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Summary

Vitamin E is a generic term fax group of micronutrients exhibiting the biological activity of
Ut o ¢ o p h e mitally, fquitdcypherols (Tt», -, B, 3) dind four tocotrienols (T3}, - b

, -, 0-) Wwere recognized as the naturally occurring vitamin E compounds. The main
difference among T and T3 is théd@d unsaturated t6arbon side chain of the T3 compared

to the saturated 1@arbon side chain of the T. Recently, a group of fotammin E componds

with a single double bond at carbon Were discovered, namely tocomonoenols (T1). Edible
oils are the major source of T, T3, and of T1.

As a fatsoluble vitamin, the vitamin E is absorbed after oral intake and transported in the
circulation to the Iver, where vitamin E undergoes sorting by the action ofthepatic
tocopherol transfer protein (TTP) and the cytochromgo RCYP) enzymes.UT is
preferentially secreted into the bloodstream, while the ibongeners are metabolized by
CYP to thecaroxyethylhydroxychromanol@CEHC), which are excreted via me and feces.

The TTP has been recognized as necessary for the maintenance of boatentrations

in plasma and extrahepatic tissues. Interestingly, TTP might also protect theT non
congenes from sidechain degradation, and therefore prevent theitalmolic degradation.

The present thesis aimed at increasing our knowledge of thfflon congener s of v
with respect to their occurrence in food, their intracellular localization upokeipito liver

cells, and their tissue distribution in mamma potential role of the TTkh the intracellular

and intraorganismic trafficking ofthe ned T congener s was a second
investigations

To this purpose, the vitamin E profiles and contents in oils of thtaeis Guineensjstwo

Elaas Oleiferg and one hybrid OxG palm fruit genotypes from Costa Rica were determined

after mechanical extraction with a screw press and chemical extractlohexiane. Vitamin

E profiles in the palm oils were similar, irrespective of the genotype aracaatr procedure,

andU a n dtocatrienolsy UT3 and tch®e3 )mowedr eab u n-Taxombnoena@ n g e n e
(U T) was found in oils from five of the six varies.Hexane extraction yielded up to Zdd

higher total vitamin E compared to screw press extraction

Thetwomostabndant tocot r i @thedisverd ddl@ctd far fudherstlide}
with respect to their cellular uptake and intracellulstribution in cultured liver cellsvith

and without stable expression of TTP awedmpared to their respective tocopiier
count er par tAfter{piake, al fout congéners were primarily associated with the
lysosomes, endoplasmic reticulum andspla membrane. Overall, the results conclude that
neither the structural differences between the four congeners, ndrTthexpression are
important factors behind the intracellular trafficking (uptake and distribution) of the
congeners in cultured liveets.

Finally, an animal study was performed to examine the tissue distributldiTpIvhich was
found as a novel vitain E congener during the characterization of the oils, in mice in

comparison toJ T Besides was investigated the influence of TTRIdWpe (TTP**) and
[



TTP knockout TTP”) mice werefed a standard diet witeither UT o r for @ Wekeks.
Concentrationof U Tand U T were measured in blood and several tissUe&. was only

found in blood, not in tissued.oss of TTP function in TTP mice resulted in almost
complete depletion df Tin all tissues. Interestingly) T, contrary toJ Twas still present in

blood of TTP’ mice. In conclusionJ T reached the blood in mice with and without TTP
function, suggesting that TThay not, oronly to a limited extent, be required for the
secretion of UT1 into the systemic circul ati

Overall, the findings of thishesis show that the ndinTcongenersUT3 and oT3, I
similarities with UT regar di n ghsstdiffeentitigsier ac e | |
and blood distribution compared 10 T The TTP lacks a significant role mediating the
intracellular traffcking of U Tand norU Tcongeners. TTP is, however, involved in the
secretion ofJ Tfrom the liver into the bloodstream and might, & certain extent, also be

involved in the secretion &f T.1

Based on the finding that the nréhTcongeners represent the joréty of vitamin E congeners

in palm oils, the identification of additional food sources and a deeper understanding of the
biological roles of these congeners is warranted. Since more is knownlafthan the non

U T congeners,new opportunities for funer research on the biological activities and
consequent health benefits of thenrU T ¢ o n g e n e r basecham theontribuidns aé n

the present thesis



Zussamenfassung

Vitamin E istder Oberbegriff fur eine Gruppe von Mikronahrstofferelchedie biologische
Akt i vi tTeotc ovpohre rlb |  (Bi$Ae) wumlen fackhteKorgenenger Tocopherole
(T: -WB, 20 und vier Taec,obt 3 bdls did matirlicinv@rkomitdenden
Vitamin-E-Verbindungerklassifiziert. Die Unterscheidgrewischen T und T38vird durch die
dreifach ungesattigte 1€ohlenstoff lange Seitenke der T3's im Vergleich zur gesattigten
16- Kohlenstoff langen Seitenkette der T's definiddr kurzem wurde eine Gruppe von vier
Vitamin-E-Verbindungen ni einer Eidach-Doppelbindung am 11terKohlenstofitom
entdecktund als Tocomonoenole (T1lpezeidinet Speisedle sind die Hauptquelle fur T, T3
und T1.

Dasfettldsliches Vitamin Bwnird oral aufgenommen undur Leber transportiert. In der Leber
durchlaufen die VitamirE Kongenere eine Sortierungirdh das U-hepatishenTocopherol

Transferproteif TTP) und der Cytochrom42 (CYP)}EnzymeDasUT wi rd bevor zug:

Blutkreislauf abgegeben, wahrend die nithfKongenere vorden CYREnzymenzu den
Carboxyethylhydroxyctomanolen (CEHC) metabolisierund Uber Urin und Stuhl
ausgeschieden werdefir die Aufrechterhaltung dem o r ma |-komzentthfion in Plasma
und extrahepatischem Geweli® das TTP daher notwendignteressanterweisést es
moglich, dasT TP auch die nidhU TKongenere vor dem Abbau der Seitenkette schiitzen und
so deren metabolischen Abbaerhinderrkann

Ziel dieser Arbeit war unser Wissen (iber die nidhifKongenere von Vitamin E in Bezug
auf ihr Vorkommen in der Nahrung, ihre intrazellulare Lokalisatiei der Aufnahme in
Leberzellen undhre Gewebeverteilung bei Sdugetiemnerweitern.Die potentielle Rolle
desTTP beider intrazellularenVerteilung und dem Transport im Organismus der Rigft
Kongenere war ein zweiter Schwengti der aktuellen Untsuchungen

Zu diesem Zweck wurden die Vitami&Profile und -Gehalte in Gén von dreiElaeis

GuineensiszweiElaeis Oleiferaund einem hybriden Ox®almenfriichtegGenotyp aus Costa
Rica ermittelt. Die Ole wurden entweder mechanisai einer Spindepresseoder chemisch
mit Hexan extrahiert Die VitaminE-Profile in den Palmdlerwaren unabhangig vom

Genotyp und Extr akt-uaodBoseatfraihgremnl e hnUT 3 hynd

h2aufigsten-Tkcongnmeraea.ol U(UT1) wungerndénnDief ¢ n f
Extraktion mit Hexarergab im Vergleich zumechanischen S$pdelpresseesinen bis zu 2,5
fach hohereGesamtVitamin E-Gehalt

Aufgrund der aus den Olen gewonnen Erkenntnisse beziiglich der Haufigkeit der
vorkommenden nichtU TKongenere, wurden die beiden TocotriendleT 3  u n dir 2 T 3
weitere Studien auf ihre zalére Aufnahme und intrazelluldre Verteilung in kultivierten
Leberzellen mit und ohne stabil@TP-Expressionausgewahlt und mit ihren jeweiligen
TocopherolGegenstiickenrdemU T u n ergliciEn Nach Aufnahme der vier Kongenere
waren diese hauptsachlichit den Lysosomen, dem endoplasmatischen Retikulum und der
Plasmamembran assoziiert. Zusammengefasst lassen diese Ergebnisse darauf sckkel3en, da

(



weder die strukturellen Unterschiede, noch @rpression desTTP ausschlaggebende
Faktoren fur den intra#alaren Transport(Aufnahme und Verteilung) der Kongenere in
kultivierten Leberzellen sind.

AbschlieRendwurde eine Tierstudiedurchgefithrt, um die Gewebeverteilung desT 1 ,
welches als neues Vitamin E Kongetei der Charakterisierung der Ole festgéistelirde,

bei M2 usen i m uiessuchen.eEbenfalls wurde hietbei &mfluss von TTP

mit beriicksichtigt Wildtyp (TTP”*) und TTP Knockout (TTP) Mause ertelten 2 Wochen

|l ang eine Standarddi 2t mi @anUOT umdle rtUTAT Ww.ur Dieen
und verschiedeneGeweberbestimmt DasU T konnteausschlieBlich im Blut, nicht in den
Gewebe, gefunderwerden Der Verlust der TTHFunkton bei TTP- Mausen fiihrte zeiner

fast vollstandigenAbnahme derJ TKonzentrationenn allen Geweben. Interessanterweise

konnteUT1, im Gegensatz zu 7"UMAysenmachgelwiesennverBehut v o
Das Vorhandensein vad T im Blut von Mausen mitund ohne TP-Funktiondeutet darauf
hin, dass TTP f¢r die Sekretion von UT1 in

eingeschrénkt erforderlich sein kdnnte.

Insgesamt zeigen die Ergebnisse dieser Arbeit, dass diethiBito ngener e UT3 un.
Ahnlichkeitenmit UT i n Bezug auf Trahsport bésie¢rw alzied d asd ém e T
eine andere Geweband Blutverteilungn aufzeigt Das TTP scheint eine untergeordnete

Rolle im intrazellularen Transport der Vitamin E Kongenere zu spi&esist jedoch arder

Sekret on von UT aus der Leber i ndadeeauchhBlzw t kr e
einem gewissen Grad an der Sekretion von UT1

Basierend auf der Feststellung, dass die flitAKongenere die Mehrheit der Vitaraif
Kongenere in BImdlen repasentieren, ist die Identifizierung zusatzlicher Nahrungsquellen
und ein tieferes Verstandnis der biologischen Rolle dieser Kongenere gerechfieftjgind

des hoheren Wissenstandes iibefim Vergleich zu den nicht) TKongenerensind auf
Grundlage de vorliegenden Arbeit neue Mdoglichkeiten fur die weitdegforschung der
biologischen Aktivitaten und dedaraus resultierenden gesundheitlichen Vorteile der-nicht
U TKongenereentstanden
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Chapter 1

Introduction

1. Vitamin E

In the year 1922, Herbert Evans and Katherine Bishop reported for the very first time the
existence of an unrecognized dietary factor essential for reproduction of rats, présedsin

such as green leafy vegetables and butterfat, and capable of gesteriertility of rats with

proven sterility[1]. Its designation as vitamin came in 1925, ndmalphabetically as vitamin

E, the fifth vitamin of the small family of \aimins discovered at that mom¢2}. Years later,

in 1936, Herbert Evans and hiseworkers isolated from wheaferm oil an alcohol exhibiting
vitamin E activity andocopherelyin ggreemprt svidheir t h e r
biological activity and chemical feature of alcohols (tokos = childpphero = to bearol,
indicating an alcohol); besi de stocophesoywith e por t
methyl alcoholic silver nitrate, they convert the compound in another substance that exhibited

a reduced vitamin E activity, leading theto conclude that vitamin E activity was not the
property of one single compoufis].

1.1 Structures and stereochemistry

Vitamin E is a generic terdor a group of micronutrients exhibiting the biological activity of

Ut ocopherol (UT). The eight naturally-occurr
b-, -, )0 and four - t-pbg o)tdonsist of echrananplBead (with two rings;

one phenolic and one heterocyclic) bound to a saturated phytyl (tocopherols) or threefold
unsaturated isoprenoid (tocotrienolsyd@& r bon si dechai n. The assig
are based on the number and position ofhiylegroups substituted ahé¢ chromanol head

(Figure 1).The phytyl side chain of the tocopherols (T) hagtbhéral centers at positions 2

46 and 8606, whi c h -com$® cobfiguraten, tpdrnaitting eight diffdheat R
stereoisomers (RRR, RSRRS, RSS, SRR, SSR, SRS &#IS). Tocotrienols (T3) only have

one chiral center at position 2, so they can haxe B configuration. However, the presence

of double bonds at positions 36 and 76 on th
four cis/transgeometrical ismers, leading at the end of theoretically eight isomersiR;is,

R, cistrans R, transcis; R, transtrans; S, cis-cis; S, cistrans S, transcis; S, transtrans

[4].

In addition to the T and T3, an emerging group of vitamin E compounds with the structural
feature of a unique double bond at carbon 11' has been discovered, reported for the very first

ti me in 199-focomanaenoh @M &Y Years | atet, -aondel cono
tocomonoenoWwhere found and reportg@-8]. Besides, in 1999 an 1iso



with an unusual methylenensaturation at the isoprenedthain terminus (carbon2) was
found in marine products and named maieeived tocopherol (MDT]Q] (Figure 1).

1.2 Occurrence and dietary intake

Vitamin E is exclusively synthesized photosynthetic organisms. T are the predominant
congenes in higher plants and found in oil seeds, leaves, roots, tubers, cotyledons,
hypocotyls, stems and flowers. T3 on the other hand are not usually found in the green part of
the plants, their accumulah is mostly in seeds, the pericarp and specialized btle¢ latex
tuber[10].

Edible oils are the major source of Tand TBT i s t he predominant Vi
safflower,wheat germ, peanut and olive oils, while soybean, canola, sesame, corn and linseed
oils cont ai n -thoi cgohp haemmoouln t(so To)f. oRecent | vy, gene
with high -aomdtomphérads havé bedén developed. Important amaun of UT
were also detected in seed oils of lemon, ceangand t angeri ne; meanwhi
abundant in grape, guava, melon, tomato and pumpkin seddXils

Palm oil and rice bran oils are the first and second most abundant naturas szfur&e with

>t ocotrienol ( o T 3) vitaaner. Whba¢ germooist cergal goams, suehnas

oat , rye and barl ey, and tobacco-Tecetrembs o0 i |
(UT3) is the predomi nTBoootrierdlor (mb T &) oiast tamel rbaajr
hulled and dehulled whedts1-13].

Tocomonoenols (T1l) have been detected in edi
pumpkin and sunflowreoils [5, 6, 14} -ta@omonoenol in pumpkin 0fi6]; -tatomonoenol in
kiwi fruits [7]; and b-, - @ n d-tocamonoenolin green leaves and etiolated beans of

Kalanchoe daigremontianand Phaseolus coccineu8]. MDT was found in coldvater
fishes, such as salmomcdh Antarctic notothenioid; as well as Antarctic kriEphausia
superba and phytoplanktof®, 15, 16]

Dietary intake recommendations for vitamin E from food, fortified food and multivitamins are
based on the agity ofthe 2Rst er eoi somer i ¢ f or m& theform that , bec
occurs naturally in foods and is the most biologically active stevawr of all the naturally

occurring vitamin E forms. Also the other three synthetiecs2Rer e o i s o metras o f
higher biological activity in comparison with the-B8ms[17].
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R1 Tocotrienols

CHs CHs

Tocomonoenols

HsC, H HsCc H Lkl

Congener K, R
a CH, CH,
B CH, H
] CH,
5 H H

Figure 1. Chemical structures of tocopherols, tocotrienols, tocomonoenols and the marine
derived tocopherol.



The Irstitute of Medicing17] in the US defined a Recommended Dietary Allowance for both

men and women of 15 mg (aBt§ chiddmm an)l dddiescentoef6 UT a
15mg (1435 emol )/ day of UT. Even though a vitam
Estimated Ae r age Requirement of 12 mg (28 emol )/ d
sufficient protective effect of the vitamin E as antioxidant, and a Tolerable Upper Intake
Level of 1000 mg (2325 emol)/day of UT was e
tendency to hemorrhagel7]. The EuropearFood Safety Authority (EFSA) defined an
Adequate Intake of 13 mg/day of U3 ngmay men,
of UT for inflgnts and children

1.3 Absorption, distribution and metabdism

As a fatsoluble vitamin, the route of vitamin E after oral intake follows in general the
pathway of other lipophilic molecules and lipids. Even though the presence afidipitbods

is required for the absorption of vitamin E, some natural foocedignts as dietary fiber,

plant sterols, eicosapentaenoic acid and retinoic acid, among others, can compete with the
absorption of the vitamin E and limit is absorption rate, which varies from 20% t¢18)%

The intestinal absorption starts with the secretion of pancreatic enzymes, bile acids, dietary
lipids and vitamin E into the duodenum waexll components interact to form mixedcelles

with the vitamin E embedded. Integrated in micelles, vitamin E &ntalp into enterocytes by
passive diffusion or receptonediated transport via the scavenger receptor class B type 1
(SR-B1) and the Nieman-pick Cl-like protein 1 (NPC1L1]J19]. In the enterocytes, vitamin

E is incorporated intohylomicrons which are secreted into the lymphatic system mediated by
the ATRbinding cassette (ABC) transporter subiignd, member 1 (ABCA1)[18] (Figure

2).

The chylomicrons in the lymphatic systgmss via the portal vain into the blood system,
where they are hydrolyzed by lipoprotein lipase (LPL) to chylomicron remnants (CR) that
transport vitamin E to the liver, where vitamin E is imported into the livis g low-
density lipoprotein recepteelated proteins (LRP) and ledensity lipoprotein receptor
(LDLR) (Figure 2). The extent of vitamin E absorption and transport to the liver is the same
for all vitamerg19].

Once in the liver, vitamin E utocpghera toapsfer s or t i
prot efiTiP)( U seetocophe& b omr &blbsfer proteind) or 1
cytochrome 450 (CYP) enzymes (see below), leading to almost exclssigec r et i on of
into bloodstreanj19]. So far, no specific plasma transport protein for vitel has been

described, so the transport in the blood follows the lipoprotein transport route of other lipids

that ends up distriliing the vitamin E between the liver and extrahepatic tissues.

UT is i ncor po rdansity ipoproteinsgVLDLyEmdyexporiedithrough ABCA1
[20]. VLDL is enzymatically hydrolyzed by LPL resulting in the formation of {density
lipoproteins (LDL) thatt an i ncor por at e U Extrdhepatidissien From | i ver

4



extrahepatic t

i ssues UT is transported back

ABCAL, where it can either be directly imported into the liver viaEBR or transferrecto
LDL mediated by the phospholipid transfer protein (PLTP) or cholesteryl ester transfer

protein (CETP)19] (Figure 2).

@ Vitamin E

Gallblader/Pancreas

Lymphatic
INGESTION ABSORPTION ymp
al system
h = o Intestinal mucosa
/'_'\ Stomac Pancreatic Small intestine SR-B1 (enterocytes) Chylomicron
| \ enzymes/
/ %_\ / bile acids MPC1L1 £33
s ’r ([ — _— — § ]
z ..---’/ \""“x. L
r N
. Vitamin E in lipidic globules
Micelles LPL
alr
METABOLISM |
[ ] .
Phase Il Phase | ABCAL .
r“'_'_'_'___ | VLDL R
o0 aTTP ‘
LCM/ICM/SCM \L =
|
/ «— «— o LDIR LpL
SULT \L | (_\‘
P SR-B1 [ ]
Li
Sulfated/ fver LDL
glucuronidated \If
metabolites SOM
Phaselll \ J /
MDR3 | MDR3 ® :g‘:f
Kid e e
idney Feces Bile
G Blood 1
Lcm
[ oM m_ cG ABCAL IDIR ——
som scM G L
| Extrahepatic tissues
v DISTRIBUTION
EXCRETION To Absorption

Figure 2. Ingestion, asorption, distribution, metabolism and excretion of vitamin E. After
ingestion vitamin E follows in general the pathway of other lipids. Intestinal absorption starts with the
pack of vitamin Ento micelles, which are taken up by the enterocytes via receptors. Then vitamin E is
incorporaed into chylomicrons through aABCALl transmrter, and transported into the blood
circulation for distribution to the liver and extrahepatic tissues. This idigion occurs via
chylomicrons remnants and lipoproteins. The vitamin E that enters the liver via receptors undergoes

sorting
which protects
an ABCAL transporter back to bl

me dTiTR dr metabdicydegratiagion @YP. -TO P

di scriminlates i
Ubblisrh ancbexcreton, @red $nstéad reediateeits secretion through

oodstreatonrUT congeners are preferenti

n

phases, following the path of xenobiotic metabolism. Phase | is mediated by the CYP eamgmes

producespecific metaboliteswhich

are sulfated and glucuronidated thage llenzymes. Free and

conjugated metabolites are transported to kidney and bile through a phase Il tranapdréxcreted
free or conjugated in urine and feces, or secretedilganto the intestine for absorptioihe figure

was modifiedrom [18, 19]

In the liver, all vitamersr@ degraded following the same catabolic pathway that leads to
specific metabolites with an intact chromanol ring and differences in thelsse. However,
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the rate of degradation differs among vitamers due to differencles ehemical structure and
naure of vitamin E sourci1].

Studies carad out bySontag and Parker 21 si ng t he CY P qfbxylase,c op her
one of the CYP enzymes associated with the initial reaction of vitamin E metabolism, showed

that the rate of metabolic degradation of the vitamin E congeners is mediated by two substrate
structural features inflancing the CYP4F2 activity, first the saturation of the -sidain and,

to a lesser extent, the methylation pattern of the chromanol ring, with the desmethyl forms and
tocotrienols being preferentially metabolized.

The first step of vitamin E metabolism ags in the endoplasmic reticulum of the
hepat ocy thgxylatibnhreastionywhich is mediated by the CYP enzymes CYP3A4
and CYP4F2, results in the formation of the long chain metabolite (LCM) 13'
hydroxychromanol (130 H) , whi c h s u-dxslieed byealtadhdl ynd aldehyde
dehydrogenase to the LCM i&irboxychromanol (18ZO0H). The LCM are transported
into peroxisomes, probably via ABC transporters, as happens for verghaing acyi{CoA

mol ecul es. On c e i-oxidatiom step gherten e sidehain, swith the
elimination of propionylCoA or acetyilCoA and formation of the LCM
carboxydimethyldecylhydroxychromanol (CDMDHC or -TIOOH) and
carboxymethyloctylhydroxychromanol (CDMOHC or@OOH). As the further side chain
shortenily steps take place in the mitochondria, the import of the LCM into mitochondria
might occur through carnithiacytt r a n s f e r acxidation Stéps wle pléce in the
mitochondria, producing the intermediate chain metabolites (ICM)
carboxymethylhexylhyaxychromanol (CDMHHC or 7COOH) and
carboxymethylbutylhydroxychromanol (CMBHC or-GOOH), and the catabolic end
products or shofthain metabolites (SCM) carboxyethylhydroxychromanols (CEHC -or 3'
COOH) [19]. T3 experience a comparable catabolism as T, even if different LCM and ICM
are formed, the resulting equioduct is also the CEHC, leaditg the conclusion that the
sidechain of T3 is saturated before shortening mediated by the reductase and isomerase type
enzymeg22] (Figure 3).

The LCM, ICM and SCM are conjugated by phase Il enzymes of xenobiotic metabolism,
mainly via UDRglucuronosyltransferases (UGT) asulfotransferases (SULT), and therefore

the metabolites appear either sulfated or glucuronidated. Due to their hydroplitieiSCM

are excreted via urine, mainly in glucuronidated form. In parallel, all the conjugated-or non
conjugated metabolites @fand T3 are secreted via bile into the intestine and later eliminated
via feces. In the feces, all the metabolites, T andrE3excreted, and the LCM is the major
metabolite present in percentages over 60%. So far, no specific transport proteins for
conugated or notonjugated CEHC excretion have been reported, however, the phase Il
transporters multidrug resistance protgifOR3) are proposed as possible mediators in the
elimination of the vitamin E metabolit¢®9] (Figure 2).

UT is the predominant form found -3i2n ehmormd L, p
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Figure 3. Metabolic pathway of tocopherols and tocotrienols and

the

intracellular

compartmentation of the different reaction steps.The metabolism of vitamin E is initiated with a

CYP4F2/CYP3A4d e p e n d-eydroxylation in the endoplasmic reticulum,
clrdmanal 1 3NNg x lo/xdir ebactyi o n
which is transported to the peroxisomes. Next, five cyclésoxiflation

formati on
carboxychromanol,

of

| eads

resulting the

t o t he

shortened the chain and finally results in the formation of the carboxyethylhydroxychromanols
(CEHC) in the mitochondriaT3 experienced a comparable metabolism as T, although they differ in
the intermediate metabolites, the end product issttime.The figure wagnodified from [19]. LCM

are named in blue, ICM in red and SCM in grdeor the meaning of Rand R, referred to the box
displayed inside the Figure 1.

2. U-Tocopherol transfer protein

UTocopher ol

a component of rat liver cytoplasja7].
from rat liver [28, 29] and its cDNA isolated from human livgB0].

t rTAR) & & eytosolic BAD& @rdtein firgt described in 195

nor mal

required to maintain
after vitamin E 1is
selectively
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trafficking of UT unt[31) 32]iSubquenestudies tevealed the r o m
e x pr es sTTR in otter tisslies as rat brain, spleen, lung, and kif88}yin rat uterus

[34] and eye reting35], suggesting that its expression in other organs regulates distinct
tissuespecific accumulations of the vitamin[82], and aims t& maintenance of sufficieft T

in sensitive tissues.e. the central nervous system and the developing enjgtjo

A key role of theUJ-TTP in regulation of vitamin E status was discovered after observation

that humans suffering from ataxia with vitamin E deficiency (AVED) carry mutaiiomise

TTPAgene that encodé$TTP. AVED is a primary vitamin E deficiencywheren e | ac k o f
TTP leads to amability to discriminate between different forms of vitamin E, reflected in

|l ower UT plasma concentrati onex carnedt iionnc roefa slég
Clinical symptoms of AVED are characterized by a progressiveosprebellar ataxia,
dysarthria, loss of tendon jerks, decreased visual acuity, and impaired vibration sense, among
others. Similar phenomena are observedtpa knockoutmice, were the generated absence

of UTTP produces the same symptoms observed irfEB\patients, including primary
vitamin E deficiency and s-pliPrkrmockeut miteeld dna r at
ani mal mo d e | t o s {TTPdity vitaamim €€ homeostasid19, f32] orhiee U
investigate the specific @ of vitamin E congeners in different tissues, identify genes related
witsi o Un various diseases and for -dfr@ansieci at e
other functiong36].

2.1 Structure, active siteand affinity to vitamin E

UTTP is classified as a member of the SEGRE protein family, characterized for being

involved in lipid regulation. This family of proteins possesses a typical CRAL_TiRI®D
binding domain. The domai n-steands aogiituitingthe flboro ns i st
of t he binding pockehelices and a anola lelicdl gate autheb e r 0
carboxytterminal group that constitutes the entrance of the digarthe binding pockdg7,

38] (Figure4).

Crystallographic data showed the liganidding pa@ k e t -TOPf modily formed by
hydrophobic amino acids, except for two serine residues and three molecules of water. When

UT enters the binding po c-asitionofthdidomanolonmat i ¢
fits perfect into a niche formed by the dmgphobic sidechains of the amino acids lle194,

Vall91, Leul83, llel54 and Alal56, establishing strong van der Waals interactions (Figure

4). The other aromatic methyl groups in thearid 8position,as well as the methyl at the 2

position of the chroman ring, make contacts to hydrophobic residues, Phe, Val, Leu and lle,

inside the cavity; and the phenolic hydroxyl group connects with the backbone carbonyl of a

Val residue through a hydrogen bond eTgrenyl sidechain folds into a kshape, leading the

methyl groups at 4and 8'position in contact with lle residug37].

The relative -TAP fortheidiffereatsitarirf E dorigenersiwere reported as:
RRRUT, 100%; bT, 38%-UDT,1DP%; ani®®),. UR%, BRR
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Figure 4.St r uct uTTR (framf X -r&y data) b o u n d fTap pddél:the four faces of the
binding pocket é&red ixi ¢ohl(iHgBht eidtrandsrflemeonthe(caviydn) , t he
yellow (bottom), the mobile helical gate in blue (front) and thericoee of the binding pocket (back).

Inset panel3D rendem g of UT -THR wher theé residude194, Vall9l, Leul83, lle154

and Alal56in van der Waals contacts with theomatic methyl group in-position of the chromanol

ring are highlightedn white and the interaction in dashed blue lirBxsttom pael: chemical structure

o f .Thafigure was takefrom [38].

The presence of the methyl group wpésition of the chromanol ring was proposed as the
main reason for -ThR fe@il e0T.ypdstlaied thdt thd absencila | |
of one methyl group reduces the surface available for hydropholécaatibns and

diminishes the packing density into the binding pocket, and that this may be the reason why
9



even if the other tocopherols fit into the cavity as W&, their relative binding affinities for
t heTTWP are | ower [36).oHopeser, endre recentiwiddreported that the
Alal56 residue, forming part of the hydrophobiche that surrounds thensethyl group, is
the criticalpost i on behind t heTR efl eRit§drid y4)o,f -gihrec el
TTP with modification in t[B8]l.s residue prefer

Another important feature determinitT TP binding affinity is the Reonfiguration in the 2

position of the chromanol ring, as observed in ianvivo experiment[40]. This is in

agreement with the lower relative binding affinities ofthe SRRer eoi somer s of U
to the RRRstereoisomer$39]. The position and interactions of the tmd groups of the

prenyl sidechain inside the bindingpgok et wer e reported ndiP to be
binding selectivity, most probably due to the fewer packing restraints and higher flexibility of

the chain37].

For the binding andTTRIundergo donformationaf chadges in tshe U
binding pocket. A mobile helical surface segmens as a lid sealing and opening the binding

pocket. In the closed conformation, the hydrophobic residues of the lid dmect contact

with the sidec hai n of the UT. When the protein gei
residues in the positively chad cleft interactwith the phosphate groups of the
phosphatidylinositol 4 BisphosphateRIP,). The interaction causehe open of the lid. The

acyl chains of the PEPpoint toward the hydrophobic binding pock@romoting a lipid

exchange reaction in which the PiPn t he membr ane i s-TEPxcanhange
therefore close the lid. The close conformation expose®ra polar face thatcilitatesits

release from the membrane, followed by a transporterisid cellsThis exchange of Py

UT is reversible and when the two -TTPgnds ar
transfer them in opposite direat®[37, 41, 42]

2.2 Role on vitamin E transport and metabolism

In vitro experiments with culterd h e p at o c y t-ETB revwealed that she praten is U
not essential for the UT iumpd atke tiheo mT@ndlhesi
action in the trafficking of [BI inside the |

Evidencewas foundt h a t once UT e ndrganellestit iseinteinalized iatc e | | u |
vesicles that end up in the endocytic-compar
TTP is localized, before being transported to the plasma memptahd.aterwas reported

t hat e v e-iTP tismernally localized in late endosomes/lysosomes, its intracellular
distribution <changes in the pr es edistrijute o f UT
throughout the cytosoWith the use ofJ TTP mutantswas studiechow the ineractions of

the protein withmembrane lipids ifluence its role on trafficking. Results revealidt the

hydr ophobi ¢TTB (esiduesofPheplle, Val and Met) are required for association

of the protein with all membranewhereas the phosgoinositides in the plasma ménane
selectively asTIP birdiagt packetvbytchntact Wwith a positive patch of
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resi du-@% swface (Uys and Arglgssential§ o r releasing of
binding cavity to the membrane. Accordingttwthe mutants used, the kegsidues for both
interactions are the Phel69 and the Lys217, respecfR@lly

uT

f

These findings allowed the proposal of a mechanismi fare r ellTeP ofn WT tr af f

in hepatocytes.Li popr ot ei ns aceo endomyitosed ndy reathT the late
endosomes/lysosomes, where the lipoprotein is degraad T i s [@3].TebET@d
binds to therecycling endosomessing the hydrophobic residsiencluding Phel69These
endosomes are characterized by the presence ofCeél/transferrin and GTPase
Rab8/transferrin receptorsnportant in thebinding ofU Tin the recycling endosoes. UTTP
bi nds in lisshydtdfhobic pockeand together withthe recycling endosoenthen
translocate to the plasma membraod TP binds with the Pithrough itspositivdy charged
residuesncluding Lys217. This interaction causes a conformatianél a n g-& TP ibinding)
spacethatproduces h e e x ¢ h a n ggseesectiod Z.1)Jolig thePplagina membrane
exits through an ABCA1 transporter and associates with lipoproteins thatvelelit to
extrahepatic tissuestTTP travelsbackinside the ell to repeat theycle. The directionality
of the process is leading by tb@posite concentration gradients of P(Righ at the plasma
membr ane) and UT (hi g®](Bgure5)he endocytic

11

ves.i



Aceptor

’ lipoprotein
Plasma membrane h |/——) ’

Recycling

endosome
} |

—_—>

Recycling
e ndoso me
A 4

ABCA1 ’ aT
A ’ PIP,

Hydrophobic
region with
Phe169

Positive
residues with
Lys217

* co71/

transferrin

UO 1B JJUBOUOD | U] @SERJ0U|

P GTPase Rab8/
transferrin

Increase in PIP, concentration

Degraded
lipoprotein

Endocytosed
lipoprotein Late endosome/
lysosome

Figure 5. Proposed mechanism underlying}TTP role onUT trafficki ngUTin hep
enters the cell by endocytosis aneachesthe recycling endosome and/or is storage in the late
endosomes/ | ysosomes. | -ATP tagsariatgs wighsthee maryelingoendosoriie, t he
through its hydrophobic regio wi t h Phe 169, Therdcycling endosome together U T .
with -TITMaendld UT then travel ¢tTOP theh assogates withshe PR mb r a n
through its positively charged r esReleasddTexts t h Ly s
the plasma membrane through an ABCAL transporter and associates wittotépap UTTP

translocate back inside the cell to repeat the cycleB i n d i iswrggulaield byWh€D71/transferrin

and GTPase Rab8/transferrin receptors of the recyclwigsome.Directionality of the process is

provided by the opposite concentratigradients of PIPa n d TbeTfigure wasmnodified from [20,

41].

I n addi-tTiP nacttoi nlg a s-tradfickimeinbiteathe diver, poefiouds@arch

s u g g e s tT$SP nmightarevertthe metabolic degradation of vitamin E congelmeviro

experi ment s -TWR-daxhp rheespsaitnigc cle | | sndi mc¢ u oalt, e dr ewiet
reduc®EEHCo f or maTTP-aells, whenes dih increase of thenetabolite was
observed with increasi ndnvitbExpariments ia witypeand o n . F
UTTP knockout mi ce fed wit he absqgngeadr prabenceeos o f
sesamin (an inhibitor of vitamin E metabolism), revealed thatirthibition of metabolism
increases 0T concentrati onsTTRraeducesthefidles, wher

The proposed model, based on these previousnfisdsuggests thatthe RbhT congener s
once they enter the liver, might be partly protected from side -@fjradation when bound

t o-TTB. However, as the binding affinities of the AOT ¢ o n g eower than thatroe |

UT, t#Hd momgeneps acae&@ TRIromnding inTade pre.
become available fo¥-hydroxylation agai{44]. However, the above described protective
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role of vitamin E from metabolic degradation is unlikely totbb e pr i maTTP,buto |l e 01
more likely a gsile effect of the binding affinities for several ligands. Furthermore, the

met abol i s-MIPasmprimarilysesponsible for the discrimination between the vitamin

E congener$44], and the primary role f -TT® seems to be the maintenance of adequate

tissue concentrations by facilitating vitamin E secretion from the &t

Curiously, the ability of the different vitamin E congeners to act-aydroxylase substrates

are for mo st of them the i nveTIBeuggestingtahei r
collaborative role of the two proteins in the vitamin E homeosfasjs Besides, experiments

using Drosophila melanogaster an i nsect t haTlP ex@eassion aHowed | ac
that It can selectively accumulates UT over
CYP t o c o hydmxylask, respalding the crucial role of metabolism for the
discrimination between \aimers and a separate evolution of the two hepatic mechanisms
involved in vitamin E homeostagi5].

This differences in rate degradation of the vitamin E congeners are supportedvig

results, where after supplementation with a mixture of thereifit congeners, they appear in

human plasma with halivesin an i ncreasing order of 0T3 (2,
< o92T16( 8h) <60 k) 19]. (Bdshles,a study on theytotoxicities of the different

vitamin E congeners in murine macrophages and thmingltion rates on hepatocytes,

reported an inverse correlation betwdmth parameters, underlying a physiological reason

behind the differst rates and degradation of the congei¥s$

3. Functions and health implicationsof vitamin E

Soonafter its discovery, in 1931 the antioxid
as its major biolgical function[47]. Later on, other biological functions tiie vitamin E,
nonrelated with its antioxidant capacity, were discovered. The role of the vitamin E has been
recognized on cellular signaling, gene regulation and catalytic activity of several enzymes
[48, 49]

3.1 Antioxidant function of vitamin E: lipid -solubleradical scavenger

Radical scavenging is one of the important functions of antioxidants. Free radieals ar
chemical species that contaome or more unpaired electronSeveral free radicals are
constantly produced in the body asesult of physiological processes, as examples, reactive
oxygen species(superoxide, hydroperoxide, peroxyl, hydroxyl, alcoxyl, aryloxyl), reactive
nitrogenspeciegnitric oxide, nitrogen dioxideperoxynitritey and carbon centered radicals.
Free radials attackmacromolecules such as lipids, proteins, carbohydrates and BNA

start selfpropagating radical chain reactions, which eventually damage the cells. Besides the
macromolecules, these free radicals can react with other free radicals or ant®xid form

13



stable or much less reactive species. When the antioxioatites body are unable to contain
the free radicals pduced, thus oxidative stress is indus@l.

There is weldocumented evidencm vitro and some evidenci vivo that support the
functionof vitamin Eas a peroxyl radicadcavenger capable of preventing lipid peroxidation
in cellular systems.nl the presence of lipid peroxyl radicals, all vitamirc@&generdreak
chain reactions, forming relatively stablepiti peroxides and tocopheroxyl radicals.
Tocopheroxyl radicals areeducedback to the original vitamin E congendsy ascorbate
(vitamin C) and by this means, prevent any potentialgxidant effect of the tocopheroxyl
radicals on e.g. lipoproteins. Agstyl radical is regenerated with the support of the
nicotinamide denine dinucleotide (NADHllependent reductases (e.g. glutathione,
dihydrolipoic acid, thioredoxin18, 4850].

The peroxyl radicalscavengecharateristicof the vitamin Econgenerss due to their ability

to donat hydrogen from the phenolic group on the chromanol. r8iice the phenolic moiety

is dmilar among the vitamin E congenerall are considered potent antioxidarjtsl].

However,in vitro,ther eact i vity of the congenersahf@s bee
> uaT. T érencee hawk i bkein ditrted to the hydrogedonating ability of the
congeners, which increases with the methylation of the chromandbéhg

T3 are reported to bmore efficient peroxyl radical scavengensvitro than T in liposomal
membranes presumaly because the unsaturated side chain allows for a mpoiferm
penetration, distribution and mobility in the lipid layers of the cell membrariess, leado a

more efficient interaction with peroxyl radicals and a subsequent faster recycling by the co
antioxidants in the membrangs2, 13, 51] However,in vivo, the few studies conducted
concluded that T3 are equally potent as T in terms of their antioxidant capdutyower
bioavailability of T3 compared tthe T, would lead to a reduced antioxidant actiuityivo,
mostly because dheir lower plasma and tissue concentratidr2].

In addition to itsfunction quenchingeactive oxygen species, the vitamin E congeners can

also trap reactive nitrogen species, which are mostly formed endogenously by phagocytes and
macrophages dui ng i nfl ammat ory processes. uT and 0
UTln detoxifying nitrite oxide and peroxynitr
and seems to be related with the-methylated Eposition at the chromanol ring tha

allows the tapping of the nitrogen specid3T possesses deb5pasitiongnd gr ou
can therefore not efficiently trap reactive nitrogen spgd@s51, 53]

3.2 Non-antioxidant functions of vitamin E

Roles of the vitamin E in processes of cellular signaling, gene regulatioenagdeactivity
have been recognized of importance in the past yBaently, theilong chain metabolites
also appeared as molecules with specditd distinct biological actities. In the next
paragraphs are summarized some-antioxidants functions documented for the tocopherols,

tocotrienols and long chain metabolites.
14



3.2.1 Non-antioxidant function of tocopherols

uT, s p e iohibitssneoath rhugcle cells proliferatidoy regulation of the protein kinase

C ( PKC) a c thitsthe PKC.actiityby induciigiits dehosphorylation through the

activation of protein phosphatase 2A {RP[18, 48, 49] The PKC inhibition
been linked with improve in pathophysiological conditions such as inflammation, lipid
deposition in aorta, diabetic vascular complications and platelet aggrelddjon

UT alsodecreases the release of the-pftammatory cytokine interleukik b -{ b )L vi a t he
inhibition of the 5lipoxygenase (8.0OX) catalyzed reactiof¥9]. Same function was reported

fori Tand 9T in | unWyT,e pii Tt dsedhbibisetl Thecpeotiuktion of the pro
inflammatory prostanglandin E2 (P@Evia suppression of the cyclooxygenas¢COX-2)

activity in macrophages Supp !l ement at rrionnmixedi Tt was repbrteto r 2T
decrease the formation of P&#a COX-2, and leukotriene B4 (LT8 via 5LOX inhibitions

in models of acute allergic and colitis inflammation. Sinceipflammatory mediators from

COX-2 and 5LOX pathways are recognized to contribute to cancer dpwent,tocopherols

have been proposed as potentially chemoprevention g&dts

Theregulationof genetranscription by vitamin bas been reported for various protei@se

of the earliestvidencesvas the inhibition of xanthine oxidase activity and of its production

of reactive oxygen specig¢48]. U Fegulafed th expressio  o-tfopoliyosin leadig to

reduced cell proliferation. Furthermord) T inhibited the agelependent increase of
collagenase in human skin fibroblasesdthe proliferationof rat A7r5 smooth muscle cells.

At a tr anscr downrégalateam th expressienl of the Scavenger receptors class

A (SR-A) in macrophages and cluster of differentiation 36 (CD36) in smooth mastite

[48, 49] The dowar e gul at ory ef fect on CD36 was al so
prewented dietinduced lipid accumulation, since the hepatic CD36 act as the major fatty acid
transportef54]. U Thind ta the family of tocopheraissociated proteins (TAP) and forms

a complex capable of inhibiting the expression of the phosphoinositde 3 ase 2 ( Pl 3K
in vitro studies, this inhibition has been shown to suppress prostate canceowtti [¢8].

UT and UT equally induce the expression of |
for theopmher ol t {TEP)[49]. Bupplemenmtiore with aufficiént dose of

U T /-mixTindirectly downregulated the expression of the mRNA for the hemeoxygehase

(HO-1), contributing to a decrease in tbgidative stress in cell$5]. 0T admedulated up

the expression of the peroxisome proliferedoc t i vat ed receptor o9 (PPAI
that have ben demonstrated as important for inhibition of cell proliferation and induction of
apoptosis in breast cancaBesides UnTd aovWwnr egul at ed estrogen r e
signaling,which may play a role in the inhibition of mammary tumorigenps33.

3.2.2 Non-antioxidant function of tocotrienols

T3, especia | y UuT 3, have been associated with ne
reasons, due to their role as inhibitor of thelip@xygenase (12.0X) pathway and the
signaling of t he -aByle]l ¥-BOX predominates in theBbrain Idriel
catalyzes the oxidation of arachidonic acid tohiAroperoxyeicosatetraenoi@cid (12
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HPETE), a precursor in the synthesis of-prilammatory leukotrienes. 2RAPETEIis thought
to be neurotoxic and has been also implicate
to its role as retrograde messenger in learning and mea@ri3].

uT 3, 0 T3 -aegulateditiie3peraxipome proliferamrc t i vat ed mBadepmpt or ¢
(PPARU, PP ARO aattivatioh&f AhBse Jeceptorshve beerassociated with

improved body glucose utilization and insulin sensitivity of diabetic phigghlighting a role

of T3 as mediators of target genes against dialpelégs

As well, the effectivity of T3 lowering serum total and Ligholesterol levels has been
reported. T3 reduces the endogenous synthdsihaesterol by inhibition of enzymatic
activity of the 3hydroxy3-methylglutaryicoenzime A (HMG-CoA) reductase through a
posttranscriptional mechanism. This reduction in the cholesterol biosynthesis may thus
protects against hypercholesterolemia angetatolic syndrome, which are considered risk
factors for neurodegenerative disegdes 13]

3.2.3 Non-antioxidant function of long chain metabolites

Recently, the long ain metabolites (LCM) of vitamin E metabolismparticularly U-13-
hydroxychri8@anol ad@gdat b o xyc hr-18-@@0H) from (tHe

cat ab ol jhawabeerf propbSed as a new class of regulatory metabolites with specific

and distinct activityc o mpar ed t o t hire hurpan enaaioprages}LCNIST .
decreased the uptake of oxidized {density lipoproteins (LDL) and oxidized LDBinduced

lipid accumulationdue to adecreasingnp hagocyt i ¢ ac-ltCMsadcttagyanti Bes i d
inflammatory agnts by blocking the lipopolysaccharide (LASJuced upregulation of the
expression of nitric oxide synthase, C@Xand IL-1 {§18].

Recently has been reportedial o gi c al a8 €QOWH ittt ig nobsharetd by T nor
by oT, UT3 or SCM e-18COOH aetigapedthe aiclaag receptor pregnane
X receptor (PXR), which inducethe protein expression and transport activity of the P
glycoprokin on LS B0 intestinal cell$56].
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4. Aims of the doctoral dissertation

Since its discovery as an essential nutrient for female fertility in rodents in 1922, most studies
have focused on UT and comparably lgiand |l e is
tissue distributionof nol T congener s and ivesvsechasthe Tlaand n E
their sources.

The first aim of the present thesis was to characterize food sources-of hionf or ms o f
vitamin E. To this end, the vitamin E composition of Costa Rican palm oil from six varieties
(threeElaeis Guineensjgwo Elaeis Oleiferaand one hybrid OxG genotype) and the impact

of oil processing (mechanical vs. chemical extraction) on the vitamin E profiles were
investigated for the first time. The hypothesis that tocotrienols are the major compounds in the
palm oils and tat the vitamin E concentrations differ between genotypes and extraction
methods was testd@hapter 2).

The second aim of the thesis was to elucidate, for the first time, stractinvity
relationships in the cellular uptake and intracellular distributioo f U T, T3, ianT,
cultured hepat oTdR bremot. Thex pypothssis ithatgdiffetescon the
chemical structure bet we-&TP ar€ theakeydactdrdbelandthe t h e
intracellular trafficking was testd@hapter 3).

Finally, b e c a utsoec olnonoenol (UT1) was detected in
novelty of thiscongener and the lack of information regarding its behavior in vivo, the third

aim of the thesis was to study, for the first time, the tissue disgibuti o f UT1 compar e
in a rodent model with 0 mo z y i oPkmockalt (TTP)  a 4T TP-expressingvild type

(TTP**) mice. Using this knockounouse model, it was possible to expltiie impact of-

TTPon the tissue distriluttihan dT1IU0WIffEhe hw
fromUT wa s (Chapter #).e d
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ABSTRACT: Palm oil is one of the richest sources of tocotrienols and may contain other non-tocopherol vitamin E congeners.
The vitamin E profiles of fully ripened fruit mesocarp of three Elaeis guineensis, two Elaeis oleifera, and one hybrid O X G palm
fruit genotypes from Costa Rica were analyzed by high-performance liquid chromatography with fluorescence detection and gas
chromatography—mass spectrometry after mechanical extraction by a screw press and chemical extraction with hexane. y-
Tocotrienol, a-tocotrienol, and a-tocopherol were the most abundant tocochromanols, while other tocopherols (f-tocopherol, -
tocopherol, and 8-tocopherol) and a-tocomonoenol were detected at minor concentrations. Significant differences in vitamin E
profiles between genotypes were observed, and the variety E. oleifera Quepos (CB9204) had by far the highest content of total
tocotrienols (890 ug/g of oil) and total vitamin E (892 ug/g of oil). Chemical extraction with hexane afforded up to 2.5-fold
higher vitamin E yields than screw press extraction. @-Tocomonoenol co-eluted with y-tocopherol in reversed-phase high-
performance liquid chromatography analyses and is a possible source of error in the quantification of y-tocopherol in foods.

KEYWORDS: Elaeis guineensis, Elaeis oleifera, hybrid O X G, oil extraction, chromatography, palm fruit oil, pumpkin seed oil,
palm oil extraction byproducts, vitamin E

H INTRODUCTION carotenoids, and unsaturated fatty acids) of the oil from E.
oleifera.' "

Palm oil is extracted from the ripened mesocarp of the fruits
of the palm oil tree (family Arecaceae, genus Elaeis)"* and a rich
source for tocotrlenols, which make up ca. 80% of 1ts total
vitamin E content,’ and a source for tocomonoenols.””” The
two most common extraction procedures involve either
mechanical pressing with a screw or hydraulic press or the
extraction of the oil with or$anic solvents, such as hexane,
petroleum ether, or pentane.'”"* It is not known how these two
different extraction processes differ regarding their total vitamin
E yield and if the extraction yields of individual vitamin E
congeners, particularly the minor compounds, such as T1, may
differ from the major congeners.

We thus aimed to determine the complete vitamin E profiles
of palm oils extracted mechanically or with hexane from three
E. guineensis, two E. oleifera, and one hybrid O X G genotypes.

Vitamin E is a generic term for a group of micronutrients
comprising eight naturally occurring lipid-soluble compounds
with a chromanol ring structure bound to a saturated
(tocopherols) or 3-fold unsaturated (tocotrienols) 16-carbon
side chain (Figure 1). The four tocopherols and four
tocotrienols are assigned the prefixes @, f, 7, or 6 based on
the number and position of methyl groups substituted at the
chromanol ring (Figure 1). Vitamin E is exclusively synthesized
by photosynthetic orgamsms and, thus, present in plant foods,
particularly vegetable oils."

In addition to the well-known and -studied tocopherols (T)
and tocotrienols (T3), a group of minor vitamin E compounds
with a single double bond at carbon 11’ [tocomonoenols (T1)]
has been detected in plants and plant foods, such as a-
tocomonoenol in palm oil (Elaeis sp.),””” pumpkin seed oil
(Cucurbita pepo L.),* and sunflower onl (Helianthus annuus),” y
tocomonoenol in pumpkin seed oil,® 5-tocomonoenol in k1w1
(Actinidia chinensis),"’ and -, y-, and 5-tocomonoenol in leaves

B MATERIALS AND METHODS

of Kalanchoe daigremontiana and Phaseolus coccineus."' Plant Material. Fully ripe fruits of three E. guineensis, two E.
In Costa Rica, two Elaeis species have industrial importance oleifera, and one hybrid O X G genotypes were obtained from ASD
in the palm oil market, Elaeis guineensis from Central and West Costa Rica, Grupo Numar (Coto 47, Puntarenas, Costa Rica; latitude,

Africa and Elaeis oleifera from Central and South America, and longitude, and altitude, 8.60088025, —82.94484615, and 20 m over sea

in the past few years, hybrid varieties have been developed.

Interspecific hybridization between E. guineensis and E. oleifera Received: May 12, 2017
aimed at achieving oil yields as high as the oil from E. guineensis Revised:  July 28, 2017
combined with the reduced tree height, resistance to diseases, Accepted: July 29, 2017
and superior nutritional value (higher content of vitamin E, Published: July 30, 2017
ACS Publications  © 2017 American Chemical Society 7476 DOI: 10.1021/acs jafc.7b02230
A4 J. Agric. Food Chem. 2017, 65, 7476-7482
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Figure 1. Chemical structures and methylation patterns of tocopherols, tocotrienols, and tocomonoenols.

level, respectively). E. guineensis genotypes were two mother lines ‘Deli
Dami’ from Papua New Guinea (age of plant, 12 years) and ‘Tanzania’
from Tanzania (age of plant, 13 years) and the commercial line ‘Deli X
Nigeria’ that is a cross-link of a E. guineensis mother ‘Deli Dami’ from
Papua New Guinea with a E. guineensis father ‘Nigeria’ from Ghana
(age of plant, 11 years). E. oleifera genotypes were two mother lines
‘Quepos’ from Costa Rica (age of plant, 25 years) and ‘Manaos’ from
Brasil (age of plant, 8 years). The hybrid genotype O X G is a cross of
an E. oleifera mother ‘Manaos’ from Brasil with a composed hybrid
father (age of plant, 8 years). The composed hybrid father is a mixture
of 6% genes of E. oleifera ‘Quepos’ from Costa Rica with 94% genes of
different E. guineensis genotypes. In the hybrid O X G, each parent
provided 50% genes, where the composed hybrid father strictly
provides 3% genes of E. oleifera ‘Quepos’ from Costa Rica and 47%
genes of different E. guineensis genotypes. The genotypes have a six-
digit experiment code designated by the breeders of ASD Costa Rica
to facilitate exact identification. For the purpose of this study, Elaeis
genotypes were identified using their name followed by their
experiment code (e.g, Deli Dami CBO87F; see the Supporting
Information).

Palm Oil Extraction. Palm oil was extracted from palm fruits that
were previously removed by hand from freshly harvested palm fruit
bunches. Palm fruits were sterilized with an autoclave (Steam Steriliser
Varioklav HP Medizintechnik, Oberschleiffheim, Germany) at 130 °C
for 1 h, allowed to cool, and stored at 4 °C until the extraction
processes. As far as possible, the temperatures during the extraction
processes were maintained below 40 °C to avoid thermal degradation
of vitamin E.

Screw Press Extraction. The palm oil extraction with a screw press
was based on work published by Poku'* and Adetola et al.'® Palm
fruits were digested by magnetically stirring the fruit with water at 40
°C for 10 min. Then, the seed was manually removed from the peel
and mesocarp and discarded. The pre-digested peel and pulp (100—
120 g) were pressed with a screw press (CAS9G, IBG Monfort
Oekotec, Monchengladbach, Germany), and the nozzle was preheated
for S min with an electric ring before the first and third extractions.
Three consecutive exhaustive extractions at screw speeds of 40.0, 34.6,
and 28.0 rpm and with decreasing nozzle diameters (6, S, and 4 mm,
respectively) were performed, and the residual cake was recirculated
during the whole extraction. To separate the extracted oil from fibrous
material and non-oily solids, the crude oil in a centrifugation tube was
warmed in a water bath at 40 °C for 10 min and then centrifuged twice
at 1690g at 20 °C for 5 min. The upper oil layers were transferred to
and combined in a fresh flask. The extracted oils were stored at 4 °C in
a glass bottle wrapped with aluminum foil to prevent light exposure.

Additional experiments with two representative genotypes (Deli
Dami CBO87F and Quepos CB9204) were performed to investigate
the vitamin E profiles in the resulting palm oils in comparison to the
residual press cake and centrifugation byproduct to better understand
the differences in extraction efficiencies.
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Chemical Extraction. The chemical extraction protocol was based
on Prada et al.'® and Morcillo et al.'” The seed and peel of each fruit
were removed by hand from the mesocarp, which was dried in an oven
at 70 °C for 6 h and then ground to a powder with mortar and pestle.
The ground mesocarp was mixed with hexane (10:100 by vol) and
stirred for 30 min at room temperature. The solid residue was
removed by vacuum filtration, and the supernatant was dried in a
vacuum rotary evaporator (Rotavapor R-100, Biichi Labortechnik,
Essen, Germany) at a maximum temperature of 30 °C to remove
hexane. The crude extracted oils were stored at 4 °C in a glass bottle
wrapped with aluminum foil to prevent light exposure. Additional
experiments with two representative genotypes (Deli Dami CB087F
and Quepos CB9204) were performed to investigate the vitamin E
profiles in the resulting palm oils in comparison to the residual peel to
better understand the differences in extraction efficiencies.

Chemicals and Stock Solutions. All chemicals used were of the
highest purity and purchased from Sigma-Aldrich Chemie (Taufkirch-
en, Germany) or Merck (Darmstadt, Germany). Methanol was high-
performance liquid chromatography (HPLC) grade, and all water used
was deionized and filtered water (Millipore, Billerica, MA, U.S.A.).
Individual stock solutions (10 mmol/L) of authentic a-, f-, y-, or &-
tocopherol and -tocotrienol (Sigma-Aldrich, minimum of >95.5%
pure) were prepared in ethanol, and concentrations were confirmed
photometrically. Identical aliquots of the eight individual stock
solutions were combined to prepare a standard solution containing
125 pmol/L of each compound. Pumpkin seed oil (100% pure,
PureNature, Austria) was purchased from a local supermarket in
Stuttgart (Germany).

HPLC Analysis of Vitamin E. Tocopherols and tocotrienols were
extracted and quantified as previously described.'® In brief, six replicate
samples were taken from each palm or pumpkin oil sample, and three
replicates were taken from the palm oil extraction byproduct
experiments. A total of 20 mg was weighed into a glass tube with a
screw cap, and 2 mL of 1% ascorbic acid in ethanol (w/v), 900 uL of
deionized water, and 600 uL of saturated potassium hydroxide were
added. Samples were saponified at 70 °C in a shaking water bath for 30
min and then cooled on ice. Ethanolic butylated hydroxytoluene (25
uL, 1 mg of butylated hydroxytoluene/mL of ethanol), 1 mL of
deionized water, 600 uL of glacial acetic acid, and 2 mL of n-hexane
were added, and the glass tubes were closed and mixed for 1 min by
mechanical inversion (Bio RS-24 mini-rotator) and centrifuged (188g
at 4 °C for 3 min) to facilitate phase separation. An aliquot of the
supernatant (1.5 mL) was transferred to a fresh glass tube. The
extraction was repeated with 2 mL of n-hexane and transfer of 1.5 mL
of supernatant, and a third extraction was performed with 2 mL of n-
hexane and a transfer of 2 mL of supernatant. All supernatants were
combined in a glass tube and dried under vacuum with a centrifugal
evaporator (RVC 2-25 CD Plus, Martin Christ Gefriertrocknungsan-
lagen, Osterode am Harz, Germany). The dried residues were
resuspended in 250 L of ethanol, vortex-mixed, transferred to 0.5
mL microcentrifuge tubes, and centrifuged at 17000g for 1 min, and

DOI:10.1021/acs jafc.7b02230
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Table 1. Mean Concentrations (+SD; n = 6; All in ug/g) of Tocotrienols, Tocopherols, and a-Tocomonoenol in Palm Oils

from Elaeis sp. Genotypes Extracted with Screw Press Extraction

a,b

Concentration in palm oil (ug/g)

Compound Tanzania CB063B Deli Dami CB087F Deli X Nigeria CB082C Quepos CB9204 Manaos CB1201 Hybrid O X G CB127B
aT 77 £ 04a 121 +20b 94+ 13 a 091 + 0.12 ¢ 0.090 + 0.079 ¢ S1+11d
2 1.0 +£0.1a 0.57 £ 0.11 b 0.52 + 0.04 b 0.047 + 0.035 ¢ nd* 0.15 £ 0.02 ¢
yT 0.58 + 0.02 a 0.36 + 0.11 b 0.34 + 0.10 b 0.16 + 0.09 ¢ nd 0.27 + 0.08 be
ST 023 + 0.25 nd nd nd nd nd

aT1? 27+02a 0.078 + 0.079 b 0.677 £ 0.099 ¢ 020 +0.12 b 0.18 + 025 b 0.59 £ 0.11 ¢
aT3 469 + 2.7 ab 26.5 + 4.6 cd 617 + 83 e 358 + 5.5 ac 21.1 +36d 594 + 14.0 be
pT3 58 +04a 1.9+ 04 b 86+ 05¢c 023 +0.15d 022 +0.12d 11 +02e
yT3 708 + 6.5 a 98.1 + 134 a 90.5 + 200 a 559.0 + 373 b 211.7 + 269 ¢ 146.0 + 194 d
oT3 275 +07 a 241+ 19b 383+ 15¢ 271+ 11a 207 +1.5d 94 + 08 e
total T 95+05a 130+20b 103+ 13a 1.1 +£02c¢ 0.090 + 0.079 ¢ S55+12d
total T3 151.1 £ 92 a 150.5 £ 192 a 199.0 + 28.5 ab 6222 + 432 ¢ 2537 +£28.1d 2159 + 332 bd
total VE 1633 £ 9.7 a 163.6 + 20.6 a 210.0 + 29.7 ab 623.5 £ 435 ¢ 2539 + 282 b 2220+ 345b

“Comparison of means using Tukey’s multiple comparison test. Values within a row not sharing a common letter are significantly different at p <
0.05. "Vitamin E congeners differ in molecular weight, and thus, similar weights do not represent similar numbers of molecules. “nd = not detected.
“Expressed as a-tocopherol equivalents.

Table 2. Mean Concentrations (+SD; n = 6; All in ug/g) of Tocotrienols, Tocopherols, and a-Tocomonoenol in Palm Oils
from Elaeis sp. Genotypes Extracted with Chemical Extraction™”

Concentration in palm oil (ug/g)

Compound Tanzania CB063B Deli Dami CB087F Deli X Nigeria CB082C Quepos CB9204 Manaos CB1201 Hybrid O X G CB127B
aT 122 +£ 82 a 16.7 + 4.6 a 191+31a 14 +10b 1L.5+09b 42+ 12b
pT 0.56 + 0.28 a 0.30 + 0.07 be 0.51 =+ 0.08 ab nd’ 0.11 + 0.09 ¢ nd
7T nd 0.086 + 0.099 a 0.48 +£ 0.13 b nd 0.012 + 0.029 a nd
6T 0.08 + 0.12 a 0.26 + 0.20 a 0.16 £ 025 a 030 + 024 a 0.11 + 0.18 a 0.17 £ 027 a

aT1? 30+26a nd 0.85 + 0.68 b 042 +022b 048 + 033 b 14 + 0.6 ab
aT3 85.7 + 365 a 412+ 101 b 126.1 + 12.0 ¢ 292 +103 b 371 £ 118 b 1019 + 222 ac
pr3 120+ 23 a 35+07b 194 +£ 08 ¢ 0.15 + 037 d 1.1 £03d 30+03b
yT3 201.7 £ 379 a 237.4 + 102.5 ab 269.6 + 11.6 ab 8222 + 2070 ¢ 4442 + 1785 b 343.3 + 139.4 ab
oT3 545+ 49a 31&E7S5b 89.0 + 3.6 ¢ 387+77b 421 +49b 179 + 1.4 d
total T 128 + 80 a 174 + 47 a 203 + 3.1 a 1.7+11b 1.8 +£08b 44+ 13b
total T3 3540 + 77.6 a 3152 + 1162 a 504.2 + 169 a 890.3 + 2196 b 524.6 + 180.8 a 466.1 + 1384 a
total VE 369.8 + 83.0 a 3326 + 119.6 a 5253 + 188 a 892.4 + 2204 b 5269 + 181.1 a 4719 + 139.1 a

“Comparison of means using Tukey’s multiple comparison test. Values within a row not sharing a common letter are significantly different at p <
0.0S. “Vitamin E congeners differ in molecular weight, and thus, similar weights do not represent similar numbers of molecules. “nd = not detected.

dExpressed as a-tocopherol equivalents.

the liquid phase was transferred to amber HPLC vials. A total of 15 uL
of sample was injected into Shimadzu HPLC (system controller SCL-
10Ayp, two pumps LC-10AT, autoinjector SIL-10ADyp, column oven
CTO-10ASyyp, and fluorescence detector RF-10Ay;, Shimadzu, Japan).
Tocopherols and tocotrienols were separated on a Phenomenex
Kinetex PFP column (2.6 um particle size, 150 X 4.6 mm) maintained
at 40 °C, using methanol/water (80:20, v/v, eluent A) and methanol
(eluent B) at a flow rate of 0.8 mL/min. The elution gradient was as
follows: isocratic 100% A for 15 min, from 100 to 50% A in 29.5 min,
from 50 to 0% A up to 30 min, isocratic 0% A until 34 min, going back
to 100% A in 0.01 min, and running isocratic at 100% A until 60 min
total run. The fluorescence detector was operated at excitation/
emission wavelengths of 296/325 nm, and peaks were recorded and
integrated using LabSolutions software (version 5.82, Shimadzu
Corporation) and identified and quantified using authentic tocopherol
and tocotrienol standards (Sigma-Aldrich). Unknown peaks were
collected manually from the detector immediately after visualization of
the peak on the chromatogram and analyzed by gas chromatography—
mass spectrometry (GC—MS) (see below).

Trimethylsilylation and GC—MS Analysis of Tocomonoenols.
Crude palm oil or pumpkin seed oil (2 mg) and isolated fractions of
unknown peaks collected from HPLC (see above) were dried under a
gentle stream of nitrogen in a heating block. Then, 25 uL of pyridine
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and SO uL of silylating reagent [N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA)/trimethylchlorosilane (TMCS), 99:1, v/
v] were added. The vial was closed and heated at 70 °C for 30 min.
Afterward, the silylating agent was removed by means of a gentle
stream of nitrogen. The residue was redissolved in n-hexane (palm and
pumpkin seed oil in 1 mL, isolated peak fractions in 200 uL of n-
hexane) and subjected to GC—MS analysis.

Crude palm oil and pumpkin oil (after trimethylsilylation) were
analyzed using a 6890/5973 GC—MS system (Hewlett-Packard/
Agilent, Waldbronn, Germany, GC—MS system 1) equipped with a
cool-on-column inlet as described recently in more detail.'” A slightly
different temperature program was used: After 1 min at 60 °C, the
temperature was raised at 10 °C/min to 250 °C (hold time of S min),
then at 5 °C/min to 300 °C, and finally at 30 °C/min to 350 °C (hold
time of 7 min). The temperature of the transfer line, ion source, and
quadrupole was set at 350, 230, and 150 °C, respectively. The ions m/
2 209.1, 217.1, 223.1, 237.1, 357.3, 468.5, 472.5, 474.5, 482.5, 486.5,
488.5, 496.5, 500.5, and 502.5 were recorded in selected ion
monitoring (SIM) mode after a solvent delay of 15 min with a
dwell time of 30 ms.

Isolated HPLC fractions (after trimethylsilylation) were analyzed
using another 6890/5973N GC—MS system (Hewlett-Packard/
Agilent, Waldbronn, Germany, GC—MS system 2) with conditions

DOI:10.1021/acs.jafc.7b02230
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identical to those previously described for the analysis of
trimethylsilylated sterols.'"” Data was recorded in full-scan mode
from m/z 50 to 650, and in SIM mode, the ions m/z 209.2, 223.2,
237.2, 468.4, 472.4, 474.4, 482.5, 486.5, 488.5, 496.5, 500.5, and 502.5
were recorded with a dwell time of 35 ms after a solvent delay of 6
min.

Two different GC—MS systems were used as a result of differences
in the characteristics of the samples. The oils were analyzed on a short
column with a nonpolar stationary phase (15 m, capillary column
coated with 0.1 ym film thickness 100% dimethyl polysiloxane) to
avoid interference of triacylglycerols that elute after the analytes on
this column. The isolated fractions were analyzed on a longer column
with a more polar stationary phase (30 m, 0.25 ym film thickness HP-
SMS column) and better resolution that is capable of separating all
congeners.

Statistical Analysis. All reported values are means with standard
deviation (SD). Statistical analysis was performed using GraphPad
Prism S (GraphPad Software, San Diego, CA, U.S.A.). One-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test
was used to determine significant differences between means (p <
0.05).

B RESULTS AND DISCUSSION

The present work aimed to determine if palm oils from six
different Costa Rican palm fruit varieties differ in their profiles
and total contents of vitamin E compounds and to investigate if
oil extraction by a screw press versus organic solvent gives
different yields and profiles of vitamin E congeners in the
extracted oils.

All eight known vitamin E forms a-, f-, y-, and -tocopherol
and -tocotrienol were detected in the extracted palm oils
(Tables 1 and 2). A ninth vitamin E derivative, a-
tocomonoenol, was found in all tested oils and was present
in appreciable concentrations in the oils extracted from the
varieties Tanzania (CB063B) and the hybrid O X G (CB127B)
(see the discussion below). yT3 was the most abundant
tocochromanol in all samples, irrespective of genotype and
extraction procedure, followed by aT3 and 6T3. aT was the
most abundant tocopherol, and its concentrations were in a
range similar to those of T3 (Tables 1 and 2). Of the palm
fruit genotypes investigated, the oils extracted from Quepos had
by far the highest total vitamin E content, which was almost
entirely made up of tocotrienols. The tocopherol contents of
Quepos and also Manaos oils were negligible (<1.8 ug/g) and
the lowest among all tested genotypes (Tables 1 and 2). yT,
T, and 6T are minor compounds in palm oil and may have
been present at concentrations close to or below the detection
limit of our method. Therefore, dependent upon the oil and
extraction method used, these congeners were not detectable in
all samples. The concentrations and relative abundances of
tocopherols and tocotrienols in the present palm oil samples
were in general agreement with previous publications, even
though the reported numbers were subject to large
variability.”*~*?°=*> The total vitamin E contents in palm
oils extracted with a screw press or hexane varied from 163 to
624 pg/g (Table 1) and from 333 to 892 ug/g (Table 2),
respectively, in the present investigation and were somewhat
lower than previously published values, which are in the range
of 400—1300 ug/g for E. guineensis,”**°~** 500—1500 pug/g for
E. oleifera, and 600—1600 ug/g for hybrid O x G.** However,
lower total vitamin E contents were reported for E. guineensis
(262 pg/g) and hybrid O x G (259 ug/g)." These large
variations in reported values can be explained by differences in
the geographical origin of the palm fruits, resulting differences
in the climate conditions and ripeness at harvest, genetic
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differences in the samlgled fruits, and different storage and
postharvest processing. 2l

We observed significant differences in the vitamin E
extraction efficiencies of the two extraction procedures tested
(p < 0.0S; Figure 3 and the Supporting Information). Chemical
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Figure 2. Representative high-performance liquid chromatography
with fluorescence detection (HPLC—FD) chromatograms of the
separation of tocopherols and tocotrienols in a calibration standard
(black) and a palm oil sample of the genotype E. guineensis Tanzania
CB063B obtained by screw press extraction (blue). The identity of a-
tocomonoenol (aT1) was confirmed by GC—MS (see the Supporting
Information).
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Figure 3. Mean (error bars reflect standard deviations; n = 6) total
vitamin E contents (ug/g of oil) of palm oils extracted from Elaeis sp.
genotypes using a screw press (white bars) or chemical extraction with
hexane (black bars). The total vitamin E yield differed significantly
between extraction methods [indicated by asterisks, () p < 0.0S, (3)
p < 0.01, and (xxx) p < 0.001].

extraction with hexane yielded up to 2.5-fold higher total
vitamin E compared to screw press extraction. Additional
experiments were performed with Deli Dami and Quepos to
investigate the reasons for the observed differences between the
extraction methods. To this end, palm oils were produced and
the processing byproducts [residual peel (hexane extraction)
respectively residual press cake and centrifugation byproduct
(screw press extraction)] were analyzed for their vitamin E
contents and profiles and compared to the crude oils (Figure 4
and Supporting Table 1). If we look at the sum of the vitamin E
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CB9204 obtained by chemical extraction and screw press extraction. The bars TCE (total chemical extraction) and TSCE (total screw press
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Figure S. HPLC and GC—MS chromatograms of vitamin E compounds in pumpkin seed oil (black, GC—MS system 1) and the isolated fractions of
7T1 (blue) and yT (orange, both GC—MS system 2). GC—MS analysis allowed for the identification of yT, (blue, m/z 486.5) and confirmed the
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were obtained on different GC instruments and columns than that for the pumpkin seed oil (black trace), and therefore, the time scales and

retention times differ between chromatograms.

forms (total vitamin E) of the crude palm oil and the
byproducts for each extraction technique, we find similar total
vitamin E for both extraction techniques for Deli Dami (Figure
4 and Supporting Table 1), explaining that the differences in
the vitamin E extraction efficiencies among the studied
techniques are mostly because of the vitamin E losses in the
byproducts. Even though the variety Quepos contains more
vitamin E, the differences between the vitamin E yields of both
methods were larger for this variety than Deli Dami, and the
screw press extraction had a much lower yield than the solvent
extraction. This may be explained by the thickness of the
mesocarp, which is inherently thinner in the genotype E.
oleifera,'” making the handling in the screw press, where fruit
material may get stuck in the equipment, more difficult.

23

In both varieties, total vitamin E was higher in the residual
peel from the chemical extraction and the residual press cake
from the screw press extraction than in the crude palm oils.
This is in agreement with previous findings that vitamin E
retained in the palm fruit fiber can actually be 2-fold higher
than in the crude oil.”**** Further loss of vitamin E during the
screw press processing was caused by entrapment in the
centrifugation byproduct of the clarification step (Figure 4). In
agreement with our results, it was reported that vitamin E forms
are more concentrated in the peel than in the inner mesocarp,
which is a more fibrous material from which it is more difficult
to release the oil."* This explains why the screw press extraction
is less efficient than the solvent extraction. The vitamin E yield
of the solvent extraction may be further improved by extracting
rather than removing the peel during processing.

DOI: 10.1021/acs jafc.7b02230
J. Agric. Food Chem. 2017, 65, 74767482
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As mentioned above, we detected a ninth vitamin E
congener, a-tocomonoenol (aT1), in most oil samples at
concentrations ranging from 0.08 to 3.0 ug/g and confirmed its
identity by GC—MS analysis (see the Supporting Information).
In previous publications, @T1 ranged from traces to 40 ug/g in
E guineensis palm oils’~” and was 4 pg/g in the hybrid O x G.*
Because there is currently no aT1 available as a reference
standard, the @T'1 concentrations in Tables 1 and 2 were given
as a-tocopherol equivalents, assuming the same response factor
as for aT. The aTl contents of the analyzed oils were,
irrespective of the extraction method, in the order of E.
guineensis Tanzania (3.0—2.7 ug/g) > hybrid O X G (0.6—1.4
ug/g) = E. guineensis Deli X Nigeria (0.7—0.9 ug/g) > E. oleifera
Quepos (02—0.4 ug/g) Manaos (0.2—0.5 ug/g) > E.
guineensis Deli Dami (from not detected to 0.08 ug/g).

We modified our previously developed reverse-phase HPLC
method for the baseline separation of the eight standard
vitamin E congenersm by changing from an isocratic to a
gradient elution and prolonging the total run time to achieve
better separation in the palm oil matrix (Figure 2). aT1, in
agreement with the literature,”>*® eluted between T and yT
and partly overlapped with the latter. Because of this overlap,
we suspected that samples high in yT might contain aT1 that
does not show up in standard reversed-phase methods. Indeed,
HPLC analysis of a pumpkin seed oil sample did not reveal the
presence of aT1 (left side of Figure 5) We then collected the
7T peak from the HPLC detector and analyzed it by GC—MS,
which revealed a low content of @T'1 and a high content of yT
(right side of Figure 5). The large T peak thus masked the
presence of @T1 in pumpkin seed oil. The co-elution of aT'1
and yT, if not detected and accounted for, may result in the
overestimation of the yT content of food samples, which may
be even more pronounced than in this example, where the
collected yT fraction contained 9% aTl. In addition, we
detected yet another tocomonoenol in pumpkin seed oil,
namely, yT1, that was clearly visible in the HPLC chromato-
gram. Its content was 79 ug/g (also calculated as yT
equivalent), which is in agreement with a previous gublication
reporting the presence of 119 ug/g of yT1." yT was
predominant (63.5%) in pumpkin seed oil, and yT1 was the
second most abundant tocochromanol (20.9%) in pumpkin
seed oil (see the Supporting Information).

In conclusion, the profiles and total vitamin E contents of
palm oils extracted from the six studied Costa Rican palm tree
genotypes differed significantly. Even though hexane extraction
yielded higher contents of tocochromanols than screw press
extraction, the ranking of the samples according to the total
vitamin E content was nearly unaffected by the extraction type.
By far the highest vitamin E content was found in oils extracted
from the genotype E. oleifera Quepos (99.8% tocotrienols, 0.2%
tocopherols, and a-tocomonoenol), and the genotype Tanzania
had the highest content of a-tocomonoenol. The latter
compound co-eluted with y-tocopherol using standard HPLC
conditions and may thus, particularly when present at
appreciable concentrations, lead to an overestimation of the
y-tocopherol content of foods.
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Elaeis Guineensis Elaeis Oleifera

Nigeria Deli Dami Tanzania Mix of unknown Quepos Manaos
9 CB087F CB063B E Guineensis CB9204 CB1201

DelixNigeria Composed Hybrid:
CB082C 6% Quepos + 94% mix
unknown E Guineensis

Hybrid OxG CB127B:
50% Manaos + 50%
Composed Hybrid

Supporting Figure 1. Genetic relationship between palm fruit genotypes used in the study
according with information given by ASD Costa Ri¢enotypes studied are displayed in
white boxes and their parents genotypes are in grey boxes. Each genotype is hamed using

their name dllow by their experiment number.
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Supporting Figure 2. HPLC and GEMS chromatograms of vitamin E composnith palm

oil Elaeis Guineensi§anzania CB063B (black, GMS system 1), and the isolated fraction

of UT; (orange, GEMS system 2). GBS analysis (on GBS system 2) confirmed the
identity of UT1 (m/z 500.5). The G@AS chromatograms for the collected fiaas (shown in
orange, GEMS gystem 2) were obtained on a different GC and column than that for the palm

oil (black trace, GEMS system 1) and therefore the time scales and retention times differ

between chromatograms.
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extracted fromElaeis spgenotypes using screw presstraction (white bars) or chemical

extraction with hexane (black bars). Significant differences between extraction methods are

indicated by asterisks (*P < 0.05; **P < 0.01; **P < 0.001).
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Supporting Table 1. Mean concentrations (+ standard deviation3; all ineg/g) of tocotrienols, tocopherols afitocomonoenol in palm oils
(PO) and their processing byproducts; residual peel (RP), residual press cake (RPC) and centrifugation lykladissp Deli Dami CBO87F
and Quepos CB9204 extracted with chemicalastion and screw press extraction.

Deli Dami CBO87F

Quepos CB9204

Compound Chemical extraction Screw press extraction Chemical extraction Screw press extraction

PO RP PO RPC CB PO RP PO RPC CB
UT 89.4+52 341.4+659 122.7+9.4 230.0+54 107.2+55 40+1.4 9.6+20 59+05 17.9+1.8 10.0+2.0
b T 0.63 £ 0.05 4.1+05 0.72+0.04 2.65+£0.05 0.61+£0.05 ncf nd 0.04+0.01 0.11+0.02 0.09+0.01
2T 0.73 £0.06 82+13 0.93+0.04 25+0.1 0.75+0.03 0.15+0.03 0.57+0.09 0.48 +003 1.7+£0.2 0.74 +0.07
aT nd 0.7+0.1 0.09+0.01 0.23+£0.01 0.08%£0.01 nd nd 0.03+0.01 0.08+0.01 0.05+x0.01
Ut 1.4+0.1 6.8+1.2 1.57 £0.07 nd 1.2+0.2 1.7+0.6 26+06 095+0.07 27+04 1.8+0.3
UT 3 59.1£3.7 135.6+25.2 668+45 88.8+21 57.2+5.0 48.0 + 20.8 146.3+19.3 19.3x2.1 38.9+5.9 27.8+4.7
b T3 3.79£0.55 7.8+0.9 3.8+0.8 43+0.1 24+04 0.5+£0.2 1.6+0.3 0.32+£0.10 0.35%+0.02 1.8+£0.3
2T3 195.1+18.2 249.6+444 1844+116 223.9+57 161.6+14.6 1090.4+170.7 1742.0+75.1 410.6+17.6 489.3+69.8 349.6+8.7
aT3 345+3.7 46.0+6.4 23.7+0.8 36.6 +0.8 205+1.8 48.0 £18.2 54.7+6.4 10.7+0.8 185+1.0 14220
Total T 90.8+5.1 354.4+67.7 1244+95 2354+55 108.6x55 42+1.4 10.2+2.1 6.4+ 0.6 19.8+2.0 10.8+2.0
Total T3 2925+26.1 439.1+76.8 278.7+159 353.7+8.4 241.7+21.4 1186.9+209.3 1944.6493.8 440.9+18.8 547.1+76.7 393.3+13.2
Total VE 384.7+31.2 800.3+145.1 404.7+25.2 5890+13.8 351.6+23.2 1192.7+211.0 1957.3+£95.9 448.2+18.9 569.5+79.0 406.0+15.1

lvitamin E congeners differ in molecular weight and thimsilar weights do not represent similar numbers of molecules.

’nd=not detected.

SExpressed alS-tocopherol equivalents.
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Supporting Table 2. Mean concentrations (x standard deviation; n=6; allegig) of

tocotrienols, tocopherols andtocomonoenol in pumpkin seed a@ffcurbita pep L)!

Compound Concentration in pumpkin seed cid/g]
uTt 31+05
bT 1.8+04
oT 239.4 £ 9.7
aT 6.8+0.3

o T?1 78.8+25
UuT3 3.6+0.3
bT3 1.0+0.2
2T3 42.0+6.4
aT3 0.61 +£0.04
Total T 251.0 £10.0
Total T3 47.1+6.4
Total VE 377.0+£16.0

lyvitamin E congeners differ in molecular weight and tiimsilar weights do not represent
similar numbers of molecules.

2Expressed as-tocopherokquivalents.
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ABSTRACT

Liver cells express a cytosolic a-tocopherol transfer protein (aTTP) with high binding affinity for a-tocopherol
(aT) and much lower affinities for the non-aT congeners. The role of aTTP in the intracellular distribution of the
different vitamin E forms is currently unknown. We therefore investigated the intracellular localization of aT, y-
tocopherol (yT), a-tocotrienol (aT3), and y-tocotrienol (yT3) in cultured hepatic cells with and without stable
expression of aTTP. We first determined cellular uptake of the four congeners and found the methylation of the
chromanol ring and saturation of the sidechain to be important factors, with tocotrienols being taken up more
efficiently than tocopherols and the y-congeners more than the a-congeners, irrespective of the expression of
oTTP. This, however, could perhaps also be due to an observed higher stability of tocotrienols, compared to
tocopherols, in culture media rather than a higher absorption. We then incubated HepG2 cells and aTTP-ex-
pressing HepG2 cells with aT, yT, aT3, or yT3, isolated organelle fractions by density gradient centrifugation,
and determined the concentrations of the congeners in the subcellular fractions. All four congeners were pri-
marily associated with the lysosomes, endoplasmic reticulum, and plasma membrane, whereas only aT corre-
lated with mitochondria. Neither the chromanol ring methylation or sidechain saturation, nor the expression of
aTTP were important factors for the intracellular distribution of vitamin E. In conclusion, aTTP does not appear

to regulate the uptake and intracellular localization of different vitamin E congeners in cultured liver cells.

1. Introduction

Vitamin E, discovered in 1922 as an “unknown factor X” required
for fertility in female rats [1], is now known to comprise eight struc-
turally related lipid-soluble compounds composed of a saturated (to-
copherols (T)) or threefold unsaturated (tocotrienols (T3)) 16-carbon
sidechain bound to a chromanol ring; the Greek letters a, (3, v, or 8 are
used as prefixes to designate the number and positions of methyl groups
attached to the chromanol ring [2,3].

Upon oral intake, the lipid-soluble tocopherols and tocotrienols are
incorporated into mixed micelles and absorbed in the small intestine,
following the general path of dietary lipids. The extent of absorption
and transport to the liver is nearly similar for all eight vitamin E

congeners, but the liver then selectively releases a-tocopherol (aT) into
the systemic circulation, while the non-aT congeners are preferentially
metabolized to the sidechain shortened carboxyethyl hydro-
xychromanols via a cytochrome P4so-dependent pathway [4,5]. The
selective retention of aT in the organism appears to be the result of an
interaction of this catabolic pathway with the hepatic a-tocopherol
transfer protein (aTTP) [6], a cytosolic protein that specifically binds
aT [7,8] and has much lower affinities for B-tocopherol (38%), y-to-
copherol (9%), and 8-tocopherol (2%) [9].

Our current understanding of the involvement of aTTP in in-
tracellular trafficking of aT in the liver is as follows: oT enters hepa-
tocytes by endocytosis and reaches the late endosomal compartment,
from where it is transported to the plasma membrane and secreted with

Abbreviations: oT, a-tocopherol; aT3, a-tocotrienol; YT, y-tocopherol; yT3, y-tocotrienol; aTTP, a-tocopherol transfer protein; AUC, are under the concentration-
time curve; HepG2, human hepatoma cultured cell; HepG2-TTP, HepG2 cell line expressing the human TTP ¢cDNA; HepG2-EV, HepG2 cell line transfected with the
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