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Abstract

Cyclooxygenase (COX-1 and COX-2)- and 5-lipoxygenase (5-LOX)-catalyzed biosynthesis of 

eicosanoids play important roles in inflammation and chronic diseases. The vitamin E family has 

four tocopherols and tocotrienols. We have shown that the metabolites of δ-tocopherol (δT) and 

δ-tocotrienol (δTE), i.e., δT-13’-carboxychromanol (COOH) and δTE-13’-COOH, respectively, 

inhibit COX-1/-2 and 5-LOX activity, but the nature of how they inhibit 5-LOX is not clear. 

Further, the impact of tocopherols and tocotrienols on COX-1/-2 or 5-LOX activity has not 

been fully delineated. In this study, we found that tocopherols and tocotrienols inhibited human 

recombinant COX-1 with IC50s of 1–12 μM, and suppressed COX-1-mediated formation of 

thromboxane in collagen-stimulated rat’s platelets with IC50s of 8–50 μM. None of the vitamin E 

forms directly inhibited COX-2 activity. 13’-COOHs inhibited COX-1 and COX-2 enzyme activity 

with IC50s of 3–4 and 4–10 μM, respectively, blocked thromboxane formation in collagen- and 

ionophore-stimulated rats’ platelets with IC50s of 1.5-2.5 μM, and also inhibited COX-2-mediated 

prostaglandins in stimulated cells. Using enzyme kinetics, we observed that δT-13’-COOH, 

δTE-13’-COOH and δTE competitively inhibited 5-LOX activity with Ki of 1.6, 0.8 and 2.2 

μM, respectively. These compounds decreased leukotriene B4 from stimulated neutrophil-like cells 

without affecting translocation of 5-LOX from cytosol to the nucleus. Our study reveals inhibitory 
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effects of vitamin E forms and 13’-COOHs on COX-1 activity and thromboxane formation in 

platelets, and elucidates mechanisms underlying their inhibition of 5-LOX. These observations are 

useful for understanding the role of these compounds in disease prevention and therapy.
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1. Introduction

5-Lipoxygenase (5-LOX)- and cyclooxygenases (COX-1/-2)-catalyzed oxidation of 

arachidonic acid (AA) leads to formation of leukotrienes (LTs) and thromboxane/

prostaglandins, respectively [1]. These eicosanoids are bioactive lipids regulating diverse 

biological functions and contributing to diseases. In particular, prostaglandin E (PGE2) and 

leukotriene B4 (LTB4) are potent mediators of inflammation and contribute to inflammation-

associated diseases including asthma and cancer [1,2]. For instance, PGE2, LTB4, COX-2 

and 5-LOX have been reported to be elevated in prostate and colon cancer tissues, and 

shown to stimulate cancer cell growth and promote chemotherapy drug resistance [1]. 

Further, thromboxane A2 (TxA2), which is synthesized by COX-1-mediated reaction in 

platelets, stimulates platelet aggregation, and overproduction of this eicosanoid increases 

the risk of cardiovascular diseases [3]. Given the role of these enzymes and related 

eicosanoids in inflammation and chronic diseases, targeting 5-LOX and COXs is considered 

effective for prevention and treatment of chronic diseases. For example, Zileuton, a 5-LOX 

inhibitor, significantly reduces allergen-induced nasal congestion, and blocks leukotriene 

formation in the nasal lavage fluids of patients with allergic rhinitis after challenge with 

specific allergens [4]. Further, COXs inhibitors are used for treating inflammation and prove 

effective for prevention of colorectal cancer [1]. Despite strong clinical implications, COXs 

inhibitors have well-documented adverse effects and zileuton is the only clinicallyused 

5-LOX inhibitor.

Interestingly, we have shown that natural forms of vitamin E and metabolites are capable 

of inhibiting 5-LOX and COX-mediated eicosanoids in cell and animal studies [5,6]. The 

vitamin E family consists of α-, β-, γ- or δ-tocopherol (αT, βT, γT, and δT) and α-, 

β-, γ- or δ-tocotrienol (αTE, βTE, γTE, and δTE) (Fig. 1A). These vitamin E forms 

are readily metabolized by cytochrome P450-mediated ω-hydroxylation and oxidation 

of the 13’-carbon on the hydrophobic side chain to produce 13’-carboxychromanol (13’-

COOH), which is further degraded by β-oxidation to form the terminal urinary-excreted 

metabolite 2-(β-carboxyethyl)-6-hydroxychroman (CEHC, or 3’-carboxychromanol) (Fig. 

1B) [5]. We have shown that γT and δT are stronger than αT in inhibition of ionophore-

stimulated formation of LTB4 and LTC4 in neutrophils via blocking Ca2+ influx and 5-LOX 

translocation from cytosol to the nucleus, a key step leading to 5-LOX activation, whereas 

these tocopherols do not directly inhibit human 5-LOX activity at physiologically relevant 

concentrations [7]. Unlike tocopherols, δT-13’-carboxychromanol (δT-13’-COOH) (Fig. 

1B), a metabolite derived from δT, inhibits 5-LOX activity, and ionophore- or thapsigargin 
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(THAP)-stimulated leukotriene (LT) formation in neutrophils [7]. Interestingly, δTE-13’-

COOH, a metabolite of δTE with three double bonds in the side chain (Fig. 1B), appears to 

be slightly stronger than δT-13’-COOH in inhibition of 5-LOX [8]. Further, we have shown 

that 13’-COOHs are competitive inhibitors of COXs [9]. Therefore, δTE-13’-COOH, and 

δT-13’-COOH are dual inhibitors of COX/5-LOX. Consistently, Pein et al [10] confirmed 

that δTE-13’-COOH inhibits 5-LOX and showed that αT-13’-COOH, a metabolite from αT, 

is also a potent inhibitor of 5-LOX.

Despite these findings, there are knowledge gaps concerning the effects of vitamin E 

forms and 13’-COOHs on 5-LOX and COX-1/-2 activity and their catalyzed eicosanoids. 

In particular, the mechanism underlying 13’-COOHs’ inhibition of 5-LOX is not known. 

Although Pein et al [10] suggested that δTE-13’-COOH and αT-13’-COOH are allosteric 

5-LOX inhibitors, enzyme kinetics, which is considered vital for characterization of enzyme 

inhibition [11], has not been conducted and therefore the mechanism remains elusive. In 

addition, the impact of tocopherols and tocotrienols on COX-1 and its mediated eicosanoids 

has not been delineated. In this paper, we investigated the effect of vitamin E forms, 

δTE-13’-COOH and δT-13’-COOH on human recombinant COX-1 activity and COX-1 

mediated thromboxane B2 (TXB2) formation in platelets. We also conducted enzyme 

kinetics and cell studies to elucidate the nature of how tocotrienols and 13’-COOHs inhibit 

5-LOX and whether those compounds affect 5-LOX activation in neutrophil-like HL-60 

cells.

2. Materials and methods

2.1. Materials

Human recombinant COX-1, COX-2, 5-LOX, and arachidonic acid (AA) were from Cayman 

Chemical (Ann Arbor, MI). Cell culture reagents were from American Type Culture 

Collection or Invitrogen. Collagen fibrils (type I) from equine tendons were obtained from 

Chrono-Log Corp (Havertown, PA). Zileuton (a 5-LOX inhibitor) was purchased from 

Tocris Cookson (Minneapolis, MN). The primary and secondary antibody for detecting 

5-LOX were purchased from BD Biosciences Pharmingen and Santa Cruz Biotechnology, 

respectively. Human recombinant IL-1β, bacterial lipopolysaccharide (LPS), and all other 

chemicals were from Sigma (St. Louis, MO).

2.2. COX-1 and COX-2 activity assay using purified enzymes

The COX-1 and COX-2 activity assays were performed according to the procedure modified 

from Cayman Chemical. Briefly, test compounds were incubated with human recombinant 

COX-1 or COX-2 in the reaction buffer at room temperature for 10 min. Enzymatic 

reactions were initiated by addition of AA at a final concentration of 5 μM for 2 min 

and stopped by addition of 0.1 M HCl containing stannous chloride, which reduces 

prostaglandin (PG)G2, and PGH2 to PGF2α. PGF2α was quantified using ELISA assays.

2.3. Preparation of washed platelets and platelet activation

The protocol of animal use was approved by Purdue Animal Use and Care Committee. 

Blood was collected from the heart of rats and dispensed into centrifuge tubes containing 
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10% (v/v) anticoagulant solution (65 mM citric acid/85 mM sodium citrate/2% glucose, pH 

7.4). Then, the blood was centrifuged at 210 X g for 10 min at room temperature. The 

supernatant of platelet-rich plasma was mixed with 50% Hanks’ balanced salt solution 

supplemented with 25 mM HEPES (HHBSS)/30% anticoagulant solution and further 

centrifuged (760 X g, 10 min). The platelet pellet was re-suspended in fresh HHBSS/10% 

anticoagulant and centrifuged at 760 X g for 10 min, and the pellet was resuspended in 

HHBSS/10% anticoagulant [12].

Isolated platelets (200μl at 108 cells/mL) were incubated with test compounds or DMSO 

(Ctrl) for 25 min at 37°C, and were then stimulated by 20 μ/mL collagen or 1–2 μM calcium 

ionophore (A23187) with addition of CaCl2 (final 1–2 mM) for 10 min. The reactions 

were terminated by adding 100 μL of methanol. After centrifugation, the supernatant was 

removed and TXB2 was analyzed using enzyme immunoassay (EIA) kit from Cayman 

Chemical Company.

2.4. COX-2 activity in the intact-cell assays

Murine RAW264.7 macrophages were routinely cultured in DMEM containing 10% fetal 

bovine serum (FBS). Human lung epithelial cancer cells (A549) were obtained from 

American Type Culture Collection and cultured in RPMI 1640 supplemented with 10% 

FBS. The effect on COX-2 activity was examined in intact-cell assays as previously 

described [13]. Briefly, COX-2 was induced in A549 cells or RAW264.7 macrophages 

by 0.5 ng/mL IL-1β for 6 h or 0.1 μg/mL LPS for 14–16 h, respectively. Cells were then 

incubated with fresh medium-1% FBS containing test compounds or DMSO for 10 min, 

and then added with 5 μM AA for 5 min. PGE2 or PGD2 accumulated in the media was 

measured as an index of COX-2 activity using ELISA (Cayman Chemical).

2.5. Assessment of 5-LOX activity in enzyme assays

Potential effects on the activity of 5-LOX were evaluated using the ferrous oxidation-xylenol 

orange assay (FOX assay) as previously described [14]. Briefly, human recombinant 5-LOX 

(4.5 U) was pre-incubated with tested compounds for 4 min at room temperature in 50 mM 

Tris-HCl buffer (pH 7.4) containing 0.4 mM CaCl2. Reactions were initiated by addition of 

AA (final 75 μM). Four min later, the reaction was terminated by FOX reagent containing 25 

μM sulfuric acid, 100 μM xylenol orange, and 100 μM ferrous sulfate dissolved in methanol/

water (9:1). After color development, the absorbance was measured at 560 and 575 nm using 

a SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale, CA).

2.6. LTB4 formation in stimulated neutrophil-like cells

Human promyeloblast HL-60 cells (from ATCC) were routinely maintained in RPMI 

1640 medium supplemented with 10% FBS under 5% CO2. For induction of neutrophil 

differentiation, 2.2–2.4 × 105 cells/mL were incubated in RPMI 1640 containing 10% FBS 

plus 1.25% DMSO for 5 d [15-17]. Our data show that neutrophil morphology became 

obvious and 5-LOX expression peaked after 5-d differentiation. To study the effect on LTB4, 

differentiated HL-60 cells (1.6 × 106 ) were preincubated with vehicle control, vitamin E 

forms, δT-13’-COOH or δTE-13’-COOH in DMEM-1% FBS at 37°C for 10- or 30-min. 

Cells were then stimulated with THAP (1–2 μM) or A23187 (1–10 μM) for another 15 min. 
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After brief centrifugation, the medium was collected, and LTB4 was measured by ELISA 

(Cayman Chemicals).

2.7. 5-LOX translocation by the western blotting

To study the effect on 5-LOX translocation, differentiated HL-60 cells were preincubated 

with tested compounds or DMSO for 30 min and then stimulated by THAP or A23187 

for 15 min. The nuclear and cytosol fractions were isolated by NEPER nuclear and 

cytoplasmic extraction reagent (Thermo Scientific). The resulting solution was heated at 

95°C for 8 min. Proteins (25–50 μg) were resolved on 10% SDS-PAGE gels, transferred 

onto a polyvinylidene floride membrane (Millippore), and probed by a 5-LOX antibody. 

Membranes were exposed to chemiluminescent reagent (PerkinElmer) and visualized on a 

Kodak film.

2.8. Enzyme kinetics to study the nature of how 13’-COOHs and δTE inhibits 5-LOX

The 5-LOX activity was measured by monitoring the initial rate of oxygen consumption 

(nanomoles per min) in a MT200 glass chamber using a model 1302 oxygen electrode 

(Warner Instruments, LCC). The standard assay solution contained 50 mM Tris (pH 7.4) and 

0.4 mM CaCl2, in which human recombinant 5-LOX and test compounds or DMSO were 

added. After 10-min pre-incubation, the enzyme reaction was initiated by injection of AA 

(5–50 μM) into the reaction chamber. The initial rate of the oxygen consumption during 

the 5-LOX reaction was recorded using an oxygen microelectrode. The Km and Vmax of 

the reactions in the absence and presence of 13’-COOHs or δTE were calculated using 

nonlinear regression (Graph-Pad Prism 7.03). The nature of competitive inhibition is shown 

by Lineweaver-Burk plots.

2.9. Statistical analyses

For multiple statistical analyses, we performed one-way ANOVA with subsequent Dunnett’s 

test to compare a number of treatments to a control group. P<.05 or P<.01 were considered 

significant difference.

3. Results

3.1. The effect of 13’-COOHs and vitamin E forms on human COX-1 and COX-2 activity

Previously, we have shown that δT-13’-COOH, which is generated via metabolism of δT 

in A549 cells, competitively inhibits COX−1/−2 [9]. Here we investigated the effect of 

chemically-synthesized δT-13’-COOH and δTE-13’-COOH as well as natural forms of 

vitamin E on COX-1 and COX-2 in enzyme assays. Similar to naturally-formed metabolite 

from δT [9], the synthetic δT-13’-COOH inhibited human recombinant COX-1 and COX-2 

with an apparent IC50 of 2.5 and 4 μM, respectively (Fig. 2A and 2B). δTE-13’-COOH 

appeared to be slightly less potent than δT-13’-COOH in inhibition of COX-1 and COX-2 

with IC50 values of 4 and ~10 μM, respectively (Fig. 2A and 2B). Interestingly, vitamin E 

forms γT, δT, γTE, and δTE strongly inhibited COX-1 with IC50 values of 1–2.5 μM, and 

α-T inhibited COX-1 with IC50 of ~12 μM (Fig. 2C). Under the same condition, aspirin 

inhibited COX-1 activity with IC50 of 40 μM (data not shown). In contrast to the effect 

on COX-1, none of these vitamin E forms significantly inhibit COX-2 (Fig. 2D), consistent 
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with our previous observation [9]. The IC50s of the test compounds on COX-1/COX-2 

activity are summarized in the table (Fig. 2).

3.2. The effect of 13’-COOHs and vitamin E forms on COX-1-mediated TXB2 in rats’ 
platelets and COX-2-mediated PGE2 formation in macrophages or epithelial cells

To further evaluate the effects of 13’-COOHs and vitamin E forms on COX-1-catalyzed 

product formation in cells, we used freshly isolated rats’ platelets, which upon stimulation, 

produce TXA2 via a COX-1-catalyzed reaction and TXA2 is quickly converted to stable 

metabolite TXB2. In our study, when stimulated by collagen (20 μM) or A23187 (1–2 μM), 

rats’ platelets released 2.1–10 ng/mL or 18–75 ng/mL of TXB2, respectively, compared to 

the baseline of 0.5–1 ng/mL. As shown in Figure 3A and B, δT-13’-COOH and δTE-13’-

COOH dose-dependently inhibited collagen- or A23187-induced TXB2 formation with IC50 

values of 1.5–2.5 μM. Interestingly, γT, δT, γTE, and δTE inhibited TXB2 with estimated 

IC50 values of the order of 5–10 μM for δTE and γT, 10–20 μM for γTE and ~25 μM for 

δT in rats’ platelets stimulated by collagen, a physiologically relevant stimulator (Fig. 3C). 

However, when the platelets were triggered by A23187, the IC50s for γT, δT, γTE, and δTE 

increased to over 30 μM (Fig. 3D). αT decreased collagen- or A23187-stimulaed TXB2 with 

IC50s of ~50 μM (Fig. 3E). Overall, the relative inhibitory potency showed an order of δTE 

≈ γT>γTE>αT, δT. These cellular data indicate that the ability of these vitamin E forms to 

inhibit COX-1 is not as strong as that shown in enzyme assays.

In agreement with inhibition of COX-2 activity, δT-13’-COOH and δTE-13’-COOH 

inhibited COX-2-mediated PGE2 in IL-1β-stimulated A549 epithelial cells with IC50s of 

2.5–5 μM (Fig. 3F). We also observed similar inhibitory effect of 13’-COOHs on PGE2 and 

PGD2 in LPS-stimulated macrophages (not shown).

3.3. 13’-COOHs are much stronger than CEHC in inhibiting 5-LOX activity; Tocotrienols, 
unlike tocopherols, inhibit 5-LOX activity

Like our previous observation with naturally-formed δT-13’-COOH [7], synthetic δT-13’-

COOH inhibited the 5-LOX activity with IC50 of 1.6 μM. Under the same condition, 

δTE-13’-COOH inhibited 5-LOX with an IC50 of 0.5 μM (Fig. 4A) and zileuton, a known 

5-LOX inhibitor, showed an IC50 of ~1 μM. γ-CEHC, a short-chain carboxychromanol, 

weakly inhibited 5-LOX with an IC50 of >50 μM (Table in Fig. 4). Further, tocotrienols 

differentially inhibited human 5-LOX, at the relative potency of γTE, δTE > αTE, with 

IC50s of 4.3, 4.3 and >10 μM, respectively (Fig. 4). Unlike these compounds, we previously 

show that tocopherols fail to inhibit 5-LOX under 50 μM [7].

3.4. γTE, δTE and 13’-COOH inhibited LTB4, but did not affect 5-LOX translocation from 
cytosol to the nucleus, in THAP- or A23187-stimulated neutrophil-like HL-60 cells

Ca2+-mobilizing agents such as THAP or calcium ionophores A23187 stimulate neutrophils 

via increasing cytosolic calcium, an essential step for 5-LOX activation and its mediated 

LTB4 formation [18]. A23187 increases membrane permeability while facilitating calcium 

influx, and THAP targets endoplasmic reticulum Ca2+− ATPase. In the present study, the 

differentiated HL-60 cells released LTB4 varying from 2.4–34.2 ng/mL when stimulated by 

1–10 μM of THAP compared to 0.01–0.05 ng/mL by non-differentiated or unstimulated 
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cells. We observed that δT-13’-COOH and δTE-13’-COOH, after pre-incubation with cells 

for 30 min, inhibited THAP-stimulated LTB4 formation with the IC50 of 7.5 μM (Fig. 5A). 

γTE and δTE, but not αTE, dose-dependently inhibited LTB4 with an IC50 of ~5 μM 

(Fig. 5B). Interestingly, when the pre-incubation time was reduced to 10 min, the inhibitory 

potency of δT-13’COOH, δTE-13’COOH, γTE, and δTE diminished as indicated by IC50 

values of 11, 11, 9 and 8 μM, respectively (Data now shown). Additionally, 13’-COOHs 

and δTE inhibited A23187-stimulated LTB4 in neutrophil-like HL-60 cells (data not shown). 

Unlike γTE or δTE, γT and δT at up to at 50 μM had no significant effect on THAP-

stimulated LTB4 (not shown), which is consistent with our previous observation [7].

It is well established that leukotriene formation in granulocytes requires activation of 5-

LOX through calcium signalling. Specifically, when leukocytes are stimulated, intracellular 

calcium is elevated, which leads to activation of PKC and MAPK signaling. Such activation 

and signaling events lead to translocation of 5-LOX from cytosol to the nuclear membrane 

where this enzyme interacts with 5-lipoxygenase-activating protein (FLAP) for 5-LOX-

catalyzed oxygenation of AA [2]. We previously show that γT or δT, while do not inhibit 

5-LOX activity, decrease LTB4 formation via blocking ionophore-stimulated Ca2+ influx 

and 5-LOX translocation [7]. In the present study, we observed that THAP triggered 

significant increase of 5-LOX in the nucleus and slight decrease in cytosol, consistent 

with 5-LOX translocation (Fig. 5). δT-13’-COOH, δTE-13’-COOH, γTE or δTE did not 

show any significant impact on THAP-induced 5-LOX translocation (Fig. 5C and 5D). 

Similar results were observed in A23187-stimulated cells (data not shown), although we 

previously observed that γTE modestly blocked A23187-stimulated 5-LOX translocation 

[7]. This discrepancy may be due to varied amounts of A23187, which may result in varied 

inhibition of LTB4 formation by tocopherols and γTE [7]. Nevertheless, the lack of affecting 

THAP-induced translocation suggests that δT-13’-COOH, δTE-13’-COOH, γTE, and δTE 

dampened LTB4 in cells by inhibition of 5-LOX without affecting 5-LOX translocation or 

the upstream signaling.

3.5. Enzyme kinetics reveal that 13’-COOHs and δTE are competitive inhibitors of 5-LOX

To elucidate the molecular mechanism underlying inhibition of 5-LOX, we used enzyme 

kinetics to investigate the nature of how δT-13’-COOH, δTE-13’-COOH, and δTE inhibit 

the 5-LOX activity. To this end, we evaluated the impact of these inhibitors on the initial rate 

of reaction (O2 consumption) with a series of substrate (AA) concentrations. We observed 

that these compounds decreased the initial rate of reaction in a concentration-dependent 

manner but did not appear to change the Vmax (Fig. 6A, 6C and 6E). The Lineweaver-

Burk double reciprocal plot of our data consistently indicated that δT-13’-COOH, δTE-13’-

COOH, and δTE acted as a competitive inhibitor of 5-LOX with Ki at 1.6 μM, 0.8 μM, and 

2.2 μM, respectively, and the Km of AA was 2.1 μM (Fig. 6B, 6D, 6F). Similar Km values 

of AA were reported by others [19]. These data strongly suggest that these compounds can 

compete with AA for the binding to the substrate binding site of 5-LOX.
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4. Discussion

A novel finding of our study is that δT-13’-COOH, δTE-13’-COOH and δTE are 

competitive inhibitors of 5-LOX, as indicated by enzyme kinetics that is considered 

essential for determining the mechanism of how an inhibitor interacts with an enzyme [11]. 

Previously, it was proposed that δTE-13’-COOH or αT-13’-COOH are allosteric inhibitors 

of 5-LOX, but enzyme kinetic experiments were not conducted to support such assumption 

[10]. Our enzyme kinetic data indicate that these compounds are capable of competing 

with AA for binding to the active site of 5-LOX. According to the estimated Ki and Km, 

δTE-13’-COOH appears to bind 5-LOX more strongly than AA, δTE or δT-13’-COOH. 

Since δTE-13’-COOH shows slightly stronger inhibition of 5-LOX than δT-13’-COOH, and 

short-chain carboxychromanols poorly inhibit 5-LOX [10], it is reasonable to assume that 

the long side chain with double bonds in δTE-13’-COOH can strengthen the interaction with 

the enzyme. This is in agreement with the observation that αT, γT or δT are poor inhibitors 

of 5-LOX compared to γTE and δTE. Furthermore, because δTE-13’-COOH is stronger 

than δTE in inhibiting 5-LOX, the carboxylate group at the 13’ position is important for the 

binding to 5-LOX. Additionally, the observation that δTE and γTE inhibits 5-LOX more 

strongly than αTE suggests that the methyl group at the 5-position on the chromanol ring 

may be too bulky for αTE to fit the enzyme binding site, although this speculation requires 

further investigation.

Consistent with inhibition of 5-LOX enzyme activity, 13’-COOHs, δTE and γTE, but 

not αTE, inhibited THAP- or ionophore-stimulated formation of LTB4 in neutrophils. 

Meanwhile, tocotrienols and 13’-COOHs do not affect 5-LOX translocation, a critical step 

for 5-LOX activation. In contrast, δT and γT, while do not inhibit 5-LOX, decreased 

ionophore-stimulated LTB4 via blocking the increase of intracellular calcium and 5-LOX 

translocation [7]. Despite agreement in inhibition of 5-LOX and decreasing LTB4 formation 

in cells, there are noticeable differences in the results between enzyme assays and cell-based 

studies. For instance, while 13’-COOHs (IC50s of 0.5–1.6 μM) showed stronger inhibition 

of 5-LOX than γTE or δTE (IC50s of 4.3 μM), tocotrienols (IC50 of 4–5 μM) inhibit 

LTB4 more effectively than 13’-COOHs (IC50s: 7–8 μM) in cell studies. This discrepancy 

may be due to the difference in the cellular uptake of these compounds. Since 5-LOX 

activation involves translocation from cytosol to the nucleus, it is important for inhibitors 

to be inside cells for effective inhibition of 5-LOX. However, 13’-COOHs may not readily 

enter cells because of partially-charged carboxylate group under physiological pH, unlike 

tocotrienols that are known to be well up-taken by cells [20]. Consistent with this idea, 

30-min pre-incubation with 13’-COOHs enhanced inhibitory potency of LTB4 compared to 

10-min pretreatment. In addition, the IC50s of δTE-13’-COOH in our study for inhibiting 

5-LOX or LTB4 in cells are higher than those observed by Pein et al (35 nM and ~0.26 μM 

for inhibition of 5-LOX and LTB4 in cells, respectively) [10]. Since IC50s are known to vary 

with experimental conditions, this discrepancy is likely caused by potential difference in the 

amount of the enzyme and the ratio of tested compounds to the number of cells.

Another interesting finding is that vitamin E forms inhibit human recombinant COX-1 

in enzyme assays, and moderately blocked COX-1-mediated formation of TxB2 in rats’ 

platelets stimulated by collagen, a physiologically relevant stimulus of platelets. However, 
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inhibition of TxB2 formation by all vitamin E forms was weak in A23187-stimulated 

platelets. The reason for different potency in inhibition of COX-1 between enzyme assays 

and platelet studies is not clear, but this discrepancy underscores the importance of 

evaluation of inhibitors in both enzyme and cell-based assays. Further, similar to our 

previous observation [21], vitamin E forms do not inhibit COX-2 in enzyme assays. Unlike 

the vitamin E forms, 13’-COOHs inhibited COX-1 activity and strongly blocked collagen- 

and A23187-induced formation of TXB2 in platelets. Compared with inhibition of COX-1, 

13’-COOHs showed relatively weak inhibition of COX-2, especially δTE-13’-COOH. We 

previously show that δT-13’-COOH is a competitive inhibitor for COX-1 and COX-2 [9]. 

These observations, together with the fact that 13’-COOHs inhibit 5-LOX, indicate that 

δT-13’-COOH and δTE-13’-COOH are dual inhibitors for COXs and 5-LOX, although 

δTE-13’-COOH mainly blocks COX-1 and 5-LOX.

Our findings of vitamin E forms’ impact on 5-LOX- and COX-1-mediated reactions 

have physiological implications. LTB4 produced by 5-LOX-catalyzed reaction is a potent 

chemotactic agent and plays significant roles in regulation of inflammatory response and 

cancer development [22,23]. Leukotriene antagonists and 5-LOX inhibitors have been used 

to treat asthma and inflammatory diseases, and show cancer preventive effects [2,24]. 

Our present study, together with previous research, provides mechanistic insights into anti-

inflammatory effects of vitamin E forms. In particular, our current study shows that δTE 

and γTE competitively inhibits 5-LOX activity at physiologically-achievable concentrations. 

We previously reported that γT and δT, while do not inhibit 5-LOX, decrease ionophore-

stimulated LTB4 or LTC4 in neutrophils via blocking calcium influx and 5-LOX activation 

[7]. Consistent with these mechanistic findings, γTE attenuates house dust mite-induced 

asthma in mice [25]. γT mitigates airway inflammation and colitis, decreases leukotrienes, 

and suppresses colitis-associated colon cancer in animal models [26-29]. In addition to 

the effect on 5-LOX, the observation that γT and αT inhibit COX-1 and thromboxane 

formation in platelets may partially explain their impact on platelet aggregation. Specifically, 

supplementation of γT-rich tocopherols has been reported to inhibit platelet aggregation 

[30]. Supplementation of high dose of αT (over 400IU) inhibits platelet aggregation and 

is associated with an increased risk of hemorrhagic stroke [31,32]. These anti-aggregation 

effects may be, in part, rooted in inhibition of COX-1-mediated thromboxane biosynthesis.

Our current mechanistic data support anti-inflammatory and anticancer effects of 13’-

COOHs observed in vivo and suggest that these vitamin E metabolites may contribute to 

the beneficial effects of specific forms of vitamin E. COX- and 5-LOX-mediated reactions 

play significant roles in inflammation and colon cancer development [1]. Consistent with 

inhibition of these enzymes, δTE-13’-COOH inhibits colitis-associated colon tumorigenesis 

in mice [8,33]. Further, αT-13’-COOH have been shown to suppress immune cell infiltration 

and leukotrienes in zymosan-induced murine peritonitis, and block ovalbumin-induced 

bronchial hyper-reactivity and elevation of LTC4 in mice [10]. In addition, via metabolism 

of tocopherols and tocotrienols, 13’-COOHs may contribute to in vivo anticancer and 

anti-inflammatory effects of vitamin E forms. We and others have shown that after oral 

intake of αT, γT-rich tocopherols or δTE/γTE mixture, 13’-COOHs are elevated in the 

plasma of rodents or humans to 20–50 nM [10,34], which is, however, lower than the IC50s 

for inhibiting LTB4 in neutrophils (ranging from 0.26–7.5 μM). Despite low in the blood, 
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13’-COOHs are found at high levels in the feces of animals supplemented with vitamin 

E forms [27,29,33,34]. Future studies on 13’-COOHs’ availability in tissue are needed to 

further evaluate the role of metabolites in vitamin Es protective effects.

In summary, we have shown that different forms of vitamin E and metabolite 13’-COOHs 

inhibit COX-1 and its mediated thromboxane in stimulated platelets. δTE, δTE-13’-COOH 

and δT-13’-COOH are competitive inhibitors of 5-LOX and block LTB4 formation in 

neutrophils, while do not have impact on 5-LOX translocation. These observations provide 

mechanistic insights into anti-inflammatory activities of vitamin E forms and metabolites.

Abbreviations:

AA arachidonic acid

αT, βT, γT, δT α-, β-, β-, δ-tocopherol

αTE, βTE, γTE, δTE α-, β-, γ-, δ-tocotrienol

CEHC (3’-COOH) 2-(β-carboxyethyl)-6-hydroxchroman or 3’-

carboxychromanol

13’-COOH 13’-carboxychromanol

COX−1/−2 cyclooxygenase-1/−2

LT leukotriene

LTB4 or LTC4 leukotriene B4 or C4

5-LOX 5-lipoxygenase

PGE2 prostaglandin E2

PGF2α prostaglandin F2α

THAP thapsigargin

TXA(B)2 thromboxane A(B)2
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Fig. 1. 
Structures of natural forms of vitamin E and metabolites. (A) Structures of α-, β-, γ-, 

δ-tocopherol (αT, βT, γT, δT) and α-, β-, γ-, δ-tocotrienol (αTE, βTE, γTE, δTE). (B) 

δT-, δTE-13’-carboxychromanol (δT-13’-COOH, δTE-13’-COOH); 2-(β-carboxyethyl)-6-

hydroxchroman (γ-CEHC, or 3’-COOH).
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Fig. 2. 
Effects of 13’-COOHs and natural forms of vitamin E on human recombinant COX-1 and 

COX-2 activity. Test compounds or solvent control (DMSO) were incubated with COX-1 

or COX-2 at room temperature for 10 min, and AA at a final concentration of 5 μM was 

added for 2 min. The reaction was stopped by addition of 0.1 M HCl with Stannous chloride. 

PGF2α was quantified using ELISA assays. The effects of 13’-COOHs on COX-1 (A) or 

COX-2 (B) activity are shown in solid symbols. The effects of vitamin E forms on COX-1 

(C) and COX-2 (D) activity are shown in open symbols. The COX-1 or COX-2 activity are 

calculated as the ratio of PGF2α formation in the presence of tested compounds to that in 

solvent control. Table: IC50s of 13’-COOHs and natural forms of vitamin E. Results were 

expressed as mean±SEM (n=3-13). *P<.05 and **P<.01 indicate significant differences 

between tested compounds and solvent controls. δT-13’: δT-13’-COOH; δTE-13’: δTE-13’-

COOH; αT, γT, δT: α-, γ-, δ-tocopherol; γTE, δTE: γ-, δ-tocotrienol.
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Fig. 3. 
Effects of 13’-COOHs and natural forms of vitamin E on COX-1-catalyzed synthesis of 

thromboxane in rat platelets; The effect of 13’-COOHs on COX-2 mediated formation of 

PGE2 in A549 cells. Freshly isolated rat’s platelets were pretreated with vehicle or test 

compounds for 25 min, and then stimulated with 20 μg/mL collagen or 1–2 μM A23187 

in the presence of 1–2 mM CaCl2 for 10 min. TXB2 was quantified using ELISA assays. 

The effects of 13’-COOHs on collagen (A)- and A23187 (B)-stimulated formation of TXB2 

are shown in solid symbols. The effects of γT, δT, γTE and δTE on collagen (C)- and 

A23187 (D)-stimulated TXB2 are shown in open symbols. E – The effect of αT on TXB2 

formation. Panel F – The effect of 13’-COOHs on PGE2 in IL-1β-stimulated A549 cells (see 

Materials and Methods). Relative TXB2 (PGE2) is the ratio of TXB2 (PGE2) concentrations 

in the presence of tested compounds to those in solvent controls under stimulated condition. 

Data are mean±SEM (n=7–8). *P<.05 and **P<.01 indicate significant differences between 

treatments and solvent controls. Abbreviations are listed under Figure 2.
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Fig. 4. 
Effects of 13’-COOHs and tocotrienols on human recombinant 5-LOX activity. The effect 

of tested compounds on human recombinant 5-LOX was examined using FOX assay 

as described in Materials and Methods. A – The effect of δT- and δTE-13’-COOH on 

5-LOX activity. B - The effect of αTE, γTE and δTE on 5-LOX activity. The 5-LOX 

activity is normalized to solvent controls. Table – IC50s of tested compounds. *P<.05 and 

**P<.01 indicate significant differences between the treatment and solvent controls. Data are 

mean±SEM (n=3–5). Abbreviations are listed under Figure 2. #(7) in the table.
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Fig. 5. 
Effects of 13’-COOHs and tocotrienols on LTB4 formation and 5-LOX translocation in 

stimulated neutrophil-like HL-60 cells. Differentiated HL-60 cells were preincubated with 

13’-COOHs or tocotrienols for 30 min and then activated by THAP (1–2 μM) for 15 min. 

LTB4 was measured by ELISA assays (Panel A, B). Relative LTB4 is the ratio of LTB4 

in the presence of tested compounds to that in solvent controls under stimulated condition. 

The effect of 13’-COOHs (20 μM) or tocotrienols (20 μM) on 5-LOX in the cytosolic and 

nuclear fractions were probed by Western blotting (Panel C and D). The results are reported 

as mean±SEM (n=3–11). *P<.05 and **P<.01 indicate significant differences between the 

treatment and solvent control. Abbreviations are listed under Figure 2.
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Fig. 6. 
Enzyme kinetics for elucidating the nature of inhibition of 5-LOX. 13’-COOHs or δTE at 

indicated concentrations were pre-incubated with 5-LOX in 50 mM Tris (pH 7.4) containing 

0.4 mM CaCl2 at room temperature for 10 min. AA (5–50 μM) was injected to initiate 

reactions. The initial rate of 5-LOX mediated reaction, i.e., the rate of oxygen consumption, 

was measured by an oxygen microelectrode. The nature of competitive inhibition is shown 

by Michaelis-Menten plots (A, C, and E) and Lineweaver-Burk plots (B, D, and F). δT-13’: 

δT-13’-COOH; δTE-13’: δTE-13’-COOH; δTE: δ-tocotrienol.
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