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Polyunsaturated fatty acids increase lipid radical
formation induced by oxidant stress in endothelial

cells
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Abstract Lipid-derived free radicals were detected by electron
paramagnetic resonance (EPR) spectrometry when cultured en-
dothelial cells attached to Cytodex beads were exposed to iron-
induced oxidant stress in the presence of the spin trap a-
(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN). Radical adduct
formation was enhanced greatly when the cells were sup-
plemented during growth with polyunsaturated fatty acids. The
largest EPR signal intensity was observed in cells enriched with
docosahexaenoic acid (DHA) or eicosapentaenoic acid, but en-
hanced radical adduct production also occurred after exposure
to arachidonic, a-linolenic, 4-linolenic, or linoleic acids. Radical
adduct formation increased as the DHA content of the cells in-
creased and approached a maximum after only 6 h of exposure
to DHA. Ascorbic acid, acting as a pro-oxidant, enhanced radi-
cal adduct formation in cells enriched with DHA. The EPR sig-
nal intensity was reduced when the cells were tested 6 h after
replacement of the DHA-enriched medium with a medium con-
taining 5-20 pM oleic acid, indicating that the increased en-
dothelial responsiveness to oxidant stress is reversible. Likewise,
when U937 monocytes enriched with DHA were exposed subse-
quently to 20 uM oleic acid, a 35-45% decrease in radical ad-
duct formation also occurred. B These findings suggest that
the endothelium may become more susceptible to oxidative in-
jury when it is exposed to elevated amounts of polyunsaturated
fatty acids. However, the effect appears to be temporary. The
protective action of oleic acid against oxidant stress is not
confined to the endothelium; it applies to monocytes as well.—
Alexander-North, L. S., J. A. North, K. P. Kiminyo, G. R.
Buettner, and A. A. Spector. Polyunsaturated fatty acids in-
crease lipid radical formation induced by oxidant stress in en-

dothelial cells. J. Lipid Res. 1994. 35: 1773-1785.
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Free radicals can cause oxidative damage to the vascu-
lar endothelium (1). The radicals can be generated by the
endothelial cells themselves (2, 3), or they can be released
by leukocytes that come in contact with the vascular wall
(4). Exposure to free radicals can produce endothelial
dysfunction, leading to excessive vascular permeability

(5), abnormalities in the fibrinolytic system (6), and
decreases in prostacyclin production (7, 8). Most studies
have focused on reactive oxygen-species such as hydrogen
peroxide (6, 7) or superoxide (2, 9), which probably
produce endothelial damage by generating hydroxyl radi-
cals that are formed from these oxidants in reactions cata-
lyzed by iron (9-11).

Recent work with U937 monocytes, a cultured cell line
derived from a human monocytic leukemia (12), has
demonstrated the formation of carbon-centered free radi-
cals during lipid peroxidation induced by iron (13). These
radicals were detected by electron paramagnetic
resonance (EPR) spectrometry when a suspension of in-
tact cells was incubated with ferrous ions (Fe?") in the
presence of a spin trap, o-(4-pyridyl-1-oxide)-N-tert-
butylnitrone (POBN). Spin adduct formation was en-
hanced greatly when the U937 cells were enriched during
growth with docosahexaenoic acid (DHA, 22:6),2 an
omega-3 polyunsaturated fatty acid containing six double
bonds. By contrast, radical adduct formation was not in-
creased above the background level when the cells were
grown in medium supplemented with oleic acid (18:1).
The characteristics of the EPR spectrum indicate that the
spin adducts contain a short-chain alkyl radical, probably
an ethyl, pentyl or pentenyl group (14, 15), that is derived
from the cleavage of the alkoxyl radical formed from

Abbreviations: EPR, electron paramagnetic resonance; Fe?*, ferrous
ions; POBN, «-(4-pyridyl-1-oxide)-N-tert-butylnitrone; DHA or 22:6,
docosahexaenoic acid; DMEM, Dulbecco’s minimal essential medium;
GLG, gas-liquid chromatography; 3-CP, 3-carboxy proxyl; PPAEC,
porcine pulmonary artery endothelial cells; BAEC, bovine aortic en-
dothelial cells; FBS, fetal bovine serum; TBARS, thiobarbituric acid
reactive substances; HPLC, high performance liquid chromatography;
EPA or 20:5, eicosapentaenoic acid.

"To whom correspondence should be addressed.

2The structure of each fatty acid is indicated as number of carbon
atoms:number of double bonds.
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peroxidized fatty acyl chains (13). Because of the apparent
role of free radicals in endothelial injury and certain vas-
cular diseases (1-9), we wished to determine whether a
similar carbon-centered radical is generated when en-
dothelial cells are exposed to oxidant stress. Such a
response could not be predicted to occur with certainty in
endothelial cells as the process might be dependent on the
fact that the U937 cells are monocytes and are neoplastic.

To make spin trapping measurements by the presently
available procedures, the cells must be placed in the EPR
spectrometer as a suspension. Because endothelial cells
normally grow as an adherent culture, they would have to
be mechanically or chemically detached to form a suitable
suspension. Such disruption might cause cell damage and
thereby lead to free radical production. To avoid this
potential difficulty, an approach was developed recently
for applying the EPR procedure to cells such as the en-
dothelium that are normally attached to surfaces. This in-
volves growing the cells on microcarrier beads and adding
the bead suspension directly to the EPR aqueous flat cell,
without disrupting the surface attachment and polariza-
tion of the cells (9). Using this approach, we have detected
POBN radical adducts when intact endothelial cells were
exposed to Fe?*-induced oxidant stress. The intensity of
radical adduct formation increased considerably when the
cultures were supplemented during growth with polyun-
saturated fatty acids. These findings suggest that exposure
to high levels of polyunsaturated fatty acid can increase
the response of endothelial cells to oxidant stress and
thereby make the vascular wall more susceptible to free
radical-induced damage.

METHODS

Materials

Iminodiacetic acid chelating resin, Cytodex-3 micro-
carrier beads, POBN, and all other spin traps were ob-
tained from Sigma Chemical Co. (St. Louis, MO).
Medium M199 and Dulbecco’s Minimal Essential
Medium (DMEM) were purchased from Gibco BRL
(Grand Island, NY). Methyl heptadecanoate and SP2330
gas-liquid chromatography (GLC) column packing
material were supplied by Supelco (Bellefonte, PA),
3-carboxy proxyl (3-CP) by Aldrich (Milwaukee, WI),
and fatty acids by Nu-Chek Prep (Elysian, MN). All rea-
gents were HPLC grade.

Cell culture and incubations

Porcine pulmonary artery endothelial cells (PPAEC),
which were studied in most of the experiments, and bo-
vine aortic endothelial cells (BAEC) were obtained as
described previously (9, 16). Stock cultures were main-
tained in modified M199 medium containing 2 mM L-
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glutamine, 100 uM nonessential amino acid mixture, 10
pl/ml basal medium Eagle vitamins, 100 U/ml penicillin
G, and 0.1 mg/ml streptomycin sulfate. The PPAEC
medium was supplemented with 10% fetal bovine serum
(FBS); the BAEC medium with 20% FBS. Spinner cul-
tures were prepared by the procedure of Britigan, Roeder,
and Shasby (9). The cells were detached by exposure of
the confluent stock cultures to a solution containing
0.25% trypsin and 0.1% ethylenediamine tetraacetate.
After sedimenting the cells and washing with trypsin-free
medium, the cells were mixed with 130-135 uM
Cytodex-3 microcarrier beads coated with porcine skin
collagen. The beads had been hydrated for 3 h at 37°C,
autoclaved for 20 min, and washed with medium contain-
ing 10% FBS before being added to the spinner flasks.
Approximately 6-7 x 106 cells were added per 100 mg
beads. The mixture was rotated mechanically for 3 min
and allowed to settle for 20 min. These cycles were
repeated for 2 h. The medium was then brought to a final
volume of 100-120 ml, and spinning was maintained at
40-45 rpm in a 37°C incubator with a gas phase of 5%
CO, in air.

The endothelial cells reached near confluence on the
beads in 3 days. Supplemental fatty acid in ethanol was
added to DMEM containing 2.5% FBS, 2 mM L-
glutamine, 100 U/ml penicillin G, and 0.1 mg/ml strep-
tomycin sulfate. The maximum ethanol concentration
was 0.3% (v/v); a corresponding amount of ethanol was
added to the unsupplemented medium of the control cul-
tures. After 24 h of incubation with stirring, the beads
were allowed to settle and then were aspirated by pipet,
sedimented, and washed 5 times with chelating resin-
treated phosphate buffer. This stock solution, which con-
tained 137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,PO,, and
1.5 mM KH,PO,, was stirred overnight with chelating re-
sin to remove reactive trace metals (17). The absence of
catalytic metals was verified by testing with ascorbate (18).

After the final wash, the cell-covered beads were sus-
pended in an amount of chelating resin-treated phosphate
buffer equal to the packed bead volume. A 0.5 ml aliquot
of the washed beads was placed in a 1.5 ml microcen-
trifuge tube and, in most of the experiments, 25 ul of 200
mM POBN was added so that the concentration of the
spin trap in the final incubation mixture would be 10
mM. Unless indicated otherwise, 100 uM FeSO, was ad-
ded to initiate lipid peroxidation (13). This stock solution
consisted of 10 mM FeSO,+ H,O in 10 ml H,O contain-
ing 50 pl concentrated H,SO,, added to stabilize the iron
as Fe?*. In the one set of experiments in which 200 uM as-
corbate also was added to the incubation mixture, FeCl,
was used instead of FeSO,, and the final concentrations
of POBN and FeCl; were 25 and 20 puM, respectively.
The order of addition was cell-covered beads, POBN, and
ascorbate where indicated. The iron was always added
last, immediately before the start of the EPR measurements.
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The human U937 monocytic leukemia cell line was
used for one series of experiments. These cells were grown
as previously described in a humidified atmosphere of
95% air: 5% CO, at 37°C in a medium containing
RPMI 1640 supplemented with 5% FBS, 15 mM
HEPES, and 2 mM L-glutamine (13). The cells were
maintained as an exponentially growing culture by pas-
sage every 2-3 days. As the U937 cells grow as a suspen-
sion, they were added directly to the EPR flat cell without
the use of microcarrier beads.

EPR measurements

EPR spectra were obtained with a Bruker ESP 300
spectrometer operating at 9.79 GHz and 100 kHz modu-
lation frequency (13). Air-saturated samples were placed
in a quartz flat cell centered inside a TM, ;4 cavity at room
temperature. From 1 to 2 min elapsed between the addi-
tion of the iron and the start of the EPR measurement,
and the spectra were recorded over the next 335 sec. The
spectrometer settings were: microwave power, 40 mil-
liwatts (19); modulation amplitude, 1.05 G; time constant,
1.3 s; scan rate, 60 G/335 s; receiver gain, 1 x 10%. Quan-
titative values were calculated from the EPR spectra using
the stable free radical, 3-CP, as the standard. Based on the
correlation between several 3-CP concentrations and the
resulting peak ranges of the low field signal, we calculated
a coefficient relating peak height to quantity of POBN
radical adduct.

Chemical separations and assays

Protein content was measured by a modification of the
Lowry method in which sodium dodecylsulfate was added
to solubilize lipids (20). A final centrifugation step was
also needed to sediment the beads, in order to prevent
them from entering the light path of the spectrophotome-
ter. Color development was terminated after 25 min, and
the beads were sedimented at room temperature for 5 min
at 2000 g prior to measurement of absorbance at 750 nm.

The fatty acid composition of the cells was determined
by GLC. An aliquot of the washed cell-bead suspension
was extracted with a chloroform-methanol mixture (21).
Polar and neutral lipids were separated from this extract
by chromatography on 10 x 10 mm silicic acid columns
(22). The columns were prepared by washing with n-
heptane. The lipid samples were loaded onto the column
in 0.15 ml diethyl ether-heptane 1:3 (v/v), and the column
was washed with 1 ml heptane. Neutral lipids were eluted
with 6 ml chloroform-methanol 100:2, and polar lipids
with 8 ml methanol-water 100:2.

After drying under a stream of Ny, lipid samples were
saponified in 33% KOH-95% ethanol 1:20 at 70°C for 45
min. The samples were extracted with heptane, acidified,

extracted 3 times with 1 ml heptane to isolate the fatty
acids, and the three extracts were combined. The dried
residue was methylated for 10 min at 95°C with 10% BF;
in methanol (23), and the mixture was extracted 3 times
with | ml heptane. After the heptane extracts were com-
bined and dried, the fatty acid methyl esters were dis-
solved in CS,.

GLC separation was obtained with a Hewlett-Packard
5890 system containing a 1.9 m x 2 mm glass column
packed with SP2330 on 100-120 mesh Gaschrome WAW
(13). The heated on-column injector and flame ionization
detector were maintained at 250°C, and the oven was
programmed to increase from 165 to 220°C. The data
were integrated with a Hewlett-Packard 3993 A integrator
and analyzed by computer to determine the weight per-
centage composition of the fatty acid methyl ester mix-
ture. A measured quantity of heptadecanoic acid (17:0)
was added as an internal standard so that the quantity of
fatty acids contained in each sample also could be calculated.

Thiobarbituric acid reactive substances (TBARS) were
measured in the endothelial cells by a fluorescence assay
(24). The reagent solution contained 0.5 g thiobarbituric
acid and 0.3 g sodium dodecylsulfate dissolved in 100 ml
H,O. After 1.5 ml of this solution was incubated with cells
suspended in 1.6 ml 0.2 M glycine. HCI containing 100
#M butylated hydroxytoluene for 15 min at 100°C, the
mixture was cooled and 1 ml glacial acetic acid and 2 ml
chloroform were added (25). The aqueous phase was re-
moved, passed through a 0.22  filter, and the fluorescence
was measured at excitation and emission wavelengths of
532 and 555 nm, respectively. The assay was standardized
with 1,1,3,3-tetramethoxypropane.

Radioactive fatty acid methyl esters and related meta-
bolic products were separated by a high performance -
quid chromatography (HPLC) gradient procedure using
a 150 x 2.1 mm i.d. Absorbosphere C-18 reverse phase
column (Alltech Associates, Inc., Deerfield, IL). After in-
cubation with [1-1*C]DHA, the cells and the medium
were separated, and the lipids were extracted and
methylated with 12% BF; in methanol (23). The methyl
esters were extracted, dried under N,, dissolved in
acetonitrile, and injected in this solvent. Elution was in-
itiated with a mixture of 60% acetonitrile and H,O con-
taining H;PO,, pH 3.5. After 1.5 min, the acetonitrile
was increased linearly to 85% over 14.5 min, then to
100% over the next 8 min. The elution continued at 100%
acetonitrile to 50 min. Under these conditions, the reten-
tion time of [1-1*C]DHA varied from 23.8 to 24.8 min in
various chromatograms. Radioactivity was measured by
mixing the column eflluent with BudgetSolve scintillator
solution (Research Products International Corp., Mount
Prospect, IL) and passing the mixture through an on-line
Radiomatic Flo-one Beta detector.
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RESULTS

Detection of lipid radicals

Our EPR spin trapping studies demonstrated the for-
mation of radical adducts when endothelial cells adherent
to microcarrier beads were subjected to oxidant stress in-
duced by exposure to 100 uM Fe?*. Figure 1 shows EPR
spectra obtained with PPAEC and the spin trap POBN.
A radical adduct was clearly visible when the PPAEC
were enriched during growth with DHA (Fig. 1A). In
these and all other studies, the growth medium was re-
moved and the cell-covered beads were washed and placed
in chelating resin-treated phosphate buffer prior to the
EPR assay. Thus, the cells were not exposed to sup-
plemental fatty acid, serum, or other nutrients during the
time that oxidant stress was induced and the EPR signal
was recorded. The POBN spin adduct had hyperfine
splitting constants of a¥ = 15.6 and a = 2.7. On the
basis of previous studies in cell-free systems (14, 15), this
spectrum has been assigned to alkyl radical adducts,
probably ethyl, pentyl, or pentenyl radicals. No spin ad-
ducts were detected if PPAEC enriched with DHA were
not exposed to Fe?" (Fig. 1B). At the instrument settings
used, the signals produced in response to Fe?* when
PPAEC were enriched with oleic acid (Fig. 1C) or grown
without fatty acid supplementation (Fig. 1E) were not
clearly distinguishable from the corresponding back-
ground spectra obtained when the cells were not exposed
to Fe?* (Fig. 1D and F).
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Fig. 1. EPR spectra of POBN lipid radical adducts produced by
PPAEC. Endothelial cells grown to near confluence on Cytodex-3
microcarrier beads were incubated for 24 h in media containing either
15 uM DHA or oleic acid as a supplement, or no suppiemental fatty
acid. The beads were isolated, washed, and incubated at room tempera-
ture with 10 mMm POBN and 100 uM FeSOj in a total volume of 0.5 ml
chelating resin-treated phosphate bufler to obtain the EPR spectra. A:
complete system with DHA-supplemented cells; B: DHA-supplemented
cells without FeSO,; C: complete systern with oleic acid-supplemented
cells; D: oleic acid-supplemented cells without FeSO,; E: complete sys-
tem with cells grown in medium containing no fatty acid supplement;
F: unsupplemented cells without FeSO,.

a
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Fig. 2. EPR spectra of POBN lipid radical adducts produced by
BAEC. The conditions were the same as described in Fig. 1. A: complete
system with DHA-supplemented cells; B: DHA-supplemented cells
without FeSO,; C: complete system with EPA-supplemented cells; D:
EPA-supplemented cells without FeSO,; E: complete system with cells
grown in a medium containing no fatty acid supplement.

Radical adducts also were detected in incubations with
BAEC attached to microcarrier beads. As shown in Fig.
2, a carbon-centered POBN spin adduct was observed
when BAEC enriched with either 15 pM DHA (Fig. 2A)
or eicosapentaenoic acid (EPA) (Fig. 2C) were exposed to
Fe?". These fatty acid-enriched cells did not produce de-
tectable spin adducts in the absence of Fe?* (Figs. 2B and
D). Likewise, spin adducts were not clearly discernible
when BAEC grown in an unsupplemented medium were
exposed to Fe?* (Fig. 2E).

In an attempt to obtain additional information about
the type of radicals produced, spin traps other than
POBN also were tested. BAEC supplemented with DHA
were incubated with 25 mM spin trap and 100 uM FeSO,
using the procedure described for POBN. The spin traps
tested were N-t-butyl-a-phenylnitrone, 2-methyl-2-nitro-
sopropane, 3,5-dibromo-4-nitrosobenzenesulfonic acid,
and nitrosodisulfonic acid. Corresponding incubations
with POBN were included in these studies. A distinct rad-
ical adduct spectrum similar to that seen in Fig. 2A was
observed when POBN was present, but no radical adducts
were detected with any of the other spin traps.

A more intense EPR radical adduct signal was ob-
tained from PPAEC enriched with DHA when radical
formation was measured in a medium containing 20 uM
FeCl; and ascorbate (Fig. 3A). No signal was obtained
when FeCl; and ascorbate were omitted from the incuba-
tion mixture (Fig. 3B), or when FeCl; was added but as-
corbate was omitted (Fig. 3D). Only a very weak signal
was produced by PPAEC that did not receive supplemen-
tal fatty acid (Fig. 3E). As shown in Fig. 3C, the ascorbate
radical (a! = 1.8 G) produced a signal that overlapped
the midfield doublet of the lipid-derived spin adduct.
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Fig. 3. Effect of ascorbate on radical adduct formation. PPAEC were
prepared as described in Fig. 1. The EPR incubation mixture contained
10 mM POBN, 200 uM ascorbate, and 20 uM FeCls in a total volume of
0.5 ml chelating resin-treated phosphate buffer. A: complete system with
DHA-supplemented cells; B: DHA-supplemented cells in buffer alone;
C: DHA-supplemented cells plus ascorbate, no FeCl;; D: DHA-
supptemented cells plus FeCls, no ascorbate; E: complete system with
cells grown in a medium containing no fatty acid supplement.

Similar results were obtained when ascorbate was added
to incubations with DHA-enriched BAEC. Because the
presence of ascorbate might interfere with interpretations
of the lipid radical spectra, ascorbate was not used in sub-
sequent experiments.

DHA incorporation

Ultraviolet absorption spectra of the DHA added to the
cell cultures were obtained to determine whether these
preparations contained oxidized products. No absorbance
maxima were detected between 225 and 300 nm in solu-
tions containing 1.3-16.6 mM DHA, indicating that the
DHA preparations did not contain measurable amounts
of conjugated dienes. Likewise, no radioactive metabolites
were detected by HPLC when [I-*C]DHA was in-
cubated for up to 24 h in a culture without cells (data not
shown), indicating that no significant oxidation products
were generated by contact with components contained in
the growth medium.

To test the possibility that the putative oxidation
products might be formed during exposure of DHA to the
cells, BAEC and PPAEC were incubated with
[1-'"*C]DHA for up to 24 h. At various intervals, the cells
and medium were separated, extracted, and the fatty
acids contained in the medium and cell lipids were tran-
sesterified with BF; in methanol (23). The resulting fatty
acid methyl esters were separated by HPLC, and radioac-
tivity was detected with a flow scintillation counter.
Figure 4 contains representative chromatograms from
this study. Fig. 4A illustrates that when the medium was
added to the cultures, a single radioactive component

with a retention time of 24.8 min, the same as that of a
DHA methyl ester standard, was the only radioactive
material detected. A similar result was obtained when the
medium was assayed after 1 h of incubation with PPAEC
(Fig. 4B). Although much less labeled material was
present after 5 h of incubation, the radioactivity remain-
ing in the medium still eluted as a single peak with the
retention time of the DHA methyl ester (Fig. 4C). No po-
lar radioactive metabolites were detected in the medium
when the incubation was extended to 24 h. Similar results
indicating the absence of radicactive DHA oxidation
products in the medium were obtained in corresponding
incubations with BAEC (data not shown).

The radioactive fatty acids present in the cell lipids dur-
ing incubation with [I-*C]DHA were also assayed by
HPLC. In PPAEC, unmodified DHA accounted for 84 %
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Fig. 4. Metabolic products formed during incubation of endothelial
cells with DHA. Endothelial cultures were incubated for 1-24 h with a
growth medium containing 20 pM [1-1*C]DHA. At various times, the
medium and the cells were separated, and their lipids were extracted,
methylated, and assayed for radioactivity by reverse phase HPLC with
an on-line flow scintillation counter. The experiment was repeated twice
with PPAEC and BAEC, and representative chromatograms of the radi-
oactive products contained in extracts from one of the experiments are
shown in this figure. A: Medium that was initially added to the cells; B:
medium after incubation with PPAEC for 1 h; C: medium after incuba-
tion with PPAEC for 5 h; D: PPAEC after 24 h incubation; E: BAEC
after 5 h incubation; F: BAEC after 24 h incubation. Note that the scale
of the Y-axis in A and B is different from that in C-F.
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TABLE 1. Fatty acid distribution of PPAEC grown on microcarrier beads

Amount of Fatty Acid”

Fatty Acid” Unsupplemented DHA Supplemented’ Unsupplemented DHA Supplemented’
% of total faity acids ue fatty acid/mg protein

14:0 1.5 + 0.5 2.0 + 0.05 1.8 + 0.3 3.6 + 0.5
16:0 20.4 + 0.1 21.8 + 0.5 256 + 4.1 386 + 5.8
16:1 6.9 + 0.5 4.7 + 0.47 9.0 + 1.5 8.3 + 1.4
18:0 15.3 + 0.1 13.8 + 0.7 19.3 + 3.1 21.2 + 3.0
18:1 31.0 + 0.7 214 + 0.7° 39.0 + 6.3 395 + 6.7
18:2 1.7 + 0.1 1.3 + 0.1" 2.1 + 0.4 2.4 + 0.5
18:3 1.3 + 0.1 1.0 + 0.1 1.6 + 0.3 1.8 + 0.3
20:3 1.2 + 0.1 .1+ 0.2 1.5 + 0.3 2.6 + 0.7
20:4 6.3 + 0.3 51 + 0.27 8.0 + 1.3 9.6 + 1.8
20:5 0.7 £+ 0.1 0.8 + 0.2 0.8 + 0.1 1.1 + 0.3
22:4 2.2 + 0.3 2.0 £ 0.3 26 + 05 3.8 + 1.0
22:5 1.9 + 0.2 1.6 + 0.04 2.3 + 0.4 3.0 + 0.5
22:6 3.1 + 0.3 142 + 0.6 3.9 + 0.7 258 + 4.17
Other 6.9 9.4

“Fartty acids are designated by the number of carbons: number of double bonds.

"Results are expressed as the mean + standard error of values obtained from four separate experiments for the
unsupplemented cells and six separate experiments for the cells supplemented with DHA. The percentage values
do not total to 100% because fatty acids accounting for < 0.5% and unidentified peaks are not included.

‘Cells grown for 2 days in medium containing 15 uM DHA as a supplement.

“Significantly different from unsupplemented cells at P < 0.05.

of the cell-associated radioactivity at the end of the 24 h
incubation, but some additional labeled peaks also were
detected (Fig. 4D). These metabolites were not identified.
However, the component with a retention time of 29.9
min, which comprised 3.1% of the radioactivity, co-
chromatographed with a 24:6n-3 methyl ester standard.®
Thus, some of the less polar labeled metabolites may be
DHA elongation products. However, 4.3% of the radioac-
tivity eluted with a retention time of 22.7 min. As the
DHA was labeled in the carboxyl carbon, it is possible
that this more polar compound may be a DHA oxidation
product.

Similar results were obtained with the BAEC. After 5
h of incubation (Fig. 4E), 91% of the radioactivity re-
mained as DHA, 2.7% had the same retention time as the
24:6 methyl ester standard, and 4% eluted ahead of
DHA. The radioactivity contained in this more polar
peak increased to 5.6% after incubation for 24 h (Fig.
4F). Therefore, while most of the radioactivity incorpo-
rated into the BAEC and PPAEC lipids remained as
DHA, some metabolic products accumulated, and one of
them had the HPLC elution properties consistent with a
DHA oxidation product.

Supplementation of the growth medium with DHA
produced changes in the fatty acid composition of the
PPAEC. The data obtained by GLC are shown in Table
1. The main differences resulting from DHA supplemen-

3Synthesized and provided by Dr. Howard Sprecher.
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tation were a 4-fold increase in the percentage of 22:6 and
a decrease in 18:1. Based on values obtained with the in-
ternal standard, the quantity of each fatty acid present in
the sample was also calculated. The unsupplemented cells
contained 117 pg total fatty acid/mg protein, whereas
those supplemented with DHA contained 161 pg/mg cell
protein. This increase is due to the accumulation of
triglyceride, which is synthesized intracellularly, as a
storage form of excess fatty acid when endothelial cultures
are exposed to fatty acid supplements (26). There was a
large increase in 22:6 content in the cells supplemented
with DHA, and the amount of total polyunsaturated fatty
acid increased from 23 to 54 pg/mg protein. However, the
absolute quantities of 16:1 and 18:1 were not reduced, only
their relative abundances were decreased.

Changes in fatty acid composition did not occur only
because triglyceride accumulated in the endothelial cells.
As shown in Table 2, the fatty acid composition of the
phospholipids was also modified in the PPAEC sup-
plemented with DHA. The major changes were a 5-fold
increase in the percentage of 22:6, and a 25% decrease in
the percentage of 18:1.

Effect of DHA supplementation conditions

Only a relatively short incubation in medium contain-
ing supplemental DHA was needed to enhance POBN
radical adduct formation in the PPAEC. Figure 5 (top)
illustrates the time-dependence of the process. PPAEC at-
tached to microcarrier beads were incubated for 1-24 h
with medium containing 20 uM DHA supplement. After
removal of this medium and resuspension of the PPAEC-
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TABLE 2. Fatty acid distribution in phospholipids of PPAEC
grown on beads

Fatty Acid Composition of Phospholipids®

Fatty Acid Unsupplemented DHA Supplementcdh
% of total faity acids

14:0 09 + 0.1 1.5 + 0.2
16:0 18.0 + 0.4 20.2 + 0.1
16:1 74 + 0.2 5.5 £ 0.6
18:0 17.3 + 1.7 15.7 + 0.6
18:1 32.1 + 1.3 23.8 + 0.7°
18:2 1.4 + 0.1 1.1 £ 0.1
18:3 0.2 + 0.1 0.1 + 0.1
20:1 1.2 £ 0.1 0.8 + 0.0°
20:4 6.4 + 0.6 5.6 + 0.3
20:5 0.2 + 0.1 0.9 + 0.0°
22:4 20 +£03 1.5 + 0.2
22:5 1.9 + 0.3 1.7 + 0.2
22:6 3.2 £ 0.4 15.6 + 0.9
Rest 8.0 5.9

tained from three separate experiments. The values do not total to 100%
because fatty acids that account for < 0.5% and unidentified peaks are
not included.

“Results are expressed as the mean #+ standard error of values ob-

*Cells grown for 2 days in a medium containing 15 gM DHA as a sup-
plement.
"Significantly different from unsupplemented cells at P < 0.05.

covered beads in chelating resin-treated phosphate buffer,
oxidant stress was induced with Fe?*; and POBN spin ad-
duct formation was measured. An increase in spin ad-
ducts was observed when the cells were exposed to sup-
plemental DHA for only 1 h, and the maximum value was
approached within 6 h of incubation.

These spin adduct data are consistent with the time-
dependent changes that were observed in PPAEC fatty
acid composition. As seen in Fig. 5 (bottom), the 22:6 and
total polyunsaturated fatty acid percentages reached max-
imum values within 6 h of incubation in medium sup-
plemented with 20 uM DHA. The percentage of 18:1 also
decreased somewhat, but the largest decrease in 18:1 oc-
curred between 6 and 24 h.

Radical adduct formation also was dependent on the
concentration of DHA added to the growth medium.
Figure 6 (top) shows that only a relatively small increase
occurred in Fe?*-induced spin adduct formation when the
DHA concentration of the growth medium was raised
from O to 15 pM. A sharp increase occurred, however,
when the concentration was increased from 15 to 20 uM.
Fig. 6 (bottom) illustrates that, by contrast, the percen-
tage of 22:6 and total polyunsaturated fatty acids in the
PPAEC lipids increased roughly linearly over this range
of DHA concentrations. Likewise, the percentage of 18:1
decreased linearly. Therefore, as opposed to radical for-
mation, no abrupt changes in fatty acid composition oc-
curred when the DHA concentration of the growth
medium exceeded 15 uM. Above 20 uM, the PPAEC be-

gan to detach from the microcarrier beads, so that only
a limited range of DHA concentrations could be explored
in these studies.

Lipid peroxidation

TBARS were detected in the DHA-enriched cells
grown in 9.6 cm? tissue culture wells following a 1-h incu-
bation with 100 uM FeSO,. A TBARS value of 92 + 6.4
nmol (n = 3) was obtained with the PPAEC cultures; this
was reduced to 79 + 3.3 when 10 mM POBN was present
in the medium during the 1-h incubation. In a similar
study with BAEC, the values obtained after a 1-h incuba-
tion with the FeSO, were 74 + 11 nmol (n = 3) in the ab-
sence of any spin trap, and 51 + 9.3 when POBN was
present. In a second experiment, the TBARS values were

D
(-]

] ©
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SO S S U SU—
.

Radical formed
(pmol/mg protein)
o
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5
0+ v — v v v v v v
0 5 10 15 20 25 30 35 40 45 50
Time (h)

0 5 10 15 20 25 30 35 40 45 50
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Fig. 5. Time dependence of radical adduct formation and fatty acid
compositional changes after exposure of the endothelial cells to media
supplemented with DHA. The conditions were the same as described in
Fig. 1, except that the time of incubation of the PPAEC with a medium
containing 20 um DHA was varied. The cell fatty acid compositions
were measured by GLC, but only the values for DHA (22:6), oleic acid
(18.:1), and total polyunsaturated fatty acids (PUFA) are shown. Each
point represents a separate PPAEC culture. Similar results were ob-
tained when this experiment was repeated with a different passage of

PPAEC.
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Fig. 6. Effect of DHA concentration on radical adduct formation and
fatty acid composition. The conditions were the same as described in
Fig. 1, except that the DHA concentration of the growth medium during
the 24 h supplementation period was varied. Each point represents a
separate PPAEC culture. The EPR segment of this study was done with
two separate cell preparations. The results from the first experiment are
represented by the circles; those from the second by the inverted trian-
gles. The fatty acid compositional data are presented as described in Fig. 5.

68 + 3.3 and 71 + 2.0 nmol with the PPAEC, and
53 + 5.8 and 39 + 4.0 nmol with the BAEC. While these
data suggest that a small reduction in lipid peroxidation
may occur if POBN is present when endothelial cells are
subjected to oxidant stress, the results are not conclusive
because of the considerable variability in the data.
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Effects of other polyunsaturated fatty acids

The comparative results obtained with DHA and EPA
supplementation {(Fig. 2) suggested that exposure of the
endothelial cells to other polyunsaturated fatty acids
might also enhance radical formation. Therefore, cells
grown in media supplemented with different polyunsatu-
rated fatty acids were tested. As shown in Fig. 7, spin ad-
ducts were detected when the PPAEC were supplemented
with arachidonic acid (Fig. 7B), «-linolenic acid (Fig.
7C), ylinolenic acid (Fig. 7D), and linoleic acid (Fig. 7E).
The intensity of radical adduct signals in these cases ap-
peared to be smaller than when the cells were enriched
with EPA (Fig. 7A). This difference was confirmed by
measuring the net increase in spin adduct formation in
PPAEC supplemented with EPA, arachidonic, or a-
linolenic acids, using 3-CP as the standard for the quan-
titative assay. The cells supplemented with EPA produced
24.6 pmol radical/mg protein, as compared with 10.8 and
10.7 pmol, respectively, in those supplemented with
arachidonic or a-linolenic acids.

The fatty acid compositional changes that occurred in
these PPAEC are shown in Table 3. Data from PPAEC
grown in unsupplemented medium and medium sup-
plemented with DHA are included for comparison. The
main changes observed were: oleic acid supplementation,
60% increase in 18:1 and decreases in 16:0 and 18:0;
linoleic acid supplementation, increase in 18:2, decrease
in 18:1; «a-linolenic acid supplementation, increases in
18:3 and 20:5, decrease in 18:1; «y-linolenic acid sup-
plementation, increases in 20:3, 20:4 and 22:4, decrease in
18:1; and EPA supplementation, increases in 20:5 and
22:5, decrease in 18:1.

DWW*‘V"’VMMM
EWWV\W

Fig. 7. EPR spectra of POBN radical adducts produced by PPAEC
supplemented with different polyunsaturated fatty acids. The conditions
were the same as described in Fig. i, except that different fatty acids (15
uM) were added to the growth medium for 24 h. The fatty acids used
were: A: EPA; B: arachidonic acid; C: e-linoleic acid; D: ~v-linolenic
acid; E: linoleic acid.
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TABLE 3. Fatty acid composition of PPAEC grown on microcarrier beads with various fatty acid supplements

Fatty Acid Composition of Cell Lipids

Fatty Acid Unsupplemented Oleic’ Linoleic a-Linolenic ¥-Linolenic Arachidonic Eicosapentaenoic Docosahexaenoic
(n=6)" (n=4) (n=7)
%

16:0 20.2 + 0.2 15.4 18.1 19.6 211 19.2 196 + 0.7 22.1 + 0.5
16:1 7.2 + 0.4 2.5 2.6 4.6 3.5 3.3 4.1 ¢+ 0.2 49 + 0.4
18:0 149 + 0.3 10.4 11.6 12.7 12.3 12.2 125 + 0.3 139 + 0.5
18:1 30,0 + 0.7 47.9 19.7 20 18.8 17.1 220 + 1.3 21.6 + 0.6
18:2 1.7 + 0.1 0.7 15.1 1.1 0.7 1.1 1.2 + 0.1 1.3 + 0.1
18:3 1.0 + 0.2 nd nd 7.3 2.57 nd 0.2 £+ 0.1 0.9 + 0.1
20:3 1.2 + 0.1 0.9 4.7 1.1 13.4 1.2 1.1 + 0.0 1.1 £ 0.1
20:4 6.1 + 0.2 5.2 7.7 7.4 9.7 18.6 7.0 + 0.3 50 + 0.1
20:5 0.5 + 0.1 0.9 0.2 3.1 nd nd 4.4 + 0.5 0.8 + 0.2
22:4 21+ 02 nd 3.9 1.7 4.3 15.6 2.1 + 0.2 1.8 + 0.3
22:5 1.8 + 0.1 1.2 1.5 2.6 1.5 1.8 11.3 + 1.5 1.6 + 0.1
22:6 3.4 + 0.4 1.3 1.9 1.5 2.1 1.3 1.7 + 0.2 143 + 0.5
Other 6.1 7.4 7.5 13.6 7.0 5.7 7.7 7.0
Saturated 36.9 + 0.5 27.8 31.6 34.3 35.8 33.6 35.4 + 1.1 38.0 + 0.8
Monounsaturated 38.4 + 0.8 52.7 23.1 25.5 22.8 21.0 269 + 1.3 26.5 + 0.8
Polyunsaturated 17.7 + 0.7 12.0 37.8 26.3 34.2 39.6 30.3 + 1.6 28.0 + 0.5
Carbons’ 16.08 + 0.16 17.84 18.12 17.86 18.2 18.64 18.0 + 0.14 17.89 + 0.06
Double bonds’ 1.53 + 0.02 1.07 1.52 1.48 1.59 1.91 1.72 + 0.07 1.72 + 0.03

PPAEC were grown for 2 days either in unsupplemented medium or medium containing 15 pmol/l supplemental fatty acid. Results are expressed
as the mean + standard error, except in those cases where only one culture was analyzed. Values do not total 100% because only those fatty acids
comprising > 3% of the total or those exhibiting appreciable changes are included. For the fatty acid saturation classes, average chain length, and
average number of double bonds calculations, all of the fatty acids listed above are included, as well as peaks identified as 14:0, 14:1, 20:2, 22:0,
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22:1, 24:0, and 24:1. nd, not detected.
“Number of individual cultures analyzed.
*Supplemental fatty acid added to the growth medium.
“18:3 n-3.
“18:3 n-6.
‘Average chain length of fatty acyl chains.
/ Average number of double bonds per fatty acyl chain.

Reversibility of DHA-induced response

Experiments were done to determine whether the in-
creased response to oxidant stress resulting from enrich-
ment with DHA was reversible. After 24 h of enrichment
with 20 uM DHA, the PPAEC were washed and sub-
divided into two groups. One group was continued in the
DHA-supplemented medium, and the other was trans-
ferred to a medium in which the DHA supplement was
replaced with either 5 or 10 uM oleic acid. After 18 h,
these media were removed, the cell-coated beads were
washed, and EPR spectra were recorded after addition of
POBN and FeSO,. Figure 8 shows that, as compared
with the cells maintained in DHA (Fig. 8A), the radical
adduct signal was reduced after transfer to the medium
containing 10 pM supplemental oleic acid (Fig. 8C).
However, there was no reduction in those cells transferred
to 5 uM oleic acid (Fig. 8B).

GLC analysis of the cell lipids was done to determine
whether transfer to oleic acid resulted in any changes in
fatty acid composition. The control cultures, which con-
tinued in the medium originally supplemented with
DHA, contained 10.4% 22:6 and 22.7% 18:1. The cul-

Alexander-North et al.
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Fig. 8. Incubation with oleic acid reduces radical adduct formation in
cells previously supplemented with DHA. PPAEC were supplemented
with DHA for 24 h as described in Fig. 1. After this incubation, the
medium was removed and the beads containing the cells were incubated
for an additional 18 h with fresh medium containing 20 umM DHA (A),
5 pM oleic acid (B), or 10 uM oleic acid (C) as a supplement. After
removal of these media, the beads were suspended in chelating resin-
treated phosphate buffer containing POBN and FeSO,, and EPR spec-
tra were obtained as described in Fig. 1.

Lipid radical production by endothelial cells 1781

1102 ‘22 udy uo “1sanb Aq 6o Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

tures transferred to 5 uM oleic acid contained 10.2% 22:6
and 23.5% 18:1. The cells transferred to 10 uM oleic acid
contained 8.1% 22:6 and 26.6% 18:1. Therefore, 5 uM
supplemental oleic acid is not sufficient to alter the fatty
acid composition of the cells appreciably, consistent with
the finding that it did not reduce the response of the
DHA-enriched cells to oxidative stress. By contrast, ex-
posure to 10 pM oleic acid reduced the DHA content,
and this was enough to decrease the intensity of radical
formation.

To further explore reversibility, a second transfer ex-
periment was done with DHA-enriched PPAEC. After a
24-h incubation in media containing 20 uM DHA, the
cultures were washed and divided into two groups. The
EPR response in cultures from each group was measured
by exposure to POBN and FeSO, at the time of transfer.
One set of cultures was maintained in the medium con-
taining DHA, while the other was transferred to a
medium containing 20 uM oleic acid. Cultures from each
group were washed and tested for radical formation at 6
or 22 h after the transfer. As seen in Fig. 9, the amount
of radical adduct formed by the cells continuously ex-
posed to DHA, as measured by signal averaging (27), in-
creased slightly during the 22-h test period. Conversely,
radical adduct formation decreased when the DHA-
supplemented cultures were transferred to the medium

12 T 1 T T
c 10} .
S 22:6
3 "
e J—
o - -
2 8
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& 6 .
®
E 18:1
S 4 e ]
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0 1 1 1 _ 1
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Incubation Time (h)

Fig. 9. Time dependence of reversibility of radical adduct formation
in cells previously enriched with DHA. The PPAEC initially were en-
riched for 24 h with 20 pM DHA. After this medium was removed and
the cultures were washed, they were transferred to media containing 20
uM DHA (22:6), or 20 pM oleic acid (18:1) as a supplement. EPR signal
intensity was measured within 15-40 min after transfer, 6 h after trans-
fer, and 22 h after transfer, using 3-CP as the standard. The EPR meas-
urements were made by signal averaging (27) in 0.5 ml chelating resin-
treated phosphate buffer, 25 mm POBN, and 100 gM FeSO,.
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TABLE 4. Reversibility of lipid radical adduct formation
in U937 monocytes

Cell Treatment Number of Cultures  Radical Adducts Formed

pmol/mg protein

Continuous in DHA 5" 30.

3 5.6
Transferred to oleic acid 6 13.8

*
+ 3.2

All cultures were grown in medium supplemented with 20 umM DHA.
This medium was removed after 2 days and the cells were washed by
sedimentation. In one set of cultures, 8 x 106 cells were resuspended in
0.5 ml chelating resin-treated buffer containing 10 mM POBN; 100 uM
FeSO, was added, and the mixture was transferred to a flat cell for EPR
measurements. In the other set, the cells were resuspended in a medium
supplemented with 20 pM oleic acid. After 18 h, this medium was re-
moved, the cells were washed, and EPR measurements were made on
8 x 1098 cells as described above. Radical adduct formation was calcu-
lated by comparing the signal intensities with those obtained from a ser-
ies of 3-CP standards.

“One culture in this set was lost.

'P < 0.01.

containing 20 uM oleic acid; some reduction was appar-
ent within 6 h, and a further decrease occurred after 22 h.

Because we have only a limited capacity to prepare
separate spinner cultures, we could not test a large num-
ber of endothelial-microcarrier bead preparations in a
single experiment. Therefore, the reproducibility of the
oleic acid effect could not be evaluated statistically in the
endothelial system. To overcome this, we carried out simi-
lar reversibility studies with U937 monocytes, a human
transformed cell line that grows in suspension and
produces POBN radical adducts when exposed to FeSO,
(13). Table 4 shows that the U937 cells supplemented con-
tinuously with 20 uM DHA produced 1.5- to 4-times
more radical adducts in response to Fe?" than the en-
dothelial cells (compare this value with those in Figs. 5,
6, and 9). As in the case of the endothelial cultures,
however, transfer for 18 h to a medium containing 20 uM
oleic acid reduced radical adduct formation in the U937
cells by 55% (P < 0.01).

DISCUSSION

These findings indicate that similar to malignant U937
monocytes (13), aortic and pulmonary artery endothelial
cells produce POBN radical adducts when they are ex-
posed to oxidant stress. Therefore, the production of lipid
radicals in amounts sufficient to be detected by EPR is not
limited to transformed cells in suspension; it also occurs
in adherent, nonmalignant vascular cells.

As in the case of the U937 cells, the characteristics of
the EPR spectrum produced by endothelial cells are con-
sistent with the formation of a short-chain alkyl radical
derived by cleavage of oxidized polyunsaturated fatty acyl
chains (14, 15). We suggest that this results from lipid
peroxidation, initiated by the abstraction of a H atom
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from a methylene bridge in a polyunsaturated fatty acyl
chain (11, 28-30). This is accomplished in our experimen-
tal system by the addition of iron, a transition metal
(31-34). Previous work with U937 cells demonstrated that
addition of FeSO, generates oxidants similar to a
hydroxyl radical, OH -, which could be the actual initiat-
ing agent (13). The lipid radical that is formed reacts
rapidly with O, (11, 35), producing the lipid peroxyl radi-
cal, LOO - . This is the chain-carrying intermediate of the
peroxidation cycle. The LOOH produced can lead to ad-
ditional branching events by forming the alkoxyl radical,
LO-. The latter undergoes -scission, producing alde-
hydes and short-chain alkyl radicals. Based on a compari-
son of the EPR spectral characteristics of the spin adduct
with those generated in chemical and enzymatic peroxi-
dation systems (14, 15), we suggest that POBN traps some
of the short-chain alkyl radicals that are formed. These
probably are ethyl, pentyl, or pentenyl fragments derived
from the polyunsaturated fatty acids that accumulate in
the intracellular lipids when the cells are grown in a fatty
acid-supplemented medium. Thus, the trapped radicals
are secondary products formed after the initial polyun-
saturated fatty acid radical reacts with O,.

An alternative possibility is that the fatty acid supple-
ments contained oxidized material, such as fatty acid
hydroperoxides, that were taken up by the cells. This
would seed the endothelial lipids with material that is
readily oxidizable by FeSO,. However, we did not obtain
spectral evidence for the presence of conjugated dienes in
the DHA preparation, even at a concentration almost 103-
times higher than that present in the culture media. Radi-
oactive oxidation products also were not detected in the
incubation media containing [1-1*C]DHA (Fig. 4B and
C). However, a small amount of a more polar radioactive
product, which could be an oxygenated form of DHA,
was detected in the cells during incubation with
[1-1*C]DHA (Fig. 4D-F). Therefore, the possibility that
an oxidation product was generated intracellularly from
the added DHA and that this triggered radical formation
when the cells were exposed to FeSO, cannot be com-
pletely excluded.

Five spin traps were tested in this work, but radical ad-
ducts were detected only with POBN. It is not clear why
the process should be specific for only this spin trap. One
possibility is that, of the spin traps used, only POBN was
able to enter the location where the secondary radicals are
formed. In interpreting these findings, however, one must
realize that we tested the four other spin traps only under
conditions that gave positive results with POBN, and it is
possible that each spin trap may require a quite different
set of experimental conditions to act effectively with intact
cells.

The TBARS data indicate that the presence of POBN
does not appreciably inhibit cellular lipid peroxidation in

response to oxidant stress. This is consistent with our in-
terpretation that POBN traps a secondary radical gener-
ated at the end of the peroxidation cycle. While the
presence of POBN may have caused a small decrease in
TBARS production, the values are too variable to be con-
clusive. Therefore, based on the present results, we can-
not tell whether trapping some of the secondary radicals
may significantly reduce the extent of lipid peroxidation.
The magnitude of TBARS formation was about 10*-times
larger than the amount of POBN radical adducts de-
tected, but these values cannot be strictly compared be-
cause the EPR spectra were obtained during the first 6-7
min after the FeSO, was added, whereas the TBARS
reaction required a 1-h incubation in order to form
enough material for a fluorescence measurement.
However, the large disparity in the values suggests that
the magnitude of radical adduct formation detected by
this assay may not be an ideal quantitative estimate of the
amount of lipid peroxidation occurring in the cells. On
the other hand, TBARS not only arise from lipids, but
also from proteins, carbohydrates, and nucleic acids when
tissues are subjected to free radical oxidation, so it is likely
to overestimate the lipid response.

A comparison of the values in Table 4 with those in
Figs. 5, 6, and 9 indicates that, after DHA enrichment,
the U937 cells produce about twice as much POBN radi-
cal adducts as the endothelial cells. An observation that
could explain this finding is that the U937 cells accumu-
late more DHA than the endothelial cells under these
conditions of supplementation. For example, when the
growth medium contains 10 uM DHA, 22:6 accounts for
13% of the PPAEC fatty acids (Fig. 6, bottom), whereas
it comprises 27% of the U937 cell fatty acids (13). This is
consistent with increased formation of radicals in the
U937 cells. It may be related to the fact that the U937
cells are neoplastic or that they are in suspension, whereas
the endothelial cells are attached to a surface of a micro-
carrier bead during the spin trapping assay.

The fatty acid compositional changes resulting from
supplementation of the endothelial cells grown on beads
with DHA or other n-3 and n-6 polyunsaturated fatty
acids are similar to those observed when polyunsaturated
fatty acids are added to endothelial monolayers growing
in tissue culture plates (36-40). For example, like the
monolayers (37, 38), the endothelial cells attached to
microcarrier beads elongate «a-linolenic acid and EPA,
but they do not convert measurable amounts of these n-3
fatty acids to DHA. Since radical adduct formation was
enhanced by a-linolenic acid and EPA, as well as by n-6
polyunsaturated fatty acids, the process is not specific for
either DHA or the n-3 class of polyunsaturates. Rather,
it appears to be a nonspecific lipid peroxidation process
that can utilize both of the commonly occurring classes of
polyunsaturated fatty acids.
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The concentration dependence data demonstrate that
the response to oxidant stress increases abruptly when the
DHA added to the growth medium was raised from 15-20
uM. A corresponding abrupt change in the fatty acid
composition of the cells did not occur; this continued to
change linearly as the DHA concentration was raised
(Fig. 6). Apparently, a critical level of unsaturation is
reached with respect to a response to oxidant stress when
the DHA content exceeds 13-15% of the cell fatty acids,
even though there is no abrupt shift in fatty acid composi-
tion. The increased responsiveness may be due to cluster-
ing of polyunsaturated fatty acyl chains as the content in-
creases, a process that would be expected to facilitate the
propagation reaction of lipid peroxidation. Alternatively,
the increase in polyunsaturated fatty acid substrate avail-
able for the initiation and propagation phases of lipid
peroxidation may exceed the antioxidant capacity of the
endothelial cells when the degree of unsaturation reaches
a critical level.

The time-dependent studies indicate that the increased
response to oxidant stress begins to take effect shortly af-
ter the cells are exposed to elevated amounts of DHA.
Likewise, the increased responsiveness begins to subside
relatively soon after the DHA supplement is removed, in-
dicating that the process can be reversed fairly quickly.
These findings suggest that the susceptibility of the vascu-
lar endothelium to lipid peroxidation may be responsive
to changes in the composition of rapidly turning over
plasma fatty acid pools, such as free fatty acid or triglycer-
ides contained in chylomicrons and very low density
lipoproteins. As opposed to polyunsaturated fatty acids,
supplementation with oleic acid reduced the responsive-
ness of the endothelial cells to oxidant stress. Further-
more, transfer of the cells from a medium enriched with
DHA to one containing supplemental oleic acid led to
some reduction in the sensitivity to Fe?’-induced lipid
radical formation within 6 h. These results are consistent
with previous findings that supplementation with ¢is-
vaccenic acid, an 18-carbon monounsaturated fatty acid,
protected PPAEC against oxidant injury induced by
hyperoxia or hydrogen peroxide (41, 42). Based on the
present data, it would appear that this monounsaturated
fatty acid probably replaced some of the inherent polyun-
saturates in the PPAEC, thereby reducing the sensitivity
to oxidant stress.

Studies by Reaven et al. (43, 44) have shown that
plasma low density lipoproteins obtained from humans
fed an oleic acid-enriched diet are less susceptible to
copper-mediated oxidation than those from subjects fed a
linoleic acid-rich diet. This potentially beneficial effect is
one reason why, in attempting to reduce plasma low den-
sity lipoprotein levels, it may be preferable to replace
dietary saturated fat with monounsaturated fat, as op-
posed to polyunsaturated fat (43-46). The present results
dealing with cells derived from the arterial wall are en-
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tirely consistent with this general concept. They suggest
that, as in the case of low density lipoproteins, chronic ex-
posure to oleic acid supplements will make the en-
dothelium less responsive to a given level of oxidant stress,
as compared with supplements containing either n-3 or
n-6 polyunsaturated fatty acids. Furthermore, they sug-
gest that under certain conditions, a reduction in en-
dothelial sensitivity to oxidant stress will begin to occur
fairly rapidly if elevated levels of polyunsaturated fatty
acids subside and are replaced by oleic acid. Thus,
monounsaturated fatty acids may have beneficial effects
for both lipoproteins and the vascular wall in terms of pro-
tection against oxidative injury. i
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