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ABSTRACT 

Author: Liu, Kilia, Y. PhD 

Institution: Purdue University 

Degree Received: May 2019 

Title: Vitamin E Forms – Bioavailability and Protective Effects on Colitis and Colon 

Cancer 

Committee Chair: Qing Jiang 

 

Vitamin E is a natural lipophilic antioxidant contains eight structurally related forms, i.e., 

α-, β-, γ-, δ-tocopherols (αT, βT, γT, and δT) and corresponding tocotrienols. Recent 

research indicates that vitamin E forms are differentially metabolized to various 

carboxychromanols. Some these vitamin E metabolites have been shown to exhibit strong 

anti-inflammatory and anticancer effects, yet little is known about their bioavailability. 

Without this knowledge, it is impossible to assess the role of vitamin E metabolism in 

biological functions of vitamin E forms and their protective effects on chronic diseases. 

While αT and γT appear to improved gut health, the underlying mechanisms are not well 

understood. Furthermore, specific forms of vitamin E such as γT have been reported to 

have cancer-preventing effects, but their anticancer efficacy is relatively modest. For these 

reasons, this dissertation focused on the characterization of the pharmacokinetic formation 

of vitamin E metabolites after supplementation, and the investigation of the underlying 

mechanisms of the protective effect of vitamin E forms, αT and γT, on gut health, as well 

as anticancer efficacy of the combination of aspirin and γT on carcinogen-induced colon 

tumorigenesis. 

The first project focuses on characterizing the pharmacokinetic formation of 

vitamin E metabolites after single dose supplementation of γ-tocopherol-rich mixed 

tocopherol (γTmT) and δ-tocotrienol (δTE). With our recently developed LC/MS/MS assay 
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for quantifying vitamin E metabolites, we can simultaneously quantify the level of short-

chain, long-chain, and sulfated carboxychromanols in plasma, urine, and fecal samples of 

supplemented animals. In this study, we investigated the pharmacokinetics including 

excretion of vitamin E forms and the formation of their metabolites after a single dose 

intragastric administration of tocopherols and tocotrienols in rats. We also measured 

vitamin E metabolites in the serum obtained from healthy humans after T supplementation. 

In the plasma of rat, the pharmacokinetic profiles of γT and δTE are described as the 

following: γT, Cmax = 25.6  9.1 μM, Tmax = 4 h; δTE, Cmax = 16.0  2.3 μM, Tmax = 2 h.  

Sulfated CEHCs and sulfated 11’-COOHs were the predominant metabolites in the plasma 

of rat with Cmax of 0.4-0.5 μM (Tmax ~ 5-7 h) or ~0.3 μM (Tmax at 4.7 h), respectively.  In 

24-h urine, 2.7% of T and 0.7% of TE were excreted as conjugated CEHCs, the major 

identified urinary metabolites. In the feces, 17-45% of supplemented vitamers were 

excreted as un-metabolized forms and 4.9-9.2% as metabolites. The majority of 

metabolites excreted in feces were unconjugated carboxychromanols, among which 13’-

COOHs constituted ~50% of total metabolites. Interestingly, 13’-COOHs derived from 

TE were 2-fold higher than 13’-COOH from T.  Unlike rats, -CEHC is the predominant 

metabolites found in human plasma, although 11’-COOHs and 13’-COOHs (sulfated and 

unconjugated) were elevated by >20 folds responding to T supplement. In this study, we 

found that tocopherols and tocotrienols, when taken as supplements, are mainly excreted 

as un-metabolized forms and long-chain carboxychromanols in feces. High fecal 

availability of 13’-COOHs may contribute to modulating effects on gut health.  

The second project of my dissertation investigated the effect of vitamin E forms, 

αT and γT, on intestinal barrier function in a cellular model and a mouse colitis model. 
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Inflammatory bowel diseases (IBD) are chronic idiopathic inflammatory conditions 

characterized by disruption of intestinal barrier integrity. Previous studies by others and us 

had demonstrated that vitamin E forms, αT and γT, can protect against chemical-induced 

colitis in animal models. However, the role of these vitamin E forms on intestinal barrier 

function has not been studied. Herein, we investigated the potential protective effects of 

vitamin E forms, αT and γT, on intestinal barrier function in a Caco-2 colon epithelial cell 

model and a dextran sodium sulfate (DSS)-induced colitis mouse model. In Caco-2 cells, 

pretreatment with 25M αT and γT attenuated Caco-2 monolayer barrier dysfunction 

induced by 10 ng/mL TNF-α/IFN-γ, suggesting that these vitamin E forms protect 

intestinal barrier integrity in this cellular model. In male BALB/c mice, the 

supplementation of T (0.05%) or TmT (0.05%) when given 3 weeks before DSS 

treatment or at the same time as DSS treatment alleviated DSS-induced fecal bleeding and 

diarrhea symptoms in mice, and attenuated colon inflammation and colitis-associated 

damages. Additionally, T and TmT supplementation attenuated DSS-induced intestinal 

barrier dysfunction, as indicated by improving the level of occludin, a tight junction protein, 

in the colon and reducing lipopolysaccharide-binding protein (LBP) in the plasma. 

Furthermore, gut microbiota analysis demonstrated that T and TmT supplementation 

could modulate intestinal microbiome composition in mice with DSS treatment. DSS 

treatment reduced the relative abundance of Lachnospiraceae compared to healthy mice, 

and supplementation of T and T partially reversed this effect. Interestingly, the family 

Lachnospiraceae has been reported to decrease in IBD patients. Our study demonstrated 

the protective effects of vitamin E forms on intestinal barrier integrity in a cell-based model 
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and a colitis model in mice. Furthermore, we demonstrated that these vitamin E forms 

caused favorable changes in the intestinal microbial population under colitis condition. 

The third project of my dissertation evaluated the anticancer efficacy of the 

combination of aspirin and γT using an azoxymethane (AOM)-induced and colitis-

promoted colon tumorigenesis mouse model. Extensive inflammation in the colon 

promotes the development of colorectal cancer (CRC). Eicosanoid production by pro-

inflammatory enzymes, cyclooxygenases (COX-1 and COX-2) and 5-lipoxygenase (5-

LOX) play a critical role in the initiation, progression, and invasion of CRC. Thus, 

nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, have been recommended 

for chemoprevention of CRC. However, long-term use of aspirin can cause many side 

effects, and the anticancer activity of aspirin is very modest. Previously, we have 

demonstrated that the combination of γT with aspirin prolonged the anti-inflammatory 

activity of aspirin and alleviated aspirin-associated adverse effects in a carrageenan-

induced inflammation model in rats. Additionally, we found that the combination of γT 

and aspirin has stronger anticancer activity than aspirin or γT alone against HCT-116 

human colorectal carcinoma cells. Therefore, we examined the anticancer effect of the 

combination of 0.025% aspirin and 0.05% γT against AOM-induced and DSS-promoted 

tumorigenesis in mice. In this study, we have found that the combination of aspirin and γT, 

but not aspirin or γT alone, suppressed colon tumorigenesis in mice, as indicated by 40% 

and 50% reduction in the multiplicity of total polyps (P < 0.05) and large adenomatous 

polyps (>2mm2, P < 0.05), respectively. More strikingly, the combination of aspirin and 

γT reduced the overall tumor area by 60% (P < 0.05). Noteworthy, the supplementation of 

γT also alleviated aspirin-induced stomach lesion and appeared to modulate intestinal 
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microbial composition. Our study demonstrated that the combination of aspirin and γT has 

stronger anticancer activity than aspirin or γT alone while alleviates aspirin-associated 

adverse effect, suggesting that the combination of γT and aspirin is a more effective and 

safer chemopreventive agent for CRC than aspirin alone.          
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 LITERATURE REVIEW 

1.1 Vitamin E 

1.1.1 Different vitamin E forms and food sources 

 Vitamin E is a generic name for eight structurally related fat-soluble antioxidants, 

including α-, β-, γ-, δ-tocopherols (αT, βT, γT, δT) and α-, β-, γ-, δ-tocotrienols (αTE, βTE, 

γTE, δTE). The different isoforms of vitamin E are distinguished by the methylation on the 

5- or 7-position of the chromanol ring and the saturation on the 16-carbon phytyl-like side 

chain 1 (Figure 1.1). Tocopherols are vitamin E with saturated side chain, and tocotrienols 

contain three double bonds. Vitamin E was first discovered by Evans and Bishop in 1922 

as an essential nutrient for reproductive health in rats 2. Naturally occurring vitamin E 

forms are found in plant existing in RRR configuration at 2’, 4’, 8’-position for tocopherols 

and R-configuration at 2-position for tocotrienols 3. Although synthetic forms of vitamin 

E, such as RRR- and SRR-α-tocopheryl acetate, are commercially available for 

supplementation, RRR-stereoisomer is the preferred form by the liver for very-low-density 

lipoprotein (VLDL) assembly 4.  

 Natural forms of vitamin E are synthesized in plants, with a small amount in fruits 

and vegetables 5, but most commonly in plant seeds 6,7. Almonds, hazelnuts, pine nuts, 

sunflower seeds, and peanuts are good sources of αT, whereas γT is rich in pecans, 

pistachios, walnuts, flaxseeds, sesame seeds and pumpkin seeds 7. Palm oils, barley, and 

oats are excellent sources of tocotrienols especially, γTE 8,9, and δTE can be extracted from 

annatto seeds 10. However, the level of tocotrienols is much lower than tocopherols in the 

diet. The majority of vitamin E in the U.S. diet comes from corn and soybean oil, which 

are highly consumed by the U.S. population 11. Because of that the predominant form of 
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vitamin E consumed in a typical U.S. diet is γT, which accounts for ~60-70% 1,12. 

Additionally, different preparation methods can alter vitamin E contents in foods 6. 

Although the level of γT is relatively high in the U.S. diet, αT is still the predominant form 

of vitamin E in the body, and αT deficiency can lead to degenerative disorder, ataxia 13. 

The differences in tissue retention between αT and other vitamin E forms are likely due to 

the distinct binding affinity of liver proteins for αT, which are critical for the transport and 

metabolism of vitamin E. 

 

Figure 1.1 Structures of natural vitamin E forms. 
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1.1.2 Absorption, metabolism, and excretion 

 Dietary tocopherols and tocotrienols are absorbed along with dietary fats in the 

intestine and transported in chylomicron particles with other lipid molecules to 

parenchymal cells of the liver 14. The absorption of vitamin E is mediated by cholesterol 

membrane transporters including the scavenger receptor class B type 1 (SR-BI) 15, CD36 

molecules 16, Niemann-Pick C1-like transporter 1 (NPC1L1) 17, and ATP-binding cassettes 

A1 and G1 (ABCA1 and ABCG1) 18. Accumulating SR-B1 is presented in the basolateral 

membrane of ileal enterocytes and facilitates the absorption of micellar vitamin E in the 

distal small intestine 19. Upon vitamin E uptake across the brush border membrane, micellar 

vitamin E is packaged into chylomicrons and secreted to various peripheral tissues via the 

lymphatic system 20. Although specific receptors for the uptake of vitamin E has not been 

identified, all lipoprotein receptors should have the ability to pick up vitamin E, and thus 

can be taken up by various tissues since vitamin E is bound to chylomicron 21. The 

accumulation of non-αT forms of vitamin E, such as γT in human skin and adipose tissue 

22, or tocotrienols in rat skin 23, may due to chylomicron-associated vitamin E uptake by 

various tissues. 

Among the different isoforms of vitamin E, T is the predominant form in plasma 

and tissues due to the high binding affinity to hepatic -tocopherol transfer protein (TTP) 

that transfers T extrahepatically and prevents it from being extensively metabolized in 

the liver 1. Contrarily, other vitamin E forms has low binding affinity to TTP, and thus 

are extensively metabolized in the liver by cytochrome P450 via -hydroxylation and 

oxidation to generate 13’-hydroxychromanol (13’-OH) and 13’-carboxychromanol (13’-

COOH), which can be further metabolized via -oxidation to various shorter-chain 
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carboxychromanols including the terminal metabolite, 3’-COOH or 2-(-carboxyethyl)-6-

hydroxychroman (CEHC) 24 (Figure 1.2). Conjugation of these carboxychromanols occurs 

along with -oxidation by adding a sulfate or glucuronide group to the hydroxyl group on 

the chromanol ring 25,26. With decreased hydrophobicity via catabolism and conjugation, 

the terminal metabolite CEHCs and the conjugated metabolites can be excreted in the urine, 

whereas the unconjugated long-chain carboxychromanols and the un-metabolized vitamers 

are primarily excreted in feces after supplementation of T and T 27-33. 

It has well established that hepatic αTTP selectively facilitates the distribution of 

αT from the liver to other tissues. αTTP belongs to the CARL-TRIO family, which is a 

lipid-binding protein for the regulation of the intracellular trafficking of hydrophobic 

molecules 1. In liver, αTTP preferentially binds to αT than other vitamin E forms with 100% 

binding affinity. The binding affinity of αTTP for βT, γT, and δT is 50%, 10-30%, and 1%, 

respectively 1,34. The low binding affinity to non-αT forms of vitamin E suggesting that all 

three methyl group on the chromanol ring is important for the binding to αTTP. However, 

αT-acetate and α-tocopheryl quinone, with no free hydrogen group on the chromanol ring, 

are also poor substrates for αTTP 34, further suggesting that αTTP can also distinguish 

naturally occurring RRR-αT vs. synthetic stereoisomers, which favors the retention of 

naturally occurring RRR-αT over synthetic αT 34,35.  

αTTP is required for transferring tocopherols from the lysosome to the plasma 

membrane before vitamin E secretion from the liver 36. In addition to αTTP, the secretion 

of vitamin E requires ABCA1 as mice deficient in ABCA1 had lower plasma levels of 

tocopherols and cholesterol than those in wild-type mice 18. Since αTTP is preferentially 

bound to αT, it protects αT from being catabolized in the liver whereas other forms of 
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vitamin E are substantially broken down by CYP4F2. Therefore, αT is predominantly 

accumulated in the body. Genetic mutations of αTTP in humans is associated with a 

deficient level of αT in the plasma, resulting in a neurological disorder called ataxia 13. 

Despite the low αT level in the plasma of patients with αTTP mutation, urinary excretion 

of α-CEHC continued to increase in these patients 37. Thus, αTTP is critical in protecting 

αT from degradation by hepatic enzymes. 

The terminal metabolite CEHC was first identified in the urine of rats supplemented 

with δT in 1984 27. Since then, numerous studies have reported that similar metabolites 

derived from αT and γT were detected in human plasma and urine 28,38,39. However, the 

mechanism involving vitamin E metabolism was not resolved until 2002. Sontag and 

Parker 24 and Birringer et al. 40 showed that HEpG2 cells, human liver cancer cells, can 

metabolize γT, δT, and γTE to various length of metabolites including long-chain 13’-OH, 

13’-COOH, 11’-COOH, and 9’-COOH, and shorter-chain 7’-COOH, 5’-COOH and 

terminal metabolite 3’-COOH. The identification of these intermediate metabolites in cell 

culture media suggests stepwise β-oxidation occurs after ω-hydroxylation and oxidation of 

the thirteen carbon to remove two- or three-carbon moieties at each cycle until yielding the 

3’-COOH.  

Catabolism of vitamin E initiates by cytochrome P450 (CYP450) mediated ω-

hydroxylation and oxidation of the phytyl side chain. CYP450 enzymes are common 

phases I enzymes to catalyze a variety of hydrophobic substances for drug deactivation, 

steroid metabolism, xenobiotic detoxification, fatty acid metabolism, generation of active 

metabolites and converting pre-carcinogen to an active carcinogen 41. CYP450 4F2 

(CYP4F2) is the critical enzyme for vitamin E metabolism. In mice, deletion of Cyp4f14, 
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a murine orthologue of human CYP4F2, impaired vitamin E metabolism 31. CYP4F2 

initiates vitamin E catabolism by inserting one oxygen atom into lipophilic substrates 42. 

This CYP450-dependent monooxygenase requires the transfer of reducing equivalents 

from NADPH via a Flavin-containing reductase in the microsome 42. Additionally, 

CYP4F2 has higher activities toward vitamin E form with unsubstituted 5-carbon position 

in the chromanol ring 30, and thus more reactive to non-αT forms of vitamin E. Upon 

CYP4F2-initiated ω-hydroxylation and oxidation, subsequent β-oxidation occurs in 

parallel to conjugation such as sulfation and glucuronidation of the phenolic on the 

chromanol ring in the mitochondria generate various carboxychromaols and terminal 

metabolites 3’-COOH 1 (Figure 1.2).  

Conjugation such as sulfation and glucuronidation is essential in vitamin E 

metabolism. In addition to unconjugated carboxychromanols, sulfated long-chain 

carboxychromanols including sulfated 13’-COOH, 11’-COOH, and 9’-COOH were 

identified in the cell culture media of human A549 cells after cultured with γT, δT, and 

γTE 25 and in plasma and liver of rats after γT supplementation 25,26,43. The identification 

of conjugated long-chain carboxychromanols indicates that conjugation co-occurs with β-

oxidation. More interestingly, conjugated carboxychromanols are the predominant forms 

of metabolites found in the plasma of rats supplemented with γT and γTE 26. Findings from 

these in vitro and in vivo studies support the notion that vitamin E forms are metabolized 

by CYP4F2 via ω-hydroxylation followed by β-oxidation and concurrently conjugation. 

Different steps of vitamin E metabolism take place in different subcellular 

compartments of hepatocytes. By isolating microsomes, mitochondria, and peroxisomes 

from the liver of rats with αT injection, Mustacich et al. 44 found that unmetabolized αT 
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and 13’-OH is predominant in microsomes followed by peroxisome, and end metabolite α-

CEHC was found exclusively in mitochondria. These findings suggest that ω-

hydroxylation and oxidation occur in microsome and peroxisome compartment of 

hepatocytes, whereas β-oxidation and conjugation take place in the mitochondria. 

 A large amount of tocopherols, tocotrienols, and their metabolites were found in 

feces of rats supplemented with γT, δT, γTE, and δTE 33,45, suggesting that fecal excretion 

is the major route of vitamin E elimination. On the other hand, terminal metabolite CEHCs 

and conjugated CEHCs are primarily excreted in the urine 27,28,46,47. Bardowell et al. 30 

reported higher fecal excretion of metabolites than those in the urine when mice were fed 

with tocopherols. Unmetabolized vitamin E forms can also be eliminated in bile, although 

higher preference to excrete γT over αT  48. Interestingly, Traber et al. 49 reported that some 

phase III transporters, such as the ABC transporters, may be involved in the elimination of 

vitamin E and vitamin E metabolites, and the expression of these transporters are regulated 

by vitamin E intake. The elimination of excess αT and non-αT forms of vitamin E is to 

prevent excess accumulation of vitamin E in the body. 
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Figure 1.2 Molecular mechanism of vitamin E metabolism and the formation of 

metabolites. 

 

1.1.3 Biological activities of vitamin E forms 

 Although non-T forms of vitamin E have lower tissue bioavailability, these 

vitamers have different and superior biological functions in disease prevention and therapy 

compared to T 1,50,51. Long-chain metabolites 13’-COOHs derived from vitamin E forms 

showed stronger bioactivities compared to their corresponding vitamers 1. These 13’-

COOHs have been shown to exhibit dual inhibitory activities against pro-inflammatory 

enzymes, cyclooxygenases 52,53 and 5-lipoxygenase 54, that contribute to cancer 

development and progression. Additionally, recent research reveals that 13’-COOHs could 

induce apoptosis and autophagy in human cancer cells through the modulation of 

sphingolipids, which leads to suppression of colon tumor development in mice 55. 
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1.1.3.1 Antioxidant activities of vitamin E forms and carboxychromanols 

 All vitamin E forms possess similar phenolic moiety, and thus all of them are potent 

antioxidants that can scavenge lipid peroxyl radical by donating hydrogen atom from the 

phenolic group 1,11. Antioxidants are essential for protecting against oxidative damages in 

tissues, which can prevent many diseases. Vitamin E is well known for its antioxidant 

activity against lipid peroxidation. Although all vitamin E forms possess similar capability 

to scavenge lipid peroxyl radical, natural vitamin E forms with an unsubstituted 5-carbon 

position, i.e., γT, can trap electrophils like reactive nitrogen species 56, whereas αT, vitamin 

E with methylated 5-carbon position, lack of this ability 56. Therefore, γT appears to have 

more superior activity than αT in detoxifying reactive nitrogen species by forming 5-nitro-

γT 1,11,56-58. Reactive nitrogen species are often enhanced during inflammation, which 

exacerbates tissue damages. In rats with zymosan induced-peritonitis, the level of 5-nitro-

γT increased, suggesting nitration of γT under inflammatory condition traps reactive 

nitrogen species 59. Besides tocopherols, tocotrienols with three double bonds on the 

phytyl-chain appear to better at scavenging peroxyl radicals in phospholipid bilayer than 

αT 60,61. Due to more even distribution in the phospholipid bilayer, tocotrienols can more 

effectively interact with lipid peroxyl radicals in the membrane environment than 

tocopherols 60,61. As a result, tocotrienols may be more efficient in scavenging lipid peroxyl 

radical in cellular or the whole-body environment. In addition to tocopherols and 

tocotrienols, long-chain metabolites, 13’-OH and 13’-COOH, from δT or δTE have been 

reported to have potent antioxidant activities against lipid peroxidation in vitro 62. All 

vitamin E forms including long-chain metabolites are potent antioxidants.  
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1.1.3.2 Anti-inflammatory properties of vitamin E forms and metabolites 

 Chronic inflammation in the body can lead to the development of various chronic 

diseases including asthma, inflammatory bowel diseases, and cancer 63-70. Inflammation is 

an immune response to injuries or infection, which is beneficial to the host to impair injury 

and evacuate virus and pathogens under normal condition 63. However, aberrant immune 

response to commensal bacteria in the gut 71  or non-pathogenic stimuli in the airway 63 can 

cause chronic inflammatory response leading to the pathogenesis of the disease. During an 

inflammatory response, the production of reactive oxygen/nitrogen species increases along 

with elevated production of pro-inflammatory mediators including lipid mediates, and pro-

inflammatory cytokines, such as TNFα, IFN-γ, IL-1β, and IL-6 72-74. These reactive 

chemical species and pro-inflammatory mediators exacerbate inflammation and cause 

further damages to the host. Vitamin E forms and their metabolites not only contain 

antioxidant activities to scavenge reactive species as mentioned earlier but can also inhibit 

the production of pro-inflammatory mediators 52,54 (Figure 1.3), which can protect against 

inflammatory damages. 

 Prostaglandins and leukotrienes are lipid mediators synthesized from 

polyunsaturated fatty acid, arachidonic acid, which are critical in generating inflammatory 

response 74,75. Prostaglandin E2 (PGE2) is one of the most abundant prostaglandins 

produced in the body via the oxidation of arachidonic acid catalyzed by cyclooxygenase-

1/2 (COX-1/2) that exhibits multiple biological functions, including regulation of immune 

responses, blood pressure, and gastrointestinal integrity 75. Dysregulated synthesis of PGE2 

can lead to signs of inflammation, such as redness, swelling, fever, and pain 76. Another 

lipid mediator, leukotriene B4 (LTB4), can be biosynthesized from arachidonic acid via 5-

lipoxygenase (5-LOX)-catalyzed reaction in neutrophil 74. LTB4 is a potent 
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chemoattractant that stimulates the adhesion of leukocytes to endothelial cells 76. Patients 

with inflammatory bowel diseases (IBD) had shown to have a higher mucosal 

concentration of LTB4 than healthy individuals 77, which is associated with epithelial 

damage and leukocyte infiltration into the intestinal 78.  Eicosanoids produced from COXs 

and 5-LOX-catalyzed reactions are known to promote various types of cancers 79. Due to 

the critical roles of eicosanoids in inflammation, drugs targeting COXs and 5-LOX are 

often used to treat chronic inflammatory diseases 79-81.  

 Cytokines are essential molecules involving in the regulation of inflammatory 

response and pathogenesis of inflammation-associated diseases. Patients with IBD and 

colorectal cancer (CRC) reported having elevated levels of pro-inflammatory cytokines 

including TNFα, IL-1β, IL-6, and IL8 66. Infliximab, an anti-TNFα antibody, has been used 

to treat Crohn’s disease clinically 82. The expression of cytokines and chemokines are 

mediated by transcription factors such as nuclear factor (NF)-κB and JAK-STAT6/3 as a 

result of receptor-mediated signaling activation in immune cells in response to 

inflammatory conditions. Many studies had revealed the mechanisms underlying the anti-

inflammatory properties of specific vitamin E forms (γT, δT, γTE, and δTE) and their long-

chain 13’-COOH metabolites via the inhibition of COX-2 and 5-LOX and suppression of 

various signaling pathways including NF-κB, JAK-STAT6, and JAK-STAT3.  

In terms of COX-2 inhibition, vitamin E forms differentially inhibit COX-2-

mediated PGE2 synthesis in immune cells and epithelial cells 52,83. In 2000, Jiang et al. 83 

were the first identified that γT potently reduce PGE2 production in LPS-stimulated 

RAW264.7 murine macrophages and IL1β-treated A549 human epithelial cells with IC50 

of 7.5 µM and 4 µM, respectively. Later in 2008, Jiang et al. 52 discovered that γTE and δT 
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showed even better inhibition activity than γT against COX-2-mediated PGE2 production 

in IL-1β-induced A549 cells without affecting COX-2 expression. The relative potency for 

COX-2 inhibition by these vitamin E forms is ranked as γTE ≈ δT > γT >> αT. Interestingly, 

these vitamin E forms fail to inhibit the activity of purified COX-2, suggesting these 

vitamin E forms are weak COX-2 inhibitors 52. More importantly, the cellular inhibition of 

vitamin E forms was significantly diminished when co-incubated with sesamin in which 

blocked the metabolism of vitamin E in A549 cells, suggesting that vitamin E metabolites 

are the major player for the inhibition of COX-2 52. This notion is supported by the fact 

that conditioned media enriched with long-chain carboxychromanols without sulfated 

counterparts potently inhibited COX-2 activity in intact-cell assay and purified COX-1/2 

enzyme assay 52. The length of the side chains of these metabolites also exhibits different 

strength in COX-2 inhibition with 13’-COOH ≈ ibuprofen > 9’-COOH >> 5’-COOH > 

acetaminophen > 3’-COOH 52,83. Enzyme kinetic data demonstrated that 13’-COOH is a 

competitively inhibiting the cyclooxygenase activity, not peroxidase activity of COX-1 and 

COX-2 with Ki of 3.9 and 10.7 µM, respectively 52. These data along with computer 

simulation support that 13’-COOH binds to the substrate binding site of COX by forming 

hydrogen-bonds with Tyr 355 and Arg120 with the carboxyl group of 13’-COOH 52. 

Furthermore, the chromanol ring of 13’-COOH appears to provide further interaction with 

Phe209, Phe381, and His226 via hydrophobic interaction and hydrogen bond formation 52. 

Besides inhibition against COX-1 and COX-2, vitamin E forms differentially 

inhibit LTB4 and LTC4 productions from ionophore (A23187)-stimulated neutrophil-like 

differentiated HL-60 cells and human neutrophils isolated from peripheral blood, with IC50 

of 5-20 µM for γT, δT, and γTE, but much higher IC50 for αT 54. However, none of these 
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vitamin E forms inhibits human recombinant 5-LOX at physiological dose 54. Nevertheless, 

δT-derived 13’-COOH potently inhibits human recombinant 5-LOX activity with IC50 of 

0.5-1 µM 54. Interestingly, these vitamin E forms, γT and δT, despite showing no effect on 

human recombinant 5-LOX activity, strongly suppressed ionophore-stimulated ERK-

phosphorylation and activation of 5-LOX by inhibiting the translocation of 5-LOX from 

cytosol to the nucleus 54. Additionally, vitamin E forms can reverse membrane perturbation 

by induced by ionophore, as a result, suppress calcium influx and prevent the activation of 

downstream signaling 54. Noteworthy, vitamin E forms suppress calcium influx and LTB4 

formation triggered by stimuli such ionophores, sphingosine 1-phosphate, and 

lysophosphatidic, but not by fMLP or thapsigargin, whereas 13’-COOH can decrease LTB4 

formation regardless of different stimuli 54. These observations are consistent with 13-

COOH’s strong inhibition for 5-LOX.  

The inhibitory effects of vitamin E forms on pro-inflammatory cytokines and 

chemokines are via the modulation of key transcription factors including CCAAT-

enhancer binding protein β (C/EBPβ), NF-κB, and STAT6/3 84-89. Vitamin E forms show 

inhibition against LPS-induced IL-6 production in macrophage with δTE and γTE being 

the strongest in this activity 84,86,87,90. However, this inhibitory effect of vitamin E forms is 

not due to the upregulation of anti-inflammatory cytokines 86,87, but instead is by the 

downregulation the gene expression of COX-2 86 and suppression of C/EBPβ and NF-κB 

84. With the inhibition of C/EBPβ, γTE also decreases granulocyte-colony stimulating 

factor (G-CSF), a target gene of C/EBPβ, induced by LPS 84. In addition to the suppression 

of C/EBPβ, γTE exhibits strong inhibitory activities against activation of NF-κB stimulated 

by LPS 84. Previously, γTE has been shown to inhibit NF-κB activation in various cancer 
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cells and TNFα-stimulated KBM-5 cells, myelogenous leukemia cell 89. Consistently, γTE 

inhibits TNFα-triggered activation of NF-κB by up-regulation of an anti-inflammatory 

molecule, A20, induction of cellular stress and modulation of sphingolipid metabolism 90. 

δTE, an analog of γTE, exerts these same actions as γTE, but δTE exhibits more robust 

activities against NF-κB activation than γTE by increasing the level of CYLD, a negative 

regulator of NF-κB, which is not up-regulated by γTE 85.  

Besides acting immune cells, vitamin E forms, especially γTE dose-dependently 

inhibits the secretion of eotaxin-3 induced by IL-13 in A549 cells by blocking the 

phosphorylation and DNA-binding of STAT6 88. This obstruction of IL-13-stimulated 

STAT6 phosphorylation by γTE is due to increase expression of prostate-apoptosis-

response 4 (PAR4) and enhance formation of PAR4/atypical protein kinase C (aPKC) 

complex, as a result, blocks STAT6 activation by aPKC 88. This inhibition of eotaxin-3 

production is critical for the pathogenesis of asthma as eotaxin-3 acts as a chemoattractant 

for airway eosinophils leading to the development of eosinophilia in the airway, which is 

a characteristic of asthma 1. Additionally, Rajendran et al. demonstrated that γTE inhibit 

the activation of STAT3 via induction of protein-tyrosine phosphatase SHP-1 in human 

hepatocellular carcinoma cells 91. γTE up-regulated the expression of SHP-1, which is 

involved in the negative regulation of JAK/STAT3 cell signaling pathway by suppression 

the phosphorylation, translocation, and DNA-binding of STAT3 91.  
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Figure 1.3 Mechanisms underlying the anti-inflammatory properties of vitamin E forms 

and long-chain carboxychromanols metabolites. 

 

1.1.3.3 Chemoprevention effects of vitamin E forms against cancer 

 As a powerful antioxidant that can block DNA damages induced by oxidative stress, 

vitamin E forms are viewed as potential options for cancer prevention. Earlier vitamin E 

research on cancer prevention are mostly focus on αT due to the high bioavailability in the 

body. Even though epidemiologic studies consistently showed a negative association 

between αT and cancer risk, many large randomized studies on using αT for cancer 

prevention showed inconsistent and disappointing results 11,92,93. One of the primary reason 
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is due to the lack of preclinical model and mechanistic investigations on the role of αT in 

cancer prevention. Recent research has shown that other vitamin E forms and their long-

chain metabolites exhibited potent anti-cancer activities in preclinical cancer models and 

mechanistic studies, while αT often showed disappointing outcomes in these models 94. 

As discussed in the previous section, non-αT forms of vitamin E are not only 

powerful antioxidants, but also contain anti-inflammatory properties via inhibition of 

COXs and 5-LOX as well as NF-κB and STAT6/3 cell signaling pathways. Inflammation 

in tumor microenvironment can contribute to the initiation, promotion, and progress of 

cancer 69,95. Besides anti-inflammatory properties, these vitamin E forms and metabolites 

can directly target the fate of cancer cells by promoting apoptosis and inhibiting 

proliferation via various signaling pathways 50,51.  

Vitamin E forms, γT, δT, γTE, and δTE, and long-chain 13’-COOHs have been 

shown to activate various pathways associated with anti-proliferation, promote apoptosis 

and autophagy in numerous cancer cell type. Treatment with these vitamin E forms and 

13’-COOHs led to  PARP cleavage, activation of caspase 9 and elevated LC-3 expression, 

all of which are markers for apoptosis and autophagy in various types of cancer cells 55,96,97. 

These biological events induced by vitamin E and 13’-COOH may due to their ability to 

modulate sphingolipid metabolism. Sphingolipids such as dihydroceramide, 

dihydrosphingosine, and ceramides are involved in the regulation of cell death and survival, 

and continuous elevation of these sphingolipids could lead to cellular stress, thus inhibit 

cell proliferation, and promote apoptosis 98,99. Vitamin E forms, specifically, γT 100 and 

γTE 96,97, and 13’-COOHs 55 derived from δT and δTE increase dihydrosphingosine, 

dihydroceramide, and ceramides in prostate, pancreas, and colon cancer cells, which are 
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consistent with the observation of cell death, apoptosis, and autophagy in these cells. 

Among these vitamin E forms and metabolites, δTE, γTE, and 13’-COOHs appears to be 

more potent than γT and δT, but still much better than αT 55,96,97,100. This may due to the 

accumulation of tocotrienols instead of tocopherols in cells 96,101. Interestingly, the 

accumulation of tocotrienols is also higher in cancer than normal tissues in vivo 102,103. 

Although the mechanism underlying tocotrienol accumulation in cancerous tissues is 

unclear, the current evidence suggests that tocotrienols may have better anticancer efficacy 

than tocopherols in the body. 

1.2 Colon inflammation 

1.2.1 Prevalence and characteristics of IBD  

 IBD is comprised of two idiopathic, chronic, inflammatory disorders of the 

gastrointestinal tract, Crohn’s Disease (CD) and Ulcerative Colitis (UC). An estimation of 

3 million adults in the U.S. was reported being diagnosed with IBD 104, which does not 

include children under the age of 18 who may also have IBD 105. The prevalence of IBD 

not only increased in the U.S but worldwide 106. Patients with IBD often have delayed 

response to pathogens recognition and clearance in addition to impaired intestinal barrier 

function resulting in a bacterially drive, abnormal immune-mediated response 107. The 

pathoetiology of IBD remains unclear, yet predisposing genetic factors, disrupted 

microbial composition, defect in the gastrointestinal epithelial barrier and the immune 

system tend to play essential roles in the development of IBD 108. 

 Postulated pathogenesis of IBD is that the development of an inappropriate adaptive 

immune response toward a subset of commensal enteric bacteria in a genetically 

susceptible host, then triggered by environmental factors leading to epithelial barrier 

impairment and the activation of disease 65. Genetic variation and mutation in genes 
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involved in immune regulation, cellular activation, and epithelial barrier functions are often 

associated with the pathogenesis of IBD, such as NOD2, IL23R, DLG5, and PPAR-γ 67. 

Under normal condition, intestinal epithelial cells and innate immune cells recognize 

microorganisms through unique identification of molecular markers to prevent the invasion 

of pathogens and to regulate the immune response to commensals 109. The pathogen 

recognition receptors (PRRs), such as toll-like receptors (TLRs) or the NOD-like receptor 

(NLR) family, are presented on the cell surface of immune cells to identify pathogenic 

bacteria or cellular stress, and play very critical role in the innate immune system and the 

onset of colitis via various inflammatory pathways 110. Genetic mutation in these pathways 

can induce inappropriate immune response toward commensal microorganisms through 

stimulation by environmental factors leading to activation of IBD (Figure 1.4). 

 

Figure 1.4 Interactions between intestinal microbiota and host immune response in 

inflammatory bowel disease. 
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1.2.1.1 Environmental factors associated with IBD 

 Environmental risk factors for IBD development, such as smoking, dietary styles, 

and personal hygiene, are shared by all populations regardless of race, ethnicity and 

geographical location 108,111. A meta-analysis in 1989 showed a causal relationship between 

smoking and Crohn’s disease 112. Smoking was shown to exacerbate dysbiosis of 

gastrointestinal microbiome in patients with Crohn’s disease 113 leading to aggravation of 

the disease. Smoking cessation was able to improve the prognosis of the disease 114.  

Westernized dietary habits such as low fiber and high dietary fat also increase the 

risk for IBD 115. Dietary fiber may act as a substrate for the microbes via direct interaction, 

or indirectly influence the composition of microbiome via immunomodulation 116. A 

western diet high in saturated fat could modulate host bile acid composition resulting in 

alteration of gut microbial population and distribution, leading to an abnormal immune 

response that causes IBD 117.  

Other factors such as breastfeeding and physical activity also play a critical role in 

the development of IBD. A short breastfeeding period and physical inactivity tend to 

increase the risk for IBD 118. Breastfeeding during infancy may reduce the infant’s risk of 

developing CD or UC later in life 119. The bioactive components in breastmilk can protect 

against childhood infection, which reduces the use of antibiotics. Human milk 

oligosaccharides have prebiotic activities, which interact with neonatal intestinal 

microbiome and influence the development of the innate mucosal immunity.  

The hygiene hypothesis postulates that urbanization of society becomes a 

significant risk factor for the development of IBD due to the lack of early childhood 

exposure to microbes with improved sanitation, which leads to a greater susceptibility to 

develop an abnormal host immune response upon microbial exposure later in life 120. Over-
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exposure of antibiotics increases the risk of new-onset IBD in children due to the 

disruptions of healthy microbial population and distribution in the gut 121. Many risk factors 

for IBD are associated with the influence of intestinal microbiota suggesting that gut 

microorganisms play a crucial role in the pathogenesis of IBD. 

1.2.1.2 Disturbed microbial composition 

Generally, intestinal microorganisms are viewed as symbionts by establishing a 

mutual relationship with the host. The host provides a nutritious environment and residence 

for the gut microbes, and as return, the microbes produce short-chain fatty acids and 

essential vitamins for the host 122. However, disease or poor dietary habits will disrupt 

microbial communities, reduce microbial diversity and give rise to harmful 

microorganisms that could negatively affect host health 122-124. This perturbance in gut 

microbial population is referred to as “dysbiosis,” which is a pattern often observed in 

patients with IBD. Increased penetration of bacteria in mucosa and decreased bacterial 

species richness are observed in IBD patients. These two markers are often correlated with 

increased disease activity. Several bacterial taxa are enriched in IBD, such as 

Proteobacteria, Escherichia coli, Bacteroides, Desulfovibrio, Ruminococcus, and 

Clostridium difficile 124,125. Butyrate-producers in the class Clostridia are commonly 

depleted in IBD patients 123. Faecalibacterium prausnitzii, a butyrate-producer, is reduced 

in the fecal samples from IBD patients. The family Lachnospiraceae also tends to decrease 

in IBD patients. This family has been found to contain many butyrate-producers 123,124,126. 

These microbial patterns of dysbiosis may be useful indicators and effective screening 

markers for IBD. 
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Although dysbiosis or presence of pathogens on colonic mucosal has been linked 

to the pathogenesis of inflammatory bowel diseases, the role of microbiota in the induction 

and progression of IBD has not yet been fully elucidated. In order to investigate the 

participation of bacteria in the development of IBD, the analysis of microbiota is not 

sufficient, and the gnotobiotic model becomes a necessity. A study using human 

microbiota-associated (HMA) mice by gavage of colon biopsy from patients with active 

ulcerative colitis to gnotobiotic BALB/c mice showed that mucosa-associated microbes 

from UC patients did not induce spontaneous colitis but increased the susceptibility to 

DSS-induced colitis after four generations compared to the first generation HMA mice or 

germ-free (GF) mice without human microbiome transplant 127. These findings suggest 

microbiota from UC patients may contain certain protective species, but became faded or 

took over by pathogens during natural colonization with co-housing. Interesting, the 

conventional mice had more severe colitis symptoms and colon damage than the GF mice 

after DSS treatment 127, suggesting that the presence of pathogens may exacerbate DSS-

induced colitis. Contrarily, a group from Sweden showed that although GF and pseudo-GF 

mice, treated with antibiotics, had significantly lower colon and systemic inflammation 

after DSS treatment than conventional mice, GF mice appeared to have more rectal 

bleeding and epithelial barrier damage compared to the pseudo-GF and conventional mice 

128. This suggests that the presence of some beneficial microbes may have protective effect 

against epithelial damage induced by DSS. Similarly, to examine the effect of 

Enterococcus faecalis, a pathogen found in the GI tract of both human and animals, on 

IBD, the GF and conventional interleukin-10 (IL-10) knockout (KO) mouse model were 

used 129. GF mice developed a more rapid and robust response toward E. faecalis 
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colonization compared to the conventional animals, suggesting that the presence of 

commensal bacteria may contribute the protection against pathogen colonization for IBD 

development 129. The results from the first study contradict with the other two studies. This 

could be that different the mouse strains used in these studies, which may lead to a different 

response to DSS treatment. BALB/c mice are known to be a susceptible strain to DSS 130-

133, and GF model of BALB/c mice may have a lower susceptibility to DSS than the 

conventional BALB/c, which contributes to the contradicting results in these studies. 

Despite the contradictory results, these studies using the GF model provide valuable 

information on the roles of gut microbiota on IBD development. 

Besides the damages caused by pathogenic microorganisms, several strains of 

Lactococcus are identified as probiotics that may be protective against IBD 134. L. lactis is 

a lactic acid bacterium commonly used in the industry for the production of safe, healthy, 

and tasteful milk fermentation products 135. Recently, L. lactis has been used as a vehicle 

for delivery of therapeutics into the gastrointestinal tract due to the high tolerance to low 

pH and bile 134-137. By using L. lactis as a vehicle to delivery antimicrobial peptides, L. 

lactis enhanced the effect of the antimicrobial peptide by reducing the clinical symptoms 

and maintaining epithelial integrity after DSS treatment in BALB/c mice 138. In addition to 

the facilitating activity for therapeutic drugs, L. lactis alone contains anti-oxidation and 

anti-inflammatory effect against colitis in murine models. Oxidative stress and excess 

formation of reactive oxygen species (ROS) are detrimental to intestinal epithelial cells, 

which contribute to the pathogenesis of IBD 139. The strain I-1631 of L. lactis possesses 

genes encoding enzymes that can detoxify ROS, such as superoxide dismutase (SodA), 

which is essential in the attenuation of colitis in mice 140. Inactivation of SodA gene 
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abolished the superoxide scavenging effect of L. lactis, suggesting that this strain of L. 

lactis may be a novel vehicle to deliver antioxidant, SodA, to the inflamed colon. Another 

strain of L. lactis, NZ9000, secretes anti-inflammatory molecule, heme oxygenase-1, which 

increased the production of anti-inflammatory cytokine IL-10 and reduced the expression 

of pro-inflammatory cytokines IL-6 in the colon of DSS treated mice 141. Other probiotic 

bacteria such as Lactobacillus and Bifidobacterium have been shown to promote recovery 

from DSS-induced colitis in mice 142. The clinical symptoms induced by DSS were 

significantly ameliorated by orally delivered probiotics cocktail containing L. acidophilus, 

L. plantarum, B. lactis, and B. breve 142. The probiotic treatments also reduced the level of 

nitric oxide and Interferon-γ (IFN-γ) in the plasma by reducing the colonic expression of 

TLR4, iNOS, and nuclear factor (NF)-κB 142. Increase probiotic bacteria in the gut or 

promote the growth of probiotics by dietary prebiotics may protect against IBD. 

1.2.1.3 Impaired barrier function 

 The gastrointestinal epithelium is the body’s largest protective barrier from the 

external environment. The epithelium allows nutrient absorption by specific transporters 

and channels. Water and ions can also cross the epithelium through the intercellular space 

between the adjacent epithelial cells. This selective permeability that allows passage for 

water and ions but not pro-inflammatory molecules, such as pathogens, toxins, and antigens, 

is controlled by the paracellular pathway 143. The tight junction (TJ) complex is a group of 

apical structural proteins that regulate the paracellular pathway of selective permeability. 

These TJ proteins can be modified by various extracellular stimuli that can influence the 

epithelial permeability, and the modification of TJ proteins is closely associated with 

disease susceptibility 144. Under pathophysiological conditions, pro-inflammatory 
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cytokines, antigens, pathogens, and other mediators contribute to epithelial barrier 

dysfunction. 

Accumulating evidence suggests that a defect in the gastrointestinal epithelial 

barrier is an essential factor for the development of IBD. Many studies have demonstrated 

that patients with IBD are suffered from inflammation-induced leak flux diarrhea due to 

impaired intestinal barrier 145-147.  Gerova et al. showed increased intestinal permeability in 

IBD patients 146. Schulzke et al. also found that patients with CD or UC had increased 

intestinal epithelial leakiness due to reduced TJ complexity with lower TJ strands and 

increase of the appearance of strand discontinuities 147. TJ strands are critical for the 

maintenance of the TJ integrity. The interaction of TJ proteins on the apical cell membrane 

of the epithelial cells with the TJ proteins on the adjacent epithelial cells forms a barrier 

strand that protects against the permeation of harmful molecules cross the intestinal lumen 

148. Consistent with studies in human, studies in the mouse model of colitis with dextran 

sodium sulfate (DSS) treatment also demonstrated an impaired intestinal barrier function 

indicated by increase colonic permeability and loss of TJ protein, zonula occluden-1 (ZO-

1) 149. The increased passage of intestinal antigens from the lumen to the mucosal tissue 

and the circulation activates the mucosal and systemic inflammatory response that 

accelerates the progression of IBD 150. Based on the current findings, intestinal barrier 

dysfunction appears to be one of the major characteristics of IBD.  

TJ proteins are multiple protein complexes located at the apical ends of the lateral 

membranes of epithelial and endothelial cells to regulate the passage of ions, water, and 

molecules through the paracellular pathway. TJ acts as a fence for maintenance of cell 

polarity by blocking the free intercellular diffusion of proteins and lipids across the 
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intestinal lumen 151. There are four transmembrane proteins, occludin, claudins, junctional 

adhesion molecules (JAMs), and tricellulin, located on the membrane of the intestinal 

epithelial cells. The extracellular domains of transmembrane proteins form a selective 

barrier with the TJ proteins on the neighboring epithelial cells 152. The intracellular domains 

of transmembrane proteins are linked to the peri-junctional actomyosin ring via the 

interaction with the cytosolic scaffold proteins called ZO-1 153. In addition to the vital role 

in the maintenance of TJ structure and function, the interaction of TJ protein with the 

actomyosin ring allows regulation of TJ barrier integrity by the cytoskeleton. 

Phosphorylation of myosin light chain (MLC) by MLC kinase (MLCK) contracts and 

tenses junctional actomyosin ring, resulting in loosening of the TJ 154. 

Many factors have a direct impact on tight junction proteins and consequently 

influence the intestinal epithelial barrier. In particular, pro-inflammatory cytokines and 

other inflammatory mediators play a critical role in the regulation of intestinal epithelial 

barrier in IBD patients. Elevate levels of pro-inflammatory cytokines, such as TNF-α, IL-

1β, IFN-γ, IL-6, and IL-8, have been reported in CD and UC patients 66. The elevation of 

pro-inflammatory cytokines causes epithelial damage and disturbs TJ structures by 

affecting the distribution and expression of TJ proteins 147,155.  

Pro-inflammatory cytokines can cause barrier dysfunction through the modification 

of TJ protein assembly and expression. In a Caco-2 cell model, TNF-α increased monolayer 

permeability, reduced ZO-1 protein and disrupted the localization of ZO-1 by activating 

transcription factor NFκB 156.  The addition of NFκB inhibitors, curcumin and triptolide, 

mitigated TNF-α-mediated increase in permeability and prevent redistribution of ZO-1 in 

Caco-2 cells, suggesting that NFκB activation is associated with barrier dysfunction 
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induced by TNF-α. Moreover, the activation and translocation of NFκB to the nucleus can 

be bound to the promoter region of MLCK gene, which increases MLCK promoter activity 

157. Deletion of the NFκB binding site on MLCK promoter region prevented TNF-α-

induced NFκB activation in promoter activity 157.  

In addition to TNF-α, IL-1β also affect intestinal permeability through modification 

of TJ proteins. In the Caco-2 cellular model, IL-1β dose- and time-dependently increased 

epithelial permeability 158 by rapidly activated NFκB. NFκB inhibitors, pyrrolidine 

dithiocarbamate (PDTC) and curcumin, abolished IL-1β-induced increase in Caco-2 

epithelial permeability. Furthermore, silencing NFκB p65 expression by siRNA 

transfection completely inhibited the IL-1β-induced increase in Caco-2 epithelial 

permeability. Additionally, IL-1β significantly reduced occludin mRNA and protein, 

which was attenuated by in the presence of PDTC. Overall, these studies suggest that pro-

inflammatory cytokines stimulate intestinal epithelial leakage through inflammatory 

pathways. 

Additionally, loss of intestinal barrier function in IBD patients is associated with 

increased inflammatory mediators, including reactive oxygen species (ROS) such as nitric 

oxide, and prostaglandins 159. These inflammatory mediators promote inflammation by 

increasing the production of pro-inflammatory cytokines. TJ composition is altered in 

response to the cytokine activity, which allows further passage of inflammatory mediators. 

This repeated cycle of chronic inflammation associated with increased intestinal 

permeability initiates and aggravates the progression and pathogenesis of IBD (Figure 1.5). 
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Figure 1.5 Excess inflammation, impaired barrier function, and perturbed intestinal 

microbial composition are common characteristics of IBD. 

 

1.2.2 Vitamin E as a potential therapy for IBD 

 Inflammatory mediators including eicosanoids and pro-inflammatory cytokines are 

important in the pathogenesis of IBD. Patients with IBD have shown to have an elevated 

level of prostaglandin and LTB4 in mucosa and serum as well as pro-inflammatory 

cytokines 66,77. Vitamin E forms and 13’-COOHs as potent inhibitors of COXs and 5-LOX, 

in addition to their inhibitory effects on NF-κB, can be useful therapeutic options for IBD. 

To this end, Li et al. 160 reported that γTmT supplementation dose-dependently reduced 

DSS-induced colon inflammation and damage, as well as serum PGE2 in mice independent 

of nuclear factor (erythroid-derived-2)-like 2 (Nrf2). Additionally, Jiang et al. 32 showed 
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that supplementation of γT at 0.1% diet alleviated moderate colitis symptoms, attenuated 

colon inflammation-associated damages, and reduced plasma IL-6 level in mice treated 

with one cycle of DSS, but not severe colitis induced by three DSS cycles. Additionally, 

αT, when combined with selenium, attenuated colitis induced by acetic acid in rats 161. 

1.3 Colorectal Cancer 

1.3.1 Prevalence and types of colorectal cancer 

 Colorectal cancer is one of the leading causes of cancer death in developed 

countries. The expected new cases of colorectal cancer to be diagnosed in the United States 

will be 51,690 and 49,730 in men and women respectively 162. The anticipated death of 

these newly diagnosed patients is estimated 27,640 in men and 23,380 in women 162, 

despite advances in detection, surgery, and chemotherapy. The trend of death from 

colorectal cancer is still increasing in the United States in the last few decades, suggesting 

that more effective tools have not yet developed at this point of time to treat this fatal 

disease. Therefore, more attention is required on the development of a non-toxic and simple 

to apply drug, that is effective for the prevention and treatment of colorectal cancer.  

1.3.2 Inflammation-associated colon cancer 

 In the cases of colorectal cancer, only about 20% have a familial basis, such as 

hereditary nonpolyposis colorectal cancer and familial adenomatous polyposis 163. The 

genetic model of colorectal tumorigenesis involves a multistep process that results in the 

aberration of chromosome and gain/loss of genetic material 164. There are numbers of 

oncogenes and tumor suppressor genes play essential roles in the transformation of 

adenoma to carcinoma. The mutational activation of k-ras gene family is one of the 

mechanisms associated with malignant transformation, whereas the p53 tumor suppressor 
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gene is involved in the negative regulation of the cell cycle and apoptosis 163. Adenomatous 

polyposis coli (APC) gene mutation also plays an essential role in tumorigenesis. APC 

negatively regulates β-catenin, which is considered to be the “gatekeeper” gene in the 

process of tumor development. However, most cases of colorectal cancer are linked to 

environmental causes rather than heritable genetic mutations.  

Many evidence suggests a link between inflammation and tumor development. 

Recent research has provided evidence to support that inflammation-caused tissue damage 

can initiate or promote cancer development 165-168. Risk factors for colorectal cancers 

include environmental and food mutagens, specific intestinal bacteria population, and 

chronic intestinal inflammation that leads to tumor development. Colitis-associated cancer 

is a subtype of colorectal cancer that is associated with inflammatory bowel disease. 

Colitis-associated cancer is very difficult to treat and highly mortal 169. A meta-analysis of 

8 studies showed that an average of 1.6% of patients with ulcerative colitis was diagnosed 

with colorectal cancer after 14 years 170. Although the development of colitis-associated 

cancer is linked with inflammatory bowel disease, there are pathogenic similarities 

between colitis-associated cancer and other types of colorectal cancer in development 171.  

The essential stages of cancer development, such as the formation of aberrant crypt 

foci, polyps, adenomas, and carcinomas, are similar between familial basis colorectal 

cancer and colitis-associated cancer. Common signaling pathways involve in the 

development of sporadic colorectal cancer, and colitis-associated cancer include those 

involved in Wnt, β-catenin, K-ras, p53, transforming growth factor (TGF)-β, and the DNA 

mismatch repair (MMR) proteins 165. Additionally, even if the colorectal tumors are not 

associated with clinical signs of inflammatory bowel disease, these tumors still display 
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robust immune cell infiltration and increased expression of pro-inflammatory cytokines 172. 

Furthermore, most colorectal cancer tumors or cell lines exhibit constitutive activation of 

transcription factors that are involved in the inflammatory pathways, such as the nuclear 

factor-kB (NF-kB) and signal transducer and activator of transcription 3 (STAT3) 70,173-178. 

Therefore, it is possible that the inflammatory response act through similar but distinct 

mechanisms in the pathogenesis of colitis-associated colorectal cancer and sporadic 

colorectal cancers.  

Activation of transcription factors, NF-κB and STAT3, acts as non-classical 

oncogene due to upregulation of genes involved in cell survival, proliferation, and 

angiogenesis 179. These transcription factors are activated by pro-inflammatory cytokines 

including IL-6 and TNFα 179. NF-κB is constitutively activated in most colorectal cancer 

tissues and colon cancer cell line 180. By knocking down IκB kinase γ in colon cancer cells, 

which inhibits the activation of NF-κB, several chemokines that are related to angiogenesis 

were decreased, suggesting NF-κB activation is involved in angiogenesis of colon cancer 

180. Activation of NF-κB induces the production of cytokines including TNFα, IL-6, 

chemokines, growth factors, anti-apoptotic signals, and angiogenic factors that enhance the 

infiltration of tumor-associated immune cells into the tumor microenvironment, and 

promotes proliferation and angiogenesis 70. Additionally, constitutive activation of STAT3 

was also detected in dedifferentiated cancer cells and infiltrating immune cells of colorectal 

cancer samples through the stimulation by IL-6 181. Persistent activation of STAT3 induced 

by IL-6 is linked to the production of sphingosine-1-phosphate (S1P) in colitis-associated 

carcinogenesis 182. 
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Pro-inflammatory enzymes COXs and 5-LOX, as well as their products eicosanoids, 

are involved in colon tumorigenesis, angiogenesis, and even metastasis 79. Elevated COX-

2 expression was detected in most colorectal cancer tissues and is associated with the 

lowest survival rate among colorectal cancer patients 183. Prostaglandins synthesized by 

COX-2 promotes the production of angiogenic factors by colon cancer cells and enhances 

angiogenesis in endothelial cells 79. In addition to COX-2, 5-LOX is also overexpressed in 

some epithelial cancer cells. Leukotrienes (LTB4 and LTD4) and intermediate metabolite 

5-hydroxyeicosatetraenoic acid (5-HETE) are involved in the survival, proliferation, and 

migration of cancer cells 184. Thus, COX-2 inhibitors such as celecoxib and 5-LOX 

inhibitors can effectively induce apoptosis and suppress colon carcinogenesis 185-187. 

1.3.2.1 Azoxymethane (AOM)-induced dextran sodium sulfate (DSS) promoted 

tumorigenesis model  

 The AOM/DSS-induced colitis-associated colorectal cancer model is a commonly 

used pre-clinical model to study the anti-cancer effect of various compound. DSS is a 

water-soluble, negatively charged sulfated polysaccharide that can induce acute colitis in 

rodents by inducing damage to the epithelial monolayer lining in the large intestine, which 

allows the permeation of pro-inflammatory intestinal content 131. The different molecular 

weight of DSS can alter in the induction of colitis and colonic tumors in animals. Studies 

showed higher molecular weight >500 kDa did not induce colitis and lower molecular 

weight like 5kDa induced more severe colitis in the cecum and proximal colon 188. DSS 

with molecular weight of 40-50kDa in general induced more severe colitis compared to 

5kDa DSS, but colitis is more severe in the middle and distal colon 188. Therefore, 

administration of DSS with molecular weight of 40-50kDa in drinking water resemble most 

closely to human ulcerative colitis (UC). Additionally, susceptibility to DSS-induce colitis 
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also varies significantly amongst inbred strains of mice. Swiss Webster, Balb/c, and 

C3H/HeJ are highly susceptible to DSS colitis, whereas NOD/LtJ are resistance, and 

C57BL/6J, 129SvPas and DBA/2J are less susceptible compared to Balb/c 189. 

Features like ulcerations and edema present after DSS administration resemble 

histological characters in human UC 190,191; thus DSS is a good model for human UC. 

However, unlike human UC, the cytokine profiles indicate a role for both Th1 and Th2 

pathway in DSS-induce colitis 192. Similar to human UC, acute DSS-induced colitis also 

exhibit Th-17-mediated dominant phenotype in addition to the Th1 profile. High level of 

TNF, IL6, IL17, IL1β, and keratinocyte-derived chemokine are observed in human UC as 

well as DSS-induce acute colitis192. Chronic colonic inflammation can also be induced by 

cyclical administration of DSS, which switch to predominant Th2-mediated response with 

increase IL-4 and IL10 192. Cyclical administration of DSS is often used to promote AOM-

induce carcinogenesis to speed up the tumor development.  

AOM is a pre-carcinogen that can be metabolized in the liver by cytochrome 

P450IIE1 to active carcinogen methyldiazonium ion to induce the formation of colorectal 

tumors in various animal models 193. AOM augments the expression of cyclooxygenase- 

(COX)-2 but not COX-1 in colonic tumors, which suppresses TGFβ receptor 2 expression 

in colonic epithelial cells and activate intrinsic tyrosine kinase of EGFR in rodents 194. 

Commonly, AOM is often used with DSS to induce colonic tumor development in a short 

period with the promotion of colon inflammation. In general, subcutaneous or 

intraperitoneal injection of 10mg/kg body weight of AOM followed by multiple cycles of 

DSS to animals to induce inflammation-associated tumor development. AOM/DSS-

induces colonic dysplasia and adenocarcinoma showed nucleic translocation of β-catenin 
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and positive staining for COX-2 and inducible nitric oxide synthesis, but no 

immunoreactivity to p53 195. Molecular analysis demonstrated that both AOM and DSS 

induce mutation in β-catenin 194,196. Additionally, inflammation plays an essential role in 

the initiation and progression of colitis-associated carcinogenesis (CAC) as described in 

the previous section. Although the AOM/DSS model mimics the clinical course of CAC in 

human, there are some differences such as lack p53 mutation in AOM/DSS model, which 

is an essential pathway in human CAC 197. Additionally, the incidence of metastasis is 

relatively low in AOM-induced adenocarcinoma, while metastasis in colorectal cancer 

patients is ~50% 198. 

1.3.3 The influence of gut microbiota on colorectal cancer 

 Colorectal cancer is the development of cancer in the large intestine where is the 

residence for significant proportion of microorganisms 199. Advance metagenomics 

technology, such as 16s rRNA sequencing, provides a useful tool to study the association 

between intestinal microbiota and the development of colon cancer. Many evidence 

suggests that dysbiosis occurs during inflammation promotes the production of 

carcinogenic metabolites, which lead to neoplasia 200. Impaired barrier function on colon 

tumors leads to infiltration of pathogenic and genotoxic bacteria, which activates tumor-

associated immune cells and induces inflammation and genetic lesions, resulting in the 

initiation of colorectal carcinogenesis 200. 

Fecal or mucosal samples from biopsy or resection are commonly used to 

investigate the relationship between microbial content and colon carcinogenesis. Alpha- 

and beta-diversity are common methods to illustrate the changes in gut microbiome 

structure during cancerous condition. Using 16S rRNA gene sequencing analysis, patients 
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with colorectal cancer have lower species richness in the feces, but higher richness in rectal 

mucosa than those of healthy subjects 201. Higher microbial richness in rectal samples is 

associated with the presence of colorectal adenomas 201. These changes may be associated 

with over-representation of cancer-associated bacteria, such as Fusobacterium, 

Enterococcus faecalis, Streptococcus bovis, and Porphyromonas, and the under-

representation of beneficial bacteria, such as Faecalibacterium, Parabacteroides, 

Akkermansia, Alistipes, and Lachnospiraceae 200. 

Epidemiologic and meta-analysis studies reveal bacterial taxa that are associated 

with colorectal cancer. For instance, Streptococcus bovis-infected patients are predisposed 

to premalignant adenomas and carcinomas 202. Another species in the same genera, 

Streptococcus gallolyticus is also identified to be associated with higher colorectal cancer 

risk 203. Furthermore, Fusobacterium, Porphyromonas, and Peptostreptococcus are 

enriched in cancerous tissue of CRC patients 204. On the other hand, commensal bacteria 

such as Faecalibacterium, Parabacteroides, Akkermansia, and Roseburia are depleted in 

patients with CRC 204,205. 

Mechanistic studies using animal and cellular models demonstrated the role of these 

bacteria, specifically Fusobacterium nucleatum, on colon carcinogenesis. Rubinstein et al. 

demonstrated that F. nucleatum promotes oncogenic and inflammatory responses in cancer 

growth by invasion and adhesion to cancer cells and tissues via activation of the FadA 

adhesin/E-Cadherin/β-catenin signaling cascade in cultured human colon cancer cells and 

colon cancer tissues in xenographic mice 206. Noteworthy, colon tissues from patients with 

adenomas and adenocarcinomas have a much higher level of fadA gene than those from 

healthy individuals 206. This elevated FadA expression in colon cancer cells is correlated 
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with increased expression of oncogenic and pro-inflammatory genes, suggesting that F. 

nucleatum drives colorectal carcinogenesis via its unique FadA adhesin 206. In the Apcmin/+ 

mouse model of colorectal tumorigenesis, F. nucleatum increases tumor counts and 

selectively recruits myeloid-derived immune cells to the tumor site, leading to the 

progression of tumor 206. Interesting, pro-inflammatory gene expression in tumors from 

Apcmin/+ mice exposed to F. nucleatum share similar signature with human fusobacteria-

positive colorectal carcinomas 206. However, F. nucleatum does not exacerbate colitis in 

Il10-/- mice and inflammation-associated colorectal carcinogenesis in T-bet-/-Rag2-/- mice 

206, suggesting that F. nucleatum generates a pro-inflammatory microenvironment via 

recruitment of tumor-infiltration immune cells, leading to the progression of colorectal 

neoplasia.  

Due to the critical contribution of intestinal microbiome to colon carcinogenesis, 

modulation of gut microbiome becomes a target for colon cancer treatment. Several 

probiotics have been shown to regulate the immune systems, promotes short-chain fatty 

acid (SCFA) production, and suppresses the development of colon cancer. Inoculation of 

Roseburia hominis, a commensal bacterium belongs to the SCFA producer 

Lachnospiraceae family, in GF mice or conventional mice treated with DSS showed 

upregulation of genes related to antimicrobial peptide, gut barrier function, and toll-like 

receptors (TLR) signaling, as well as increased number of regulatory T cells in lamina 

propria 207. In a 1,2-dimethylhydrazine dihydrochloride (DMH)-induced colon cancer 

model, probiotic cocktail enriched with Lactobacillus acidophilus, Bifidobacteria bifidum, 

and Bifidobacteria infantum (LBB) significantly reduced tumor incidence, tumor volume, 

and tumor multiplicity in DMH-treated rats 208. Consistent with R. hominis, LBB 
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upregulates genes involve in gut barrier function, mucus production, and TLR signaling, 

while downregulates gene related to inflammation and Wnt signaling 208. These results 

suggest that probiotic treatment may be a useful therapeutic option for cancer. Prebiotics 

such as soluble fibers that also can promote the growth of these beneficial bacteria also 

exhibit anticancer properties 199. In a TS4Cre/APC mouse model for colorectal 

carcinogenesis, the expression of SCFA butyrate receptor reduced along with a lower 

abundance of SCFA-producing bacteria in cancerous mice 209. Supplementation of dietary 

fibers containing 20% insoluble fermentable fibers significantly increased SCFA-

producing bacteria and SCFA production in TSA4Cre/APC mice, which were associated 

with an increase in SCFA butyrate receptor and reduction in tumor multiplicity 209.  

1.3.4 Chemoprevention of colorectal cancer 

 As mentioned earlier, colorectal cancer is responsible for substantial morbidity and 

mortality in the United States. Despite enormous advances in the understanding the 

mechanisms of tumorigenesis and potent new drugs that have been treating several 

relatively rare forms of cancers, it is unlikely to change the mortality statistic 

fundamentally until reorient the emphasis in cancer research that direct more resources 

towards prevention of new disease instead of treatment at end-stage. The definition of 

chemoprevention is the use of specific compounds to prevent, inhibit, or reverse 

carcinogenesis 210. There are chemotherapeutic drugs such as non-steroidal anti-

inflammatory drugs (NSAIDs) available for the treatment of colorectal cancer but the 

outcomes are inconsistent, and most of them contain undesirable side effects 211,212. 

Furthermore, aspirin as a chemopreventive agent showed a modest protective effect in 

some clinical trials for colorectal cancer prevention 213. Celecoxib, a newer selective 



53 

 

inhibitor of cyclooxygenase-2 (COX-2), have shown inhibitory effect against colon 

carcinogenesis in experimental animals as well as in human subjects 214. Patients treated 

with 400mg Celecoxib twice a day for six months had 28% reduction in the mean number 

of colorectal polyps and 30% reduction in the polyp burden, without causing additional 

adverse events when compared to the placebo-treated patients 215. However, not all patients 

are responsive to this treatment, and the use of other NSAIDs induces many side effects 

such as gastrointestinal bleeding 216. Therefore, natural compounds, such as vitamin E 

forms and their long-chain 13’-COOHs with anti-inflammatory properties have been 

considered as a potential chemopreventive agent for inflammatory bowel diseases and 

colorectal cancers. 

1.3.4.1 Vitamin E as a chemopreventive agent for colorectal cancer 

 Prostaglandins and leukotrienes synthesize from COXs and 5-LOX are known to 

contribute to the development of cancer 217,218. Non-αT forms of vitamin E and their long-

chain metabolites are potent inhibitors of COXs and 5-LOX in mechanistic studies 56,89,54. 

Consistently, supplementation of 0.3% γT-rich mixed tocopherol (γTmT) inhibited colon 

inflammation, eicosanoid production, including PGE2 and LTB4, and tumorigenesis in 

mice treated with AOM and DSS 219. Similarly, Jiang et al. 32 showed that γT 

supplementation at 0.1% diet suppressed colon tumorigenesis promoted by moderate 

colitis that was induced by one cycle of DSS. However, γT supplementation is not effective 

toward colon tumorigenesis promoted by severe colitis with three DSS cycles 32.  

Additionally, Guan et al. 94  and Newmark 220 reported that 0.2% δT γT and γTmT diet 

significantly reduced aberrant crypt foci (ACF) formation, a marker for precancerous 

lesions, in AOM-treated F344 rats. δT shows the most robust anticancer activity followed 
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by γT and γTmT in this model, while αT is not effective 94. Similar anticancer activities of 

these vitamin E forms were observed in a colon cancer model induced by a meat-derived 

dietary carcinogen PhIP and promoted by DSS-induced colon inflammation in CYP1A-

humanized (hCYP1A) mice 221. Supplementation of 0.2% δT and γT but not αT showed to 

reduced colon tumor formation and suppressed reactive stress markers as well as activation 

of NF-κB and STAT3 in the PhIP/DSS-induced colon tumors and adjacent tissues 221. 

Noteworthy, supplementation 0.05% of dl-α-tocopheryl acetate, a common form of vitamin 

E found in supplementations, did not affect the production of pro-inflammatory cytokines 

and ACF formation induced by AOM treatment in young and old C57BL/6JNIA mice 222. 

Besides tocopherols, tocotrienols also appear to suppress the growth of human colon cancer 

in a xenographic mouse model, via down-regulating molecules involved in cancer cell 

proliferation and survival and inhibiting the activation of NF-κB 223,224. 
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 PHARMACOKINETICS OF VITAMIN E 

TOCOPHEROLS AND TOCOTRIENOLS, AND THEIR 

METABOLITES IN RATS 

2.1 Abstract 

 Compared to αT, γT, δT, TE, or δTE, have been demonstrated to have unique and 

superior bioactive functions relevant to disease prevention and therapy. Unlike αT, other 

vitamin E forms are highly metabolized to generate carboxychromanols (COOH). Recent 

studies indicate that long-chain 13’-COOH appear to have stronger anti-inflammatory and 

anticancer activity than un-metabolized vitamin E forms. This present study investigated 

the pharmacokinetics of vitamin E forms and their metabolite formation in Wistar rats. 

Seven-week male rats received a single gavage of δTE/γTE (8:1, 35 mg/kg BW) or γT-rich 

mixed tocopherol (γTmT, γT/δT/αT at ~64/24/12, 46 mg/kg BW). The vitamin E forms and 

metabolites in feces, urine, and plasma were quantified using HPLC-EC and LC-MS/MS, 

respectively. The pharmacokinetic parameters in the plasma are summarized as follows: 

for δTE/γTE, Tmax
 
at 2 h, Cmax of 16.0  3.9 μM, T1/2 at 1.4 h; for γTmT, Tmax at 4 h, Cmax 

at 25.6  9.1 μM, T1/2 at 6.4 h. Sulfated CEHC and sulfated long-chain metabolites, 9’-, 

11’-, and 13’-COOH were the predominant metabolites found in the plasma. Conjugated 

CEHC is the predominant metabolites found in the urine after the administration of 

δTE/γTE and γTmT. Fecal excretion of δTE and γT increased ~300 and 14-fold in animals 

after receiving δTE/γTE and γTmT, respectively. Long-chain 13’-COOH was the major 

metabolite found in feces of both δTE/γTE and γTmT administered animals, which 

accounted for ~50% of the all metabolites identified in feces. Our data indicate that δTE 

and γT can achieve plasma concentration comparable to those used in cell-based studies 
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examining anti-inflammatory and anticancer activity. High bioavailability of 13’-COOH in 

feces may contribute to mitigating effects for inflammatory bowel diseases and colorectal 

cancer. 

2.2 Introduction 

 Vitamin E family has eight naturally occurring fat-soluble antioxidants, i.e.,  T, 

T, T, and T and TE, TE, TE, and TE 1. All vitamin E forms contain a chromanol 

ring and a 16-carbon phytyl side chain, the latter of which is saturated in tocopherols and 

contains three double bonds in tocotrienols 1. Among the different isoforms of vitamin E, 

T is the predominant vitamin E in plasma and tissues due to the high binding affinity to 

hepatic -tocopherol transfer protein (TTP) that transports T and prevents it from being 

metabolized in the liver 1,35,225. In contrast, other vitamin E forms are substantially 

metabolized in the liver by cytochrome P450-4F2 via -hydroxylation and oxidation to 

generate 13’-hydroxychromanol (13’-OH) and 13’-carboxychromanol (13’-COOH), 

which is further metabolized via -oxidation to various shorter-chain carboxychromanols 

including the terminal metabolite, 3’-COOH or 2-(-carboxyethyl)-6-hydroxychroman 

(CEHC) 1,24,54. Conjugation of carboxychromanols occurs along with -oxidation by the 

addition of a sulfate or possibly glucuronide group to the hydroxyl group on the chromanol 

ring to generate conjugated metabolites 25,26. The terminal metabolite CEHCs and the 

conjugated metabolites can be excreted in the urine, whereas unconjugated longer-chain 

carboxychromanols are primarily excreted in feces after supplementation of T and T 27-

33. 
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While most research has been focused on the vitamin E forms, short- and long-

chain metabolites have been shown to have stronger bioactivities than the vitamers 1. For 

instance, -3’-COOH (CEHC) appears to have natriuretic activity 226. We demonstrate that 

13’-COOHs are potent dual inhibitors of pro-inflammatory enzymes, cyclooxygenases 52 

and 5-lipoxygenase 54,55. 13’-COOHs can induce apoptosis and autophagy in human cancer 

cells by modulating sphingolipids and suppress colon tumor development in mice 50,51. 

Despite these interesting findings of vitamin E metabolites, there is limited information 

regarding how much these metabolites can be formed as a result of supplementation of 

various vitamin E forms. Without this knowledge, it is not possible to assess the role of 

vitamin E metabolism into the function of vitamin E forms and their protective effects on 

chronic diseases. Therefore, it is necessary to determine the bioavailability of various 

metabolites derived from vitamin E forms. We recently developed a LC/MS/MS assay for 

quantifying vitamin E metabolites, which allows simultaneous quantification of short-

chain, long-chain and sulfated carboxychromanols 33. In this study, we investigated the 

pharmacokinetics of vitamin E forms and the formation of their metabolites after single 

dose intragastric administration of vitamin E forms in rats. In addition, we measured the 

concentrations of metabolites in the serum of healthy subjects with 3 doses of γ-T 

supplementation. 

2.3 Materials and Methods 

2.3.1 Materials and Reagents 

 The Tocopherol mixture was gifted from BASF (Florhan Park, NJ), and contains 

αT (10.9%), γT (57.7%), and δT (21.7%) with total tocopherols at 91.9%.  The δTE/γTE 

(8:1) mixture was gifted from American River Nutrition (Hadley, MA), and contains total 
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tocotrienols at 70%.  γ-CEHC (≥98%), α-CEHC, and (±)-αT-5’-COOH (α-CMBHC) were 

from Cayman Chemicals (Ann Arbor, MI). δT-13’-COOH and δTE-13’-COOH, which are 

long-chain metabolites from δT and δTE, respectively, were synthesized according to a 

published procedure (18). All other chemicals were purchased from Sigma. 

2.3.2 Animal Studies 

 All the animal studies were approved by Purdue Animal Care and Use Committee. 

In the pharmacokinetic study of vitamin E forms and metabolite formation in response to 

a single gavage of 50 mg/kg body weight of γ-tocopherol-rich mixed tocopherol (91%; 

γTmT; 29.5 mg/kg γT; 11 mg/kg δT; 5.5 mg/kg αT) or δ-tocotrienol (70%; δTE/γTE, 8:1, 

w/w; 31.1 mg/kg δTE; 3.89 mg/kg γTE), male Wistar rats (230-250 g) were purchased 

from Envigo (San Diego, CA). Rats were housed in Purdue Life Science Animal Facility 

for a week for adaptation before experiments and then randomly grouped by body weight 

match. Rats received chow diet (containing ~40-60 mg/kg of αT, depending on the batch) 

throughout the entire study. Diet and water was fed ad libitum. Rats were given γTmT or 

δTE by gavage using tocopherol-stripped corn oil (0.5 mL) as the vehicle control (n = 3 in 

each group). Plasma, fecal, and urinary samples were collected 24 h prior to the gavage for 

baseline measures. After the administration of γTmT or δTE, plasma samples were 

collected at 1 h, 2 h, 4 h, 6 h, and 8 h via saphenous vein. Twenty four hours after receiving 

γTmT or δTE, animals were euthanized, and plasma, urine, feces, liver, and colon samples 

were collected. The fecal and urine samples collected were between 8-24 h. Due to the 

limitation of the current experimental condition, we were not able to collect fecal and urine 

sample during the plasma collect between 0 to 8 hr. Therefore, we conducted another study 

just to measure the fecal and urinary excretion of vitamin E and metabolites at baseline, 0 
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to 8 h, 8-24 h, and 24-48 h.  All samples collected from the studies were aliquoted and 

frozen at -80oC until use. 

2.3.3 Human Study 

 An open-label pilot study was conducted in 10 healthy volunteers aged 18-45 years 

as previously described 227,228. This study was approved by the University of North 

Carolina Institutional Review Board. Briefly, participants consumed 2 γT-enriched gel tabs 

(~1,200 mg of γT) every 12 h for 3 doses. Blood samples were collected at baseline, 24 h 

(before dose 3), and 30 h (6 h after dose 3) to measure plasma tocopherols and their 

metabolites.  

2.3.4 Extraction of vitamin E forms and metabolites from plasma 

 Vitamin E forms and metabolites from plasma sample were extracted as previously 

described (15). Briefly, plasma samples were extracted by a solvent mixture containing 6 

volume of working methanol (0.2 mg/mL ascorbic acid) and 12 volume of hexane with 

butylated hydroxytoluene (BHT; 0.1 mg) via vigorous vortexing for 1 minute. Either δT-

13’-COOH or δTE-13’-COOH (1 μM) was added as an internal standard (IS) depending 

on the vitamin E forms that were given to the animals. After centrifugation at 12,000 rpm 

for 2 min, the upper hexane layer was collected in a new tube. The methanol layer (90-

95%) was transferred into a clean tube, and the residual pellet was extracted one more time 

with 4 volume of working methanol. After mixing and centrifugation, the combined 

methanol layers were dried under nitrogen. Both dried methanol- and hexane-extracted 

samples were resuspended in HPLC-grade ethanol before being analyzed by HPLC or 

LC/MS/MS. During the extraction procedure, samples were protected from light. Before 

LC/MS/MS analysis, α-CMBHC (5 μM) was added as an additional IS for injection. 
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2.3.5 Enzyme digestion of extracted vitamin E metabolites in the urine 

 One hundred microliters of urine samples were added with δT-13’-COOH or δTE-

13’-COOH (1 μM) and extracted by 500 μL of working methanol (0.2 mg/mL ascorbic 

acid). The extraction was repeated one more time with 200 μL of working methanol. The 

combine methanol layer was dried under nitrogen. Enzymatic hydrolysis of conjugated 

metabolites was described previously with slight modification 26,43. Briefly, Metabolites 

extracted from urine were dissolved in 5 μL ethanol and reconstituted in the enzyme 

solution containing 30 U sulfatase (Sigma S9626) and 40 U glucuronidase (Sigma, G0751) 

in 0.1 M sodium acetate at pH 5. Samples were incubated with the sulfatase/glucuronidase 

for 18-24 h at 37oC. Afterward, metabolites were extracted with 5 parts of working 

methanol (0.2 mg/mL ascorbic acid). Methanol layer was subsequently dried in nitrogen 

gas. Before LC/MS/MS analysis, samples were reconstituted in HPLC-grade ethanol, and 

α-CMBHC (5 μM) was added as an additional IS for injection. 

2.3.6 Extraction of vitamin E forms and metabolites from feces 

 Approximately 200-400 mg of fecal samples was homogenized in 2 mL of 

methanol with ascorbate (0.2 mg/mL). Residues in feces were removed by centrifugation, 

and 1.4 mL of methanol layer was mixed with 200 μL of PBS and 5 mL of hexane 

containing BHT (0.92 mg/mL) via vigorous vortexing for 1 minute. After centrifugation, 

1.4 mL of methanol layer and 4 mL of hexane layer were collected and dried under nitrogen. 

The dried methanol- and hexane-extracts were resuspended in 200ul of HPLC-grade 

ethanol and further diluted 10 times before being analyzed by HPLC or LC/MS/MS. α-

CMBHC (5 μM) was added as IS before LC/MS/MS analysis. 
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2.3.7 Analysis of vitamin E forms by HPLC with electrochemical (EC) detection 

 As previously described 25,32, Tocopherols and tocotrienols were separated on a 150 

x 4.6 mm, 5 μm Supelcosil LC-18-DB column (Supelco, Bellefonte, PA), and eluted with 

95/5 (v/v) methanol/0.1 M lithium acetate.  Vitamin E forms were monitored by 

coulometric detection (Model Coulochem II, ESA Inc., Chelmsford, MA) at 300 (upstream) 

and 500 mV (downstream electrode) using a Model 5011 analytical cell. 

2.3.8 Analysis of vitamin E metabolites by LC/MS/MS 

 The LC/MS/MS analysis was done with an Agilent 1200 LC system coupled to an 

Agilent 6460 QQQ mass spectrometer equipped with a jet stream ESI source (Santa Clara, 

CA) as previously reported 32,33. The chromatography utilized an Atlantis dC18 column 

(2.1 × 150 mm, 3 μm) from Waters Corporation (Milford, MA). Buffer A consisted of 

acetonitrile-ethanol-water (165:135:700, v/v/v), and buffer B was acetonitrile-ethanol-

water (539:441:20, v/v/v), both of which contained 10 mM ammonium acetate with acetic 

acid to adjust pH to 4-4.3. The LC gradient was as follows: time 0 min, 0% B; time 1 min, 

0% B; time 30 min, 99% B; time 40 min, 99% B; time 43 min, 0% B; time 48 min, 0% B. 

The flow rate was 0.3 mL/min with a total run time of 48 min. Multiple reaction monitoring 

was used to analyze each compound. Negative polarity ESI was used with the following 

source conditions: gas temperature, 325oC; gas flow, 10 liters per min; nebulizer pressure, 

30 psi; sheath gas temperature, 250oC; sheath gas flow, 7 liter per min; capillary voltage, 

4,000 V; nozzle voltage, 1,500 V; and an electron multiplier voltage of -300 V. All data 

were evaluated with Agilent MassHunter Qualitative Analysis software, version B.06.00. 
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2.3.9 Pharmacokinetic Analysis 

 Pharmacokinetic parameters were based on the plasma concentration-time data 

using standard non-compartmental methods 229. Area under the curve (AUC) was 

calculated using the log-linear trapezoidal rule to determine the degree of exposure 

following the administration of vitamin E forms. Other pharmacokinetic parameters 

determined in this study included observed maximum plasma concentration (Cmax), time at 

which Cmax was observed (Tmax), and elimination half-time or time at which the plasma 

concentration was reduced by half after reaching Cmax (T1/2) 
230. The bioavailability in the 

plasma = AUC*V/total supplement, where V= total blood (16mL for 250g of rat, 

https://www.nc3rs.org.uk/rat-decision-tree-blood-sampling).  Percent excretion of vitamin 

E forms and metabolites = [(total vitamin E forms and corresponding metabolites in feces 

and urine of supplemented animals) – baseline]/total supplement. 

2.3.10 Statistical Analysis 

 The normality of the data was confirmed by Shapiro-Wilk test. Log transformation 

was performed to normalize unequal variances between groups. Student’s t-test was used 

in statistical analyses for comparison of controls with tocopherol- or tocotrienol-

supplemented groups in animal studies and comparison of baseline with 24 or 30 h after 

γT intake in the human study. All tests were two-sided, and values of P ≤ 0.05 were 

considered to be statistically significant. All results are expressed as mean ± SEM.     
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2.4 Results 

2.4.1 Pharmacokinetics of tocopherols and tocotrienols in the plasma 

 After orally gavaged with of γTmT, the plasma concentration of γT gradually 

elevated to reach Cmax of 25.6 ± 9.1 μM at 4 h and decreased by half of its Cmax at 6.4 h 

(T1/2) as shown in Figure 2.1A. The overall exposure of γT in plasma as calculated by AUC 

was 206.6 ± 24.4 μM*h. Similar to γT but at a faster rate, δT reached Cmax of 8.6 ± 0.2 μM 

in the plasma at approximately 2 h with a half-life of 4.3 h (Figure 2.1B). The overall 

exposure of δT in the plasma after gavaged with γTmT is 48.9 ± 8.1 μM*h (Table 2.1). 

The plasma concentration of αT was not changed at baseline and throughout the first 24 h 

after γTmT gavage (ranged from 19.9 ± 1.4 to 21.3 ± 0.2 μM, P > 0.05). 

As to the tocotrienols, the level of δTE increased rapidly in the plasma and reached 

Cmax of 16 ± 2.3 μM at 2 h after receiving an oral gavage of TE/TE (Figure 2.1C). The 

plasma δTE concentration was then quickly reduced by half of Cmax at approximately 1.4 

h, and the overall exposure to δTE was 43.6 ± 7.7 μM*h. Correspondingly, the plasma 

concentration of γTE reached Cmax at 2 h after the gavage and quickly reduced by 50% at 

approximately 1.7 h (Figure 2.1D). The overall exposure to γTE was 8.9 ± 1.6 μM*h (Table 

2). With similar amounts of δTE and γT administered (29.5 mg/kg γT vs. 31.1 mg/kg δTE), 

the bioavailability of γT is higher than δTE in the plasma within 24 h after the 

supplementation.  

2.4.2 Time-course formation of vitamin E metabolites in the plasma 

 Using our recently developed LC/MS/MS methodology 33, we are able to 

characterize the pharmacokinetic profiles of unconjugated and sulfated vitamin E 

metabolites after administration of a single dose of TmT and TE/γTE summarized in 
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Table 2.1 and 2.2, respectively. Sulfated CEHCs and sulfated 9’- and 11’ were the 

predominant metabolites detected in the plasma of rats after gavaged with TmT and 

TE/γTE. Unlike γT that quickly reached to Cmax, the plasma concentration of its 

conjugated metabolites SO3-γ-CEHC, γT-9’S, and γT-11’S, slowly was risen and reached 

Cmax at about 6-7 h after γTmT administration (Figure 2.2A-C). Afterward, the plasma 

concentration of these metabolites gradually dropped by half at ~4-8 h. The pattern of the 

overall plasma exposure of these conjugated metabolites is very similar (Figure 2.2).  

Compared to γT/δT, metabolites from δTE/γTE showed similar Cmax with lowered T1/2 

(Figure 2.2D-F and Table 2.2). αT metabolites were not detected in the plasma of rats. 

2.4.3 Excretion of vitamin E forms and metabolites in feces and urine 

 We monitored the excretion of vitamin E forms and their metabolites in feces before 

and after supplementation (8-24h). Compared with baseline, the supplementation of γTmT 

resulted in 10-, 14-, and 1.5-fold elevation of γT, δT, and αT, respectively, in the feces for 

both study 1 and study 2 (Table 2.3). However, the actual amount and percent excretion of 

γT, δT, and αT in rat feces were higher in study 2 compared to study 1. As to tocotrienols, 

the fecal excretion of δTE and γTE increased >300- and 6-fold after δTE/γTE 

supplementation compared to the baseline for study 1, but for study 2, γTE was only 2.5-

fold higher compared to baseline (Table 2.3). Percent excretion of δTE and γTE in rat feces 

was similar for both study 1 and 2 after the subtraction of baseline. 

As to vitamin E metabolites, consistent with previously published data 32,33,43, long-

chain 13’-COOHs were the most abundant metabolites found in feces of rats after 

supplementation of γTmT and δTE/γTE (Table 2.4 and Table 2.5). For instance, δTE-13’ 

with either 2 or 3 double bonds (DBs) on the side-chain or γT-13’ and δT-13’ accounted 
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for approximately 50% of total metabolites found in feces in response to supplementation 

of δTE/γTE or γTmT, respectively. Interestingly, the amount of total metabolites from 

γTmT was similar to those derived from δTE/γTE in the feces. 

In the urine, only short-chain and conjugated short-chain metabolites were detected 

(Table 2.6).  The percent excretion of total CEHCs (either conjugated or unconjugated) 

from tocopherols were 2-fold higher compared to those from tocotrienols. Interestingly, 

enzymatic hydrolysis study using glucuronidase and sulfatase indicated that glucuronide 

but not sulfated CEHCs is the predominant form of metabolites found in the urine of 

tocopherol-supplemented rats. However, the amount of glucuronide CEHCs and sulfated 

CEHCs excreted in the urine of tocotrienol-supplemented rats appeared to be similar. 

Overall, the total percent excretion for γT and δT ranged from 32-53%, and for γTE and 

δTE were 40% and 27%, respectively (Table 2.7).  

2.4.4 Metabolites detected in human plasma after consumption of γT 

 In a recent clinical study, we evaluated the bioavailability of metabolites in the 

serum of participants received 3 doses of γT-enriched gel tabs. (Table 2.8). Unlike 

metabolites in rats where sulfated CEHC and sulfated long-chain carboxychromanol are 

the predominant metabolites (Table 2.1), the predominant metabolite in human plasma 

after the consumption of γT was γ-CEHC. By 24 and 30 h, the concentration of γ-CEHC 

increased ~30-fold from baseline (P< 0.001). Sulfated 11’- and 13’-COOH and γT-13’-OH 

increased by >15-20 fold compared with baseline (Table 2.8). This is the first time that 

these sulfated long-chain metabolites are reported in human samples. As others and we 

have previously reported in either human or mice 26,33,45, γT supplementation resulted in an 

increase of γ-CEHC (Table 2.8). 
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2.5 Discussion 

 To our knowledge, this study is the first report that characterizes the 

pharmacokinetics of formation of short and long-chain vitamin E metabolites following a 

single supplementation of tocopherols or tocotrienols.  Taking advantage of our recently 

developed LC-MS/MS method, we are able to quantify both unconjugated and sulfated 

metabolites. Based on the AUC and Cmax, sulfated CEHCs, and sulfated long-chain 

carboxychromanols, i.e., 9’S, 11’S and 13’S, are among the major metabolites detected in 

the plasma in rats, which is consistent with our previous findings where these compounds 

appear at higher concentrations than other metabolites 26,33. On the other hand, 

unconjugated vitamin E carboxychromanols or hydroxychromanol are present at much 

lower levels than the sulfated analogs, as indicated by lower AUC and Cmax. According to 

Tmax, unconjugated long-chain metabolites such as 13’-COOHs and 13’-OH appear to 

reach Cmax more quickly than conjugated counterparts. This is expected as long-chain 

hydroxyl- and carboxychromanols are the initially formed metabolites as a result of -

oxidation 1,24. In addition, tocotrienols and their metabolites have shorter Tmax than 

tocopherols and tocopherol metabolites, suggesting a more rapid turnover of tocotrienols.   

Our pharmacokinetic data allow quantitative evaluation of the relative 

bioavailability among different vitamin E forms and metabolites.  Based on the ratio of the 

AUC to the intake of each vitamer, the relative bioavailability of vitamin E forms in the 

plasma follows the order of γT (18.6%) > δT (11.2%) > γTE (5.8%) > δTE (3.5%).  These 

data are in agreement with higher Cmax of γT than that of δTE, despite similar amounts of 

intake of these two vitamin E forms.  Interestingly, the ratio of total metabolites’ AUC to 

the intake of corresponding vitamins follows the order of γTE (3%) > γT (1.3%) > δTE ≈ 
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δT (0.6-0.7%), indicating that metabolites from γTE are more bioavailable than those from 

other vitamin E forms. Consistent with this observation, we previously observed higher 

concentrations of metabolites from γTE than those from γT, and lower γTE than γT in the 

plasma of rats supplemented with the same dose of these vitamin E forms 26.  Furthermore, 

Sontag and Parker 231 demonstrate that tocopherol-ω-hydrolase metabolizes γTE more 

effectively than γT or δTE, and γTE can be more rapidly metabolized in HepG2 cells 

expressing CYP4F2.   

Our study reveals new information regarding the excretion of vitamin E forms and 

metabolites in rats. First, our data show that up to 90% metabolites of tocopherols and 

tocotrienols appear to be excreted via feces as unconjugated -oxidation products, while 

only small portions of metabolites, mostly in the conjugated form, are found in the urine. 

Similarly, Bardowell et al. 30 previously reported higher fecal excretion of metabolites than 

those in the urine when mice were fed with tocopherols. Unlike, we also detect a small 

quantity of fecal α-metabolites, including 9’-, 11’- and 13’-COOH. Fecal excretion of 

tocotrienol metabolites is higher than those derived from γT or δT, all of which are higher 

than αT, consistent with low metabolism of αT. This observation is consistent in both study 

1 and 2. Second, our data indicate that the basal level of vitamin E form from the diet can 

dramatically alter fecal excretion of tocopherols but not tocotrienols. In study 2, we found 

that the fecal excretions of tocopherols at baseline was 2-fold higher than those in study 1. 

The baseline level of γTE in feces was even 3-fold higher in study 2 than in study 1. 

However, the percent excretion for γTE was similar in both study, whereas the percent 

excretion of tocopherols in feces was much higher in study 2 than study 1. Although we 

are aware of the fact that there were differences between the two studies, our data are more 
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representable for vitamin E excretion at different baseline level. Since large amounts of 

tocopherols, tocotrienols, and their metabolites were found in feces of rats supplemented 

with γTmT or δTE/γTE, we conclude that fecal excretion is the major route of vitamin E 

elimination when large quantities of vitamin E forms are consumed. Although Traber et al. 

49 reported that some phase III transporters are involved in the elimination of vitamin E and 

vitamin E metabolites, many aspects regarding the involvement of transporters in vitamin 

E and vitamin E metabolite excretion remain to be determined. Third, while total fecal 

metabolites of δTE/γTE are ~20% higher than those of γTmT, the overall excretion of 

tocopherols from γTmT (25-45%) is higher than the excretion of tocotrienols from 

δTE/γTE, specifically δTE (18.6%). The measure fecal and urinary excretion up to 48 h 

after supplementation and found that vitamin E and metabolites were mainly excreted in 

the first 24 h. Based on our calculation, percent recovery of γT and its metabolites in rats 

after γTmT from plasma, feces, and urine is ~53-73%, but only 31% for δTE. Previous 

studies 23,232 reported that a considerable amount of tocotrienols were found in adipose 

tissue or skin of rodents after administration and the amount of tocotrienols in adipocytes 

can maintain up to or beyond 24 h of the administration. These data suggested that 

tocotrienols can be stored in the adipocyte. Future pharmacokinetic studies should measure 

the level of tocotrienols in fat and skin tissues. 

We find that there is a clear distinction in metabolite formed between human and 

rats, despite noticing some similar long-chain metabolites in the plasma of rats and human.  

Like observations in rats, we detect sulfated CEHC, 11’S and 13’S, and various 

unconjugated carboxychromanols including 11’-COOH, 13’-COOH and 13’-OH in human 

plasma. Compared with the baseline, these metabolites increase by 20-, 20- and 40-fold, 
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respectively, in human plasma following supplementation of γT.  However, unlike rats 

where conjugated CEHC and sulfated long-chain metabolites are predominant in the 

plasma, the major metabolite appears in human plasma is unconjugated γ-CEHC, which 

can reach up to 7 μM in the plasma at 6 h after supplement.  Further, supplementation of 

γT caused an increase of α-CEHC, likely due to enhanced catabolism of αT 233.  Recently, 

Mahipal et al. 234 reported that -CEHC is the predominant metabolite found in the plasma 

after multiple-dose supplementation of δTE (200-1600mg) in human, although the 

conjugation status was not identified as sulfatase and glucuronidase was employed to 

remove conjugation during sample preparation.  Besides, Giusepponi et al. conducted a 

study where healthy subjects took 1000 IU of RRR-αT daily for one week and then the 

level of α-metabolites in the plasma were quantified 235.  These investigators detected α-

CEHC, α-13’-COOH and α-13’-OH in the plasma, but whether these metabolites are in 

conjugated or unconjugated forms are not clear 235.  Interestingly, amounts of metabolites 

from αT appear to be lower than those derived from γT, as indicated by higher 

concentrations of γ-CEHC and long-chain metabolites detected in our current study. This 

observation is consistent with the notion that γT is preferentially metabolized than αT as a 

result of preferential binding to α-tocopherol transfer protein and favorable catabolism of 

γT by CYP4F2 1. 

The bioavailability of vitamin E forms and metabolites, together with their 

bioactivities, determine in vivo beneficial effects of these compounds for disease 

prevention and therapy.  The present study, along with published work by others and us 

234,236-238, show that γT and δTE can reach concentrations of 30-40uM and 16uM, 

respectively, in the plasma of animals and human.  At these concentrations, these vitamins 
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have been shown to exhibit anti-inflammatory and anticancer effects in mechanistic studies 

1,51,83-85.  Consistent with being bioavailable and bioactive, these vitamin E forms exhibit 

anti-inflammatory actions in rats’ inflammation models 239, are protective to asthma in 

human 228 and prevent cancer development in cancer models 32,221,240,241.  As to the 

metabolites, among all of the metabolites, 13’-COOHs have been demonstrated to have 

anti-inflammatory and anticancer activities 1,51-55,242. Our current and previous study 32,33 

show that while low in the blood, unconjugated 13’-COOHs are the predominant 

metabolite found in feces, which accounted for ~50% overall metabolites determined.  

High levels of 13’-COOHs in fecal samples may suggest that these metabolites can 

potentially have an impact on the GI tract. Indeed, we have previously shown that δTE-

13’-COOH effectively inhibited colon cancer development in mice 55. Further, we recently 

found that δTE-13’-COOH supplementation modulated gut microbiomes in a colon cancer 

model 85. In the future, the pharmacokinetics of vitamin E metabolites and excretion of 

vitamin E and metabolites in human should be characterized. 
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Figure 2.1 Plasma responses of vitamin E forms after supplementation. 

A-B: Plasma responses of T and T after single dose supplementation of TmT with a 

single dose of 46 mg/kg of TmT (29.5 mg/kg T; 11 mg/kg T; 5.5 mg/kg T) in rats. 

C-D: Plasma responses of TE and TE after single dose supplementation of TE with a 

single dose of 35mg/kg TE/ TE (31.1 mg/kg TE, 3.89 mg/kg TE) in rats. Data are 

expressed as mean  SEM. 
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Figure 2.2 Plasma responses of major forms of vitamin E metabolites after 

supplementation of TmT or TE/γTE in rats.  

A-C: Plasma responses of sulfated -CEHC, γT-9’S, and γT-11’S in rats after single dose 

supplementation of TmT. D-F: Plasma responses of sulfated -CEHC, δTE-11’S, and 

γTE-11’S in rats after single dose supplementation of TE. Data are expressed as mean  

SEM. 
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Table 2.1 Pharmacokinetic parameters of tocopherols and corresponding metabolites after  

supplementation of TmT in rats.  

Elimination half time (T1/2) is presented as the time taken for the plasma concentration to 

fall by half after reaching the maximum concentration (Cmax). Data are expressed as mean 

 SEM. 

  AUC (M*h) C
max

 (M) T
max

 (h) T
1/2

 (h) 

γT 206.6 ± 24.4 25.6 ± 9.1 4 ± 0 6.4 ± 0.3 
δT 48.9 ± 8.1  8.6 ± 0.2 2.7 ± 0.7 4.3 ± 0.2 

γ-CEHC 2.2 ± 0.0  0.1 ± 0.0 4.7 ± 1.8 30.1 ± 11.9 
SO3-γ-CEHC 5.5 ± 0.8 0.4 ± 0.1 7.3 ± 0.7 8.2 ± 1.1 
SO3-δ-CEHC 2.0 ± 0.3 0.2 ± 0.0 6 ± 1.2 6.9 ± 1.0 

γT-9'S 2.2 ± 0.4 0.2 ± 0.0 6 ± 1.2 3.6 ± 0.3 
δT-9'S 0.2 ± 0.0 0.04 ± 0.0 7.3 ± 0.7 1.4 ± 0.0 
γT-11'S 3.5 ± 0.5 0.3 ± 0.0 6 ± 2 4.6 ± 0.3 
δT-11'S 0.2 ± 0.0 0.04 ± 0.0 4.7 ± 0.7 4.0 ± 2.6 
γT-13' 0.03 ± 0.02 0.01 ± 0.0 4.7 ± 0.7 1.9 ± 0.2 
δT-13’ 0.1 ± 0.04  0.02 ± 0.0 4 ± 0 3.3 ± 0.5 

γT-13'-OH 0.04 ± 0.02 0.02 ± 0.0 4 ± 0 1.7 ± 0.0 
δT-13'-OH 0.04 ± 0.01 0.01 ± 0.0 4 ± 0 1.9 ± 0.3 

γT-13'S 1.0 ± 0.2 0.3 ± 0.1 4 ± 0 6.1 ± 2.1 
δT-13'S 0.25 ± 0.0 0.1 ± 0.01 4.7 ± 0.7 3.3 ± 1.1 
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Table 2.2 Pharmacokinetic parameters for tocotrienols and corresponding metabolites 

after supplementation of TE/TE in rats.  

Elimination half time (T1/2) is presented as the time taken for the plasma concentration to 

fall by half after reaching the maximum concentration (Cmax). Data are expressed as mean 

 SEM. 

  AUC (M*h) C
max

 (M) T
max

 (h) T
1/2

 (h) 

TE 43.6 ± 7.7 16.0 ± 2.3 2 ± 0 1.4 ± 0.1 
TE 8.9 ± 1.6 2.2 ± 0.4 2 ± 0 1.7 ± 0.1 

SO3--CEHC 4.6 ± 0.8 0.5 ± 0.1 3.3 ± 0.7 5.1 ± 1.5 
SO3--CEHC 1.3 ± 0.3 0.1 ± 0.0 4 ± 2 14.1 ± 3.7 

TE-9' 0.04 ± 0.0 0.01 ± 0.0 4 ± 1.6 4.7 ± 2.8 
TE-9'S  0.3 ± 0.1 0.1 ± 0.0 5.3 ± 0.7 3.4 ± 0.7 
TE-9'S 0.6 ± 0.1 0.1 ± 0.0 6 ± 1.2 6.6 ± 2.4 
TE-11'S 2.1 ± 0.2 0.3 ± 0.1 4.7 ± 0.7 4.1 ± 1.2 
TE-11'S  2.6 ± 0.3 0.2 ± 0.0 7.3 ± 0.7 13.9 ± 4.1 
TE-13' 0.1 ± 0.1 0.02 ± 0.0 2 ± 0 3.5 ±0.2 
TE-13'S 0.1 ± 0.0 0.03 ± 0.0 4 ± 0 2.6 ± 0.4 

TE-13'-OH 0.2 ± 0.1 0.04 ± 0.0 3.3 ± 0.7 1.9 ± 0.2 
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Table 2.3 Fecal excretion of vitamin E forms increased in rats at 0-24 h after 

supplementation of TmT or TE/TE.  

A single gavage of 46 mg/kg of TmT is equivalent to intake of T, T and T at 17.3, 

6.73 and 3.16 µmoles and 35 mg/kg TE/TE is equivalent to intake of δTE and γTE at 

19.6 and 2.4 µmol, respectively. Data are expressed as mean  SEM (% excretion after 

subtracting baseline). * P< 0.05, ** P< 0.01, and *** P< 0.001: difference between 

control and tocopherol/tocotrienol supplementation. n.d. – not detectable 

  
Total amount 

excreted (nmol) 
Baseline 

TmT 
nmol (%)  

TE/γTE  
nmol (%) 

Study 1 
(8-24 h) 

TE 12.5 ± 6.2 n.d 

3909.5 ± 1552.6 

** 

(19.9%) 

TE 123.6 ± 5.9 n.d 
828.0 ± 181.7 ** 

(31.1%) 

T 125.2 ± 13.3 
1747.7 ± 200.6 ** 

(24.7%) 
n.d 

T 492.8 ± 49.8 
4780.4 ± 832.5 ** 

(26.0%) 
n.d 

T 967.9 ± 138.4 
1492.2 ± 146.0 *  

(26.5%) 
n.d 

Study 2 
(0-8 h) 

TE 9.5 ± 0.8 n.d 40.4 ± 35.3  

TE 403.3 ± 37.1 n.d 206.7 ± 23.3 

T 263.4 ± 33.1 249.0 ± 208.4 n.d 

T 878.6 ± 100.9 644.0 ± 510.1 n.d 

T 1863.8 ± 197.4 408.6 ± 130.7 * n.d 

Study 2 
(8-24 h) 

TE 9.5 ± 0.8 n.d 
3367.3 ± 770.5 * 

(17.8%) 

TE 403.3 ± 37.1 n.d 
1013.3 ± 162.4 * 

(31.0%) 

T 263.4 ± 33.1 
3226.7 ± 341.7 ** 

(45.3%) 
n.d 

T 878.6 ± 100.9 
8420.0 ± 681.3 ** 

(45.3%) 
n.d 

T 1863.8 ± 197.4 
3336.7 ± 124.4 * 

(65.4%) 
n.d 

Study 2 
(24-48 

h) 

TE 9.5 ± 0.8 n.d 55.9 ± 5.7 ** 

TE 403.3 ± 37.1 n.d 723.3 ± 44.1 ** 

T 263.4 ± 33.1 299.7 ± 15.5 n.d 

T 878.6 ± 100.9 867.2 ± 21.8 n.d 

T 1863.8 ± 197.4 1587.9 ± 60 n.d 
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Table 2.4 Metabolites detected in the fecal samples of rats at 8-24 h after given a single 

gavage of 46 mg/kg of TmT. 

A single gavage of TmT is equivalent to intake of T, T and T at 17.3, 6.73 and 3.16 

µmoles. Data are expressed as mean  SEM (% excretion after subtracting baseline). # 

P< 0.1, * P< 0.05, ** P< 0.01, and *** P< 0.001: difference between control and 

tocopherol/tocotrienol supplementation. n.d. – not detectable 

Total 

amount 

excreted 

(nmol) 

Study 1:TmT   Study 2:TmT 

0 h 24 h 
  

0 h 8 h 
24 h 

-CEHC 16.7 ± 2.5 35.5 ± 4.2 **   56.7 ± 10.7 33.0 ± 7.5 71.5 ± 22.6 

-CEHC 1.0 ± 0.2 5.4 ± 0.2 ***   5.5 ± 1.5 7.7 ± 1.5 20.3 ± 4.6 * 

T-5' 0.4 ± 0.2 2.7 ± 0.5 **   n.d n.d n.d 

T-7' 5.2 ± 1.5 61.6 ± 14.6 **   14.8 ± 4.7 19.1 ± 3.5 63.5 ± 15.9 * 

T-7' 0.8 ± 0.1 11.0 ± 2.5 *   n.d n.d n.d 

T-9' 2.0 ± 0.5 21.1 ± 3.5 ***   4.8 ± 0.6 6.3 ± 1.3 18.4 ± 2.5 ** 

T-9' 0.7 ± 0.1 8.9 ± 1.6 ***   1.3 ± 0.3 2.1 ± 0.4 12.6 ± 6.0 * 

T-11' 4.1 ± 1.5 66.9 ± 12.6 **   8.8 ± 1.9 16.0 ± 3.4 135.1 ± 25.3 ** 

T-11' 1.8 ± 0.7 49.2 ± 12.9 *   3.9 ± 1.1 5.5 ± 1.6 47.9 ± 21.3 * 

T-13' 14.1 ± 5.5 480.4 ± 121.9 **   33.4 ± 4.5 155.4 ± 22.9 ** 362.0 ± 78.9 * 

T-13' 8.0 ± 2.2 244.9 ± 55.7 **   19.9 ± 2.1 38.3 ± 10.6 337.7 ± 188.8 * 

T-13'-OH 1.6 ± 0.6 137.2 ± 43.1 **   6.9 ± 1.8 25.2 ± 11.0 114.6 ± 35.2 * 

T-13'-OH 0.7 ± 0.2 44.1 ± 6.9 ***   1.4 ± 0.3 3.3 ± 0.4 * 70.6 ± 54.7 * 

T-11’S 1.4 ± 0.5 81.6 ± 40.1 **   1.5 ± 0.5 4.1 ± 0.7 * 10.7 ± 3.4 # 

T-13’S 10.6 ± 2.3 131.0 ± 31.7 ***   18.0 ± 1.2 15.9 ± 4.0 108.4 ± 1.2 *** 

T-13’S 2.7 ± 0.3 45.7 ± 8.4 ***   4.3 ± 0.2 8.1 ± 1.3 * 25.5 ± 4.2 ** 

-

metabolites 
15.7 ± 2.8 

423.5 ± 87.8 ** 

(6.5%) 

  

36.3 ± 4.1 
64.9 ± 14.3 

(0.42%) 

514.7 ± 272.6 

** 

(7.65%) 

-

metabolites 
56.0 ± 10.4 

1018.0 ± 229.5 * 

(6.0%) 

  
144.8 ± 20.0 

275.0 ± 45.8 # 

(0.75%) 

884.1 ± 183.5 * 

(5.1%) 
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Table 2.5 Metabolites detected in the fecal samples of rats at 0-24 h after given a single 

gavage of 35 mg/kg TE/TE. 

A single gavage of TE/TE is equivalent to intake of δTE and γTE at 19.6 and 2.4 µmol, 

respectively. Data are expressed as mean  SEM (% excretion after subtracting baseline). 

# P< 0.1, * P< 0.05, and ** P< 0.01: difference between control and 

tocopherol/tocotrienol supplementation. n.d. – not detectable 

Total 

amount 

excreted 

(nmol) 

Study 1: TE/γTE  Study 2: TE/γTE  

0 h 24 h 0 h 8 h 24 h 

δ-CEHC 1.1 ± 0.6 26.1 ± 9.1 # 2.2 ± 0.1 1.5 ± 0.4 28.1 ± 7.0 * 

γTE-7' 4.9 ± 0.2 15.5 ± 1.9 ** n.d n.d n.d 

δTE-7' Low 14.2 ± 0.8 ** Low Low 4.6 ± 1.9 # 

γTE-9' 4.8 ± 0.9 25.4 ± 5.0 ** 5.0 ± 0.6 2.0 ± 0.3 ** 13.3 ± 2.9 * 

δTE-9' Low 33.4 ± 3.7 ** Low Low 20.6 ± 4.9 * 

γTE-11' 

(2DB) 
13.7 ± 2.7 50.2 ± 1.5 ** 14.5 ± 1.7 6.8 ± 1.1 * 46.4 ± 12.2 * 

δTE-11' 

(2DB) 
0.4 ± 0.0 167.2 ± 6.0 ** 0.4 ± 0.0 0.2 ± 0.0 141.8 ± 37.1 * 

γTE-13' 

(2DB) 
19.1 ± 6.0 36.1 ± 10.3  39.6 ± 6.5 16.1 ± 2.6 * 138.2 ± 28.0 * 

γTE-13' 

(3DB) 
8.9 ± 3.5 60.2 ± 19.2 # 4.6 ± 0.8 1.1 ± 0.3 * 13.1 ± 1.7 * 

δTE-13' 

(2DB) 
1.2 ± 0.4 

351.4 ± 87.9 

** 
1.7 ± 0.2 0.9 ± 0.3 

551.3 ± 72.9 

** 

δTE-13' 

(3DB) 
1.0 ± 0.4 

449.8 ± 70.7 

** 
0.1 ± 0.1 0.1 ± 0.1 

451.1 ± 119.5 

** 

γTE-13'OH 6.4 ± 1.6 22.2 ± 3.8 * 6.6 ± 0.9 2.6 ± 0.2 * 20.6 ± 3.2 ** 

δTE-13'OH 0.6 ± 0.1 
251.8 ± 27.9 

** 
0.7 ± 0.0 0.5 ± 0.3 

237.2 ± 50.5 

** 

γTE-13'S 1.6 ± 0.5 18.0 ± 2.5 * n.d n.d n.d 

δTE-13'S Low 
177.1 ± 25.7 

** 
Low Low 17.3 ± 3.1 * 

-

metabolites 

(nmol) 

4.4 ± 0.4 

1489.1 ± 

159.8 * 

(7.6%) 

5.9 ± 0.4 3.9 ± 1.1 

1468.9 ± 

290.2 * 

(7.5%) 

-

metabolites 

(nmol) 

82.1 ± 

19.3 

279.6 ± 37.2 

** 

(8.3%) 

73.9 ± 8.7 30.6 ± 4.2 
239.9 ± 49.2 * 

(8.3%) 
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Table 2.6 Predominant metabolites detected in the urine samples of rats at 8-24 h after given a single gavage of TmT or TE/TE. 

A single gavage of 46 mg/kg of TmT is equivalent to intake of T, T and T at 17.3, 6.73 and 3.16 µmoles and 35 mg/kg TE/TE is 

equivalent to intake of δTE and γTE at 19.6 and 2.4 µmol, respectively. Data are expressed as mean  SEM (% excretion after subtracting 

baseline). * P< 0.05, ** P< 0.01, *** P< 0.001 and, # P< 0.1: difference between control and tocopherol/tocotrienol supplementation. 

Study 1: Total 

amount (nmol) 

γTmT at 46 mg/kg TE/γTE at 35 mg/kg   

0hr 24hr 0hr 24hr   

δ-CEHC 0.03 ± 0.02 0.7 ± 0.1 ** 0.2 ± 0.2 2.6 ± 1.6 **   

SO3-δ-CEHC 1.0 ± 0.5 10.8 ± 1.6 ** 3.13 ± 0.9 52.0 ± 13.8 *   

Conjugated-δ-CEHC 13.6 ± 0.3 103.9 ± 18.3 * 4.0 ± 1.3 65.9 ± 25.3 **   

γ-CEHC 0.1 ± 0.02 0.3 ± 0.03 ** 0.3 ± 0.1 0.3 ± 0.1   

SO3-γ-CEHC 6.5 ± 2.1 37.2 ± 3.4 ** 12.4 ± 3.8 31.0 ± 2.1 *   

Conjugated-γ-CEHC 167.4 ± 11.8 506.4 ± 72.8 * 18.7 ± 0.4 19.1 ± 7.2   

δ-metabolites (nmol) 14.7 ± 0.7 
115.4 ± 19.8 ** 

(1.1%) 
7.4 ± 2.3 

120.5 ± 38.0 ** 

(0.6%) 
  

γ-metabolites (nmol) 174.0 ± 13.9 
543.9 ± 75.7 ** 

(2.0%) 
31.3 ± 3.7 

50.4 ± 8.3 * 

(0.8%) 
  

Study 2: Total 

amount (nmol) 

γTmT at 46 mg/kg TE/γTE at 35 mg/kg  

0hr 8hr 24hr 0hr 8hr 24hr 

δ-CEHC 0.1 ± 0.03 0.2 ± 0.01 * 1.9 ± 0.4 ** 0.1 ± 0.04 0.5 ± 0.2 6.4 ± 2.1 * 

SO3-δ-CEHC 0.7 ± 0.1 5.1 ± 0.6 ** 9.7 ± 1.8 ** 0.8 ± 0.4 18.7 ± 5.5 * 37.1 ± 6.1 ** 

Conjugated-δ-CEHC 2.2 ± 0.7 27.2 ± 9.1 ** 71.3 ± 30.6 ** 3.8 ± 0.9 32.3 ± 12.5 * 48.3 ± 27.2 * 

γ-CEHC 0.1 ± 0.03 0.03 ± 0.01 # 1.0 ± 0.3 * 0.2 ± 0.1 0.1 ± 0.1 1.4 ± 0.2 ** 

SO3-γ-CEHC 8.0 ± 0.8 14.7 ± 3.8 34.4 ± 5.4 ** 13.1 ± 3.4 9.6 ± 2.3  26.8 ± 4.8 ** 

Conjugated-γ-CEHC 9.4 ± 4.3 69 ± 23.3 * 274.8 ± 45.7 ** 16.2 ± 5.2 13.1 ± 4.6  23.2 ± 13.8 

δ-metabolites (nmol) 2.9 ± 0.6 
32.5 ± 9.3 ** 

(0.35%) 

82.8 ± 30.6 ** 

(0.90%) 
4.6 ± 1.2 

51.5 ± 18.2 ** 

(0.20%) 

91.7 ± 31.9 ** 

(0.5%) 

γ-metabolites (nmol) 17.5 ± 4.4 
83.7 ± 20.4 ** 

(0.36%) 

310.2 ± 50.4 ** 

(1.72%) 
29.6 ± 8.5 22.8 ± 6.9 

51.3 ± 18.3 * 

(0.9%) 
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Table 2.7 Percent (%) of vitamin E forms and metabolites recovered in the plasma, urine, 

and feces. 

The values were calculated by the ratio of AUCs (plasma) or total amount of 24-h urinary 

or fecal excretion to the amount of T or TE intake. 

% Plasma 

vitE forms 

Plasma 

metabolites 

Fecal vitE 

forms 

Fecal 

metabolite 

Urine 

metabolite 

Total 

recovery 

γT 18.6 1.3 26.0-45.3 5.6 1.9 53.4-72.7 

δT 11.2 0.6 24.7-45.3 7.1 1.0 44.6-65.2 

γTE 5.9 3 30.6 8.3 0.9 48.7 

δTE 3.5 0.66 18.6 7.6 0.6 31.0 
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Table 2.8 Metabolites from γT in plasma of subjects supplemented with 2 γT-enriched 

gel tab every 12 hours for 3 doses.  

Blood samples were collected from 10 healthy volunteers at baseline, 24 hours (before 

receiving dose 3) and 30 hours (6 hours after receiving dose 3). Data are expressed as 

mean  SEM. # P< 0.1, * P< 0.05, ** P< 0.01, and *** P< 0.001 significant different 

compared to baseline. 

 

 Conc. (μM) Baseline 24hr 30hr 

γ-SO3-CEHC 0.001 ± 0.0001 0.02 ± 0.005 *** 0.02 ± 0.004 *** 
γ-CEHC 0.2 ± 0.04 6.8 ± 1.4 *** 6.9 ± 1.3 *** 
α-CEHC 0.01 ± 0.002 0.03 ± 0.01 * 0.03 ± 0.01 * 
γT-11'S 0.002 ± 0.001 0.04 ± 0.01 * 0.03 ± 0.01 ** 
γT-13'S 0.001 ± 0.0004 0.04 ± 0.02 

# 0.03 ± 0.02  
γT-11' Low 0.01 ± 0.002 

# 0.004 ± 0.002 * 
γT-13' 0.001 ± 0.0004 0.02 ± 0.004 *** 0.02 ± 0.01 ** 

γT-13'-OH 0.004 ± 0.0004 0.06 ± 0.011 *** 0.05 ± 0.01 *** 
αT-13'-OH 0.013 ± 0.0013 0.01 ± 0.002 0.01 ± 0.001  
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 ALPHA- AND GAMMA-TOCOPHEROL 

ATTENUATED DSS-INDUCED BARRIER DYSFUNCTION AND 

MODULATED MICROBIAL COMPOSITION 

3.1 Abstract 

 Inflammatory bowel diseases (IBD) are chronic idiopathic inflammatory conditions 

characterized by disruption of intestinal barrier integrity and affect 3 million people in the 

United States. We investigated the potential protective effect of vitamin E forms, i.e., α-

tocopherol (αT) and γ-tocopherol (γT), on intestinal barrier function in a cellular model 

and a mouse colitis model. In Caco-2 colon epithelial cells, we evaluated the effect of αT 

(25M) or γT (25M) on cytokine (10 ng/mL TNF-α/IFN-γ)-induced impairment of trans-

epithelial electrical resistance (TEER). In male BALB/c mice, we examined the effect of 

T or T-rich mixed tocopherols at 0.05% diet on dextran sodium sulfate (DSS)-induced 

colitis and fecal microbiota using paired-end sequencing of 16S rRNA amplicon. Cytokine 

treatment led to a reduction of Caco-2 cell barrier resistance. Both αT and γT were able to 

preserve Caco-2 barrier integrity. Similarly, T and T attenuated DSS induced fecal 

bleeding and diarrhea in mice and reduced colon inflammation and colitis-associated 

damages based on histological analysis. Additionally, T and T supplementation 

attenuated colitis associated loss of tight junction protein, occludin. Gut microbiota data 

showed that DSS treatment reduced the relative abundance of Lachnospiraceae compared 

to healthy mice, and supplementation of T and T partially reversed this effect. 

Interestingly, the family Lachnospiraceae has been reported to decrease in IBD patients. 

Our study demonstrated protective effects of vitamin E forms on intestinal barrier integrity 

in a cell-based model and a colitis model in mice. Furthermore, we demonstrated that these 
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vitamin E forms caused favorable changes in intestinal microbial population under colitis 

condition. 

3.2 Introduction 

 Inflammatory bowel diseases (IBD) are chronic inflammatory disorders of the 

gastrointestinal tracts that consist of two major types known as Crohn’s Disease (CD) and 

Ulcerative Colitis (UC). An estimation of 3 million adults in the U.S. is reported being 

diagnosed with IBD 104; this number not only increases in the U.S. but worldwide 106. 

Although the pathoetiology of IBD remains unclear, inappropriate inflammatory response, 

defect in the gastrointestinal epithelial barrier, and disturbed gut microbial population are 

some of the major characteristics identified in patients with IBD 108. 

Generally, intestinal microorganisms are viewed as symbionts by establishing a 

mutual relationship with the host. The host provides a nutritious environment and residence 

for the gut microbes, and as return, the microbes produce short-chain fatty acids and 

essential vitamins for the host 122. However, some diseases will disrupt microbial 

communities, reduce microbial diversity and give rise to detrimental microorganisms that 

could negatively affect host health 122-124. This perturbance in gut microbial population is 

referred to as “dysbiosis”, which is a pattern often observed in patients with IBD. The 

relative abundance of certain bacterial taxa correlates with established markers of disease 

activity such as enriched Enterobacteriaceae and depleted Lachnospiraceae 124. Increased 

penetration of bacteria in mucosa and decreased bacterial species richness are observed in 

IBD patients 124. These changes in microbial patterns leading to dysbiosis are critical for 

the pathogenesis of IBD. 
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 Accumulating evidence suggests that a defect in the gastrointestinal epithelial 

barrier is an important factor for the development of IBD. Many studies have demonstrated 

that patients with IBD suffer from inflammation-induced leak flux diarrhea due to impaired 

intestinal barrier 145-147.  One important component of intestinal barrier integrity are tight 

junctions (TJ). Tight junctions are protein complexes that consist of transmembrane 

proteins, cytosolic scaffold proteins and the cytoskeleton. TJ proteins regulate the passage 

of ions, water, and molecules through the paracellular pathway 151,152,243. The interaction 

of TJ proteins on cell membrane of the epithelial cells forms a barrier that protects against 

the permeation of harmful molecules cross the intestinal lumen 148. TJ strands are critical 

for the maintenance of  TJ integrity, and Schulzke et al found that patients with CD or UC 

had increased intestinal epithelial leaks due to reduced tight junction (TJ) complexity, with 

lower TJ strands and increased frequency of strand discontinuities 147. 

 Some of transmembrane proteins involved in TJ’s include occludin, claudins and 

junctional adhesion molecules (JAM). These transmembrane proteins form the backbone 

of TJ strands creating a semipermeable barrier in the epithelium 244.Besides the 

transmembrane proteins, the cytosolic scaffold protein, zonula occluden-1 (ZO-1), also 

plays a critical role in barrier formation in the epithelium. ZO-1 anchors the transmembrane 

proteins to the cytoskeletal molecules, which is important for tight junction assembly 245. 

Factors such as pro-inflammatory cytokines and dextran sodium sulfate (DSS) treatment 

can impair intestinal barrier function via modification of TJ assembly and expression in 

cells 157 and animals 149. The increased permeation of intestinal antigens to the body 

activates inflammatory response and accelerates the progression of IBD 150. 
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 Vitamin E is generally referred to eight structurally related lipophilic antioxidants, 

i.e.,  -, -, -, and -tocopherol (T, T, T, and T) and corresponding tocotrienols 1. 

Among the different isoforms of vitamin E, T is the predominant vitamin E in plasma and 

tissues due to the high binding affinity to hepatic -tocopherol transfer protein (TTP) that 

transports T and prevents it from being metabolized in the liver 1,35,225. Unlike αT, other 

vitamin E forms, such as γT, are substantially metabolized in the liver by cytochrome P450-

4F2 via -hydroxylation and oxidation to generate 13’-hydroxychromanol (13’-OH) and 

13’-carboxychromanol (13’-COOH), which are further metabolized via -oxidation to 

various shorter-chain carboxychromanols 1,24,54.  

 Although αT is the predominant form of vitamin E in tissues, γT is the major 

vitamin E form in the U.S. diet and possesses unique biological properties that may be 

beneficial against chronic diseases 11.  For instance, γT with an un-substituted 5-position 

can trap reactive nitrogen species that are enhanced during inflammation, but not αT with 

a methyl group at the 5-position 1. We also demonstrated that 13’-COOHs derived from γT 

are potent dual inhibitors of pro-inflammatory enzymes, cyclooxygenases 52 and 5-

lipoxygenase 54. Consistent with these mechanistic studies, γT 32 and γT rich mixed 

tocopherol (γTmT) supplementation 160 attenuated colon inflammation induced by DSS in 

mice. Although γT possesses anti-inflammatory activities that may be beneficial against 

IBD, IBD is a multi-factorial disease involving intestinal barrier dysfunction and microbial 

dysbiosis. Here, we investigated and compared the effect of γT and αT against cytokine-

induced barrier dysfunction in Caco-2 monolayer, as well as the effect of γTmT (containing 

γT, δT and αT at 58, 22, and 11%) and αT supplementation at 0.05% diet on DSS-induced 

colitis in male Balb/c mice. 
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3.3 Materials and methods 

3.3.1 Reagents and diets 

 αT (>90%) and γT (~95%) used for cellular treatment were obtained from Sigma-

Aldrich (St. Louis, MO). Cytokines, TNF-α and IFN-γ, were obtained from Cell Signaling 

(Denver, MA) and R&D Systems (Minneapolis, MN), respectively. Dextran sodium sulfate 

(DSS, molecular weight 36-50kDa) was obtained from MP Biomedicals (Solon, OH). 

Vitamin E metabolites including γ-CEHC (≥98%), α-CEHC, and (±)-αT-5’-COOH (α-

CMBHC) were purchased from Cayman Chemicals (Ann Arbor, MI). δT-13’-COOH and 

δTE-13’-COOH, which are long-chain metabolites from δT and δTE, respectively, were 

synthesized according to a published procedure 246. All other chemicals were purchased 

from Sigma. 

AIN93G diet was the control diet obtained from Dyets Inc. (Bethlehem, PA). αT 

(~96%) and γT enriched mixed tocopherols (γTmT, ~92%, γT:δT:αT, 58:22:11) were 

obtained from BASF Inc. (Ludwigshafen, Germany) and Yasoo Health Inc. (Johnson City, 

TN), respectively. The αT- and γTmT-supplemented diets contain 0.05% of αT and γTmT 

in AIN93G-based diet. 

3.3.2 Cell cultures and treatments 

 Caco-2 cells were maintained at 37oC in a complete DMEM culture medium 

containing 4.5 mg/ml glucose, 50 U/ml penicillin, 50 U/ml streptomycin, 4 mM glutamine, 

25 mM HEPES, and 10% FBS. The cells were plated on 0.4 μM transwell filters (Corning 

Life Sciences, Corning, NY) with a seeding density of 0.5×105 cells/cm2 and kept at 37oC 

in a 5% CO2 environment. Culture medium was changed every two days until 21 days after 

the cells become confluent. αT or γT were added to the apical membrane compartments of 
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Caco-2 monolayer. After 16 hours of αT and γT pre-incubation, 10 ng/ml of TNF-α and 

IFN-γ were added to the basolateral membrane compartment of the Caco-2 monolayer. 

Transepithelial electrical resistance (TEER) was measured at 48 hours post cytokine 

stimulation. 

3.3.3 Determination of Caco-2 epithelial monolayer resistance 

 An epithelial voltohmmeter (World Precision Instruments, Sarasota, FL) was used 

for TEER measurement of the filter-grown Caco-2 intestinal monolayers as described 

previously 247. Briefly, both apical and basolateral sides of the epithelium were bathed with 

complete cell culture medium. Electrical resistance was measured until similar values were 

recorded on three consecutive measurements. The resistances of monolayers were reported 

after subtraction of the resistance value of the filters alone. The relative epithelial resistance 

of Caco-2 monolayer was calculated based on the resistance of control Caco-2 monolayer 

without vitamin E and cytokine treatment.  

3.3.4 DSS-induced colitis model 

 All animal studies were approved by Purdue Animal Use and Care Committee. 

Male BALB/c mice (3-4 week old) were obtained from Harlan (Indianapolis, IN) and 

maintained in the animal care facility at Purdue University under specific pathogen-free 

condition. DSS  was added to drinking water at a final concentration of 2% (wt/vol) for 7 

days to induce colitis. Mice were randomly divided into four groups, control AIN93G diet 

without DSS treatment (n=10), control AIN93G diet with 2% DSS treatment (n=10), 0.05% 

αT supplemented with 2% DSS (n=10), and 0.05% γTmT supplemented with 2% DSS 

(n=10). To reduce potential oxidation of αT and γTmT, diets were stored in 4oC and food 

given to mice were changed once a week. All animals were adapted to the housing 
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environment for a week prior to the supplementation. To examine the protective effect of 

long-term vitamin E supplementation against colitis, animals were given their assigned diet 

for three weeks prior to the administration of DSS. After 3 weeks of pre-supplementation 

of αT and γTmT, 2% DSS was given in drinking water for 7 days to induce colitis. To 

examine short-term supplementation of vitamin E forms against colitis, mice started the 

supplementation diets on the same day as 2% DSS was given. Animals were observed, 

weighed, and monitored daily during DSS administration for fecal evaluation of bleeding 

and diarrhea symptoms. The severity of fecal bleeding and diarrhea was subjectively 

evaluated based on a scale of 0-3. The total fecal score ranges from 0 to a maximum of 6 

points based upon the summation of rectal bleeding and diarrhea. Food intake was recorded 

once per week. After 7 days of DSS administration, animals were sacrificed for tissue 

collection. 

3.3.5 Tissue harvest 

 During tissue collection, colons were removed, flushed with PBS. The weight and 

length of the colon were measured and then cut open longitudinally. Half of the colons 

were fixed flat in 4% formaldehyde. After divided into 3-4 sections, the colon samples 

were embedded in paraffin for histopathological assessment. The other half of the colons 

were frozen for Western blot and ELISA analysis of pro-inflammatory markers and barrier 

function. Plasma samples were collected and stored in -80oC freezer. Fecal samples were 

collected before sacrifice for 16S rRNA Illunmia sequencing. 

3.3.6 Western blot and ELISA 

 Colonic tissue was homogenized in radioimmunoprecipitation RIPA assay lysis 

buffer containing protease and phosphatase inhibitors, and total protein concentrations 



88 

 

were measured using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, 

MA). Equal quantities of protein were separated by a 10% (w/v) SDS-PAGE gel and 

transferred to PVDF membrane. The membrane was blocked with 5% nonfat milk and 

incubated overnight (4oC) with mouse anti-occludin (1:1000; Life Technology, Waltham, 

MA). After incubation with peroxidase-conjugated goat anti-mouse IgG (1:2000; Santa 

Cruz, Dallas, TX) for 1 hr at RT, enhanced chemiluminescence (PerkinElmer, Waltham, 

MA) was used for bioimaging detection. Bands were quantified using ImageJ 1.48v 248, 

and actin was used as loading control. According to the manufacturer’s instruction, colonic 

IL-6 level was measured using ELISA kit (R&D systems, Minneapolis, MN). LPS-binding 

protein concentration in plasma was measured using ELISA kit (Novus Biologicals, 

Centennial, CO). 

3.3.7 Histological analysis 

 Paraffin-embedded colon tissues were cut into 6-μm sections and stained with 

hematoxylin and eosin (H&E) for histological analysis via light microscopy. The degree of 

inflammation in cross-sections of the colon was assessed by an experienced pathologist 

blinded to treatment allocation. Colitis was assessed semi-quantitatively as previously 

described 249. Briefly, the severity of the leukocyte infiltration into the mucosa layer was 

subjectively assessed as none, mild, moderate or severe (0–3). The distribution of 

inflammation as indicated by leukocyte infiltration was evaluated and denoted as 

focal/locally extensive, multifocal, or diffuse (0–3). The distribution of erosion/ulceration 

was assessed as none, focal, multifocal or diffuse (0–3). Necrosis was assessed as none, 

mild, moderate or severe (0–3). Total disease score ranges from 0 to a maximum of 12 

points based upon the summation of each assigned criterion. 
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3.3.8 DNA extraction, sequencing and sequence analysis 

 Total genomic DNA was extracted from each fecal sample (~50 mg) using the Fast 

DNA Soil Spin kit (MP Biomedicals, Solon, OH) according to the manufacturer’s 

instructions. The DNA concentration was determined using NanoDrop 3300 (Thermo 

Scientific, Wilmington, DE) fluorospectrometer and quality was assessed. MiSeq Illumina 

2x250 paired-end sequencing was used to determine fecal bacterial sequences in the fecal 

samples collected from each mouse on the last day of DSS treatment. Primers that amplify 

the V3–V4 region of the 16S rRNA gene (forward TAC GGR AGG CAG CAG and reverse 

CTA CCR GGG TAT CTA ATC C) were used for better primer accuracy, and coverage of 

phylogenetic information for short sequencing reads 250. Samples were tagged with a 

combination of 8-bp forward and reverse primer as to the manufacturer protocol (Illumina, 

San Diego, CA). PCR was performed using Q5 High Fidelity DNA Polymerase (New 

England Biolabs, Ipswich, MA). Primers and nucleotides were separated from PCR 

amplicon using Agencourt AMPure XP kit (Beckman Coulter, Brea, CA). Purified 

amplicons were quantified by fluorospectrometer with the Quantifluor dsDNA Assay Kit 

(Promega, Madison, WI). Amplicons from each sample were combined in equimolar 

quantities and sent to the Purdue Genomics facilities for sequencing using a MiSeq 

instrument (Illumina, San Diego, CA). 

 Primer tags and low-quality sequence reads (<Q30) were trimmed prior to DADA2 

denoise 251. Sequences were analyzed using the QIIME2 DADA2 pipeline 252, and SILVA 

132 marker gene reference database was used to assign taxonomy to the representative 

ASV sequences 253. All subsequent comparisons were performed using equivalent numbers 

of taxa per sample that were chosen by rarefaction of 26,700 sequences. Good’s coverage 

was used to obtain an estimation of sequence coverage of the communities used in these 
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analyses 254. Rarefied analyses of alpha diversity indices (observed OTUs 255, Pielou’s 

evenness 256, Shannon 257) were calculated to compare microbiota diversity within each 

sample. Beta diversity comparisons among microbial communities were made using 

phylogenetic distance matrices, unweighted and weighted Unifrac 258-260 and non-

phylogenetic distance matrices using Bray Curtis distance and Jaccard. 

3.3.9 Extraction of vitamin E forms and metabolites from plasma 

 Vitamin E forms and metabolites from plasma sample were extracted as previously 

described 33. Briefly, plasma samples were extracted by a solvent mixture containing 6 

volume of working methanol (containing 0.2 mg/mL ascorbic acid and 0.1 mg BHT; 

butylated hydroxytoluene) and 12 volume of hexane via vigorous vortexing for 1 minute. 

After centrifugation at 12,000 rpm for 2 min, the upper hexane layer was collected and 

dried under nitrogen gas. The methanol layer (90-95%) was transferred into another tube, 

and the residual pellet was extracted one more time with 4 volume of working methanol. 

After extraction of residual pellet, the combined methanol layers were dried under nitrogen 

gas. Both dried methanol- and hexane-extracted samples were resuspended in HPCL-grade 

ethanol before being analyzed by HPLC or LC/MS/MS.  

3.3.10 Extraction of vitamin E forms and metabolites from feces 

 Approximately 30-50 mg of fecal samples was homogenized in 2 mL of methanol 

with ascorbate (0.2 mg/mL) and BHT (0.92 mg/mL). Residues in feces were removed by 

centrifugation, and 1.4 mL of methanol layer was mixed with 200 μL of PBS and 5 mL of 

hexane via vigorous vortexing for 1 minute. After centrifugation, 1.4 mL of methanol layer 

and 4 mL of hexane layer were collected and dried under nitrogen. The dried methanol- 
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and hexane-extracts were resuspended in 200ul of HPLC-grade ethanol and further diluted 

10 times before being analyzed by HPLC or LC/MS/MS.  

3.3.11 Analysis of vitamin E forms by HPLC with electrochemical detection 

 As previously described 25,32, tocopherols were separated on a 150 x 4.6 mm, 5 μm 

Supelcosil LC-18-DB column (Supelco, Bellefonte, PA), and eluted with 95/5 (v/v) 

methanol/0.1 M lithium acetate.  Vitamin E forms were monitored by coulometric 

detection (Model Coulochem II, ESA Inc., Chelmsford, MA) at 300 (upstream) and 500 

mV (downstream electrode) using a Model 5011 analytical cell.  

3.3.12 Analysis of vitamin E metabolites by LC/MS/MS 

 Prior to LC/MS/MS analysis, α-CMBHC (5 μM) was added as IS to the 

reconstituted methanol layer. The LC/MS/MS analysis was done with an Agilent 1200 LC 

system coupled to an Agilent 6460 QQQ mass spectrometer equipped with a jet stream ESI 

source (Santa Clara, CA) as previously reported 33. The chromatography used an Atlantis 

dC18 column (2.1 × 150 mm, 3 μm) from Waters Corporation (Milford, MA). Buffer A 

consisted of acetonitrile-ethanol-water (165:135:700, v/v/v), and buffer B was acetonitrile-

ethanol-water (539:441:20, v/v/v), both of which contained 10 mM ammonium acetate 

with acetic acid to adjust pH to 4-4.3. The LC gradient was as follows: time 0 min, 0% B; 

time 1 min, 0% B; time 30 min, 99% B; time 40 min, 99% B; time 43 min, 0% B; time 48 

min, 0% B. The flow rate was 0.3 mL/min with a total run time of 48 min. Multiple reaction 

monitoring was used to analyze each compound. Negative polarity ESI was used with the 

following source conditions: gas temperature, 325oC; gas flow, 10 liters per min; nebulizer 

pressure, 30 psi; sheath gas temperature, 250oC; sheath gas flow, 7 liter per min; capillary 

voltage, 4,000 V; nozzle voltage, 1,500 V; and an electron multiplier voltage of -300 V. 
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All data were evaluated with Agilent MassHunter Qualitative Analysis software, version 

B.06.00. 

3.3.13 Statistical analysis 

 Comparisons of barrier function in Caco-2 cell model, colon length-to-weight ratio 

in colitis model, vitamin E and metabolite concentration were statistically analyzed by one-

way ANOVA followed by post hoc analysis of Gabriel. General linear model with repeated 

measures was used for statistical analysis of fecal symptoms. For histological scores, 

occludin, IL-6, LBP level and alpha-diversity distances, Kruskal-Wallis analysis (non-

parametric equivalent to ANOVA) was used followed by Mann-Whitney U test to 

determine the overall difference among each group and between treatment groups. Pearson 

correlation was used to assess the association between plasma LBP level and colonic 

occludin level. All data in bar graphs and tables are expressed as mean ± SEM. P < 0.05 

was considered significant. Significant differences in beta diversity were determined using 

perMANOVA 261 non-parametric multivariate statistic and PERMDISP 262,263 

permutational analysis of multivariate dispersions. PERMDISP was used to ensure that the 

significant differences were not due to differences in dispersion. ANCOM (analysis of 

composition of microbiomes) followed by Kruskal-Wallis pairwise comparison with false 

discovery rate (FDR) correction was used for comparison of average proportions of taxa in 

mice fecal samples between experimental groups. CCA (canonical correspondence analysis) 

264 in PAST3 (Paleontological statistics) 265 was used to determine associations between 

non-DSS, DSS, αT, γTmT, fecal symptoms, histology score, and taxon relative abundance 

among communities in each fecal sample. Significance of the model for the correlations 

was calculated using a Monte Carlo test with 999 permutations. 
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3.4 Results 

3.4.1 αT and γT pretreatment attenuated cytokine-induced epithelial barrier dysfunction 

in Caco-2 monolayer 

 Similar to previous findings from other investigators, the combination of TNF-α 

and IFN-γ disrupted intestinal barrier function in Caco-2 model, as indicated by the 

reduction in epithelial resistance measured by TEER and other permeability markers 156,266-

270. Here, we adopted this in vitro model by stimulating barrier dysfunction in human 

colonic Caco-2 epithelial cell monolayers with 10 ng/mL of TNF-α and IFN-γ to 

investigate the effect of vitamin E forms on intestinal barrier function. TEER measures 

epithelial paracellular permeability to ionic solutes, thus is often used to assess barrier 

function. In Figure 3.1A, cytokine mixture of 10 ng/mL TNF-α and IFN-γ significantly 

reduced the relative resistance of Caco-2 monolayer. Pre-treatment of αT or γT at 25 μM 

for 16 h prior to cytokine stimulation partially but significantly attenuated the reduction in 

Caco-2 epithelial resistance induced by the cytokine mixture. In this study, αT and γT alone 

did not alter the barrier resistance of Caco-2 monolayer.  

 To examine the potential mechanism underlying the protective effect of αT and γT, 

the level of tight junction protein was measured. In the current study, we found that 

cytokine treatment significantly reduced the protein level of occludin in Caco-2 monolayer 

(Figure 3.1B). However, both vitamin E forms did not attenuate this cytokine-induced loss 

of occludin protein in Caco-2 monolayer (Figure 3.1B). We also measured the level of ZO-

1 in Caco-2 monolayer and found that cytokine treatment tended to reduce the level of ZO-

1 (P = 0.052), and this reduction was attenuated by γT (P = 0.02), but not αT pre-treatment 

(Figure 3.1C). 
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3.4.2 Pre-supplementation of γTmT and αT attenuated DSS-induced colitis symptoms 

and colon inflammation in mice 

 In the Caco-2 model, αT and γT pre-treatment attenuated cytokine-induced barrier 

dysfunction. Here, we used a pre-supplementation model to evaluate whether γTmT and 

αT supplementations given 3 weeks prior to DSS can prevent colitis induced by 2% DSS 

in Balb/c mice (Figure 3.2A). DSS administration increased fecal symptoms of bleeding 

and diarrhea with time (Figure 3.2B). Pre-supplementation of αT and γTmT significantly 

ameliorated fecal symptoms induced by DSS (Figure 3.2B). Additionally, colon length-to-

weight ratio is often used as an indicator of colon inflammation 271. DSS treatment 

significantly reduced the colon length-to-weight ratio as compared to non-DSS treated 

control, but this reduction was attenuated by pre-supplementation of αT and γTmT (Figure 

3.2C).  

3.4.3 Supplementation of γTmT and αT given at the same time as DSS treatment showed 

protection against DSS-induced colon inflammation and intestinal barrier 

dysfunction in mice 

 γTmT and αT prevented DSS-induced colitis symptoms and colon inflammation in 

the pre-supplementation model. However, preventive intervention can be challenging to 

implement when people are not experiencing symptoms or exposed to risk factors. Here, 

we investigated the protective effect of γTmT and αT when these vitamin E forms were 

given at the same time as DSS induction (Figure 3.3A). One week supplementation of 

γTmT and αT significantly raised plasma level of γT (2.5-fold) and αT (2-fold), 

respectively (Figure 3.3B). Similar to the pre-supplementation study, 2% DSS in drinking 

water markedly induced colitis symptoms of bleeding and diarrhea time-dependently in 

mice, and γTmT and αT supplementation (given at the same time as DSS) mitigated colitis 

symptoms induced by DSS (Figure 3.3C) and attenuated colon inflammation as indicated 
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by colon length-to-weight ratio (Figure 3.3D). Additionally, histological analysis of colon 

tissues showed that DSS treatment significantly increased colon damages and immune cell 

infiltration compared to control non-DSS treated mice, which were attenuated by γTmT 

supplementation, but not αT (Figure 3.3E). The level of pro-inflammatory cytokine IL-6 

in colon tissues was also elevated with DSS treatment and significantly reduced by γTmT 

and αT supplementation to the level of non-DSS treated control (Figure 3.3F). 

Besides inflammation, intestinal epithelial barrier dysfunction is another major 

characteristic of IBDs. Here, we measured the level of tight junction protein occludin in 

colon tissues of mice, and found that γTmT and αT supplementation prevent the loss of 

tight junction protein induced by DSS treatment (Figure 3.4A). Additionally, the levels of 

lipopolysaccharide (LPS) and LPS-binding protein (LBP) in plasma are positively 

associated with gut leakiness of the intestinal barrier 272,273. Similarly, we found that DSS 

treatment significantly elevated the level of LBP in plasma, which was attenuated by γTmT 

and αT supplementation (Figure 3.4B). The level of LBP in plasma is negatively correlated 

with the colonic level of occludin (Figure 3.4C). 

3.4.4 DSS treatment and vitamin E supplementation contributed to differences in the 

composition of fecal microbiome 

 Comparisons of the rarefied 26700 sequences from each sample of different 

treatments indicated that there were significant differences in microbial diversity. Alpha-

diversity measures the mean species diversity, including evenness and richness, within 

each fecal sample 249. Pielou’s Evenness index estimates how evenly distributed of the 

species in sample 256, which showed that DSS treatment significantly lowered the evenness 

of species distributed in mice compared to those without DSS treatment (Figure 3.5A). 

Both γTmT and αT did not reverse lowered evenness index caused by DSS treatment 
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(Figure 3.5A). Another alpha diversity index, observed operational taxonomic units 

(OTUs), for estimating species richness within samples, indicated that neither DSS 

treatment nor vitamin E supplementation altered species richness (Figure 3.5B). 

Alternative alpha diversity metric, Shannon diversity (data not shown), which incorporates 

species evenness as well as richness, showed a similar trend as Pielou’s Evenness index, 

suggesting that DSS treatment caused changes in species evenness rather than richness. 

Beta diversity was measured using a variety of algorithms for distance measures 

(Jaccard, Bray Curtis, unweighted Unifrac, and weighted Unifrac) to determine the 

difference in diversity among samples 274. Principal coordinate analysis (PCoA) is used to 

visualize dissimilarities in a dataset (Figure 3.5C-D). In each PCoA plot, the percentage on 

each axis represents the percent variation in the data explained by that axis. PCoA of 

unweighted Unifrac and weighted Unifrac metrics showed separation of microbial 

communities between non-DSS treated (Diamond ♦) and DSS treated (Square ■) animals 

(Figure 3.5C-D). Among DSS-treated animals, PCoA of unweighted Unifrac matrix 

showed that the microbial communities of animals receiving γTmT supplementation 

(Sphere ●) were significantly different from those of animals without supplementation 

(Figure 3.5C). On the other hand, PCoA of weighted Unifrac showed no difference 

between the microbial communities of DSS-treated and DSS with αT supplemented mice 

(Figure 3.5D). PERMDISP analysis confirmed that these significances were not due to 

dispersion difference 262.  

ANCOM was used to determine taxa that were significantly different among 

different treatment groups 275. At the species level, DSS treatment significantly increased 

the relative abundance of unclassified Bacteroides and Parabacteroides goldsteinii 
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CL02T12C30, and reduced the relative abundance of Roseburia uncultured bacterium, 

uncultured Lachnospiraceae mouse gut metagenomes, and unclassified uncultured 

Lachnospiraceae (Table 3.1). Interestingly, both γTmT and αT supplementation raised the 

relative abundance of Roseburia uncultured bacterium reduced by DSS treatment (Table 

3.1), but only γTmT attenuated the reduction of uncultured Lachnospiraceae mouse gut 

metagenome induced by DSS in mice. Additionally, αT supplementation increased the 

relative abundance of Bacteroides acidifaciens in fecal sample of mice compared to those 

without vitamin E supplementation (Table 3.1).   

Canonical Correspondence Analysis (CCA) is a constrained ordination method to 

identify the relationship between the abundance of microbial species and environmental 

factors. The CCA model indicated that variation in species abundance was significantly 

correlated with DSS treatment, αT/γTmT supplementation, and fecal symptoms (P=0.001; 

Figure 3.6). The relative orientation of arrows in this plot shows the direction of the 

corresponding environmental factor and the arrow length indicates the magnitude of the 

respective variable in the model. In our CCA, non-DSS control is negatively associated 

with DSS control treatment and fecal symptoms on axis 1, which explains 70% of the total 

constrained variation in this model. Vitamin E supplementation, on the other hand, is 

negatively associated with DSS control treatment and fecal symptom on axis 2, which 

explains 18% of the total constrained variation in this model.  

3.4.5 Concentration of tocopherols and metabolites in the feces 

 Based on the microbiome analysis, intestinal microbial composition can be 

influenced by vitamin E forms. Thus, we measured the level of tocopherols and their 

metabolites presented in the feces of mice. Supplementation with αT and γTmT led to a 
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significant increase of αT (4-fold) and γT (2-fold) in the feces, respectively (Figure 3.7A). 

Despite the higher fecal excretion of αT (3759.2 ± 304.4 nmol/g) than γT (938.2 ± 36.6 

nmol/g) from supplemented mice (P < 0.05), the level of metabolites excreted from γTmT 

supplementation was higher than αT supplementation (727.2 ± 76.4 vs 260.6 ± 34.4 nmol/g, 

respectively, P < 0.05; Figure 3.7B). 

3.4.6 Correlation between the abundance of specific taxa and different experimental 

measures 

 Using Spearman correlation, we identified specific taxa that are associated with 

other experimental measures in this study (Table 3.2). The fecal level of αT metabolites 

was positively associated with the relative abundance of uncultured Acidobacteriales 

bacterium and Eggerthellaceae Enterorhabdus mouse gut metagenome. The level of γT 

metabolites excreted from feces was negatively correlated with the relative abundance of 

Solibacteraceae (Subgroup 3) Bryobacter, and the level of δT metabolites from feces of 

γTmT supplemented mice was positively associated with the relative abundance of 

uncultured Chitinophagaceae bacterium. The un-metabolized γT and δT were negatively 

associated with the relative abundance of Clostridiales vadinBB60 group uncultured 

bacterium and Ruminococcaceae UCG-014 uncultured bacterium, respectively. 

Additionally, colonic level of IL-6 was positively correlated with the relative abundance 

of Lachnospiraceae NK4A136 group Clostridiales bacterium CIEAF 020, and negatively 

correlated with the relative abundance of Lachnospiraceae and Ruminococcaceae family. 

Lastly, systemic LBP level was negatively associated with uncultured Lachnospiraceae 

mouse gut metagenome. 
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3.5 Discussion 

 To our knowledge, our study is the first to show that αT and γT at a supplemental 

dose can protect against cytokine-induced barrier dysfunction in Caco-2 cells, alleviate 

fecal symptoms of diarrhea and bleeding, prevent intestinal barrier dysfunction, and 

modulate microbial composition caused by DSS treatment in mice. Both αT and γT 

achieved these beneficial effects at 0.05% of diet which is equivalent to a daily supplement 

of 350-400 mg αT and γT to a human adult with body weight of 70 kg (calculation based 

on 32,276). Animals receiving the supplemental dose of αT and γT, either long-term (4 weeks) 

or short-term (1 week), did not show any adverse effect. Thus, our study indicates that 

supplementation of αT and γT can be a safe and effective therapeutic option for colon 

inflammation. 

Our study demonstrates that mice with DSS treatment exhibited severe fecal 

symptoms of bleeding and diarrhea, and inflammation-associated colon damages that are 

similar to clinical and histopathological diagnosis in human IBD 277. Patients with IBD 

reported having bloody stools and diarrhea as a result of inflammatory damage of the 

digestive tract 278. During inflammation, neutrophil infiltration of lamina propria and 

submucosa resulting in cryptitis and crypt abscesses, as well as epithelial degeneration and 

necrosis leading to the disappearance of epithelial cells, are common histological changes 

during acute DSS-colitis 131,190,277. Additionally, elevated pro-inflammatory cytokines, 

such as TNF-α, IL-1β, and IL-6, are observed in the acute phase of DSS colitis 131,190 and 

had been shown previously to be associated with human IBD 66,277. Our study showed that 

the supplementation of αT and γTmT significantly alleviated fecal symptoms of bleeding 

and diarrhea, attenuated colon inflammation and damages, and reduced elevated IL-6 level 
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in the colon induced by DSS, suggesting that supplementation of these vitamin E forms 

may be a beneficial therapeutic option for IBD. 

As previously reported 32,160,161, we found that supplementation of 0.05% αT and 

γTmT significantly attenuated DSS-induced fecal symptoms of bleeding and diarrhea, as 

well as colon inflammation in Balb/c mice. Similar protection of αT and γTmT were 

observed in mice with and without pre-supplementation. Consistent with our current 

findings, Li et al. 160 reported that γTmT (γT/δT/αT~57/24/13) at 0.03%, 0.1%, and 0.3% 

dose-dependently attenuated DSS-induced colon inflammation WT mice (C57BL/6 J; 1.0% 

DSS) and Nrf2 knockout mice (C57BL/SV129; 0.5% DSS), suggesting that the protective 

effect of γTmT is independent of Nrf2. However, we previously showed that 0.1% γT but 

not 0.1% γTmT alleviate moderate but not severe colitis induced by 1.5% DSS in mice 32. 

In that study, the ratio of γT/δT/αT in the γTmT diet was 45/45/10, whereas for this current 

study, the ratio of γT/δT/αT was 58/22/11. The ratio of γT is higher in the current study 

than the previous study, although the overall amount of γT given to the animals was still 

lower in the current study. Higher γT-to-δT ratio or γT alone appears to have better 

protection against DSS-induced colitis. 

Inflammation-induced leak flux diarrhea is a common symptom in patients with 

IBD 147. Elevated pro-inflammatory cytokines in these patients also reported having an 

impaired barrier function 66,147. Thus, pro-inflammatory cytokines, such as TNF-α 156,157 

and IFN-γ 266, are commonly used in various cellular models to induced epithelial barrier 

dysfunction for mechanistic studies and drug discovery. Consistent with the previous 

observations 266, our study showed that the combination of TNF-α and IFN-γ caused Caco-

2 epithelial barrier dysfunction as indicated by reduced TEER. αT and γT pre-treatment 
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partially, but significantly attenuated Caco-2 epithelial barrier dysfunction induced by 

cytokines. Additionally, cytokine treatments reduced the level of tight junction proteins, 

occludin and ZO-1, in Caco-2 epithelium. γT, but not αT, attenuated cytokine-induced 

reduction in ZO-1, but not occludin. Although the protein level of tight junction proteins 

in Caco-2 epithelium can provide information regarding the status of the barrier function, 

the assembly of tight junction proteins is more insightful for the determination of barrier 

function 245,279. In our study, αT and γT did not alter occludin level after cytokine treatment 

in Caco-2 cells. Similar observations were reported in another study 266 that treatments did 

not change the protein level of ZO-1 and occludin, but significantly affected the assembly 

of these proteins in the membrane of Caco-2 epithelium. This suggested that the assembly 

of these tight junction proteins is very critical for Caco-2 barrier function, and may explain 

the potential protection of αT and γT against cytokine-induced barrier dysfunction showed 

by TEER in our study.  

Consistent with the findings from Caco-2 model, αT and γTmT supplementation 

prevented the loss of tight junction protein, occludin, in the colon, and attenuated increased 

gut permeability induced by DSS treatment, as indicated by reduced LBP in plasma. 

Previous study reported that elevated LPS level in plasma is associated with impaired 

barrier function as a result of bacterial translocation from the intestinal lumen to mesenteric 

lymph nodes or the circulation in patients with chronic bowel diseases 280. LPS is endotoxin 

derived from the cell walls of gram-negative bacteria that can trigger an inflammatory 

response by innate immune cells 273. In order to stimulate an inflammatory response,  LBP 

binding to LPS is required for the recognition and binding to CD14, a cellular receptor on 

myeloid cells, to activate LPS-mediated immune response 281. A recent study reported that 
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increase LPS in the circulation markedly elevated LBP level for clearance of endotoxin 282. 

Additionally, our data showed that the level of occludin in the colon is inversely correlated 

with plasma level of LBP, suggesting that circulating LBP can be a predictor for intestinal 

barrier function. These results indicated that αT and γTmT could protect the intestinal 

barrier in vitro and in vivo. 

Intestinal microbiota as a key factor for the pathogenesis of IBD can be modulated 

by DSS treatment and γTmT supplementation. DSS treatment significantly reduced species 

evenness in mice. Species evenness is one of the alpha-diversity measures, which compares 

the similarity of the relative abundance of different species present. Previous studies 

reported a decrease in alpha diversity associated with IBD patients 283,284. However, alpha-

diversity reported in these studies were mostly referred to as species richness. In an animal 

model, 5% DSS treatment for 5 days significantly reduced species richness and evenness 

in C57Bl/6 mice 285. However, our study showed that DSS treatment did not alter species 

richness instead significantly decreased species evenness, suggesting that DSS treatment 

is diminishing the abundance of certain species, but not completely deplete them from the 

environment. 

Beta-diversity comparisons revealed that the most significant difference in 

communities was due to DSS treatment. Based on weighted Unifrac matrix, a phylogenetic 

matrix based incorporating the abundance of taxa, αT and γTmT supplementation showed 

no modification on the microbial composition in DSS treated mice. Interestingly, 

unweighted Unifrac, a phylogenetic matrix based on presence and absence of species, 

showed that only γTmT, but not αT supplementation, significantly changed microbial 

composition in mice with DSS treatment. These results suggest that the difference in 
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microbial communities between DSS and γTmT mice is dependent on the changes in low 

abundance taxa.  

DSS treatment and vitamin E supplementation increased the relative abundance of 

species in the family of Bacteroidaceae and Tannerellaceae in mice. Previous study 

reported that the relative abundance of Bacteroidaceae increased in mice with DSS 

treatment 286. With more advanced sequencing and sequence analysis techniques, we are 

able to identify unclassified Bacteroides and Bacteroides acidifaciens that were 

significantly increased by DSS treatment and αT supplementation, respectively. Earlier 

studies using conventional fecal based or mucosal bacterial isolation had often shown an 

increased concentration of Bacteroides species in patients with CD and UC 287. However, 

a meta-analysis of the currently available data showed that the mean level of Bacteroides 

in IBD patients with active disease was lower than healthy control 288. Additionally, a 

recent study has shown that Bacteroides thetaiotaomicron, a species of Bacteroides, either 

actively growing or retained by freeze-dried cells ameliorated colon inflammation induced 

by 3% DSS in C57BL/6 mice 289. A recent review summarized that Bacteroides is one of 

the most predominant genera of Gram-negative bacteria that can flexibility adapt to the 

nutritional condition of the intestinal environment depending on the nutrient availability 

290. The relative abundance of unclassified Bacteroides is highest in γTmT-supplemented 

mice showed in our study, suggesting that some of these Bacteroides species are adapted 

to and can utilize γTmT. Similarly, we found that the relative abundance of 

Parabacteroides goldsteinii CL02T12C30 increased with DSS treatment and highest in 

mice with γTmT supplementation. Neyrinck et al. reported that Parabacteroides 

goldsteinii might have anti-inflammatory properties against hepatic inflammation in 
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alcoholic liver disease model 291.  Additionally, we found that the relative abundance of 

Bacteroides acidifaciens increased with αT supplementation in mice. Although the role of 

Bacteroides acidifaciens on IBD is not clear, Yang et al. showed that oral administration 

of Bacteroides acidifaciens could prevent obesity and improve insulin sensitivity in B6 

mice fed a high-fat diet 292. Currently, the role of Bacteroides and Parabacteroides in IBD 

has not been well established yet; our data suggest that some of these species are responsive 

to vitamin E supplementation. 

DSS treatment significantly reduced the relative abundance of Lachnospiraceae 

members in mice, which was attenuated by vitamin E supplementation. The depletion of 

Lachnospiraceae is shown in patients with IBD 122,124. Consistent with a previous study 

reporting that the relative abundance of Lachnospiraceae is negatively associated with DSS 

treatment 285,286, our study showed that the relative abundance of Lachnospiraceae is 

negatively associated with IL6 and LBP level, which are markers elevated with DSS 

treatment. A number of unclassified Lachnospiraceae and Roseburia are known butyrate 

producers 293, that contains anti-inflammatory properties against IBD. In our study, αT and 

γTmT supplementation attenuated DSS-induced depletion of uncultured Roseburia and 

Lachnospiraceae in mice, especially γTmT showing stronger potency for preserving these 

bacteria, suggesting vitamin E supplementations can modulate DSS-induced dysbiosis in 

mice.  

Based on the microbiota analysis, γTmT supplementation is more effective than αT 

in modulating microbial dysbiosis caused by DSS, which is likely due to higher metabolites 

generated from γTmT. Unlike αT, γT and δT are substantially metabolized by hepatic 

enzyme, cytochrome P450 4F2 (CYP450 4F2) in the body via ω-hydroxylation and 
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oxidation to generate 13’-hydroxychromanol (13’-OH) and 13’-carboxychromanol (13’-

COOH), which can further metabolize via β-oxidation to various shorter-chain 

carboxychromanols 1,24,54. We have shown that the fecal level of αT and γT increased in 

mice after αT and γTmT supplementation, respectively. With higher level of αT given in 

the diet than γT, the fecal excretion of αT is ~3-fold higher than γT in mice. Interestingly, 

the level of γT metabolites found in feces is ~3-fold higher in γTmT-supplemented mice 

than αT metabolites in αT-supplemented mice despite less γTmT given to the animals. This 

result is consistent with our previous finding that γTmT supplementation significantly 

increased the levels of metabolites in the feces of mice 32. More importantly, we observed 

correlations between some microbial taxa and the different vitamin E forms and 

metabolites, suggesting that these vitamin E forms and their metabolites can modulate gut 

microbiota.  

Our current study is the first to demonstrate that vitamin E supplementation could 

alleviate DSS-induced colitis by reducing colon damages associated with inflammation, 

preserving intestinal barrier function, and modulating intestinal microbial composition in 

mice. However, our current study did not provide enough evidence to support whether 

vitamin E forms or their metabolites can be utilized by intestinal microbiota or direct 

evidence to prove that the anti-colitic properties of vitamin E forms are dependent on the 

modulation of intestinal microbiota. Therefore, future study research using antibiotic or 

germ-free model will provide more information regarding the protective effect of vitamin 

E forms on DSS-induced colitis be due to the modulation of gut microbiota. Also, 

anaerobic cultivation of vitamin E forms and metabolites with human or animal feces may 
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discover microbes that can utilize vitamin E forms and metabolites. Nevertheless, our study 

indicates that vitamin E supplementation can be a safe and effective treatment for IBD.
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Figure 3.1 The effect of αT and γT pre-treatment on cytokine-induced barrier dysfunction 

in Caco-2 monolayer.  

Caco-2 monolayer was pre-treated without or with 25 μM αT and γT for 16 h, then 

stimulated without or with 10ng/ml TNF-α/IFN-γ for 48 h. Caco-2 monolayer resistance 

was measured by TEER. A: αT and γT pre-treatment at 25μM attenuated cytokine-

induced barrier dysfunction in Caco-2 monolayer as indicated by reduced in relative 

monolayer resistance. After TEER measurement, Caco-2 monolayer was collected after 

48hr of mixed cytokine treatment for Western blot analysis. B: Mixed cytokine treatment 

significantly reduced transmembrane protein, occludin, in Caco-2 monolayer. However, 

αT and γT pre-treatment did not protect against cytokine-induced loss of occludin. C: 

Mixed cytokine treatment also showed a tendency to reduced cytosolic scaffold protein, 

ZO-1, in Caco-2 monolayer, and γT but not αT attenuated the loss of ZO-1 induced by 

cytokine treatment. Data are presented as mean ± SEM (n=3). Different letters represent 

significant different. 
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Figure 3.2 The effect of γTmT and αT pre-supplementation on DSS-induced colitis in 

BALB/c mice. 

A: The design of DSS study. B: DSS administration markedly induced colon damage time-

dependently as indicated by total fecal score (rectal bleeding and stool consistency). Both 

αT and γT supplementation attenuated the disease progression of DSS-induced colitis as 

indicated by total fecal score. C: DSS administration markedly reduced the colon length-

to-weight ratio, and was attenuated by supplementation of αT and γT. Mean ± SEM (n= 9-

10); different letters represent significant different. 
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Figure 3.3 The effect of short-term γTmT and αT supplementation on DSS-induced 

colitis in BALB/c mice.  

A: The design of DSS study. B: One week γTmT and αT supplementation increased plasma 

level of γT and αT, respectively. C-F: DSS (2%) in drinking water markedly induced colitis 

symptoms time-dependently, and αT and γTmT treatments stabilized disease progression 

(C), and also alleviated colon inflammation and colitis-associated damages induced by 

DSS as indicated by colon length-to-weight ratio (D), histological analysis of colon tissues 

(E) and colonic IL-6 level (F). Mean ± SEM (n=10), different letters represent significant 

different.  
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Figure 3.4 The effect of short-term γTmT and αT supplementation on intestinal barrier 

function induced by DSS in BALB/c mice.  

A: Both αT and γT supplementation attenuated DSS-induced lost of tight junction protein, 

occludin, in colon epithelium of mice. B: αT and γT supplementation reduced systemic 

LPS binding protein level induced by DSS. C: Colonic occludin level is negatively 

associated with LPS binding protein level in plasma. Mean ± SEM (n=10), different letters 

represent significant different. Pearson correlation p<0.001. 
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Figure 3.5 The effect of DSS and vitamin E supplementation on microbial diversity in mice.  

A-B: Mice with DSS treatment had significantly lower Evenness index than mice without 

DSS (A), but did not change species richness as indicated by Observed otus index (B). 

Significant differences at P=0.001 were determined using Kruskal-Wallis with 999 Monte 

Carlo permutations and Bonferroni correction. Data rarefied to a maximum depth of 26700 

reads per samples. C-D: DSS contributed to the major differences in microbial 

communities present in PCoA of the Unweighted Unifrac (C) and Weighted Unifrac (D). 

Non-DSS control (Diamond ♦); DSS control (Square ■); αT (Star ★); γTmT (Sphere ●). 

Overall differences were determined using Permanova followed by pairwise permanova 

test to determine differences among each treatment group (P<0.05). Permdisp indicated 

that dispersion does not contribute to significance. 
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Figure 3.6 The relationship between the relative abundance of microbial species and 

experimental factors. 

CCA model was performed with the relative abundance of fecal microbiome at the genus 

level as species matrix and the experimental variables of DSS treatments, vitamin E 

supplementations, fecal symptoms, and histological analysis of colon inflammation as the 

environmental matrix. Variable biplot arrows indicate the direction of environmental 

gradients. Angles between arrows corresponds to the relationship of the experimental 

variables to one another based on the relative abundance of fecal microbiome. The relative 

length of arrows corresponds to the importance of the respective variables in the model. 

The fecal microbiome of mice without DSS treatment (non-DSS) is negatively associated 

with those treated with DSS, as well as the severity of fecal symptoms and colon 

inflammation by histological analysis on CCA1. Vitamin E supplementations are 

oppositely associated with DSS and severity of fecal and histological analysis on CCA2. 

γTmT supplementation showed a strong negative association with DSS than αT based on 

arrow length. Overall significance of the model is P= 0.001. CCA1 and 2 explained the 

majority of the total constrained variation of 70% and 18%, respectively. 
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Figure 3.7 γTmT supplementation increases metabolite excretion in feces than αT. 

Vitamin E forms and metabolites were extracted from feces of mice receiving different 

diets. Panel A: αT supplementation significantly increases the parental vitamin E form 

extraction than γT. Panel B: The metabolites from γT were found significantly higher in 

feces of mice with γTmT supplementation compared to αT metabolites excreted from mice 

with αT supplementation. Mean ± SEM (n = 6), different letters represent significant 

different. 
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Table 3.1 Relative proportion (%) of bacterial species that significantly differed between 

treatments.  

Overall significance was tested using analysis of composition (ANCOM) with W-value 

range between 394-478. Differences among the treatment groups were confirmed and 

tested using Kruskal-Wallis followed by Mann-Whitney U with Bonferroni correction. 

Unclassified taxa are species that are yet to be classified with a species name. Uncultured 

taxa are those has yet to be cultured. n = 6 -10 for each treatment.. 

Genus Species Ctrl DSS αT γTmT 

Bacteroides unclassified 3.3 ± 0.8 a  18.5 ± 2.6 b 12.9 ± 1.4 ab 22.8 ± 2.2 b  

Bacteroides acidifaciens 4.2 ± 1.5 a  4.6 ± 0.8 a 11.6 ± 2.7 b 6.8 ± 2.0 ab  

Parabacteroides 
Parabacteroides 

goldsteinii 

CL02T12C30 
0.6 ± 0.2 a  10.6 ± 2.2 b 9.2 ± 2.0 b 12.6 ± 2.3 b 

Roseburia uncultured 

bacterium 0.6 ± 0.1 a 0.01 ± 0.01 b 0.05 ± 0.02 a 0.12 ± 0.04 a 

uncultured mouse gut 

metagenome 0.2 ± 0.1 a 0.0 ± 0.0 b 0.03 ± 0.02 bc 0.13 ± 0.1 ac 

uncultured Unclassified 0.7 ± 0.1 a 0.2 ± 0.03 b 0.3 ± 0.2 b 0.4 ± 0.1 ab 
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Table 3.2 Correlation between the abundance of gut microbiome and levels of vitamin E 

forms, vitamin E metabolites, IL-6, and LPB.  

Spearman correlation was used with FDR correction (n = 6-10 for each treatment). 

Factors Taxa 
Correlation 

coefficient 
p-value 

αT-metabolites 

uncultured Acidobacteriales bacterium 0.87 0.001 

Eggerthellaceae Enterorhabdus mouse gut 

metagenome 
0.85 0.001 

γT-metabolites Solibacteraceae (Subgroup 3) Bryobacter -0.78 0.004 

δT-metabolites uncultured Chitinophagaceae bacterium 0.79 0.004 

γT 
Clostridiales vadinBB60 group uncultured 

bacterium 
-0.82 0.002 

δT 
Ruminococcaceae UCG-014 uncultured 

bacterium 
-0.8 0.003 

IL-6 

Lachnospiraceae NK4A136 group 

Clostridiales bacterium CIEAF 020 
0.63 0.000 

Lachnospiraceae -0.59 0.000 

Ruminococcaceae -0.54 0.001 

LBP 
Lachnospiraceae uncultured mouse gut 

metagenome 
-0.56 0.001 
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 THE COMBINATION OF ASPIRIN AND GAMMA-

TOCOPHEROL INHIBITS COLITIS-ASSOCIATED 

TUMORIGENESIS IN MICE 

4.1 Abstract 

 The chemopreventive effect of aspirin has been evaluated in numerous clinical and 

pre-clinical model of colorectal cancer (CRC). However, the outcomes are not very 

impressive instead along with various gastric complications. γ-Tocopherol (γT), a vitamin 

E form, has been shown to prolong the anti-inflammatory activity of aspirin while 

alleviating aspirin-induced adverse effect. Herein, we investigated the anticancer efficacy 

of the combination of aspirin and γT on HCT-116 human colon cancer cells and 

azoxymethane (AOM)-induced dextran sodium sulfate (DSS) promoted colon 

tumorigenesis in Balb/c mice. In HCT-116 cells, the combination of aspirin and γT 

synergistically suppressed the growth of colon cancer cell. Similarly, the combination of 

0.025% aspirin and 0.05% γT, but not 0.025% aspirin or 0.05% γT alone, significantly 

reduced the number of total and large-size tumor by 40% and 50% (P < 0.05), respectively. 

Also, the combination of aspirin and γT reduced the overall size of the tumor by 60% (P < 

0.05). Stomach lesion caused by aspirin treatment was alleviated by γT supplementation. 

Interestingly, we found that supplementation of γT, with or without aspirin, modulated 

intestinal microbiota and increased the relative abundance of butyrate producer, Roseburia, 

as compared to those without γT supplementation. As recent research reveals the 

importance of gut microbiota on CRC development, the modulation of gut microbial 

composition by γT may play a critical role in the antitumor effect of the combination of 

aspirin and γT in this model. Our data showed that the combination of aspirin and γT has 
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better anticancer efficacy than aspirin or γT alone, and the supplementation of γT alleviated 

aspirin-induced side effect as well as modulated gut microbiota. 

4.2 Introduction 

 Colorectal cancer (CRC) is one of the leading causes of cancer death in developed 

countries with the anticipated death of newly diagnosed patients estimated to be 27,640 in 

men and 23,380 in women 162, despite advances in detection, surgery, and chemotherapy. 

The trend of death from colorectal cancer is still increasing in the United States in the last 

few decades, suggesting that there is no effective treatment for this fatal disease at this 

point of time. Therefore, the development of a non-toxic and simple to apply drug, that is 

effective for the prevention and treatment of colorectal cancer requires more attention. 

It is well established that prostaglandins and leukotrienes synthesized by COX-

1/COX-2 and 5-LOX, respectively, are important in the initiation, progression, and 

invasion of colon carcinogenesis  79. Therefore, COX-2 inhibitors, such as aspirin, are 

proposed as chemoprevention agents for colon cancer 217. However, long-term use of 

aspirin can cause many undesirable outcomes in the gastrointestinal tract 216,294. 

Additionally, the chemoprotective effect of aspirin was very modest, and some of the 

outcomes are inconsistent in some clinical trials 213. To this end, the dual inhibition of COX 

and 5-LOX has been shown to enhance the anticancer activity of COX-inhibitor alone via 

the suppression of multiple cancer-promoting pathways 187, suggesting that targeting both 

COX- and 5-LOX-mediated reactions may improve the chemopreventive activity of aspirin. 

Vitamin E contains eight naturally occurring and structurally related fat-soluble 

antioxidants, i.e., α, β, γ, δ-tocopherol (αT, βT, γT, and δT) and corresponding tocotrienols. 

The non-αT forms of vitamin E, such as γT, are metabolized by hepatic CYP4F2 via ω-
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hydroxylation and oxidation of the side-chain to various long-chain, medium-chain, and 

short-chain metabolites. Mechanistic studies and pre-clinical models of CRC demonstrated 

that γT and its long-chain metabolite 13’-carboxychromanol (13’-COOH) have anti-

inflammatory properties that are beneficial against colon tumorigenesis. γT has been shown 

to inhibit the production of prostaglandins and leukotrienes in intact cells assays, and 13’-

COOH from γT is a competitive inhibitor of COX-1 52,54. Ju et al. demonstrated that the 

supplementation of γT-rich mixed tocopherol (γTmT) reduced prostaglandin E2 (PGE2) 

and leukotriene B4 (LTB4) level and suppressed azoxymethane (AOM)/dextran sodium 

sulfate (DSS) induced colon tumorigenesis in mice. Based on these anti-inflammatory and 

anticancer properties, γT may enhance the anticancer activity of aspirin. We have 

previously shown that the combination of γT and aspirin prolonged the anti-inflammatory 

activity of aspirin and also attenuated aspirin-associated adverse effects on carrageenan-

induced inflammation in rats 239. Here, we investigated the anticancer efficacy of the 

combination of aspirin and γT compared to aspirin or γT alone in HCT-116 human colon 

cancer cells and on AOM-induced DSS-promoted colon tumorigenesis in male Balb/c mice. 

We also examined whether the combination of γT with aspirin would attenuate aspirin-

induced gastric injury. 

4.3 Materials and Methods 

4.3.1 Reagents and diets 

 γT (~95%) and aspirin (>99.5%) was obtained from Sigma (St. Louis, MO). 

Azoxymethane (AOM) and dextran sodium sulfate (DSS, MW 36,000-50,000) were 

obtained from Sigma and MP Biochemicals (Solon, Ohio), respectively. Dimethyl 
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sulfoxide (DMSO) and [3-(4,5)-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide 

(MTT) and all other chemicals were from Sigma. 

Mice in the control group were fed AIN93G diet from Dyets Inc (Bethlehem, PA), 

and those in aspirin, γT, and combination group were fed 0.025% aspirin, 0.05% γT (95%, 

Yasoo Health Inc. Johnson City, TN), and combination of 0.025% aspirin and 0.05% γT-

supplemented AIN93G diet, respectively. The dose of aspirin is equivalent to ~175 mg, 

and the dose of γT is equivalent to ~350 mg daily intake for a 70 kg person (calculation 

based on 276). Both dosages represent a medium supplement dose. To minimize potential 

oxidation of vitamin E, diets were stored in 4oC and food given to mice were changed 

weekly.  

4.3.2 Cell culture and MTT assay 

 HCT-116 human colon cancer cells were obtained from American Type Culture 

Collection (Manassas, VA) and routinely cultured in McCoy’s 5A modified medium 

containing 10% fetal bovine serum (FBS) at 37oC in 5% CO2. Subconfluent HCT-116 cells 

were treated with different doses of γT, aspirin, and their combination for 24 h, 48 h, and 

72 h. Cell viability was examined by MTT assay by estimation of mitochondrial 

dehydrogenase activity as previously described 100.  

4.3.3 AOM-DSS-induced colorectal cancer mode 

 All animal studies were approved by Purdue Animal Use and Care Committee. 

Male BALB/c mice (4-5 week old) were obtained from Harlan (Indianapolis, IN) and 

maintained in the animal care facility at Purdue University under a specific pathogen-free 

condition with ad libitum water and diets. After a week of acclimatization, mice were 

randomly divided into non-AOMDSS control (nonAD) and AOMDSS-treated groups. 
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Mice in the AOMDSS group were injected with 9.5 mg/kg body weight of AOM in 0.1 mL 

phosphate buffered saline (PBS) intraperitoneally. One week later, AOM-injected mice 

were further randomized into control (AD), aspirin, γT, and combination (Comb) group. 

Meanwhile, 1.5% DSS was given to the mice in drinking water for 7 days to induce colitis. 

The DSS cycle was repeated after two weeks to promote chronic inflammation (Figure 

4.2A). Animals were monitor and weighed daily after AOM injection and during DSS 

administration. Fecal symptoms of bleeding and diarrhea were monitor during DSS 

administration. The severity of fecal bleeding and diarrhea was subjectively evaluated 

based on a scale of 0-3. Total fecal score ranges from 0 to a maximum of 6 points based 

upon the summation of rectal bleeding and diarrhea. Food intake was recorded once per 

week. After that, animals were being monitored and weighed weekly until the end of the 

study period.  

4.3.4 Tissue harvest and tumor analysis 

 During tissue collection, colons were removed, flushed with PBS. The weight and 

length of the colon were measured and then cut open longitudinally from rectum to cecum. 

Tumors along the colon were examined, recorded, and counted. Half of the colons were 

fixed flat in 4% formaldehyde. After divided into 3-4 sections, the colon samples were 

embedded in paraffin for histopathological assessment. The other half of the colons were 

frozen for future analysis of pro-inflammatory markers and barrier function. Stomach was 

also removed, rinsed and examined for ulcerative lesion. Scoring criteria for stomach lesion 

as follows: 0 for no visible lesion; 0.5 for redness and hyperemia in the mucosa; 1 for 1-2 

erosion or lesion; 2 for 3-6 erosion or lesion; 3 for > 6 erosion or ulcer. Plasma samples 
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were collected and stored in -80oC freezer. Fecal samples were collected 24hr before 

sacrifice for 16S rRNA Illunmia sequencing. 

4.3.5 Histological analysis 

 Colon tissues were embedded in paraffin and stained with hematoxylin and eosin 

(H&E) for histological analysis via microscopy. Briefly, the degree of inflammation in 

cross-sections of the colon was assessed by an experienced pathologist blinded to treatment 

allocation. The inflammation status was assessed semi-quantitatively in non-tumorous 

tissues and tumorous tissue as described under Materials and Method section in Chapter 3. 

4.3.6 DNA extraction, sequencing and sequence analysis 

 Total genomic DNA was extracted, quantified, amplified, and sequenced as 

described in DNA extraction, sequencing and sequence analysis under the Materials and 

Methods section in Chapter 2. Briefly, total genomic DNA was extracted from each fecal 

sample (~30-40 mg) using the Fast DNA Soil Spin kit and quantified using NanoDrop 3300 

(Thermo Scientific, Wilmington, DE) fluorospectrometer, and quality was assessed. MiSeq 

Illumina 2x250 paired-end sequencing was used to sequence the amplified the V3–V4 

region of the 16S rRNA gene in the fecal samples collected from each mouse on the last 

day of the study period. Amplicons from each sample were combined in equimolar 

quantities and sent to the Purdue Genomics facilities for sequencing using a MiSeq 

instrument (Illumina, San Diego, CA). 

Primer tags and low-quality sequence reads (<Q30) were trimmed prior to DADA2 

denoise 251. Sequences were analyzed using the QIIME2 DADA2 pipeline 252, and SILVA 

132 marker gene reference database was used to assign taxonomy to the representative 

OTU sequences 253. All subsequent comparisons were performed based on rarefaction of 
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21495 sequences per samples. Good’s coverage was used to obtain an estimation of 

sequence coverage of the communities used in these analyses 254. Rarefied analyses of 

alpha diversity indices (observed OTUs 255, Pielou’s evenness 256, Shannon 257) were 

calculated to compare microbiome community diversity within each sample. Beta diversity 

comparisons among microbial communities were made using phylogenetic distance 

matrices, unweighted and weighted Unifrac 258-260 and non-phylogenetic distance analysis 

using Bray Curtis distance and Jaccard. 

4.3.7 Statistical analysis 

 The anticancer efficacy of the combination of aspirin and γT on HCT-116 human 

colon cancer cells is calculated by comparing the relative cancer cell death induced by the 

combination γT and aspirin treatment vs. the sum of relative cancer cell death induced by 

aspirin alone and γT alone using student’s t-test. General linear model with repeated 

measures was used for statistical analysis of fecal symptoms and animal body weight 

changes. Colon length-to-weight ratio, spleen weight, and stomach lesion were statistically 

analyzed by one-way ANOVA followed by post hoc analysis of Gabriel. For tumor 

multiplicity and tumor area, Kruskal-Wallis analysis (non-parametric equivalent to 

ANOVA) was used followed by Mann-Whitney U test to determine the overall difference 

among each group and between treatment groups. All data are expressed as mean ± SEM. 

P < 0.05 was considered significant. Significant differences in beta diversity were 

determined using perMANOVA 261 non-parametric multivariate statistic and PERMDISP 

262,263 permutational analysis of multivariate dispersions. PERMDISP was used to ensure 

significant differences were not due to differences in dispersion. ANCOM (analysis of 

composition of microbiome) followed by a pairwise comparison of Kruskal-Wallis test 
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corrected by false discovery rate (FDR) was used for comparison of average proportions 

of taxa in mice fecal samples between experimental groups. CCA (canonical 

correspondence analysis) 264 in PAST3 (Paleontological statistics) 265 was used to 

determine associations between experimental factors, such as non-AOMDSS (nonAD), 

AOMDSS (AD), aspirin, γT, the combination (Comb), large tumor multiplicity (Ltumor), 

and taxon relative abundance among communities in each fecal sample. The significance 

of the model for the correlations was calculated using a Monte Carlo test with 999 

permutations. 

4.4 Results 

4.4.1 The combination of aspirin and γT inhibited proliferation of HCT-116 human colon 

cancer cells 

 Cianchi et al. 187 demonstrated that dual inhibition of 5-LOX and COX-2 effectively 

suppressed the growth of various colon cancer cells. Here, we investigated whether the 

combination of aspirin and γT has better anti-proliferative activity against cancer growth 

than aspirin or γT alone using HCT-116 colon cancer cells. Aspirin treatment alone at 

different dosages did not affect cell viability, while 50 µM γT treatment alone showed a 

weak reduction in HCT-116 cell viability time-dependently (Figure 4.1). When adding γT 

to aspirin, γT sensitized HCT-116 cells to respond to aspirin treatment, which the 

combination of γT and aspirin significantly reduced the relative cell viability of HCT-116 

cells time- and dose-dependently (Figure 4.1). The relative cell death induced by the 

combination of γT and aspirin was ~50% higher than the combined relative cell death 

induced by γT alone and aspirin alone.  
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4.4.2 The combination of γT and aspirin, but not aspirin or γT alone, significantly 

reduced the number of total and large tumors as well as tumor surface area induced 

by AOMDSS 

 To investigate the anticancer activity of γT and aspirin compared to aspirin or γT 

alone in a whole body environment, supplementations of 0.025% aspirin, 0.05% γT or the 

combination of the two were given to male Balb/c mice with AOM/DSS induction for 

colon tumorigenesis (Figure 4.2A). Supplementation of aspirin, γT, and their combination 

did not change body weight of mice compared to the control diet (Figure 4.2B). AOMDSS 

treatment led to a marked induction of tumors developed in the middle to distal colon 

(Figure 4.2C) as observed in previous study 32. Based on histopathological analyses, these 

tumors were identified as adenomas (Figure 4.2C). The combination of γT and aspirin, but 

not γT or aspirin alone, significantly reduced total tumor and large-size tumor multiplicity 

by ~50% in mice as compared to those in AOMDSS control mice (Figure 4.2D). 

Additionally, the number of total and large size tumor of combination-fed animals was 60-

70% lower than those of aspirin-fed mice. Furthermore, the overall tumor surface area of 

combination-fed animals was 60% lower compared to AOMDSS control mice (Figure 

4.2E). Noteworthy, the overall tumor surface area of aspirin-fed mice was 77% higher than 

combination-fed mice and 65% higher than γT-fed mice (Figure 4.2E). It is also worth to 

mention that the incidence of 3D tumor is 12 out of 16 in control AOMDSS group, 9 out 

of 14 in the aspirin group, 9 out of 16 in the γT group, and 7 out of 15 in the combination 

group (data not shown). These 3D tumors and large size tumor have a higher tendency to 

become carcinomas. Inconsistent with the higher tumor counts in mice fed aspirin-

supplemented diet, histopathological analyses revealed that lower necrosis in tumor tissues 

of mice with aspirin supplementation (Figure 4.2F). 



125 

 

4.4.3 Aspirin-exacerbated stomach lesion and AOMDSS-induced colitis symptoms and 

inflammation were attenuated by γT supplementation 

 Clinical symptoms of colitis such as bleeding and diarrhea were evaluated during 

each cycle of DSS treatment and presented as total fecal score (Figure 4.3A-B). During the 

first DSS cycle, AOMDSS treatment induced moderate fecal symptoms of bleeding and 

diarrhea with time, which was exacerbated by aspirin supplementation on day 7 of DSS 

treatment, which was attenuated by combination with γT (Figure 4.3A). Supplementation 

of γT, not the combination, significantly attenuated AOMDSS-induced colitis symptoms 

on day 6 but not day 7 of DSS treatment. Similar to the first DSS cycle, the second cycle 

of DSS treatment significantly induced colitis symptoms in mice with time (Figure 4.3B). 

The fecal symptoms induced during second DSS cycle is more robust than first DSS cycle 

in the AD control group. Supplementation of γT and the combination significantly 

attenuated DSS-induced symptoms on day 5 of the second DSS cycle and promoted 

recovery on day 8 after the removal of DSS treatment from drinking water (Figure 4.3B). 

Aspirin supplementation also exacerbated colon and systemic inflammation as well 

as stomach lesion in mice. Colon length-to-weight ratio is a common marker for colon 

inflammation. During inflammation, the length of the colon tends to shorten and the weight 

of colon increases due to infiltration of immune cells 131,190,271. Here, we showed that 

aspirin supplementation significantly reduced colon length-to-weight ratio in AOMDSS-

treated mice as compared to non-AOMDSS control mice, which was attenuated by the 

combination of aspirin and γT (Figure 4.3C). Additionally, aspirin supplementation also 

significantly increase the spleen weight in animals compared to non-AOMDSS control 

(Figure 4.3D). An increase in spleen weight is another indicator of chronic inflammation 

295. Most importantly, we found that consistent with previous report 216, aspirin 
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supplementation promoted stomach lesion in mice, which was alleviated by the combined 

supplementation with γT (Figure 4.3E). 

4.4.4 Diets and large tumor multiplicity contributed to differences in mouse fecal 

microbiota 

 Comparison of the rarefied 21,495 sequences from each sample of different 

treatments indicated that there were significant differences in microbial diversity. Alpha-

diversity measures the mean species diversity, including evenness and richness, within 

each fecal sample 249. Observed operational taxonomic units (Observed OTUs), for 

estimating species richness within samples, indicated that γT supplementation either alone 

or combined with aspirin significantly reduced species richness in mice compared to those 

without γT supplementation (Figure 4.4A). Another alpha diversity index, Pielou’s 

Evenness index estimates how evenly distributed of the species in sample 256, revealed that 

more than three large tumors significantly decreased species evenness as compared to 

having less three large size tumor (Figure 4.4B).  

Beta-diversity matrices, such as unweighted and weighted Unifrac, were measured 

to compare the microbial diversity among samples. Principal coordinate analysis (PCoA) 

plot is used to visualize dissimilarities in a dataset, and the percentage on each axis 

represents the percent variation in the data was explained by that axis (Figure 4.4C-D). 

PCoA of unweighted Unifrac matrix showed separation of microbial communities between 

γT-supplemented (alone or combined with aspirin) mice and those without γT 

supplementation (Figure 4.4C). Large tumor multiplicity also contributed to the separation 

of microbial communities as indicated by PCoA of weighted Unifrac matrix (Figure 4.4D). 

The microbial communities of mice with no large tumor is separated from those with more 

than three large tumors, while having 1-3 large tumor is intermediate between the two 
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groups (Figure 4.4D). Permdisp analyses confirmed that the significance observed in these 

models was not due to dispersion differences 262. 

4.4.5 AOMDSS treatment and dietary supplementations altered the microbial 

composition in mice 

 ANCOM was used to determine taxa that were significantly different among 

different treatment groups as shown in Table 4.1 275. At the family level, AOMDSS 

significantly reduced the relative abundance of Bifidobacteriaceae compared to non-

AOMDSS control in mice, but was attenuated by the supplementation of aspirin and the 

combination, but not γT. At the genus level, the combination of aspirin and γT significantly 

reduced the relative abundance of Ruminococcaceae UCG-014 in mice as compared to 

those of AOMDSS control and aspirin. At the species level, the supplementation of γT with 

or without aspirin significantly increased the relative abundance of Enterorhabdus 

uncultured bacterium and unclassified Roseburia, and reduced the relative abundance of 

uncultured Clostridia bacterium in Clostridiales vadinBB60 group. Additionally, Alistipes 

obesi was depleted, and Candidatus Saccharimonas uncultured bacterium was enriched in 

mice with AOMDSS treatment. Supplementation of aspirin, γT, and their combination, 

significantly reduced the relative abundance of Candidatus Saccharimonas uncultured 

bacterium in mice that was enriched by AOMDSS treatment. 

4.4.6 Correlation of gut microbiota and experimental factors 

 Canonical Correspondence Analysis (CCA) is a constrained ordination method to 

identify the relationship between the abundance of microbial species and experimental 

factors. The CCA model indicated that variation in species abundance was significantly 

correlated with AOMDSS treatment, dietary supplementations of aspirin, γT, and 
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combination, as well as the multiplicity of large tumors (P = 0.001; Figure 4.5). The relative 

orientation of arrows in this plot shows the direction of the corresponding experimental 

factors based on microbial composition and the arrow length indicates the magnitude of 

the respective variable in the model. CCA1 is separated by tumor multiplicity, whereas 

CCA2 separates based on γT supplementation, which explains 34.9% and 31.7% of the 

total constrained variation in this model, respectively. Based on the tumor count data, 

combination-fed mice had lower total and large tumors than mice in other treatment groups, 

suggesting that microbial composition correlates with large tumor multiplicity on CCA1. 

Both supplementation of γT and combination contains 0.05% γT in the diet, which 

influences microbial composition and contributes to the separation on CCA2.  

4.5 Discussion 

 We have demonstrated that the combination of aspirin and γT has better anticancer 

efficacy than aspirin or γT alone against HCT-116 human colon cancer cells and AOM-

induced DSS promoted colon tumorigenesis in mice. The supplementation of γT also 

attenuated colon and systemic inflammation, as well as stomach lesion exacerbated by 

aspirin supplementation. Based on microbial analyses, γT supplementation in the diet and 

large tumor multiplicity are the major contributors in modulating microbial composition. 

Our study by far demonstrated that by combining aspirin with γT, improves anticancer 

efficacy of aspirin and alleviates aspirin-induced gastric lesion, in addition to modulation 

of intestinal microbiota. 

Evidence from epidemiological studies reveals an inverse association between the 

use of aspirin and relative risk for CRC development 217,296. However, long-term use of 

aspirin is not plausible as it may lead to upper gastrointestinal (GI) complications such as 
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gastric ulcers 216. Most importantly, the chemopreventive efficacy of aspirin shown in some 

clinical trials is very modest 213. As shown in our study, aspirin was ineffective in reducing 

the proliferation of HCT-116 human colon cancer cells, which is also reflected in the 

AOMDSS-induced tumorigenesis model. Consistent with others297-299, aspirin treatment 

neither decreases the tumor multiplicity nor reduces tumor size in AOMDSS-induced colon 

tumorigenesis. Although one study 300 showed that aspirin inhibits colon carcinogenesis in 

AOMDSS-induced CF-1 mice, this group of scientists was not able to repeat this finding 

in their work published the following year 298. As indicated in the present study, aspirin is 

ineffective in reducing tumor loads and tumor size in AOMDSS-induced Balb/c mice.  

Previous studies also reported that aspirin did not attenuate DSS-induced colitis 

symptoms and colon inflammation 297,298, which is consistent with our findings. In our 

study, aspirin not only did not attenuate DSS-induced colitis but also further exacerbated 

DSS-induced colitis symptoms in the first DSS cycle and increase inflammatory markers 

as indicated by colon length-to-weight ratio and spleen weight. Furthermore, our study 

demonstrated that aspirin treatment induced gastric lesion, although this was not reported 

in the other two studies. This may due to a slightly higher aspirin dose used in our study 

than the other two studies (0.025% vs. 0.02% respectively) 297,298. Nevertheless, the 

exacerbation of colitis symptoms and gastric lesion may due to reduced cytoprotective 

prostaglandins caused by aspirin 301. Interestingly, the combination treatment significantly 

alleviated aspirin-induced gastric lesion and attenuated aspirin-exacerbated colitis 

symptom during the first DSS cycle. 

Mechanistic studies indicate that γT inhibits prostaglandin and leukotriene 

productions 52,54,83, which are essential for inflammation and cancer progression. Dual 
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inhibition of 5-LOX and COX-2 has been shown effectively suppresses tumorigenesis in 

various colon cancer cells 187 and APCmin/+ mouse model 302. In HCT-116 human colon 

cancer cells, we have demonstrated that γT treatment enhanced aspirin’s anticancer 

efficacy by sensitizing HCT-116 to response to aspirin treatment. Consistent with the 

findings from the cell study, we have shown that the combination of γT and aspirin reduced 

tumor formation and enhanced tumor necrosis in AOMDSS-induced mice. The anticancer 

efficacy of the combination of aspirin and γT is better than aspirin or γT alone. Studies by 

others and us 32,94,219 have shown that γT supplementation suppresses colon tumorigenesis 

in pre-clinical animal models. Although the reduced number and size of tumor in γT-

supplemented mice is not statistically significant compared to those in AD group in the 

present study, it is worth to mention that the amount of γT supplemented in the current 

study is at least 50% lower than γT supplemented in the previous studies 32,94,219.  

γT supplementation not only enhanced the anticancer efficacy of aspirin, it also 

alleviated aspirin-caused side effects, which is consistent with our observation in 

carrageenan-induced inflammation in rats 239. Long-term use of aspirin is known to cause 

GI related problems 294. Previous study showed that 5-LOX inhibitor effectively reduced 

gastric damages induced by NSAIDs 303, dual inhibition of 5-LOX and COX-2 not only 

enhances anticancer efficacy but also reduced associated side effect as demonstrated in our 

study. 

Accumulating evidence suggests that intestinal microbiota is critical in the 

development of CRC. We found that higher number of large tumors decrease species 

evenness and changes microbial composition. Additionally, we have shown that γT- and 

comb-supplemented mice have lower species richness compared to animals without γT 
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supplementation, i.e., nonAD, AD, and aspirin, while the species richness is not 

significantly different between AD and nonAD group. Species richness is an alpha-

diversity index to evaluate microbial stability under certain health condition. Traditionally, 

lower species richness represents unstable microbiome associated with illness, which is not 

always concomitant as discussed by Johnson and Burnet 304.  

Additionally, we found that γT supplementation alone or in combination with 

aspirin significantly influence the microbial composition in mice as the supplementation 

of γT and combination of aspirin and γT increased the relative abundance of unclassified 

Roseburia species, which are depleted in patients with CRC 305,306. Roseburia contains 

butyrate producers that exert pro-inflammatory activities against inflammation-induced 

colorectal cancer 207,307. Additionally, AOMDSS treatment increased the relative 

abundance of Candidatus Saccharimonas in the TM7 phylum in feces compared to nonAD 

mice. Bacteria in the TM7 phylum are associated with active inflammatory bowel disease 

308. Interestingly, our data indicated that aspirin, γT, and their combination reduced the 

relative abundance of Candidatus Saccharimonas compared to AD mice. Furthermore, we 

found the relative abundance of Bifidobacteriaceae family reduced within the feces of AD 

mice as compared to nonAD mice, and the supplementation of aspirin alone or with γT 

attenuated the loss of Bifidobacteriaceae induced by AOMDSS treatment. Species in the 

Bifidobacteriaceae family exhibit anticancer activities in AOM-induced colon 

carcinogenesis in rats 309-311. However, only the combination treatment, but not aspirin 

suppressed tumorigenesis in our study, suggesting that γT may have symbiotic activity with 

Bifidobacteriaceae to promote the anticancer activity. 
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Our study demonstrated that the combination of γT with aspirin enhanced the 

anticancer efficacy of aspirin in human colon cancer cells and colitis-associated colon 

tumorigenesis in mice, as well as attenuated aspirin-induced side effects. Further analyses 

on colon inflammation markers such as pro-inflammatory cytokines, specifically IL-6 and 

transcription factors STAT3 are needed as IL-6/STAT3 signaling cascade is a critical 

regulator for the proliferation and survival of colon carcinogenesis 312. A previous study 

showed that aspirin down-regulated the IL-6/STAT3 pathway and activated apoptosis in 

colon tumor tissues but it was not sufficient in reducing the tumor load 297. It is possible 

that γT enhanced aspirin’s apoptotic activity by modulating sphingolipid metabolism in 

our study. Additionally, the level of eicosanoids from 5-LOX and COX-2 should be 

measured in the tumor tissue as the combination of aspirin and γT can inhibit both enzymes, 

which may be contributed to the tumor suppression observed in this study. Intestinal 

microbiota also plays a critical role in the development and progression of CRC. The results 

from microbial analysis also revealed that tumor multiplicity and γT supplementation are 

the major contributors to the alteration of microbial composition in this model. 

Unfortunately, we do not have enough evidence to show whether these changes in 

microbial composition is contributed to the tumor suppression in this model.  
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Figure 4.1 The effect of aspirin, γT, and their combination on cell viability of human 

colon HCT-116 cells.  

The relative cell viability was measured by MTT assay after cells were treated with aspirin, 

γT, and aspirin/γT combination at indicated concentrations and times compared to DMSO 

controls. Data are presented as mean ± SEM (n=4). * represents P < 0.05 using student’s 

t-test by comparing the relative cell death induced by the combination treatment of aspirin 

and γT vs. the combine relative cell death induced by aspirin alone and γT alone.   
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Figure 4.2 The effects of aspirin, γT, and their combination (Comb) on AOM-induced 

DSS promoted colon tumorigenesis.  

A: The study design. B: The body weight of mice during the entire experiment after 

supplementation started. C: Polyps were counted macroscopically and identified 

histopathologically as adenomas. D-F: The effect of aspirin, γT, and their combination on 

colon tumor multiplicity (D), tumor area (E), and necrosis in tumor tissues (F). Data are 

presented as mean ± SEM (n=5-16). Different letters represent significant different.    
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Figure 4.3 The effects of aspirin, γT, and their combination (Comb) on colitis symptoms 

and inflammation induced by AOM/DSS. 

A-B: The effect of aspirin, γT, and their combination on total fecal score of bleeding and 

diarrhea symptoms during first (A) and second (B) DSS cycle, and colon length-to-weight 

(L:W) ratio (C), and spleen weight (D), as well as stomach lesion (E). Data are presented 

as mean ± SEM (n=5-16). Different letters represent significant different.    
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Figure 4.4 The effects of AOMDSS, aspirin, γT, and their combination (Comb) on 

microbial diversity in mice.  

A-B: The effect of different treatments (A) and large tumor multiplicity (B) on alpha-

diversity index of richness (A) and evenness (B), respectively. Significant differences at 

P=0.001 were determined using Kruskal-Wallis with 999 Monte Carlo permutations and 

Bonferroni correction. Data rarefied to a maximum depth of 21495 reads per samples. C: 

PCoA of beta-diversity comparison using unweighted Unifrac distances to reveal the 

significant separation of microbial communities based on different treatment groups. D: 

PCoA of beta-diversity comparison using weighted Unifrac distances to reveal a significant 

separation of microbial communities based on large tumor multiplicity. Overall differences 

were determined using Permanova followed by pairwise permanova test to determine 

differences among each treatment group (P<0.05). Permdisp indicated that dispersion dose 

does not contribute to significance. 
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Figure 4.5 Canonical correspondence analysis (CCA) of fecal bacterial composition and 

experimental variables. 

CCA model was performed with the relative abundance of fecal microbiome at species 

level as species matrix and the experimental variables of AOMDSS treatment, 

supplementation of aspirin, γT, and their combination, as well as large tumor multiplicity 

as the environmental matrix. Variable biplot arrows indicate the direction of environmental 

gradients. Angles between arrows corresponds to the relationship of the experimental 

variables to one another based on the relative abundance of fecal microbiome. The relative 

length of arrows corresponds to the importance of the respective variables in the model. 

The overall significance of the model is P= 0.001. CCA1 and CCA2 explained the majority 

of the total constrained variation of 34.9% and 31.7%, respectively.  



 

 

Table 4.1 Relative proportion (%) of bacterial species that significantly differed between treatment groups.  

n = 5-16 for each treatment. Overall significance was tested using analysis of composition (ANCOM) with W-value range between 211-

508. Differences among treatment groups were confirmed and tested using pairwise comparison of Kruskal-Wallis with Bonferroni 

correction. Unclassified taxa are species that are yet to be classified with a species name. Uncultured taxa are those has yet to be cultured. 

Family Genus Species nonAD AD Aspirin γT Comb 

Bifidobacteriaceae   0.2 ± 0.04 a 0.0 ± 0.0 b 0.7 ± 0.3 a 0.05 ± 0.03 b 0.7 ± 0.4 a  

Ruminococcaceae Ruminococcaceae 

UCG-014 
 0.2 ± 0.2 ab 0.6 ± 0.1 a 0.3 ± 0.1 a 0.2 ± 0.1 ab 0.0 ± 0.0 b 

Clostridiales 

vadinBB60 group 
uncultured 

Clostridia 

bacterium 

uncultured 

Clostridia 

bacterium 
0.2 ± 0.2 a  0.4 ± 0.1 a 0.6 ± 0.2 a 0.0 ± 0.0 b 0.0 ± 0.0 b 

Eggerthellaceae Enterorhabdus uncultured 

bacterium 0.04 ± 0.01 ab  0.03 ± 0.0 a 0.02 ± 0.0 a 0.07 ± 0.01 b 0.09 ± 0.01 b  

Lachnospiraceae Roseburia unclassified 0.05 ± 0.03 a 0.05 ± 0.03 a 0.01 ± 0.01 a 0.2 ± 0.1 b 0.5 ± 0.2 b 

Rikenellaceae Alistipes Alistipes 

obesi 0.04 ± 0.01 a  0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 b 

Saccharimonadaceae Candidatus 

Saccharimonas 
uncultured 

bacterium 0.02 ± 0.01 a  0.1 ± 0.02 b 0.03 ± 0.01 a 0.01 ± 0.01 a 0.01 ± 0.01 a  
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 SUMMARY AND FUTURE DIRECTIONS 

5.1 The pharmacokinetics, bioavailability, and excretion of vitamin E and metabolites 

Our first study characterizes the time-course formation of short- and long-chain 

vitamin E metabolites following a single dose supplementation of tocopherols or 

tocotrienols. Sulfated carboxychromanols appeared to be the major metabolites detected in 

the plasma of rats, whereas unconjugated 13’-COOHs are the predominant metabolites in 

the feces of rats. In the plasma, 13’-COOHs and 13’-OH take less time to reach maximum 

concentration as compared to shorter chain or conjugated counterparts, which is likely due 

to 13’-COOHs and 13’-OH are the initially-formed metabolites as a result of -oxidation 

1,24. Tocotrienols also appear to have more rapid turnover rate than tocopherols as indicated 

by the shorter time to reach maximum concentration. Based on the ratio of the overall 

exposure of the vitamers in the body to the intake of each vitamer, the relative 

bioavailability of vitamin E forms in the plasma follows the order of γT > δT > γTE > δTE , 

whereas the relative bioavailability of metabolites in plasma follows the order of γTE > γT 

> δTE ≈ δT. These results suggest that the bioavailability of metabolites does not depend 

on the bioavailability of vitamin E forms. Furthermore, our study reveals new and 

interesting aspects of fecal and urinary excretion of tocopherols, tocotrienols, and 

metabolites. The excretion of unmetabolized tocopherols is higher than tocotrienol in the 

feces, while the level of metabolites from δTE is higher than γT in the feces. Nevertheless, 

the overall recovery rate of γT is much higher than δTE. Previous studies reported that a 

considerable amount of tocotrienols was found in adipose tissue or skin of rodents after 
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administration 23,232,313. In the future, adipose tissues and skin should be analyzed to 

determine the levels of vitamin E forms and their metabolites remain in these tissues. 

 We also found a distinction in metabolite formation between human and rats. As 

observed in rats, various conjugated and unconjugated metabolites were detected in the 

plasma. However, the major metabolite in human plasma is unconjugated γ-CEHC, rather 

than sulfated CEHC in rats. Due to the limitation of the human study, the time-course 

formation of vitamin E metabolites is not determined. Future study should be carried out 

to characterize the pharmacokinetics formation of vitamin E metabolites as well as the 

excretion in human.  

5.2 The effect of vitamin E forms on barrier function and colitis 

In the second study, we demonstrated that both αT and γT could preserve intestinal 

barrier function disturbed by cytokine treatment in Caco-2 cells as well as attenuate DSS-

induced colitis in Balb/c mice. In Caco-2 cell study, pre-treatment of αT and γT attenuated 

cytokine-induced barrier dysfunction. Intestinal barrier dysfunction is one of the major 

characteristics of IBD 147. This led to the hypothesis that αT and γT can protect against 

DSS-induced colitis in mice. In this study, we have shown that αT and γT supplementation 

given at the same time as DSS or pre-supplemented for 3 weeks before DSS treatment 

alleviated DSS-induced colitis symptoms as well as reduced colon inflammation. We also 

found that both αT and γT supplementation preserved tight junction protein in the colon 

and attenuated intestinal barrier dysfunction induced by DSS treatment. Additionally, we 

have shown that Intestinal microbiota as a critical factor for the pathogenesis of IBD can 

be modulated by DSS treatment and γTmT supplementation. Previous studies reported that 
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patients with IBD have different microbial composition compared to healthy individuals 

283,284. We have also shown that DSS-treated mice have a very different microbial 

composition as compared those of non-DSS control mice. However, γT, but not αT, further 

modulate the microbial composition that is different from those of DSS control mice. 

Additionally, we found that DSS reduced the relative abundance of butyrate-producing 

bacteria, including uncultured Lachnospiraceae and Roseburia in the feces of mice. These 

bacteria are known butyrate producers 293, that contain anti-inflammatory properties 

against IBD. Both αT and γTmT supplementation attenuated DSS-induced depletion of 

uncultured Roseburia and Lachnospiraceae in mice, especially γTmT showing stronger 

potency for preserving these bacteria, suggesting vitamin E supplementations can modulate 

DSS-induced dysbiosis in mice. Interestingly, we found that the level of metabolites from 

γT is higher than αT, which coincides with the influence of intestinal microbial 

composition, suggesting that metabolites from γT may interact and modulate intestinal 

microbiota. 

Overall, our study indicates that vitamin E supplementation can be a safe and 

effective treatment for IBD. However, our current study did not provide enough evidence 

to show whether vitamin E forms or their metabolites can be utilized by intestinal 

microbiota or direct evidence to prove that the anti-colitis effects of vitamin E forms are 

dependent on the modulation of intestinal microbiota. Therefore, future study research 

using antibiotic or germ-free model will provide more information on whether the 

protective effect of vitamin E forms on DSS-induced colitis is due to the modulation of gut 

microbiota. Also, anaerobic cultivation of vitamin E forms and metabolites with human or 

animal feces may reveal relative microbes that can utilize vitamin E forms and metabolites. 
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5.3 Anticancer efficacy of aspirin and γT combination on colon cancer 

Our third project reveals that the combination of γT and aspirin is a more effective 

anticancer agent against CRC than aspirin or γT alone in a cellular and pre-clinical model. 

In HCT-116 colon cancer cells, γT treatment sensitized HCT-116 cells to respond to aspirin 

treatment, which enhanced the anticancer activity of aspirin. In a colitis-driven 

tumorigenesis mouse model, the combination of γT and aspirin reduced the multiplicity of 

the total and large-size tumor as well as tumor size compared to control AOM/DSS-treated 

mice. We also found that aspirin supplementation exacerbated DSS-induced colitis in mice, 

which was attenuated by the combination with γT. Consistent with the observations in 

human 216,294, long-term aspirin supplementation caused gastric lesion in mice, which also 

was alleviated by the combination with γT. Additionally, data from microbial analyses 

demonstrated that γT could influence microbial composition by reducing the relative 

abundance of potential inflammation-associated bacteria and increasing the relative 

abundance of butyrate-producing bacteria, which may contribute to the anticancer activity 

of the combination of aspirin and γT. To further investigate the mechanisms underlying 

improved anticancer efficacy of aspirin by combining with γT, the level of eicosanoids in 

the colon should be measured. As we know, prostaglandins and leukotrienes synthesized 

by COX-1/COX-2 and 5-LOX, respectively, are important in the initiation, progression, 

and invasion of colon carcinogenesis  79. Dual inhibition of COXs and 5-LOX by γT may 

enhance the anticancer activity of aspirin. Additionally, further analyses on colon 

inflammation markers such as pro-inflammatory cytokines, specifically IL-6 and 

transcription factors STAT3 are needed as IL-6/STAT3 signaling cascade is a critical 

regulator for the proliferation and survival of colon carcinogenesis 312. A previous study 
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showed that aspirin could down-regulate the IL-6/STAT3 pathway and activated apoptosis 

in colon tumor tissues, but it was not sufficient in reducing the tumor load 297. It is possible 

that γT enhanced aspirin’s apoptotic activity by modulating sphingolipid metabolism.       
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