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Abstract Tocotrienols (T3s), members of the vitamin E

family, exhibit potent anti-cancer, anti-oxidative, anti-

inflammatory, and some other biological activities. To

better understand the bioavailability and metabolism of

T3s, T3s and their metabolites were identified in urine and

fecal samples from mice on diet supplemented with mixed

T3s using HPLC/electrochemical detection and liquid

chromatography electrospray ionisation mass spectrometry

(LC–ESI–MS). Whereas the short-chain metabolites car-

boxyethyl hydroxychromans (CEHCs) and carboxymeth-

ylbutyl hydroxychromans (CMBHCs) were the major

metabolites of T3s, several new metabolites with double

bonds were also identified. Similar to tocopherols, the

majority of T3 metabolites were excreted as sulfate/

glucuronide conjugates in mouse urine. The distribution of

c- and d-T3 and c-T3 metabolites were also determined in

different organs as well as in urine and fecal samples from

mice on diets supplemented with corresponding T3s. The

synergistic anti-cancer actions of c-T3 and atorvastatin

(ATST) were studied in HT29 and HCT116 colon cancer

cell lines. The combination greatly potentiated the ability

of each individual agent to inhibit cancer cell growth and to

induce cell cycle arrest and apoptosis. The triple combi-

nation of c-T3, ATST, and celecoxib exhibited synergistic

actions when compared with any double combination plus

the third agent. Mechanistic studies revealed that the syn-

ergistic actions of c-T3 and ATST could be attributed to

their mediation of 3-hydroxy-3-methyl-glutaryl-CoA

reductase, and the subsequent inhibition of protein gera-

nylgeranylation. It remains to be determined whether such

a synergy occurs in vivo.
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Abbreviation

T3 Tocotrienol

CEHC Carboxyethyl hydroxychromans

CMBHC Carboxymethylbutyl hydroxychromans

HMGCR 3-hydroxy-3-methylglutaryl coenzyme

A reductase

MTT 3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide

Introduction

The vitamin E family is composed of tocopherols and to-

cotrienols (T3s). The difference between tocopherols and

T3s is that tocopherols contain a 16-carbon saturated

phytyl side chain, whereas T3s possess an unsaturated

isoprenoid side chain. Based on the number and location of

the methyl groups on their chromanol rings, T3s and toc-

opherols exist in a-, b-, c-, and d-forms (Fig. 1). Emerging

evidence suggests that T3s exhibit more potent anti-cancer
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effects than tocopherols. In this article, we review our

works on the tissue distribution and metabolism of T3s and

their metabolites as well as the synergistic action of c-T3

with atorvastatin and celecoxib. Some recent progress in

the various actions of T3s is also summarized.

The metabolism of tocotrienols and the tissue

distribution of tocotrienols and their metabolites

Recent studies show that the metabolites of vitamin E may

also contribute to the biological effects of vitamin E (Jiang

et al. 2008; Birringer et al. 2010). Therefore, it is important

to understand the metabolism of vitamin E. Although the

metabolism of tocopherols has been extensively investi-

gated, studies on the metabolism of T3s are limited. It is

believed that, similar to tocopherols, T3s are metabolized

through the oxidative degradation of their side chains.

The degradation involves cytochrome P-450-catalyzed

x-hydroxylation and then oxidation to x-carboxylic acid,

followed by five cycles of b-oxidation to remove a two

carbon moiety each cycle from the side chain (Birringer et al.

2002). The final products of the degradation are carboxyethyl

hydroxychromans (CEHCs) and their precursors, carbo-

xymethylbutyl hydroxychromans (CMBHCs).

Our group established a sensitive HPLC/electrochemical

detection (ECD) method to analyze T3s and their metab-

olites. We first used this sensitive HPLC/ECD coupled with

LC–MS to identify and characterize different side chain

metabolites of T3s in mouse fecal and urine samples (Zhao

et al. 2010). In fecal samples from the mice fed with diets

supplemented with mixed T3s (20.2% a-T3, 4.0% b-T3,

16.1% c-T3, 9.9% d-T3, 14.8% a-tocopherol, and 3.1%

c-tocopherol), d-, c-, and a-CEHCs and CMBHCs, as well

as some new metabolites, were observed in HPLC chro-

matogram. A new metabolite was identified as c-carb-

oxymethylbutenyl hydroxychroman (CMBenHC) (Zhao

et al. 2010). It is worth noting that more short-chain

metabolites of T3s were present than long-chain metabo-

lites. Further analysis of the fecal samples by LC–MS/MS

revealed that T3 metabolites included CEHCs, CMBHCs,

carboxymethylhexenyl hydroxychromans (CMHenHCs),

carboxydimethyloctenyl hydroxychromans (CDMO-

enHCs), and carboxydimethyldecadienyl hydroxychromans

(CDMD(en)2HCs). These metabolites are similar to those

reported in HepG2 cells (Birringer et al. 2002). Impor-

tantly, we also identified three additional groups of T3

metabolites: major peaks of CMBenHCs with one double

bond in the side chain, minor peaks of carbox-

ydimethyloctadienyl hydroxychromans (CDMO(en)2HCs)

with two double bonds, and carboxyl tocotrienols (Zhao

et al. 2010). Based on these results, we proposed the deg-

radation pathway of T3s as shown in Fig. 2. In the urine

samples from mice fed diet supplemented with mixed T3s,

short-chain metabolites including CEHCs, CMBHCs, and

CMHenHCs were detected, whereas the parental com-

pounds of T3s were not detected.

Using the opportunity of our studies on the anti-cancer

activities of T3s and tocopherols in mouse tumor xenograft

models, we determined the levels of T3s and compared

their levels with those of corresponding tocopherols. The

level of c-T3 metabolites was also studied in several mouse
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tissues. NCr Nu/Nu mice were supplemented with diets

containing 0.1 and 0.3% c-tocopherol (c-T), 0.1 and 0.3%

d-T, 0.1% c-T3, and 0.1% d-T3 for 1 week, and 1 9 106

H1299 lung cancer cells were then inoculated to both flank

sides of each mouse. The mice continued to be fed on the

same diet for another 6 weeks before they were killed.

Supplementation of T3s increased the level of corre-

sponding T3s in mouse serum and all the organs examined.

The levels of T3s were relatively low in the liver

(0.5 lmol/kg) and high in the spleen, kidney, small intes-

tine, and colon ([10 lmol/kg). The levels of T3s in the

xenograft tumor and lung were in the range of 1–10 lmol/kg.

The plasma levels of T3s (1.63 ± 0.61 lM and

0.59 ± 0.08 lM for c-T3 and d-T3, respectively) were

lower than those of the corresponding tocopherols

(4.75 ± 1.29 lM and 1.60 ± 0.21 lM for c-T and d-T,

respectively) from mice fed the diets supplemented with

the same concentration of tocopherols. In contrast, the T3s

levels in the spleen, kidney, small intestine, and colon were

higher than those of corresponding tocopherols. The levels

of T3s and tocopherols were similar in the lung, liver, and

xenograft tumors (data not shown).

To investigate the tissue distribution of T3 metabolites,

athymic nude mice bearing A549 lung cancer cell xeno-

graft tumors were fed AIN76m control diet (modified from

AIN76A rodent diet by using stripped corn oil, which

contains no tocopherols, and adding 32 mg tocopheryl

acetate per kg diet to meet the nutritional requirement) or

AIN76m diet supplemented with 0.05% c-T3 for 2 weeks.

c-T3 was detected in the serum samples as well as in
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several organs (lung, liver, spleen, and colon) from the

mice in the c-T3 group, but not in the control diet group.

Several putative medium and long-chain metabolites were

also detected in the c-T3 group, particularly in colon

samples. It is worth noting that c-tocopherol (c-T) was

detected in the lung, liver, and colon samples from both

groups. However, it is likely that c-T only contributed a

minor portion to the total levels of short-chain metabolites

as compared to c-T3 because in the control diet group,

c-CEHC and c-CMBHC were either not detectable or at

levels much lower than in the c-T3 group, although the

levels of c-T in both groups were comparable (data not

shown). The representative chromatograms of c-T3 and its

short-chain metabolites in the serum samples are shown in

Fig. 3a and b, respectively, and the levels of c-T3 and its

short metabolites in the serum, lung, liver, spleen, colon,

and urine samples were summarized in Table 1. Hydrolysis

of the metabolites by glucuronidase and sulfatase in the

urine samples dramatically increased the levels of c-CEHC

and c-CMBHC in comparison to those in unhydrolyzed

samples, suggesting that c-CEHC and c-CMBHC were

excreted in mouse urine as glucuronidated or sulfated

forms (Table 1). This conclusion is similar to the detection

of sulfated/glucuronidated T3 long-chain metabolites with

9-, 11-, and 13-carbon side chains and the result that most

of the c- CEHC was in conjugated forms in plasma samples

from a study of rats gavaged by a single dose of c-T3

(Freiser and Jiang 2009). Consistent with previous exper-

iments, the c-T3 level in the liver was the lowest among the

organs examined. In the serum and lung samples, c-T3

levels were higher than its short-chain metabolites whereas

in the liver, the level of c-T3 was much lower than the

metabolites. In the spleen, c-T3 level is higher than

c-CMBHC, but lower than c-CEHC (Table 1). The c-T3

metabolites were high in the colon and urine, suggesting

that c-T3 is metabolized in the liver, and the metabolites

are excreted from urine and bile. It is worth noting that

c-CEHC is the major metabolite in the urine, whereas the

level of c-CMBHC is higher than c-CEHC in the liver and

colon.

In summary, our studies established the methodology to

measure the complete profile of T3 metabolites in mice.

We obtained information about the distribution of c- and

d-T3 and c-T3 metabolites in different mouse tissues. Our

data will be very useful in future studies on the relationship

between T3 metabolites and their biological functions.

Anti-cancer effects of tocotrienols

The anti-cancer effects are the most studied functions of

T3s. T3s prevent proliferation and induce apoptosis in

various cancer cell lines by affecting MAPK, PI3K/Akt,

EGFR, NF-jB, and PPAR-related pathways (Sun et al.

2008; Samant and Sylvester 2006; Shah and Sylvester

2005; Yap et al. 2008; Fang et al. 2010). It is worth noting

that T3s may also induce cancer cell apoptosis independent

of mitochondria stress-mediated and death receptor-related

apoptosis pathways (Shah and Sylvester 2004, 2005). T3s

also induce autophagy, a key cellular process related to cell

metabolism and cancer, in activated rat pancreatic stellate

cells (Rickmann et al. 2007). Autophagy may also con-

tribute to the synergistic cardioprotection in rats conferred

by the combination treatment with resveratrol and c-T3

(Lekli et al. 2009). However, the T3-induced autophagy is

poorly understood and its roles in anti-cancer actions still

need to be further elucidated. T3s also inhibit the levels of

cell adhesion proteins and block tumor angiogenesis

(Miyazawa et al. 2008), which may also contribute to their

anti-cancer activities.

Despite the large number of the anti-cancer studies of

T3s, many of them were still limited to phenomenon

observations on the change of certain signal molecules

without an in-depth insight about the mechanisms.

Aggarwal and coauthors reported that c-T3 blocked NF-jB

activation, TNF-induced phosphorylation, and IjBa deg-

radation (Ahn et al. 2007). They also demonstrated that

c-T3 inhibited the activation of STAT3, possibly through

the induction of protein tyrosine phosphatase SHP-1

(Kannappan et al. 2010). The levels of some NF-jB- and

STAT3-mediated gene products in cancer cells associated

with anti-apoptosis, proliferation, invasion, and angiogen-

esis were down-regulated by c-T3. Their studies provided

more insightful mechanisms about the actions of c-T3.

However, none of the proteins described above were pro-

posed as a direct target of c-T3. A recent study with in

silico simulation and in vitro binding assay suggested a

high affinity binding between T3s and estrogen receptor-b
(ERb), but not ERa (Comitato et al. 2009). It was dem-

onstrated that T3s could promote the translocation of ERb
into the nucleus and activate some estrogen-responsive

genes in breast cancer cell lines (Comitato et al. 2009,

2010). In addition to the effects of T3s on signaling path-

ways in cancer cell lines, T3 may also target cancer stem

cell-like population in that c-T3 down-regulated the level

of prostate cancer stem cell markers (CD133/CD44) and

reduced the spheroid formation of prostate cancer cells

(Luk et al. 2010).

T3s have been shown to reduce the level of 3-hydroxy-

3-methylglutaryl coenzyme A reductase (HMGCR), the

rate-limiting enzyme in cholesterol biosynthesis, in hepatic

HepG2 cells at post-transcriptional level (Parker et al.

1993). Indeed, d- and c-T3 promoted endoplasmic

reticulum protein Insig (insulin induced gene)-induced

ubiquitination and degradation of HMGCR (Song and

DeBose-Boyd 2006). These results suggest the role of T3s

14 Genes Nutr (2012) 7:11–18
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in mediating the synthesis of cholesterol. In addition to

HMGCR, d- and c-T3 also suppressed other upstream

regulators of lipid homeostatic genes including DGAT2,

APOB100, and SREBP1/2, leading to the suppression of

triglycerides, cholesterol, and VLDL biosynthesis in

HepG2 cells and enhanced the efflux of LDL through

induction of LDL receptor in LDL receptor deficient mice

(Zaiden et al. 2010). However, discrepancy existed in that

d- and c-T3 only lowered serum triglycerides level,

whereas total cholesterol, LDL, and HDL levels remained

unchanged in a placebo-controlled human trial. Similarly,

only triglyceride levels were reduced in carbon tetrachlo-

ride-induced fatty liver in rats (Yachi et al. 2010). In

addition to cholesterol-related metabolism, Berbee et al.

(2009) showed that c-T3 improved post-irradiation survival

and decreased radiation-induced vascular oxidative stress

after a total-body irradiation. The effect of c-T3 could be

eliminated by mevalonate, the product of the reaction

catalyzed by HMGCR, suggesting that the protective role

of c-T3 was through an HMGCR-dependent mechanism. In
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Fig. 3 Chromatograms of

c-tocotrienol (a) and its short-

chain metabolites (b) in mouse

serum samples

Table 1 The levels of c-T3 and its short-chain metabolites (c-CEHC and c-CMBHC) in serum, lung, liver, spleen, colon, and urine samples from

mice treated with c-T3

Sample namea c-CEHC c-CMBHC c-T3

Serum (lM) 0.09 ± 0.03 0.12 ± 0.04 0.39 ± 0.07

Lung (lmol/kg) 0.06 ± 0.02 0.18 ± 0.02 0.92 ± 0.14

Liver (lmol/kg) 2.75 ± 0.50 15.32 ± 1.24 0.10 ± 0.01

Spleen (lmol/kg) 1.30 ± 0.34 0.37 ± 0.14 0.59 ± 0.07

Colon (lmol/kg) 5.49 ± 0.80 37.02 ± 4.97 0.60 ± 0.14

Urine (conjugated) (lM) 194.83 ± 29.45 28.12 ± 7.92 Not detected

Urine (free) (lM) Not detected 0.14 ± 0.04 Not detected

a Samples are from mice treated with AIN76m diet containing 0.05% c-T3 for 2 weeks. Data are shown as mean ± S.E. (n = 5)
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this study, whether the inhibition of cholesterol biosyn-

thesis by T3 was involved in the process was unclear. The

research from our group demonstrated that c-T3 inhibited

cancer cell growth by an HMGCR-dependent, but choles-

terol independent mechanism (Yang et al. 2010).

Synergistic anti-cancer actions of tocotrienols

with other agents

T3 has been shown to inhibit various cancer cell growth in

many studies, generally using relatively high concentra-

tions (above 20 lM) of T3 (Sun et al. 2008; Shah and

Sylvester 2004; Takahashi and Loo 2004; Srivastava and

Gupta 2006). One way to enhance the effectiveness of T3 is

to use T3 together with other agents to synergize the anti-

cancer activity. Several research groups reported that the

combinations of T3 with other agents significantly poten-

tiated the effects of T3 (Hsieh and Wu 2008; McAnally

et al. 2007; Shirode and Sylvester 2010).

Our group has studied the combination of c-T3 with

atorvastatin (ATST), another agent that possesses anti-

cancer activities, in HT29 and HCT116 colon cancer cell

lines (Yang et al. 2010). We demonstrated that c-T3 could

inhibit colon cancer cell growth by MTT assays with the

half-maximal inhibitory concentration (IC50) at 30 and

17.5 lM, whereas the IC50 for ATST was 30 and 3.5 lM,

respectively, for HT29 and HCT116 cells. The combina-

tion of c-T3 with ATST synergistically inhibited colon

cancer cell growth as demonstrated by isobologram anal-

ysis, with a significant decrease of the IC50 values for both

agents (9 and 0.72 lM for ATST in HT29 and HCT116

cells, respectively, and 9 and 3.6 lM for c-T3 in HT29 and

HCT116 cells, respectively). c-T3 and ATST also syner-

gistically induced cell cycle arrest at G0/G1 phase, as

determined by propidium iodide (PI) staining followed by

flowcytometry and by the induction of cell cycle arrest-

related p21Cip/Waf1 level. The combination of c-T3 and

ATST also synergistically induced colon cancer cell

apoptosis, as determined by Annexin V/PI staining fol-

lowed by flowcytometry, by DNA fragmentation and by

the cleavage of caspase 3. Moreover, the triple combination

of c-T3, ATST, and celecoxib (CXIB, a cyclooxygenase-2

inhibitor) produced further synergistic action in HT29 cells

in terms of the inhibition of cancer cell growth, the

induction of cell cycle arrest, and the induction of cell

apoptosis. The effect of c-T3 was further potentiated with

the IC50 decreased from 9 lM in its combination with

ATST, to 4 lM in the triple combination in HT29 cells.

We also investigated the mechanisms of the synergistic

action of c-T3 and ATST and proposed that the synergy of

c-T3 and ATST could be attributed to their different

actions on 3-hydroxy-3-methylglutaryl coenzyme A

reductase (HMGCR). ATST, as a widely prescribed cho-

lesterol lowering drug, is an inhibitor of HMGCR. The

inhibition of HMGCR activity by ATST triggered an

increase of HMGCR level, possibly to compensate for the

loss of enzyme activity. The addition of c-T3 attenuated the

level of HMGCR elevated by ATST (Yang et al. 2010).

The inhibition of HMGCR by c-T3 and ATST led to the

depletion of downstream metabolic products (Fig. 4). In

our studies, addition of mevalonate and geranylgeranyl

pyrophosphate (GGpp) eliminated the growth inhibitory

and pro-apoptotic effects of ATST or its combination with

c-T3 in HT29 cells (Yang et al. 2010). However, addition

of farnesyl pyrophosphate (Fpp) and squalene, two

important precursors for cholesterol synthesis (Fig. 4), had

no effect on the cell growth inhibition, although addition of

squalene, as well as mevalonate, restored cellular choles-

terol level depleted by ATST. These results suggest that,

although c-T3, in combination with ATST, has a dramatic

effect on HMGCR, the rate-limiting enzyme in cholesterol

biosynthesis, cholesterol did not play an essential role in

the cancer cell growth inhibitory action of c-T3 and ATST.

GGpp and Fpp are involved in protein isoprenylation.

Isoprenylation is essential for membrane localization and

consequently affects the functions of some proteins, such

as the small G-protein family. We found that depletion of

GGpp by the combination of c-T3 and ATST caused a

significant decrease of membrane-bound and accumulation

of cytosolic small G-proteins that undergo geranylgerany-

lation, such as RhoA, Rab5, and Rab6 (Yang et al. 2010).

Addition of mevalonate and GGpp, but not Fpp, restored
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Fig. 4 Inhibition of isoprenoid biosynthetic pathway by ATST

[modified from Holstein et al. (Holstein et al. 2002)]
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their level to the normal status. Interestingly, although Fpp

is also responsible for protein isoprenylation and should

also be depleted by the combination of c-T3 and ATST,

addition of Fpp did not restore cell growth, suggesting that

protein farnesylation was not involved for cell growth

inhibition induced by the combination c-T3 and ATST. We

demonstrated that the level of membrane-bound and cyto-

solic K-Ras, a small G-protein known to be farnesylated,

was not changed upon the treatment of c-T3 and ATST; the

steady status of K-Ras abrogated the need of its farnesy-

lation for cancer cell growth. Taken together, our studies

demonstrated that c-T3, in combination of ATST, or ATST

and CXIB, synergistically induced colon cancer cell

growth inhibition and the mechanism of the synergistic

action of c-T3 and ATST can be contributed to their

mediation of HMGCR and the subsequent protein

isoprenylation.

Concluding remarks

In addition to the most widely studied anti-cancer activi-

ties, T3s have also been reported to possess some other

interesting biological activities. T3s, as members of vita-

min E family, were initially studied as antioxidants.

However, discrepancies still exist on whether T3s are

superior to tocopherols in their antioxidant activities, and

on the effectiveness ranking order among different iso-

forms of T3s. It is likely that the apparent antioxidant

activities of tocopherols and T3s are dependent on exper-

imental conditions (Kamat et al. 1997; Kashiwagi et al.

2009; Serbinova et al. 1991; Begum and Terao 2002;

Yoshida et al. 2003). T3-rich fraction supplementation also

stimulated immune response in the presence of immuno-

genic challenge (Radhakrishnan et al. 2009; Mahalingam

et al. 2010) and exhibited potent anti-inflammatory activity

by mediating inflammation-related cytokines (Wu et al.

2008). Further investigation is still needed to elucidate

whether these biological functions of T3s contribute to

their anti-cancer activities.

In our studies of T3s and their metabolism, we estab-

lished a method to detect a complete profile of T3s together

with tocopherols and their metabolites in mouse urine and

fecal samples. We determined the levels of c- and d-T3 and

c-T3 metabolites in different mouse tissues and compared

the levels T3s with those of corresponding tocopherols.

These results will form the basis to elucidate the contri-

bution of T3s and their metabolites to their anti-cancer and

other biological activities in mouse studies. We also

demonstrated the synergistic action of c-T3 with ATST or

ATST plus CXIB to inhibit cancer cell growth, which

greatly reduced the doses needed to inhibit colon cancer

cell growth as compared to each individual agent. These

studies of T3s will encourage their future investigation and

application in cancer prevention and therapy.
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