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Abstract

Vitamin E forms are substantially metabolized to various carboxychromanols including 13’-

carboxychromanols (13’-COOHs) that are found at high levels in feces. However, there is limited 

knowledge about functions of these metabolites. Here we studied δT-13’-COOH and δTE-13’-

COOH, which are metabolites of δ-tocopherol and δ-tocotrienol, respectively. δTE-13’-COOH is 

also a natural constituent of a traditional medicine Garcinia Kola. Both 13’-COOHs are much 

stronger than tocopherols in inhibition of pro-inflammatory and cancer promoting 

cyclooxygenase-2 (COX-2) and 5-lipoxygnease (5-LOX), and in induction of apoptosis and 

autophagy in colon cancer cells. The anti-cancer effects by 13’-COOHs appeared to be partially 

independent of inhibition of COX-2/5-LOX. Using liquid chromatography tandem mass 

spectrometry, we found that 13’-COOHs increased intracellular dihydrosphingosin and 

dihydroceramides after short-time incubation in HCT-116 cells, and enhanced ceramides while 

decreased sphingomyelins during prolonged treatment. Modulation of sphingolipids by 13’-

COOHs was observed prior to or coinciding with biochemical manifestation of cell death. 

Pharmaceutically blocking the increase of these sphingolipids partially counteracted 13’-COOH-

induced cell death. Further, 13’-COOH inhibited dihydroceramide desaturase without affecting the 

protein expression. In agreement with these mechanistic findings, δTE-13’-COOH significantly 

suppressed the growth and multiplicity of colon tumor in mice. Our study demonstrates that 13’-

COOHs have anti-inflammatory and anticancer activities, may contribute to in vivo anticancer 

effect of vitamin E forms and are promising novel cancer prevention agents.
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INTRODUCTION

Colorectal cancer is one of the leading causes of cancer death worldwide [1]. There is, 

however, no effective therapy for the late-stage cancer. Chemoprevention that prevents or 

delays the onset of late-stage cancer is an important strategy for reducing cancer-related 

mortality. To this end, specific forms of vitamin E may be potentially good candidates for 

chemoprevention. The vitamin E family consists of α-, β-, γ- and δ-tocopherol (αT, βT, γT 

and δT) and α-, β-, γ- and δ-tocotrienol (αTE, βTE, γTE and δTE). αT is the only vitamin E 

that has been tested in large intervention trials, but failed to show consistent beneficial 

effects in prevention of cancer in many clinical or preclinical studies [2]. On the other hand, 

we and others have documented that other vitamin E forms appear to be superior to αT in 

cancer prevention. For instance, γT, δT and γT/δT-rich mixed tocopherols but not αT inhibit 

development of colon cancer in preclinical animal model [3-7].

Despite these interesting findings, the anticancer effects of γT or δT may not solely be 

rooted in tocopherol themselves because these vitamin E forms are readily metabolized in 

the whole body environment. Except for αT, tocopherols and tocotrienols are substantially 

metabolized by cytochrome P450-catalyzed ω-hydroxylation and oxidation to generate 13’-

carboxychromanols (13’-COOH), which are further catabolized to shorter chain 

carboxychromanols and sulfated carboxychromanols [3, 8, 9]. Carboxychromanols and their 

sulfated counterparts have been detected in the plasma and liver of rodents supplemented 

with γT and γTE [9, 10]. Recently, 13’-COOHs are found at high levels in feces from mice 

fed diet supplemented with γT, δT or mixed tocopherols [4, 11-13].

Emerging evidence suggests that long-chain carboxychroamols have bioactivities that are 

relevant to prevention and therapy of inflammation-associated diseases including cancer [3]. 

Specifically, we have demonstrated that δT-13’-COOH, a long-chain metabolite from δT, 

competitively inhibits cyclooxygenases (COX-1 and COX-2) and is much stronger than 

tocopherols or short-chain metabolites in these effects [14]. δT-13’-COOH, but not 

tocopherols, inhibits 5-lipoxygenase (5-LOX) [15]. It has been well recognized that COXs 

and 5-LOX are pro-inflammatory enzymes that play significant roles in inflammation and 

promote development of colon cancer [16, 17]. COX inhibitors have proven effective in 
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decreasing colon cancer incidence in numerous clinical studies [16, 17]. Since high levels of 

long-chain carboxychromanols are found in feces, we reason that 13’-COOHs may play a 

role in prevention of colon cancer.

To test this hypothesis, we investigated anti-inflammatory and chemopreventive activities of 

long-chain carboxychromanols including δT-13’-COOH and δTE-13’-COOH (Figure 1A). 

δT-13’-COOH used in this study is the synthetic counterpart of δ-tocopherol-derived 13’-

COOH [14, 15]. δTE-13’-COOH is a metabolite from δ-tocotrienol and also found in the 

African Garcinia Kola, a traditional medicine used to treat osteoarthritis in West Africa [18, 

19]. In our studies, we examined the effect of 13’-COOHs on COX-2 and 5-LOX, their 

impact on the growth and survival of various colon cancer cells and the mechanisms 

underlying observed anticancer actions. To translate mechanistic findings to a whole body 

environment, we examined the anticancer efficacy of δTE-13’-COOH against colon 

tumorigenesis induced by AOM/DSS (azoxymethane/dextran sodium sulfate) in mice.

MATERIALS AND METHODS

Materials and reagents

δT-13’-COOH and δTE-13’-COOH (>95% pure) were synthesized as previously described 

[20]. δTE-13’-COOH (> 92%) used in animal studies was isolated from the Garcinia Kola 
seeds based on a published procedure [18]. γT (≥96%) and δT (93-97%) were purchased 

from Sigma (St Louis, MO) and Suppleco (Bellefonte, PA). Arachidonic acid (AA), human 

recombinant COX-2 and 5-LOX were from Cayman Chemical (Ann Arbor, MI). C8-

cyclopropenylceramide (C8-CPPC) was purchased from Matreya LLC (Pleasant Gap, PA). 

All sphingolipid standards were obtained from Avanti Polar Lipids (Alabaster, AL). 

Myriocin from Mycelia Sterilia, dimethyl sulfoxide (DMSO), [3-(4,5)-dimethylthiazol-2-

yl]-2,5-diphenyl tetrazolium bromide] (MTT) and all other chemicals were from Sigma.

Effects on COX-2 and 5-LOX activity

COX-2 enzymatic reactions were performed in 0.1 M Tris (pH 8.0) in the presence of 5 mM 

EDTA, 2 mM phenol and 1 µM hematin. After preincubation of 13’-COOHs with human 

COX-2, AA at a final concentration of 5 µM was added for 2 min and the reaction was 

stopped by addition of 0.1 M HCl. Stannous chloride in 0.1 M HCl was added to reduce 

PGG2 and PGH2 to PGF2α, which was quantified using ELISA assays [14]. Potential effects 

on the activity of 5-LOX were evaluated using the ferrous oxidation-xylenol orange assay 

(FOX assay) as previously described [15].

Cell culture and MTT assay

Human colon cancer (HCT-116, HT-29, Caco-2) and normal epithelial (CCD841CoN) cells 

were obtained from American Type Culture Collection (Manassas, VA) and routinely 

cultured in growth media containing 10% fetal bovine serum (FBS) at 37 °C in 5% CO2. 

HT-29 cells and HCT-116 cells were cultured in Dulbecco’s modified eagle medium 

(DMEM) and McCoy’s 5A modified medium, respectively. Caco-2 cells were grown in 

DMEM supplemented with 1% non-essential amino acids (GIBCO, Grand Island, NY), and 

CCD841CoN cells were cultured in Eagle’s minimum essential medium. Cell viability was 
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examined by the MTT assay for estimating mitochondrial dehydrogenase activity as 

previously described [21].

Detection of apoptosis with Annexin V and Propidium Iodide Staining

Both floating and attached cells were collected and stained with Annexin-V-Flous staining 

kit (Roche Applied Science, Indianapolis, IN). Apoptosis (Annexin V: Ex = 488 nm; Em = 

518 nm) and necrosis (Propidium Iodide: Ex = 488-540 nm; Em = 617 nm) were evaluated 

by Beckman Coulter FC500 (Beckman Coulter, Miami, FL) or BD FACS Aria III cell sorter 

(BD Biosciences, San Jose, CA) with FlowJo software system.

Western Blotting

Cells were lysed in a buffer containing Tris-EDTA, 1% SDS, 2 mM Na3VO4 and protease 

inhibitor cocktails (Sigma). Total proteins were quantified by bicinchoninic acid (BCA) 

protein assay kit (Pierce, Rockford, IL). Equal amount of proteins (15-30 g) were separated 

on acrylamide gels by SDS-electrophoresis and probed by antibodies as described [22]. The 

antibodies used in the study were as follows: membrane bound microtubule-associated 

protein light chain 3 (LC3; MBL international, Woburn, MA), Caspase-9, poly (ADP-ribose) 

polymerase-1 (PARP-1) and Actin (Santa Cruz Biotechnology, Santa Cruz, CA), and 

DEGS-1 (Novus Biologicals, Littleton, CO).

Lipid extraction

Lipid was extracted as previously described [23]. Briefly, cell pellets were resuspended in 

500 µL of methanol, 250 µL of chloroform and 50 µL of water after the addition of 20 µL of 

internal standard mixture containing 25 µM of C12:0-ceramide, C25:0-ceramide, C17-

sphingosine, C17-sphinganine, and C12:0-sphingomyelin (Avanti Polar Lipids). The 

suspension was dispersed fully by tip sonication for 20 sec and then incubated overnight at 

48 °C. 100 µL of solution was used to determine the amount of total choline-containing 

phospholipids (PCs) by an enzymatic colorimetric assay (Wako chemicals, Osaka, Japan) 

[21]. 75 µL of 1 M potassium hydroxide in methanol was added to the rest of the solution 

and sonicated for 30 min. Samples were then incubated at 37 °C for 2 h and evaporated 

under N2.

Measurement of sphingolipids using liquid chromatography tandem mass spectrometry 
(LC-MS/MS)

The effect of 13’-COOHs on sphingolipids was evaluated by LC-MS/MS as previously 

described [22, 23]. Briefly, the analyses were performed using the Agilent 6460 triple 

quadrupole mass spectrometer coupled with the Agilent 1200 Rapid Resolution HPLC 

(Agilent Technologies, Santa Clara, CA). Sphingolipids were detected in positive mode by 

multiple reaction monitoring (MRM) technique [23]. Cers and sphingoid bases were 

separated on an Agilent XDB-C18 column (1.8 m, 4.6 χ 50 mm), respectively, by an 

isocratic (100% B - methanol-formic acid 99:1, v/v) or gradient run at 20% B for 0-1 min, 

100% B for 10-13 min and 20% B for 15-20 min with solvent A containing methanol-H2O-

formic acid (74:25:1, v/v/v). SMs were separated on an Agilent Zorbax XDB-C8 (3.5 m, 2.1 

χ 50 mm) with gradient of 20% B for 0-1 min, 100% B for 10-20 min, and 20% B for 22-30 
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min. The MS/MS parameters were as follows: gas temperature at 325-350 °C, gas flow rate 

at 7-10 L/min, nebulizer pressure at 45-50 psim capillary voltage at 3500 V, the fragmentor 

voltage at 100 V and collision energy at 12-20 V. Precursor-to-product ion transitions for 

each sphingolipid were used according to the method by Merrill et al. [23].

Dihydroceramide desaturase (DEGS) assay

For the in vitro assay of DEGS, HCT-116 cells were treated with DMSO (controls), δT-13’-

COOH (20 μM) or C8-CPPC (1 μM) for 1 or 2 h. Cells were collected and homogenized in a 

buffer (5 mM Hepes, pH 7.4, containing 50 mM sucrose) and kept on ice for 10 min. The 

cell homogenate was centrifuged at 250 χ g for 5 min at 4 °C to remove unbroken cells. In 

some studies, microsomal fraction from rats’ liver were isolated and used as previously 

described [24]. In cell homogenates, reactions were initiated by addition of NADH (2 mM) 

and 10 μM of C8:0-dhCer as a non-physiological substrate for DEGS for 1 h at 37 °C. Lipids 

were extracted and the products including C8:0-Cer and C8:0-SM were quantified by LC-

MS/MS.

Animal Study

The animal use protocol was approved by the Animal Care and Use Committee at Purdue 

University. δTE-13’-COOH (0.022% in diet) was prepared in the AIN93G-based diet (Dyets 

Inc, Bethlehem, PA). This dose is equivalent to ~200 mg daily intake for a 70 kg person and 

represents a medium supplement dose. After one week adaptation, male Balb/c mice (5-6 

weeks old from Harlan, Indianapolis, IN) were i.p. injected with azoxymethane (AOM; 

Sigma) at 9.5 mg/kg body weight. A week later, AOM-injected mice were randomized into 

AIN-93G (control) or δTE-13’-COOH-supplemented group. Meanwhile, mice were given 

1.5% dextran sodium sulfate (DSS; molecular weight of 36,000-50,000, MP Biochemicals, 

Solon, OH) in drinking water for 1 week. The DSS cycle was repeated after a two-week 

interval (design outlined in Figure 6A). Animals were observed and weighed daily and food 

intake was measured once a week. During tissue harvest, colons were removed, rinsed with 

cold saline, cut open longitudinally from rectum to cecum, and tumors were examined and 

counted. Colon was fixed flat in 4% formaldehyde at 4C overnight for histologic evaluation.

Statistics

The Student’s t-test was used to compare two groups. P < 0.05 was considered statistically 

significant.

RESULTS

The effect of 13’-COOHs on the COX-2 and 5-LOX activity

We have previously shown that δT-13’COOH, which was isolated from conditioned media 

from cells incubated with δT, is an inhibitor of COX-1/COX-2 and 5-LOX [14, 15]. Here we 

found that chemically synthesized δT-13’-COOH showed similar inhibitory potency toward 

COX-2 and 5-LOX compared to that generated from δT metabolism in cells [14, 15] (Table 

1). δTE-13’-COOH, an analog of δT-13’-COOH with three double bonds in the side chain 

(Figure 1A), appeared to be slightly stronger than δT-13’-COOH in inhibition of 5-LOX, but 
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less potent in inhibition of COX-2 (Table 1). Like our previous observations [14, 15], neither 

γT nor δT at 50 μM inhibited COX-2 or 5-LOX in these enzyme assays.

13’-COOHs inhibited proliferation of human colon cancer cells

Birringer et al. [25] showed that 13’-COOHs derived from γT or δT induced apoptosis in 

human HepG2 cells, but it is not clear whether these compounds have any impact on other 

types of cancer cells. Here we investigated the effect of 13’-COOHs on proliferation of 

colon cancer cells using MTT assays. δT-13’-COOH and δTE-13’-COOH decreased the 

viability of HCT-116 and HT-29 cells in a time- and dose-dependent manner with indicated 

IC50 values (estimated after 24 h incubation) (Figure 1B and 1C). In these activities, δT-13’-

COOH was more potent than δTE-13’-COOH, and both 13’-COOHs were much stronger 

than tocopherols. Importantly, normal human colon epithelial (CCD) cells appeared to be 

less sensitive to 13’-COOHs than cancer cells (Figure 1D).

13’-COOHs induced apoptosis and autophagy in cancer cells

Like dual COX and 5-LOX inhibitor Licofelon [26], both δT-13’-COOH and δTE-13’-

COOH induced early and late-stage apoptosis in HCT-116 cells compared with DMSO-

treated controls, as indicate by enhanced annexin V staining that is associated with 

externalization of phosphatidylserine to the cytoplasmic membrane (Figure 2A). 

Consistently, 13’-COOHs caused PARP cleavage and caspase-9 activation (Figure 2B). In 

addition to apoptosis, δT- and δTE-13’-COOH treatment led to an increase of LC3-II, a 

marker of autophagy (Figure 2C). Similar to the results from MTT assays, δT-13’-COOH 

appeared to be stronger than δTE-13’-COOH in the induction of apoptosis and autophagy.

Arachidonic acid (AA) partially reversed anti-cancer effect of 13’-COOHs

Eicosanoids generated from AA via COX- or 5-LOX-catalyzed reactions are known to 

promote colon cancer development [16, 17]. To evaluate whether 13’-COOH-induced 

anticancer effect is rooted in inhibition of COX or 5-LOX, we examined potential impact of 

AA on 13’-COOH’s anti-proliferative effects. AA appeared to stimulate the growth of 

Caco-2 cells that are known to express COX-2 [27], but only slightly promoted the growth 

of HCT-116 cells that are COX-2 negative [28] (Figure 2D). We observed that AA partially 

counteracted 13’-COOH’s anti-proliferative effects in the MTT assays, suggesting that the 

anticancer effect may in part stem from inhibition of COX-2 and 5-LOX. On the other hand, 

the fact that 13’-COOHs decreased the viability of COX-2 negative cells indicates that 

additional mechanisms independent of suppression of COX or 5-LOX are likely involved in 

13’-COOHs’ anticancer action.

13’-COOHs modulated sphingolipids in a dose- and time-dependent manner

We have previously demonstrated that modulation of sphingolipid metabolism plays a role in 

γT and γTE-induced death in human prostate and breast cancer cells [21, 29, 30] or in their 

inhibition of NF-κB in macrophages [22]. Here we investigated potential effects of 13’-

COOHs on sphingolipids using LC-MS/MS. After 1-2 h treatment, δT-13’-COOH dose-

dependently increased total dihydroceramides (dhCers), individual dhCers including C16:0-, 

C18:0-, C24:1- and C24:0-dhCers and dihydrosphingosine (dhSph) compared with controls, 
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and the elevation of these sphingolipids accentuated during prolonged incubation (Figure 

3A-C) (Table S1). In contrast to dhCer that was enhanced after 2 h incubation, the effect of 

13’-COOHs on ceramides (Cer) varied with treatment time, concentrations and individual 

Cer species. Specifically, compared with solvent controls, δT-13’-COOH at 20 μM induced a 

significant decrease of C16:0-Cer after 2 h incubation, but enhanced this sphingolipid during 

longer treatment (8 h or 16 h incubation) and increased C18:0-Cer after 4 h treatment (Figure 

3D). δT-13’-COOH at 10 and 20 μM caused opposite effects on C24-Cers (Table S1). For 

sphingomyelin (SM), δT-13’-COOH led to persistent decrease in all types of SM species and 

total SMs (Figure 3E) (Table S1). Furthermore, δTE-13’-COOH induced similar modulation 

of sphingolipids to that by δT-13’-COOH (Table S2). In summary, 13’-COOH-treated cells 

accumulated higher levels of dhCers, dhSph, total Cers but lower SMs than controls after 

8-16 h incubation when autophagy and apoptosis were observed.

13’-COOHs inhibited DEGS1 activity without affecting its protein expression

Since δT-13’-COOH increased dhCers but decreased Cers after its 2-h incubation with cells, 

we reason that δT-13’-COOH likely inhibits the activity or protein expression of DEGS1, 

which is responsible for converting dhCer to Cer (Figure 4A). The Western blotting data 

revealed that δT-13’-COOH had no effect on DEGS-1 protein expression in HCT-116 cells 

(Figure 4B). In an in vitro assay with cell homogenates, δT-13’-COOH, after 1 and 2 h pre-

incubation, showed ~38% and ~47% inhibition of DEGS1 enzyme activity, respectively. C8-

CPPC, a known competitive inhibitor of DEGS1 [31], inhibited the enzyme activity by 

~95% (Figure 4C). On the other hand, despite inhibition of DEGS1 in the cell homogenate, 

δT-13’-COOH failed to inhibit the enzyme activity when rat liver microsomal fraction was 

used as the source of DEGS (data not shown).

The role of sphingolipid modulation in 13’-COOH-induced cell death

Because 13’-COOHs induced accumulation of intracellular dhCer and dhSph, which are 

known to induce cell stress and/or death [32], we used myriocin, a specific inhibitor of 

serine palmitoyltransferase (Fig 4A), to block the increase of these sphingoid bases [22]. 

Interestingly, co-treatment of cells with myriocin resulted in partial counteraction of 13’-

COOH-induced LC3-II expression (Figure 5A), but had no effect on PARP-1 cleavage (data 

not shown). These data suggest that elevation of dhCer and dhSph may play a role in 13’-

COOHs-induced autophagy.

Ceramides are known to be potent inducers of apoptosis [32]. The inhibition of DEGS by 

13’-COOHs is consistent with decreased C16:0-Cer after 2 h incubation (Figure 3D). 

However, Cers were elevated after 4 h or longer treatment (Figure 3D), which, we reason, 

may be caused by enhanced hydrolysis of SM via sphingomyelinases (SMases). To establish 

the role of ceramides in 13’-COOH-induced cancer cell death, we used desipramine and 

GW4869 to inhibit acid or neutral SMases, respectively. Co-treatment of GW4869 but not 

desipramine (data not shown) partially reversed 13’-COOH-caused anti-proliferation (Figure 

5B). These data suggest that SM hydrolysis through the neutral SMase activation may in part 

contribute to 13’-COOHs-induced anticancer effects.
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δTE-13’-COOH inhibited colon tumorigenesis in a preclinical model in mice

To translate the mechanistic findings to a whole body environment, we investigated the 

effectiveness of δTE-13’-COOH against colon tumorigenesis induced by AOM and DSS in 

male Balb/c mice, as designed in Figure 6A. This preclinical model is commonly used for 

testing chemoprevention agents and believed to resemble inflammation-promoted colon 

carcinogenesis. Supplementation of δTE-13’-COOH at 0.022% in diet had no effect on body 

weight or food intake compared with the control diet (Figure 6B and C), indicating lack of 

obvious adverse effects. As observed in our previous studies in this model [4], AOM/DSS 

treatment resulted in formation of adenomatous polyps in the middle to the rectal part of the 

distal colon. Mice fed control diet had 4.7 ± 0.3 tumors per mouse, and δTE-13’-COOH 

supplemented group had significantly lowered colon tumors (3.1 ± 0.3; p < 0.01; Fig. 6D). 

More importantly, when the tumors were categorized as small (< 2 mm2) and large sizes, 

supplementation of δTE-13’-COOH significantly decreased the number of large tumors (> 2 

mm2) by 58% (p < 0.05), compared with controls (Fig. 6D). These results suggest that 

δTE-13’-COOH likely suppressed tumor promotion in addition to decreasing tumor 

multiplicity.

DISCUSSION

We demonstrate that vitamin E long-chain metabolites δT-13’-COOH and δTE-13’-COOH 

are dual inhibitors of COX-2 and 5-LOX and decrease viability of human colon cancer cells 

by induction of apoptosis and autophagy. For the anti-proliferative effect, δT-13’-COOH 

appears to be more potent than δTE-13’-COOH, and both 13’-COOHs are much stronger 

than tocopherols. Using a lipidomic approach with LC-MS/MS, we show for the first time 

that 13’-COOHs profoundly modulate sphingolipid metabolism. Specifically, 13’-COOH 

treatment quickly increased dhCers and dhSph, and subsequently enhanced Cers including 

C16- and C18-Cer while decreased SMs. The importance of sphingolipid modulation in 13’-

COOH-induced anticancer effects is supported by the fact that dhCers, dhSph and Cers, 

which are known to induce antiproliferation, cell stress and death in different types of cancer 

cells [32], are elevated by 13’-COOHs prior to or coinciding with induction of apoptosis or 

autophagy. Further, chemically blocking the increase of these sphingolipids by myriocin or a 

neutral SMase inhibitor partially reversed 13’-COOH-mediated cell death. Consistent with 

these mechanistic findings, δTE-13’-COOH significantly suppressed colon tumorigenesis 

induced by AOM/DSS in mice.

Eicosanoids generated by COX-2- or 5-LOX-catalyzed reactions are known to accelerate 

cancer development by promoting inflammation in tumor micro-environments and by 

fostering proliferation and resistance to apoptosis of cancer cells [16, 17]. Inhibition of 

COXs is a well-recognized chemopreventive strategy and has especially proven effective 

against colorectal cancer [16, 17]. Dual inhibition of COX and 5-LOX is deemed to be better 

than blocking either pathway alone because inhibition of both pathways may not only 

deliver stronger anti-inflammatory and anticancer effects but also potentially reduce adverse 

effects associated with COX inhibitors [3, 33]. Like our previous observation with naturally 

generated δT-13’-COOH [14, 15], its synthetic counterpart tested in the present study 

similarly inhibits COX-2 and 5-LOX. δTE-13’-COOH, which has three double bonds in the 
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side chain and is a component in Garcinia Kola, showed stronger inhibitory potency of 5-

LOX but weaker inhibition of COX-2 than δT-13’-COOH. We have previously shown that 

δT-13’-COOH is a competitive inhibitor of COXs [14], while the nature underlying 13’-

COOHs’ inhibition of 5-LOX is currently under investigation. Like licofelone (a COX/5-

LOX inhibitor) [26], 13’-COOHs are capable of induction of apoptosis in colon cancer cells. 

Further, we observe that 13’-COOHs decreased cancer cell viability in COX-2-positive and 

negative cells and that arachidonic acid only partially counteracted 13’-COOH’s anticancer 

effect. We therefore conclude that COX- and/or 5-LOX independent mechanism(s) is likely 

involved in their anticancer effects observed in cancer cells.

Based on the temporal modulation of sphingolipids in HCT-116 cells, we identify DEGS as 

another inhibitory target by 13’-COOHs. In particular, 13’-COOHs caused rapid increase of 

dhCers but decrease of Cers including C16:0-Cer during short 2-h incubation, indicating that 

DEGS-catalyzed conversion of dhCers to Cers is compromised. The similar pattern of 

sphingolipid changes was reported in DEGS knockout model [34, 35]. Consistently, δT-13’-

COOH inhibited DEGS enzyme activity in an in vitro assay despite having no impact on its 

protein expression. DEGS was first proposed as a potential target for vitamin E γT that 

induced apoptosis of prostate cancer cells via causing intracellular accumulation of dhCers 

and dhSph without changing total ceramides [21]. Similar modulatory effects on 

sphingolipids were subsequently observed by other anticancer agents including vitamin E γ-

tocotrienol [29, 30], resveratrol [36] and fenretinide (or 4-HPR) [24]. Interestingly, like 13’-

COOHs, celecoxib (a selective COX-2 inhibitor) has recently been demonstrated to inhibit 

the DEGS activity and cause similar sphingolipid alterations in colon cancer cells [28]. It is 

noteworthy that downregulation of DEGS has been shown to cause profound changes of cell 

signaling, lipid homeostasis and gene expression [34, 35], which may contribute to the 

treatment effects (e.g. anti-proliferation) on cancer cells by these compounds.

Besides initial inhibition of DEGS, other enzymes in sphingolipid metabolism are likely 

affected by 13’-COOHs because these compounds enhanced ceramides esp. C16:0- and 

C18:0-Cer during prolonged treatment. Cellular levels of Cers and SMs are determined by 

the balance between de novo synthesis and SM hydrolysis by SMases (Figure 4A). Cers are 

de novo synthesized in the ER and then converted to SMs in the Golgi. SMs can be 

hydrolyzed to regenerate Cers by acid or neutral SMases [37]. Hydrolysis of SM by either 

enzymes is known to be activated by TNFα, oxidants, UV radiation [37-41], vitamin D [42] 

and curcumin [43]. Since 13’-COOHs inhibited DEGS and consequently decreased de novo 
synthesis of Cers, the increase of Cers in the prolonged treatment was likely caused by 

SMase-mediated SM hydrolysis, which resulted in further decrease of SMs. Consistently, we 

found that an inhibitor of neutral but not acid SMase significantly counteracted 13’-COOHs-

induced cancer cell death, suggesting that neutral SMase-catalyzed SM hydrolysis may be 

enhanced during prolonged 13’-COOH treatment. In addition, we observe that 13’-COOHs 

appeared to have distinct effect on different Cers, e.g. increasing C16:0- and C18:0-species 

while decreasing C24:0-Cer. This observation suggests that 13’-COOHs may have 

differential impacts on ceramide synthases (CerS). Further investigation should be 

conducted to characterize potential effect of 13’-COOH on SMases and Cer synthases.
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In agreement with mechanistic findings, δTE-13’-COOH significantly suppressed tumor 

development in the AOM/DSS-induced colon cancer in mice. The anticancer effect likely 

stems from multiple factors as observed in mechanistic studies including inhibition of 

COX-2/5-LOX and anti-proliferative activities. Similarly, an established COX/5-LOX 

inhibitor licofelone has recently been shown to inhibit tumor development in another 

preclinical colon cancer model [44]. Previous studies have demonstrated that γT and mixed 

tocopherols are effective in suppression of colon tumorigenesis in the AOM- or AOM/DSS-

induced cancer model [3-7]. Our present data indicate that δTE-13’-COOH at 0.022%, a 

much lower dose than γT (0.1%) or mixed tocopherols (0.17 or 0.3%), appeared to be more 

effective than tocopherols in blocking tumorigenesis. This is consistent with the mechanistic 

observations that 13’-COOHs are much stronger than γT or δT in inhibition of COX/5-LOX 

and in induction of cancer cell death. Interestingly, 13’-COOHs have been detected as a 

major fecal-excretion vitamin E metabolite at relatively high levels in fecal samples from 

mice fed γT or δT supplementation [4, 11-13]. Therefore, 13’-COOHs likely contribute to 

the anticancer effects of tocopherol supplements against colon cancer in vivo.

In summary, we have demonstrated that δT-13’-COOHs and δTE-13’-COOH are effective 

dual inhibitors of COX-2 and 5-LOX, and induce apoptosis and autophagy in colon cancer 

cells by modulating sphingolipids through targeting DEGS and possibly activating SM 

hydrolysis. We have, for the first time, shown that δTE-13’-COOH , a metabolite from δ-

tocotrienol and an active component of Garcinia Kola, significantly suppressed colon cancer 

development in a preclinical cancer model. Our study indicates that 13’-COOHs may 

contribute to the chemopreventive effect by vitamin E forms and δTE-13’-COOH may play a 

role in treatment effects of Garcinia Kola. These long-chain carboxychromanols may be 

novel preventative and therapeutic agents against inflammation and cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

13’-COOH 13’-carboxychromanol

αT, γT, or δT α, γ, or δ-tocopherol

γTE or δTE γ, δ-tocotrienol

δT-13’-COOH or δT-13’ 13’-COOH derived from δT

δTE-13’-COOH or δTE-13’ 13’-COOH derived from δTE

COX cyclooxygenase
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5-LOX 5-lipoxygenase

Cer ceramide

dhCer dihydroceramide

Sph sphingosine

dhSph dihydrosphingosine

SM sphingomyelin

LC3 microtubule-associated protein light chain 3

LC-MS/MS liquid chromatography tandem mass spectrometry

DEGS dihydroceramide desaturase

SMS sphingomyelin synthase

SMase sphingomyelinase

AOM azoxymethane

DSS Dextran Sodium Sulfate
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Highlights

• 13’-Carboxychromanols are dual inhibitors of cyclooxygenase and 5-

lipoxygenase

• 13’-Carboxychromanols induced cancer cell death via modulation of 

sphingolipids.

• δTE-13’-carboxychromanol, a δ-tocotrienol derivative and found in Garcinia 
Kola, suppressed colon tumorigenesis in mice
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Figure 1. The structures of δT-13’-COOH and δTE-13’-COOH (A); The effect of 13’-COOHs 
and tocopherols on cell viability of human colon HCT-116 (B) and HT-29 (C) cancer cells; The 
relative anti-proliferation effect (24-h incubation) of 13’-COOHs on cancer cells vs. human 
normal CCD841CoN (CCD) colon epithelial cells (D)
Relative cell viability was measured by MTT assay after cells were treated with 13’-COOHs 

or tocopherols at indicated concentrations and times compared with DMSO controls. IC50s 

are the concentrations that caused 50% decrease in cell viability after 24-h incubation. The 

data are mean SD from at least three independent experiments. *p < 0.05 and **p < 0.01 

indicate a significant difference between treated and DMSO-control cells. δT-13’-COOH 

and δTE-13’-COOH are abbreviated as δT-13’ and δTE-13’, respectively.
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Figure 2. 13’-COOHs induced apoptosis (A, B) and autophagy (C) in HCT116 cells and AA 
partially reversed anti-proliferative effects of 13’-COOHs in Caco-2 and HCT-116 cells (D)
HCT-116 cells were treated with δT-13’-COOH or δTE-13’-COOH at 20 μM for 24 h. 

Apoptosis and necrosis were evaluated by annexin V and PI staining using flow cytometry 

(A). Western blots were conducted to monitor apoptosis and autophagy as indicated by 

caspase-9 activation and PARP cleavage (B) and LC3-II (C), respectively. Results of flow 

cytometry and Western blots are representative of three or more independent experiments. 

Caco-2 or HCT116 cells were treated with δT-13’-COOH or δTE-13’-COOH with or 

without 1 μM of AA for 72 h and relative cell viability was measured by MTT assays (D). 
The data are mean SEM for at least three independent experiments. *p < 0.05 and **p < 

0.01 indicate a significant difference between cells treated with 13’-COOHs in the presence 

vs. absence of AA. δT-13’-COOH and δTE-13’-COOH are abbreviated as δT-13’ and 

δTE-13’, respectively.
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Figure 3. δT-13’-COOH (δT-13’) profoundly modulated sphingolipid metabolism in HCT-116 
cells in time- and dose-dependent manners
HCT-116 cells were treated with 10 or 20 μM of δT-13’-COOH for 1, 2, 4, 8, or 16 h. LC-

MS/MS was used to measure the sphingolipid levels including total dhCers (A), C16:0-dhCer 

(B), dhSph (C), total Cers, C16:0-Cer, C18:0-Cer (D) and total SMs (E). Results are shown as 

mean SEM for at least three independent experiments. *p < 0.05 and **p < 0.01 indicate a 

significant difference between treated and DMSO control cells at each indicated time.
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Figure 4. δT-13’-COOH (δT-13’) inhibited DEGS activity but not protein expression
A: The de novo biosynthesis pathway of sphingolipids (SMS: sphingomyelin synthase; 

SMase: sphingomyelinase). B: HCT-116 cells were treated with δT-13’-COOH at 10 or 20 

μM for 8 or 16 h and the effect on DEGS-1 expression was detected by Western blotting. C: 
HCT-116 cells were treated with DMSO (control), δT-13’-COOH at 20 μM or C8-CPPC at 1 

μM for 1 or 2 h. Cells were collected and homogenized. The homogenates were added with 

NADH and C8:0-dhCer as a substrate for DEGS. After 1 h incubation at 37 C, the production 

of C8:0-sphingolipids were analyzed by LC-MS/MS. The data are mean SEM of three 

independent experiments. *p < 0.05 and **p < 0.01 indicate significant differences between 

DMSO-control cells and 13’-COOH or CPPC-treated cells.
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Figure 5. Myriocin and GW48695 partially counteracted 13’-COOHs-induced anticancer 
activities
A: HCT-116 cells were treated with 13’-COOH at 20 μM with or without myriocin (3 μM), 

a specific inhibitor of serine palmitoyltransferase to block the de novo sphingolipid 

synthesis. After 16-h treatment, cells were collected and analyzed for LC3-II by Western 

blotting. The data are mean SEM of more than 4 independent experiments. *p < 0.05 and 

**p < 0.01 indicate a significant difference between 13’-COOHs in the presence vs. absence 

of myriocin. B: HCT-116 cells were treated with δT-13’-COOH (5 or 10 μM) or δTE-13’-

COOH (10 μM) with or without GW48695 (5 μM, an inhibitor of neutral SMase) for 24 h. 

Relative cell viability was measured by MTT assays. The data are mean SEM of three 

independent experiments. *p < 0.05 and **p < 0.01 indicate a significant difference between 

13’-COOHs with vs. without GW48695. δT-13’-COOH and δTE-13’-COOH are abbreviated 

as δT-13’ and δTE-13’, respectively.
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Figure 6. δTE-13’-COOH significantly suppressed colon tumorigenesis induced by AOM with 
two cycles of DSS (1.5%) in Balb/c mice
A: The study design. B and C: Body weight and food intake of each group during the days 

after supplementation started. D: The effect of δTE-13’-COOH on colon tumor multiplicity 

and polyps with sizes of < 2 mm2 or > 2 mm2 in the AOM/DSS study (mean SEM, n = 

15-17). *p < 0.05 and **p < 0.01 differences between the AIN-93G control and δTE-13’-

COOH supplement group.
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TABLE 1

Inhibitory effects of 13’-COOHs and tocopherols on COX-2 and 5-LOX

IC50 (μM) δT-13’-COOH δTE-13’-COOH γT δT

COX-2 4 ± 1 9.8 ± 2 > 50 > 50

5-LOX 2 ± 0.5 1 ± 0.5 > 50 > 50

The effect of 13’-COOHs or tocopherols on COX-2 and 5-LOX were evaluated with purified human enzymes as described in Materials and 
Methods. Results are mean ± SEM based on four or more independent experiments.
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