of detectable lipid
peroxidation by intercepting the chain reaction of the per-
oxidative process. This conclusion can be inferred from the
experimental findings described in Fig. 1 that 273 uM lipid
hydroperoxides (cholesterol ester hydroperoxides, triglycer-
ide hydroperoxides, and phospholipid hydroperoxides) are
formed between 50 and 300 min of incubation, as opposed to
750 uM peroxyl radicals generated during this period at a rate
of 3.0 uM/min by decomposition of AAPH. Thus, the major
portion of the peroxyl radicals genetdted are trapped by
plasma sulfhydryl groups, urate, and a-tdcopherol, causing
consumption of these antioxidants; yet, concomitantly mi-
cromolar concentrations of lipid hydroperoxides are formed.
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It is particularly noteworthy that in the presence of activated
PMNs the plasma a-tocopherol level remains unaffected
despite complete consumption of ascorbate and subsequent
lipid peroxidation (see Fig. 2). These observations exclude
the possibility that the lack of measurable a-tocopherol
oxidation is due to sparing of a-tocopherol by ascorbate. Our
results with both AAPH and activated PMNs indicate that in
plasma a-tocopherol is considerably less effective in prevent-
ing peroxidative damage to lipids induced by aqueous oxi-
dants than in isolated low-density lipoproteins, where a-
tocopherol has been reported to very effectively prevent lipid
peroxidation (29). It is, therefore, conceivable that in plasma
the main target of lipid peroxidation initiated by aqueous
oxidants are not the lipids in the lipoproteins but those
transported by transfer proteins between the lipoproteins.
The lipids bound to transfer proteins can be expected to be
more directly exposed to oxidants generated outside the
lipoproteins and also to be less protected by a-tocopherol.

Taken together, our results strongly suggest that ascorbate
plays a pivotal role in protecting plasma lipids from peroxi-
dative damage initiated either by aqueous peroxyl radicals or
by activated PMNs. Indeed, when the experiment described
in Fig. 2 was performed with plasma from an individual
whose plasma ascorbate concentration was very high (140
1M) due to dietary vitamin C supplementation, ascorbate
depletion upon PMN stimulation was incomplete and no lipid
hydroperoxides could be detected during the 2-hr incubation.
Antioxidant protection of lipids by ascorbate in vivo should
be even more extensive due to recycling of dehydroascor-
bate, the oxidation product of ascorbate. Dehydroascorbate
appears to be taken up by erythrocytes, reduced to ascorbate
by intracellular NADH and GSH, and then released again
(30). Because ascorbate is the plasma antioxidant to become
oxidized immediately upon leukocyte stimulation, an in-
creased ratio of dehydroascorbate to ascorbate might be of
diagnostic use as an early indicator of oxidative stress in vivo
(31). Furthermore, a decrease in the ratio of urate to its
oxidation product allantoin (32) would be indicative of
sustained oxidative stress and would suggest that lipid
hydroperoxides have been formed (see Fig. 2). Our findings
also imply that ascorbate could prove helpful in the preven-
tion and treatment of diseases and degenerative processes
that may be associated with oxidative stress, such as cancer,
atherosclerosis, rheumatoid arthritis, and aging, as well as in
many clinical conditions characterized by generalized PMN
activation, such as shock, sepsis, and trauma. Thus, our data
provide evidence for an important role of ascorbate in human
health and longevity beyond its well established functions in
metabolism.

Exposure of plasma to either AAPH or stimulated PMNs
results in different patterns of oxidation of the various
antioxidants (compare Figs. 1 and 2). Besides the difference
in a-tocopherol oxidation mentioned above, activation of
PMNs does not lead to considerable oxidation of bilirubin,
whereas bilirubin can trap the peroxyl radicals produced by
AAPH (see also ref. 10). Quantitative differences were also
observed: plasma ascorbate becomes much more rapidly
oxidized when challenged by the oxidants released from
activated PMNs than by AAPH, despite a drastically lower
rate of subsequent lipid peroxidation. These differences
suggest that the effects of activated PMNs on plasma anti-
oxidants and lipids are not caused ultimately by peroxyl
radicals. A more likely candidate is the myeloperoxidase-
derived oxidant hypochlorous acid (26), which is known to be
scavenged by ascorbate (33) and urate (34), but not by
albumin-bound bilirubin (35). Hypochlorous acid may also be
able to initiate lipid peroxidation (36).

Our observations that hydroperoxides of free fatty acids,
phospholipids, and cholesterol, but not cholesterol esters and
triglycerides, are degraded in plasma suggest the presence of
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a selective peroxidase activity. It is conceivable that the
degradation of phospholipid hydroperoxides is due to the
consecutive action of the phospholipase A, activity associ-
ated with low-density lipoproteins (4) and the peroxidase
activity that subsequently reduces the liberated fatty acid
hydroperoxides. A plasma glutathione peroxidase different
from the erythrocyte glutathione peroxidase has been puri-
fied and characterized recently (17, 18). The plasma glu-
tathione peroxidase was found to have an apparent K, value
for GSH of between 4.3 mM (18) and 5.3 mM (17), which is
more than 10* times the steady-state level of GSH in human
plasma (37). Accordingly, no peroxidase activity was ob-
served in plasma unless it was supplemented in vitro with
exogenous GSH (16). In contrast, we find that selected lipid
hydroperoxides are degraded in plasma in the absence of
added reducing substrates. However, when we measured the
degradation of 10 uM linoleic acid hydroperoxide using our
chemiluminescence assay but the experimental conditions
described in ref. 16—i.e., 20% plasma incubated for 3 min at
37°C, we, too, failed to observe statistically significant
degradation of the peroxidic substrate. Compatible with our
observation, Terao et al. (38) recently reported that arachi-
donic acid hydroperoxide is reduced to the corresponding
alcohol in plasma in the absence of added reducing sub-
strates. Because the GSH level of isolated plasma is only
~0.34 uM (37), and we observe virtually complete degrada-
tion of 10 uM selected lipid hydroperoxides, it is very
unlikely that this hydroperoxide degrading activity is the
plasina glutathione peroxidase, unless its K, value for GSH
in plasma is much lower than reported for the isolated
enzyme and oxidized glutathione is recycled by (an)other
reducing substrate(s) present in plasma. Such possibilities
require further investigation.

We thank Drs. K. U. Ingold, L. J. Machlin, L. J. Marnett, and
G. W. Burton for helpful comments on the manuscript, and Rosalie
Moos-Holling for drawing blood. This work was supported by
National Cancer Institute Outstanding Investigator Grant CA39910
to B.N.A. and by National Institute of Environmental Health
Sciences Center Grant ES01896. B.F. was supported in part by the
Swiss National Foundation.

1. Horton, A. A. & Fairhurst, S. (1987) CRC Crit. Rev. Toxicol.
18, 27-79.

2. Esterbauer, H. & Cheeseman, K. H., eds. (1987) Chem. Phys.
Lipids 44 (2-4).

3. Esterbauer, H. & Cheeseman, K. H., eds. (1987) Chem. Phys.
Lipids 45 (2-4).

4. Parthasarathy, S., Steinbrecher, U. P., Barnett, J., Witztum,
J. L. & Steinberg, D. (1985) Proc. Natl. Acad. Sci. USA 82,
3000-3004.

5. Kita, T., Nagano, Y., Yokode, M., Ishii, K., Kume, N.,
Ooshima, A., Yoshida, H. & Kawai, C. (1987) Proc. Natl.
Acad. Sci. USA 84, 5928-5931.

6. Carew, T. E., Schwenke, D. C. & Steinberg, D. (1987) Proc.
Natl. Acad. Sci. USA 84, 7725-7729.

10.
11.
12.
13.
14.

15.
i6.

17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.

30.
31.

32.
33.

34.
3s.

36.

37.
38.

Proc. Natl. Acad. Sci. USA 85 (1988)

Bendich, A., Machlin, L. J., Scandurra, O., Burton, G. W. &
Wayner, D. D. M. (1986) Adv. Free Radical Biol. Med. 2, 419-
444,

Ames, B. N., Cathcart, R., Schwiers, E. & Hochstein, P.
(1981) Proc. Natl. Acad. Sci. USA 78, 6858—6862.

Burton, G. W., Joyce, A. & Ingold, K. U. (1982) Lancet ii,
327-328.

Stocker, R., Glazer, A. N. & Ames, B. N. (1987) Proc. Natl.
Acad. Sci. USA 84, 5918-5922.

Halliwell, B. (1988) Biochem. Pharmacol. 37, 569-571.
Wayner, D. D. M., Burton, G. W., Ingold, K. U., Barclay,
L. R. C. & Locke, S. J. (1987) Biochem. Biophys. Acta 924,
408-419.

Aruoma, O. 1. & Halliwell, B. (1987) Biochem. J. 241, 273-278.
Stocks, J., Gutteridge, J. M. C., Sharp, R.-J. & Dormandy,
T. L. (1974) Clin. Sci. Mol. Med. 47, 223-233.

Karlsson, K. & Marklund, L. (1987) Biochem. J. 242, 55-59.
Maddipati, K. R., Gasparski, C. & Marnett, L. J. (1987) Arch.
Biochem. Biophys. 254, 9-17. _
Takahashi, K., Avissar, N., Whitin, J. & Cohen, H. (1987)
Arch. Biochem. Biophys. 256, 677-686.

Maddipati, K. R. & Marnett, L. J. (1987) J. Biol. Chem. 262,
17398-17403. '
Yamamoto, Y., Brodsky, M. H., Baker, J. C. & Ames, B. N.
(1987) Anal. Biochem. 160, 7-13.

Yamamoto, Y. & Ames, B. N. (1987) Free Radical Biol. Med.
3, 359-361.

Frei, B., Yamamoto, Y., Niclas, D. & Ames, B. N. (1988)
Anal. Biochem. 175, 120-130.

Yamamoto, Y., Haga, S., Niki, E. & Kamiya, Y. (1984) Bull.
Chem. Soc. Jpn. 57, 1260-1264.

Barclay, L. R. C., Locke, S. J., MacNeil, J. M., Van Kessel,
J., Burton, G. W. & Ingold, K. U. (1984) J. Am. Chem. Soc.
106, 2479-2481.

Stocker, R., Winterhalter, K. H. & Richter, C. (1982) FEBS
Lett. 144, 199-203.

Lentner, C., ed. (1984) Geigy Scientific Tables (CIBA-GEIGY
Ltd., Basel), Vol. 3, p. 116.

Hamers, M. N. & Roos, D. (1985) in Oxidative Stress, ed. Sies,
H. (Academic, London), pp. 351-381.

Henson, P. M. & Oades, Z. G. (1973) J. Immunol. 110, 290-
293.

Baker, J. K., Kapeghian, J. & Verlangieri, A. (1983) J. Liq.
Chromatogr. 6, 1319-1332. )
Quehenberger, O., Koller, E., Jirgens, G. & Esterbauer, H.
(1987) Free Radical Res. Commun. 3, 233-242.

Orringer, E. P. & Roer, M. E. (1979) J. Clin. Invest. 63, 53-58.
Leibovitz, B. & Siegel, B. V. (1981) Adv. Exp. Med. Biol. 135,
1-25.

Grootveld, M. & Halliwell, B. (1987) Biochem. J. 243, 803—-808.
Halliwell, B., Wasil, M. & Grootveld, M. (1987) FEBS Lett.
213, 15-18.

Grootveld, M., Halliwell, B. & Moorhouse, C. P. (1987) Free
Radical Res. Commun. 4, 69-76.

Stocker, R., Lai, A., Peterhans, E. & Ames, B. N. (1988) in
Medical, Biochemical and Chemical Aspects of Free Radicals,
eds. Niki, E. & Yoshikawa, T. (Elsevier, Amsterdam), in press.
Carlin, G. & Djursiter, R. (1988) Free Radical Res. Commun.
4, 251-257.

Wendel, A. & Cikryt, P. (1980) FEBS Lett. 120, 209-211.
Terao, J., Shibata, S. S. & Matsushita, S. (1988) Anal. Bio-
chem. 169, 415-423.



