v-Tocopherol and its major metabolite, in contrast to
a-tocopherol, inhibit cyclooxygenase activity in
macrophages and epithelial cells

Qing Jiang, llan Elson-Schwab, Chantal Courtemanche, and Bruce N. Ames*

Division of Biochemistry and Molecular Biology, University of California, Berkeley, CA 94720; and Children’s Hospital Oakland Research Institute, 5700 M. L.

King Jr. Way, Oakland, CA 94609
Contributed by Bruce N. Ames, July 28, 2000

Cyclooxygenase-2 (COX-2)-catalyzed synthesis of prostaglandin
E> (PGEz) plays a key role in inflammation and its associated
diseases, such as cancer and vascular heart disease. Here we report
that y-tocopherol (yT) reduced PGE; synthesis in both lipopolysac-
charide (LPS)-stimulated RAW264.7 macrophages and IL-1B-
treated A549 human epithelial cells with an apparent ICso of 7.5
and 4 pM, respectively. The major metabolite of dietary 4T,
2,7,8-trimethyl-2-(B-carboxyethyl)-6-hydroxychroman  (y-CEHC),
also exhibited an inhibitory effect, with an ICso of ~30 uM in these
cells. In contrast, a-tocopherol at 50 uM slightly reduced (25%)
PGE; formation in macrophages, but had no effect in epithelial
cells. The inhibitory effects of yT and y-CEHC stemmed from their
inhibition of COX-2 activity, rather than affecting protein expres-
sion or substrate availability, and appeared to be independent of
antioxidant activity. y-CEHC also inhibited PGE; synthesis when
exposed for 1 h to COX-2-preinduced cells followed by the addition
of arachidonic acid (AA), whereas under similar conditions, T
required an 8- to 24-h incubation period to cause the inhibition. The
inhibitory potency of yT and y-CEHC was diminished by an increase
in AA concentration, suggesting that they might compete with AA
at the active site of COX-2. We also observed a moderate reduction
of nitrite accumulation and suppression of inducible nitric oxide
synthase expression by T in lipopolysaccharide-treated macro-
phages. These findings indicate that yT and its major metabolite
possess anti-inflammatory activity and that yT at physiological
concentrations may be important in human disease prevention.

Inflammatory diseases affect millions of people in the world,
and chronic inflammation is one of the major contributors to
the development of cancer as well as neurodegenerative and
cardiovascular diseases (1, 2). Antioxidant vitamins, which de-
fend against oxidants such as those produced during inflamma-
tion, are believed to play an important role in public health and
human disease prevention (2). Among these vitamins, e-tocoph-
erol (aT), the predominant form of vitamin E in many tissues
and the exclusive component in most vitamin E supplements, has
been extensively studied both in vitro and in vivo (3, 4). In
contrast, y-tocopherol (yT), while constituting 70-80% of vita-
min E in U.S. diets (5), was mostly ignored in the past because
of its relatively low animal plasma and tissue concentrations (6,
7), which result in a poor bioactivity as defined by the rat fetal
resorption assay (8).

However, emerging evidence indicates that yT may be impor-
tant in the defense against degenerative diseases. Some epide-
miological studies suggest that high intakes or high plasma levels
of oT predict low incidence of heart disease (9, 10), whereas
others fail to observe the inverse correlation (11, 12) or pro-
tective effects from oT supplementation (13, 14). Instead,
several independent investigations (11, 12, 15) demonstrate that
plasma concentrations of yT, but not T, are inversely correlated
to the incidence of coronary heart diseases. Cooney et al. (16)
and our laboratory (17) have shown that T is superior to aT in
trapping reactive nitrogen oxide species (NOx), mutagenic elec-
trophiles generated during inflammation. Because of the non-
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substituted S-position, yT is a better nucleophile and detoxifies
NOx by forming a stable adduct, 5-nitro-yT (17-19). In an in vitro
system, yT, compared with oT, exhibits stronger inhibition of
lipid peroxidation induced by peroxynitrite (17). Dietary yT is
primarily metabolized to 2,7,8-trimethyl-2-(B-carboxyethyl)-6-
hydroxychroman (y-CEHC), a water-soluble compound found
in human urine and possessing natriuretic activity (20, 21).

We have recently observed that yT supplementation leads to
the inhibition of protein nitration and ascorbate oxidation, and
spares vitamin C in rats with zymosan-induced peritonitis (Q.J.,
J. Lykkesfeldt, E. T. Shigeno, B.N.A., M. K. Shigenaga, and S.
Christen, unpublished data). In addition to its reactivity toward
NOx, it appears that yT plays a role in defending against
inflammation-related damage. In the present study, we investi-
gated the effects of yT on the inflammatory response in mac-
rophages and human epithelial cells. We found that T inhibited
the generation of prostaglandin E, (PGE,), an important me-
diator synthesized via the cyclooxygenase-2 (COX-2)-catalyzed
oxidation of arachidonic acid (AA) during inflammation. Our
results show that both yT and its major hydrophilic metabolite,
v-CEHC, at physiological concentrations are effective in inhib-
iting COX-2 activity in intact cells, whereas oT is much less
effective.

Materials and Methods

Materials. oT (99%) and yT (95-97%) were purchased from
Acros Organics (Summerville, NJ) or Fluka. y-CEHC (=98%)
and lipid hydroperoxide-free AA were from Cayman Chemicals
(Ann Arbor, MI). 2',7'-Dichlorofluorescin (DCFH) was from
Molecular Probes. Tissue culture reagents were all from
GIBCO/BRL. Bacterial lipopolysaccharide (LPS; B E. coli
055:B5) was from Difco. IL-1B and all other chemicals were from
Sigma.

Cell Culture. Murine RAW264.7 macrophages were routinely
cultured in DMEM containing 10% FBS. Human epithelial
cancer cells (A549) were obtained from American Type Culture
Collection and cultured in F12K medium supplemented with
10% FBS.

Cellular Uptake of oT and 4T. Cells were incubated in DMEM
containing 0.5% FBS supplemented with 10 uM «T or yT for
14 h. After harvested by scraping, cells were washed twice with

Abbreviations: AA, arachidonic acid; COX, cyclooxygenase; DCFH, 2’,7’-dichlorofluorescin;
iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NOx, reactive nitrogen oxide
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erol; y-CEHC, 2,7,8-trimethyl-2-(B-carboxyethyl)-6-hydroxychroman.
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Hanks’ balanced salt solution. T and yT were measured by
HPLC by using electrochemical detection. The amounts of T
and yT in macrophages were 0.87 = 0.12 and 1.05 = 0.1
nmol/10° cells, and in epithelial cells were 0.90 = 0.1 and 1.25 =
0.2 nmol/10° cells, respectively.

PGE; Generation During Chronic LPS and IL-18 Treatment. RAW264.7
cells (5 X 10° per well) were allowed to attach overnight in a
24-well plate. Confluent cells were incubated with DMEM
containing 0.5% FBS with ethanol (control) or tocopherols for
the indicated time and then 0.1 pg/ml LPS was introduced for
14 h. Similarly, confluent A549 cells were incubated with
DMEM containing 0.5% FBS supplemented with ethanol or
various tocopherols for 8 h and then treated with 10 ng/ml IL-18
for 24 h, at which time the medium was collected and PGE,
generation was measured.

COX-2 Activity in Intact Cells. A549 cells were pretreated with 10
ng/ml IL-18 for 24 h, then incubated with fresh medium
containing tocopherols or ethanol for the indicated time, and
finally incubated with exogenous AA for 10 min. PGE, release
was measured as an index of COX-2 activity.

Nitrite Measurement and DCFH Oxidation. Formation of NOx was
determined by nitrite accumulation in LPS-activated macro-
phages by using the Griess assay (22). The generation of total
reactive oxygen species was evaluated by the oxidation of
nonfluorescent DCFH to the highly fluorescent 2',7’-
dichlorofluorescein, as monitored by the increase in fluores-
cence intensity at 520 nm with excitation at 485 nm (23), by using
a Cytofluor 2350 fluorescent measurement system (Millipore).

PGE;, Prostaglandin D, (PGD;), and Isoprostane. PGE, and 8-
isoprostane synthesis were determined by an enzymatic immu-
noassay (Cayman Chemicals), in which highly specific mAbs
were used. PGD, was first converted to PGD, methoxime by
reacting with methoxylamine and the derivative was determined
by an immunoassay from Cayman Chemicals.

Western Blot. Cells were pretreated with tocopherols for at least
8 h as described above. Optimal protein induction of COX-2 and
inducible nitric oxide synthase (iNOS) in RAW264.7 cells was
observed at 8 and 14 h, respectively, after LPS treatment.
Harvested cells were broken by sonication in Hepes buffer with
protease inhibitor mixture (Sigma), and protein concentrations
were measured by the bicinchoninic acid (BCA) assay (Pierce).
SDS/PAGE was performed on a precast 10% gel for COX-2 and
7.5% gel (Bio-Rad) for iNOS. Resolved proteins were trans-
ferred onto poly(vinylidene difluoride) membrane (Millipore)
by either semidry or wet transfer. After blotting, proteins were
probed by primary antibodies and secondary antibody (Santa
Cruz Biotechnology) that is conjugated to horseradish peroxi-
dase. Finally, membrane was exposed to chemiluminescent
reagent (NEN, Life Science Products). Proteins were visualized
on a Kodak film by using a M35A X-OMAT processor (Kodak)
and quantified by ALPHAEASE 4.0 (Alpha Innotech, San Leandro,
CA) or IMAGEQUANT 1.2 (Molecular Dynamics).

Northern Blot. RAW264.7 macrophages were pretreated with
tocopherols for 8-14 h and then stimulated with LPS for 8 h.
Total RNA was purified by using RNeasy Miniprep kit (Qiagen,
Chatsworth, CA), and 3 pg of RNA was run on a 1% agarose gel
and transferred onto a positively charged nylon membrane
(Roche Molecular Biochemicals). Hybridization probes for
COX-2 and B-actin were synthesized by using their cDNA as
templates for PCR and labeled with digoxigenin-11-dUTP
(Roche Molecular Biochemicals). The mRNAs on the mem-
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brane were detected by chemiluminescent kit (Roche Molecular
Biochemicals) and quantified by IMAGEQUANT.

Statistical Analysis. The unpaired Student’s ¢ test was used in the
statistical analysis. All results are expressed as means = SDs.

Results

Differential Effects of T, yT, and y-CEHC on PGE, Generation in
RAW264.7 Cells Stimulated with LPS and Epithelial Cells Treated with
IL-18. A marked increase of PGE, generation was observed in
RAW264.7 macrophage when cells were treated with 0.1 ug/ml
LPS. Supplementation with yT led to a dose-dependent reduc-
tion of PGE; synthesis (Fig. 14), with an apparent ICsy of 7.5 =
2 uM. In contrast to yT, oT with concentrations of less than 10
uM had little effect on PGE, production, whereas 10 uM
v-CEHC showed ~ 20% inhibition. At 50 uM, yT and y-CEHC
led to 70-80% and 60% reduction of PGE, synthesis, respec-
tively, whereas oT showed only ~25% inhibition.

A549, a human lung epithelial cancer cell line, has been used
to evaluate the anti-inflammatory effect of nonsteroidal anti-
inflammatory drugs in intact cells (24). In IL-1B-treated A549
cells, both yT and y-CEHC exhibited dose-dependent inhibition
of PGE, release, with IC59 of 4 = 1 uM and 30 = 3 uM,
respectively (Fig. 1B). On the other hand, oT did not show any
effect even at a concentration of 40 uM. The inhibitory effect
of yT was also observed in the presence of exogenous AA
(Fig. 10).

Maximum inhibition of PGE, was achieved when cells were
preincubated with yT or «T for 8§-14 h before LPS or IL-13
treatment, which is likely attributable to their slow cellular
incorporation (25). After preincubation, washing the cells to
remove free yT before the treatment only slightly diminished its
inhibitory potency. In contrast, preincubation is not required for
the optimal inhibition rendered by y-CEHC and its effect was
completely abolished by washing. This difference may be ex-
plained by distinct cellular retention that is associated with the
hydrophobicity of the yT molecule in contrast to the more
hydrophilic y-CEHC. We also found that the inhibitory potency
for yT was affected by the serum amount in the medium during
LPS treatment. PGE, formation was ~ 10-20% more potently
inhibited by yT when cells were treated with LPS in the medium
containing 0.5% FBS compared with those in 10% FBS (data not
shown).

The difference between yT and oT in inhibiting PGE, syn-
thesis is likely not caused by their differential cellular incorpo-
ration. Under our experimental conditions, both tocopherols
were similarly absorbed by macrophages and the apparent yT
incorporation was ~30% higher than oT in human epithelial
cells (see Materials and Methods).

Effect on Other Arachidonate Metabolites. Consistent with a pre-
vious report (26), we found that besides PGE,, LPS-treated
RAW264.7 macrophages generated substantial amounts of
PGD, (Table 1). In vitro supplementation of yT also led to
reduction of PGD; synthesis, although the inhibition of PGE,
was slightly but significantly more potent. This suggests that yT
mainly affects the common step in the synthesis of different
prostaglandins. Similar to the case with PGE,, T had no effect
on PGD; release at 10 uM.

Another AA metabolite, 8-isoprostane, has been recognized
as a sensitive and specific marker of lipid peroxidation under
oxidative stress (27). LPS stimulation of macrophage led to a
marked increase in the release of 8-isoprostane. Supplementa-
tion with yT or aT caused significant reduction of isoprostane
formation, and T is significantly more potent than «T (Table 1),
~60 and 25% reduction by 10 uM T and «aT, respectively.
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Fig. 1.

Differential effects of aT, yT, and y-CEHC on PGE; synthesis in macrophage and epithelial cells. (A) RAW264.7 cells were preincubated with aT, 4T, or

vehicle, ethanol (0.1-0.2%) for 8-14 h in 0.5% FBS-DMEM and then treated with LPS (0.1 wg/ml) for 14 h. y-CEHC was added 1 h before LPS treatment. (B) A549
epithelial cells were preincubated with aT, yT, or ethanol (0.1-0.2%) for 8-14 h and then treated with IL-18 (10 ng/ml) for 24 h. y-CEHC was added 1 h before
IL-1B treatment. (C) A549 cells were treated with yT and IL-18 as described in B. After IL-13 treatment, the supernatant was removed and cells were resuspended
with fresh medium containing 10 uM AA for 10 min at 37°C. The supernatant was collected and PGE, was measured as described in Materials and Methods. Basal
was the amount of PGE; produced from cells not treated with LPS or IL-18. *, P < 0.05 and **, P < 0.01, control vs. tocopherol supplementation.

Inhibitory Effect of yT and y-CEHC on COX-2 Activity in IL-1B-
Pretreated Cells. The ability of yT and y-CEHC to directly inhibit
COX-2 activity was tested after a 1-h exposure period in COX-2
preinduced epithelial cells, followed by the addition of exoge-
nous AA. Under these conditions, y-CEHC showed direct
inhibition of PGE; but no inhibitory effect for yT was observed
(Fig. 2). However, if the exposure period for yT was extended to
8 or 24 h, the inhibition was evident (Fig. 2C). Their inhibitory
potency declined as AA concentrations were increased (Fig. 2.4
and B), suggesting that yT and y-CEHC might compete with AA
at the active site of COX-2. COX-2 protein levels were not
affected by the postincubation with yT (data not shown).

Effects on COX-2 Expression. A significant increase in COX-2
expression was observed in LPS-treated macrophages or IL-13-
stimulated epithelial cells compared with untreated cells. Up to
50 uM, oT, T, or y-CEHC did not show significant inhibition
of COX-2 protein expression (Fig. 3 A and B). Consistently,
Northern blots showed that the induction of COX-2 mRNA was
not affected by in vitro supplementation of tocopherols (Fig. 3C).

Effects on Nitrite Release and iNOS Expression. Nitrite accumulation
was monitored to evaluate the potential effect of tocopherols on
NOx formation in LPS-treated macrophages. At 10 uM, T
slightly inhibits (~18%, P < 0.05) nitrite release (Table 2),
whereas neither «T nor y-CEHC significantly affect its accu-
mulation. At 40-50 uM, the effect of «T, yT, and y-CEHC was
varied in four independent experiments (data not shown).
Because nitric oxide has been shown to potentiate PGE, syn-
thesis in LPS-treated macrophages (28), we used NO-
monomethyl-L-arginine (L-NMMA), a specific inhibitor of
iNOS, to test whether NO has any effect on yT-exerted PGE;
inhibition. Under our experimental conditions, the blocking of
NO formation by 1 mM L-NMMA did not affect PGE; synthesis
or the inhibitory potency of yT (Table 2), indicating that PGE,
formation is probably not mediated by NO.

LPS treatment led to a marked increase in iNOS expression in
macrophages. Both aT and T inhibited iNOS expression at 10
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uM (Table 2), although oT at this concentration did not
significantly suppress nitrite release.

Inhibition of Reactive Oxygen Intermediates. Oxidation of DCFH
has been used to evaluate the total generation of reactive oxygen
species including superoxide, hydrogen peroxide, and peroxyni-
trite (29). In RAW264.7 macrophages, LPS treatment caused a
significant increase in fluorescent intensity compared with con-
trols (P < 0.05, Fig. 4), indicating a marked generation of various
oxidative species. Coincubation with aT, 4T, and y-CEHC led to
the similar inhibition of DCFH oxidation, suggesting that they
possess similar antioxidant activity.

Discussion

Cyclooxygenase-catalyzed prostaglandin synthesis is one of the
important early events during inflammation. As a key inflam-
matory mediator, PGE, is known to stimulate cytokine gener-
ation (30), cause vasodilation, and mediate fever and pain (31).
A major finding of our current study is that yT at physiologically
relevant concentrations inhibits PGE, generation in two inde-
pendent cell lines. yT reduced PGE, synthesis in a LPS-
stimulated macrophage cell line, with an apparent ICsy of 7.5
uM, and in IL-1B-treated human epithelial cells, with an ICsy of
4 uM. The major metabolite of yT, y-CEHC, exhibited a similar

Table 1. Effects of aT and yT on the generation of different AA
metabolites in LPS-treated macrophages

Amount released, ng/108 cells

AA metabolite Control aT (10 uM) yT (10 uM)
PGE; 83+ 1.1 7.8+ 09 3.5+ 1.0*%*
PGD; 264 =+ 28 248 =+ 15 129 £ 25**

8-Isoprostane 7.4 = 0.7 5.6 = 04* 29+ 0.6**

RAW264.7 cells were preincubated with vehicle (control), aT, or 4T for 14 h
and treated with 0.1 ug/ml LPS for 14 h. AA metabolites released in the
medium were measured. *, P < 0.05 and **, P < 0.01, controls vs. yT or aT
supplementation.
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Fig. 2. Inhibition of COX activity by postincubation with 4T and y-CEHC in

COX-2-preinduced A549 cells. A549 cells were pretreated with IL-18 (10 ng/
ml) for 24 h. (A) Cells were washed and incubated with fresh medium con-
taining vehicle or y-CEHC for 1 h. AA at final concentrations of 5 or 15 uM was
added and incubated at 37°C for 10 min. (B) For T, the postincubation period
was extended to 24 h. Medium was then removed and replaced with a fresh
one containing 10 or 30 uM AA at 37°Cfor 10 min. (C) Cells were postincubated
with yT (10 uM) for 1, 8, or 24 h and COX-2 activity was measured as described
in B. All reactions were stopped by the addition of 0.5 mM aspirin and PGE; in
the medium was measured. COX activity (%) is expressed as the ratio of PGE,
produced in the presence of yT or y-CEHC to that with vehicle alone. Numbers
within brackets indicate the final concentrations of AA. *, P<0.05and **, P<
0.01, control vs. tocopherol supplementation.

inhibitory effect with an 1Csp of =30 uM in both cells. In
contrast, «T at 50 uM only slightly reduced (25%) PGE,
formation in macrophages, but had no inhibitory effect in human
epithelial cells. We also observed an inhibitory effect of yT
and y-CEHC on PGE, generation in the primary human lung
fibroblasts when treated with IL-1B3 (unpublished observation).
These results demonstrate that yT and its major water-soluble
metabolite possess anti-inflammatory properties.

The inhibitory effect of 4T stems from its direct inhibition of
cyclooxygenase activity in intact cells as shown by its inhibition
(by 60-80%) of PGE, synthesis and its lack of significant effect
on COX-2 expression at concentrations of 10-50 uM. That the
inhibition was observed in the presence of exogenous AA (Fig.
1C) demonstrates that the effect is not caused by a decrease in
phospholipase A, activity or substrate availability. y-CEHC, but
not yT, caused an immediate decline in PGE,; release after 1-h
exposure to the IL-1B-pretreated A549 cells followed by addition
of exogenous AA (Fig. 2). This is probably due to a more rapid
cellular uptake of y-CEHC, whereas the cellular incorporation
of T usually takes hours (25). Consistent with this hypothesis,
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Fig. 3. Effects on COX-2 expression. (A) Western blot of RAW264.7 macro-
phages. Cells were treated with vehicle (lane 1); LPS (0.1 ng/ml, lane 2); or LPS
(0.1 ug/ml) and T (10 uM, lane3; and 40 uM, lane 4); oT (10 uM, lane 5; and
40 uM, lane 6) or y-CEHC (10 uM, lane7; and 40 uM, lane 8) for 14 h. (B) Western
blot of A549 cells; cells were treated with vehicle (lane 1); IL-18 (10 ng/ml, lane
2); orIL-1Band T (10 uM, lane 3; and 40 uM, lane 4), and y-CEHC (10 M, lane
5; and 40 uM, lane 6) for 24 h. (C) Northern blot of RAW264.7 macrophages.
The sample sequence was the same as specified in A.

COX-2

when the incubation of yT with IL-1B-pretreated cells was
extended to 8 or 24 h, which allowed substantial cellular incor-
poration, we observed an inhibitory effect (Fig. 2).

The effect of yT cannot be attributed to its antioxidant activity
because both yT and T exhibited similar ability to inhibit
DCFH oxidation (Fig. 4), whereas oT showed a much less potent
effect on PGE, synthesis. When this paper was in preparation,
Wu et al. (32) reported that in vitro supplementation of T or yT
in old mice cells caused similar inhibition of PGE,; synthesis. The
discrepancy with the present study is likely due to the different
systems used. It is known that compared with young cells, cells
from old animals have much lower antioxidant capacity and
significantly higher levels of lipid hydroperoxide (33, 34) that
lead to an enhanced COX activity (35). Consequently, oT, a
powerful antioxidant that decreases lipid hydroperoxide in old
animals, reduced PGE; release in old cells (35). Consistently, no
inhibitory effect was observed when oT was supplemented in
young rats (35, 36).

vT has a nonsubstituted 5-position, making it a better nucleo-
phile for trapping electrophiles and a stronger inhibitor of
peroxynitrite-induced lipid peroxidation (17) as compared with
aT. Although peroxynitrite has been suggested as a peroxide
source for COX-2 activity (26), in the current system, peroxyni-
trite is not likely to be a major mediator because PGE, synthesis
or inhibitory potency of yT was not affected by NO (Table 2).
The physiological source of peroxide is thus unknown. A com-
prehensive understanding of the action of yT was also impeded
by our unsuccessful attempt to test its inhibitory effect with the
purified enzyme (data not shown). However, our results from
intact cells suggest that yT' and y-CEHC may serve as weak
competitive inhibitors of COX-2 because their inhibitory po-
tency was diminished with an increase in AA concentration (Fig.
2). It remains to be determined whether the inhibitory activity
of yT is caused by its competing with AA at the binding site of
COX-2, or inhibition of lipid peroxidation as a nucleophile (17),
or both.

Numerous studies demonstrate that nonsteroidal anti-
inflammatory drugs exert their therapeutic effects by inhibiting
COX activity (37). Drug potencies estimated in intact cells,
compared with using purified enzyme, more accurately reflect
their function as COX inhibitors in vivo (24, 38). In the present
study, yT served as a COX inhibitor in intact cells but not with
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Table 2. Effect of tocopherols on nitrite accumulation and iNOS expression

Nitrite release, uM

PGE;, ng/1068 cells

Treatment Control L-NMMA (1 mM) Control L-NMMA (1 mM) iNOS expression,* %
LPS 24.0 + 3.1 2.1 +0.3% 83+ 1.1 84 +1.0 100

T (10 uM) 19.4 = 1.6* 2.2 +0.2% 3.5 + 1.0** 3.7 £ 0.8*%* 69 + 12**

T (10 uM) 22.1+1.4 ND 7.8 +0.9 ND 76 = 10*
y-CEHC (10 uM) 23.1+26 ND 6.5 = 0.6* ND 9 + 8

RAW264.7 cells were preincubated with vehicle and various tocopherols for 14 h and then treated with 0.1 ug/ml LPS in the presence
or absence (controls) of 1T mM NG-monomethyl-L-arginine (.-NMMA), for 14 h, at which time medium was collected and nitrite
accumulation was measured. *, P < 0.05 and **, P < 0.01: vehicle vs. yT, T, and y-CEHC supplementation; t, P < 0.01: with vs. without

1 mM L-NMMA; ND, not determined.

*iNOS (%) was obtained, using the Western blot, by the comparison of iNOS induced in the presence of various tocopherols with that

expressed with ethanol alone.

the purified enzyme, similarly to sodium salicylate, which inhib-
ited cellular PGE; synthesis with an ICsy of 25 uM but did not
show inhibition with the purified COX-2 (24). Although further
experiments are needed to evaluate yT therapeutic potency in
vivo, the current finding is consistent with our recent observation
that yT supplementation attenuated the inflammation-induced
damage in rats (Q.J., J. Lykkesfeldt, E. T. Shigeno, B.N.A., M. K.
Shigenaga, and S. Christen, unpublished data).

Although 8-isoprostane was originally proposed as a marker of
lipid peroxidation generated independent of COX (39), several
recent studies suggest it might be produced via a COX-catalyzed
pathway under certain conditions, for instance, in LPS-treated
human monocytes (40) or cytokine-activated smooth muscle
cells (41). In the present study, yT, compared with «T, was more
inhibitory to the isoprostane increase in LPS-treated macro-
phages (Table 1). This is in line with a COX-dependent mech-
anism, because yT is a COX inhibitor but «T is a better
antioxidant. Consistent with this notion, we also observed a
marked decline in isoprostane in the presence of indomethacin
(data not shown). Although neither «T nor T apparently
affected COX-2 protein expression, they suppressed iNOS in-
duction (Table 2), which, together with their similar inhibition of
DCFH oxidation, confirms that both tocopherols were effi-
ciently incorporated in the cells. Further experiments are needed
to understand the mechanism of iNOS inhibition.

vT concentrations in human plasma vary from 1 to 6-7 uM
(42), depending on the amount of dietary intake. These levels are
comparable to the yT ICsg values (4-10 uM) estimated here in
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Fig. 4. Total reactive oxygen species formation by DCFH assay. In 96-well
plates, 6 X 10%cells per well were incubated for at least 4 h in the fresh medium
containing 0.5% FBS supplemented with tocopherols or ethanol in controls.
Cells were then treated with 0.1 ug/ml LPS for 3 h, washed twice with Hanks’
balance saline solution, and finally incubated with 40 uM DCFH for 3 h or
overnight. *, P < 0.05 control vs. tocopherol supplementation.
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intact cells, and thus seem physiologically relevant. Although yT
compared with oT is 4-5 times more abundant in diets (5), there
have been few measurements of yT in human tissues and these
have been mostly confined to adipose tissues (43, 44). Burton et
al. (42) have recently reported that yT constitutes 30-50% of
total vitamin E levels in human skin, muscle, and adipose tissues.
The concentrations of yT in those tissues, e.g., 107 and 180
nmol/g (=107 and 180 pM) of human muscle and skin, respec-
tively (42), are remarkably higher than those measured in the
corresponding rodent tissues, e.g., 3.5 nmol/g of rat muscle (6)
and 3-4 nmol/g of mouse skin (45). This indicates that human
retention of yT may be different from rodents. The potential role
of yT in humans, therefore, may be unappreciated based on the
experiments performed in rodents. More measurements on
human tissue yT are required. Recent evidence indicates that as
much as 50% of dietary yT may be catabolized to y-CEHC (46),
a hydrophilic product possessing the same chromanoxyl ring and
a shorter phytyl chain with a carboxylate tail. y-CEHC is
recognized as a natriuretic factor in human urine (21) and its
plasma concentration is ~50-85 nM (47). Its level may be high
in certain tissues such as kidney or increased with high dietary
T intake. We show that y-CEHC is a COX-2 inhibitor with an
apparent ICsp of 30 uM, which may be transiently achieved
in tissues (such as the kidney), based on its urinary concentra-
tions (46).

Our current findings that yT and its metabolite y-CEHC possess
anti-inflammatory properties may have important physiological
implications. First, various animal and human tumor tissues, in-
cluding human colon cancer, have been reported to contain en-
hanced COX-2 expression and PGE; (48). PGE; has been shown
to promote proliferation in certain cancer cells and nonsteroidal
anti-inflammatory drugs can inhibit the growth of carcinoma cells
and suppress angiogenesis (48). Consequently, several population-
based studies have detected a 40-50% decrease in relative risk for
colorectal cancer in individuals who regularly use aspirin and other
nonsteroidal anti-inflammatory drugs (49-51). Cooney et al. (16)
report that T is superior to T in preventing neoplastic transfor-
mation in C3H 10T fibroblasts. Although the mechanism behind
this effect is not fully understood, we propose that the ability of yT
to inhibit PGE, generation revealed in this study may be partially
responsible for this effect.

In addition, inflammation plays a key role in the initiation and
development of atherosclerosis and augmented expression of
COX-2 has been found in human atherosclerotic lesions but not
in normal arteries (52). The anti-inflammatory properties of yT
may be important in preventing cardiovascular disease. Two
clinical studies reported that serum levels of yT, but not «T, were
reduced in coronary heart disease patients (11, 12). In one of the
epidemiological studies, Kushi et al. (53) found that the intake
of vitamin E from diets, which contain mostly yT, but not
supplements, which consist predominantly of T, was inversely

Jiang et al.



correlated with death from coronary heart diseases. On the
other hand, studies by Stampfer et al. (9), though not directly
comparable, did not observe the same effect. The recent animal
studies by Saldeen et al. (54) indicate that yT supplementation
in Sprague—-Dawley rats, compared with «T, showed more
potent ex vivo inhibition of low density lipoprotein oxidation,
platelet aggregation, and arterial thrombogenesis.

In summary, our current study demonstrates that yT and its
major metabolite, but not «T, inhibit COX activity and thus
possess anti-inflammatory activity. Our data combined with the
cited human and animal studies suggest that yT may be impor-
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