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Lignans are a group of compounds consisting of dimers of phenyl propane units. They are found in diverse
forms distributed in a variety of plants. Sesame lignans in particular are obtained from Sesamum indicum,
a highly prized oilseed crop cultivated widely in many countries in the east. The plant is the main source
of clinically important antioxidant lignans such as sesamin, sesamolin, sesaminol and sesamol. These

Ké’yWOTdS~" ) lignans exhibit antihypertensive, anticancerous and hypocholesterolemic activities as well especially in
Sesamum indicum humans due to which they have become compounds of tremendous research interest in recent times.
Is-fegsr;:fn Sesamin is synthesized from shikimic acid through phenylpropanoid pathway and metabolised into
Biosynthesis enterolignans which play a pivotal role in protection against several hormone related diseases. In this
Enterolignans paper we present an overview of current status of research on sesame lignans with respect to the analyt-

HPLC ical methods employed, the biological activities and biosynthesis of sesame lignans.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

The term lignan was coined by Haworth in 1936 to describe a
group of phenylpropanoid dimers in which C6-C3 units are linked
by the central carbon of their propyl side chains [1,2]. Under IUPAC
nomenclature, the lignans are 8,8”-coupled dimers of coniferyl or
cinnamyl alcohols. The lignans are currently known for their role
in conferring health benefits such as lowering the cholesterol and
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blood glucose levels in humans [3] Based on the way in which oxy-
gen is incorporated into the skeleton and the cyclization pattern,
the lignans are classified into the eight subgroups, namely, furofu-
ran, furan, dibenzylbutane, dibenzylbutyrolactone, aryltetralin,
arylnaphthalene, dibenzocyclooctadiene and dibenzylbutyrolac-
tol[1,4]. These compounds are found in diverse species in the plant
kingdom including members of pteridophytes, gymnosperms and
angiosperms [5,6]. In angiosperms, lignans have been isolated from
members belonging to Asterales, Scropholariales, Lamiales, Sola-
nales, Apiales, Sapindales, Aristolochiales, Piperales, Laurales, Mal-
vales, Malpighiales and Magnoliales orders in the division
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Table 1
List of plant species that are sources of sesamin.
S. Plant Method of analysis Solvent for extraction Source Quantity (mg/ Reference
No. 100 g)
1 Anacyclus pyrethrum NA Ethanol Roots NA [7]
2 Zanthoxylum. armatum  NA NA Bark NA [8]
3 Vitex negundo Silica gel column 80% Ethanol Dried seeds 0.024 [9]
chromatography
4 Aristolochia cymbifera NA NA Leaves NA [10]
5 Piper longum NA Dichloromethane Fruit NA [11]
6 Knema glauca Sephadex column n-Hexane Dried and milled fruits  2.83 [12]
chromatography
7 Magnolia denudata NA NA Fruit NA [13]
8 M. kobus Sephadex column 95% Ethanol Dried barks 4.16 [14]
chromatography
9 Piper retrofractum Chromatographic separation n-hexane Stem hexane extract 366.66 [15]
10 Camellia oleifera HPLCs Methanol, Ethanol, Acetone, Ethyl acetic, Seed oil 33.88 [16]
and Acetonitrile
11 Chrysanthemum Gas chromatography - mass Diethyl ether, Hot methanol and boiling  Dried flower 10.00 [17]
cinerariaefolium spectrometery water
12 Eucalyptus globulus Preparative TLC and GC-MS Acetone and petroleum (1:1) Freshly capsules 0.278 [18]
13 Machilus thunbergii NA NA Bark NA [19]
14 Piper sarmentosum NA NA Fruit NA [20]
15 Acanthopanax Silica gel column Water and chloroform Chloroform extract of 75.00 [21]
senticosus chromatography dried stem
16 Artemisia absinthium Silica gel column Methanol Dried roots 7.2 [22]
chromatography
17 Paulownia tomentosa NA NA Leaves NA [23]
18 Ginkgo biloba Vacuum liquid chromatography Acetone Dried leaves NA [24]
19 Acanthopanax Silica gel column Hot methanol Dried fruits 0.25 [25]
sessiliflorus chromatography
20 Chamaecyparis obtusa Silica gel column Hot methanol Young shoots and 11.38 [26]
chromatography and HPLC leaves
21 Semen Cuscutae Gas chromatography Chloroform Dried stem 112-200 [27]
22 Zanthoxylum Column chromatography and Methanol Dried fruits 1.57 [28]
integrifoliolum TLC
23 Magnolia coco NA NA Leaves NA [29]
24 Caryodaphnopsis Flash column chromatography 95% Methanol Fruits 220 [30]
baviensis
25 Virola surinamensis Flash column chromatography Hexane and chloroform Seeds and pericarps 70.00 [31]
and TLC
Tegments and kernels 6.00
of seeds
26 Pericarpium zanthoxyli ~ TLC n-Hexane Fruits NA [32]
27 V. venosa Flash column chromatography Dichloromethane Pericarp crude extract 8516.48 [33]
and TLC
28 Nectandra amazonum Chromatography Ethanol Fruit calyces 14.63 [34]
29 Virola flexuosa Silica gel column Chloroform Seeds 737.5 [35]
chromatography
V. multinervia 5.00
30 Piper guineense TLC Light petroleum and chloroform Fruit 2.66 [36]

NA = Data not available.

Magnoliophyta [1]. A list of plants that serve as sources of sesamin,
an important furofuran lignan are presented in Table 1. Sesame of
scrophulariales is a source of several dibenzyl butyrolactone lign-
ans such as sesamin. Though sesamin has been isolated from Piper
sp., Virola sp., Magnolia sp. and Camellia sp. in respectable amounts
the oilseed crop Sesamum indicum still continues to be the major
source of sesamin. The following is an overview on the current sta-
tus of research on lignans of sesame in terms of distribution, bio-
logical significance, biosynthesis and analytical methods adopted.

2. Lignans in sesame

There are sixteen types of lignans isolated from sesame (Fig. 1).
Most of them are fat soluble aglycons and therefore elute into the
oil on extraction. The remaining are glycosylated and have been
isolated from the oil free meal. The major aglycon lignans are ses-
amin and sesamolin [37,38]. Sesamol, sesaminol, sesamolinol,
pinoresinol, matairesinol, lariciresinol and episesamin form minor
aglycons of sesame oil [39-42]. The lignan glycosides include
mono- di- and triglucosides of sesaminol, sesamolinol and pinores-
inol [40,43-45,36,47-49]. Sesaminol triglucoside, sesaminol dig-

lucoside and sesaminol monoglucoside are the most abundant
lignan glycosides in sesame [50]. Sesame also contain biologically
active tocopherol homologues [o-tocopherol (oT), d-tocopherol,
(8T) and 7y-tocopherol (yT)], tocotrienols and naphthoquinones
(like chlorosesamone, hydroxysesamone and 2,3 epoxysesamone
[51,52]. Sesamum alatum, a species with winged seeds, is said to
be devoid of both sesamin and sesamolin but has a novel furofuran
lignan, 2-episesalatin [53]. Three additional lignans namely sami-
nol, episesaminone-9-0-B-D-sophoroside, and semamolactol have
been detected in the perisperm of Sesamum indicum [54]. Epises-
aminone, a furanoketone was characterized in part via hemisyn-
thesis from sesamolin. Recently these authors have isolated two
new lignans namely, sesamolinol-4-0-p-D glucoside and disaminyl
ether (samin dimer) from sesame seeds [55].

3. Analytical methods used for the isolation, identification and
quantification of lignan

There were several bioseparation techniques used for analysis
and quantitation of lignans in sesame (Table 2). Some of the studies
that have contributed significantly to an understanding on the
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Fig. 1. Structures of different lignans reported from Sesamum indicum.

biology of sesame lignans is reviewed in the following paragraphs.
The survey of literature since last 15 years (1998-2012) reveal that
there was a revolutionary change in the type of techniques used,
which ranged from the Thin Layer Chromatography (TLC), High-
Performance Liquid Chromatography (HPLC), Gas Chromatography
(GC), High Performance Thin Layer Chromatography (HPTLC) to ul-
tra performance liquid chromatography-fluorescence detection
(UPLC-FLD), fractionation and quantification of sesame lignans.
Chromatography is the technique of choice employed for sepa-
ration and quantification of sesame lignans from the solvent ex-
tracts. The three main types of chromatography used for the
quantification purpose were TLC, HPLC and GC. According to Slan-
ina et al. [6] there are advantages and limitations with each of the
method. Following is a brief description for some of the methods
used so far. TLC is the simplest, inexpensive and therefore the first
method used for lignan separation. Kamal-Eldin et al. [65] and
Shahidi et al. [66] reported qualitative analysis and isolation of
lignans from unsaponifiable fraction of sesame oil using one
dimensional (1D-) and two dimensional (2D-) TLC. Two-dimen-

sional TLC not only provided better fractionation but gave fractions
for further analysis by GC [67]. Improved resolution of 2D-TLC as
compared to one-dimensional systems is a valuable tool in qualita-
tive screening studies on the identity and relative amounts of the
sesamin-type compounds in different sources [38,68]. Use of
HPTLC method for the quantification of sesamin and sesamolin in
sesame oil without saponification was reported by Sukumar et al.
[60]. The method would find application in fingerprinting, quality
assurance and quantification of lignans as markers. HPTLC plates
with uniform particles of size 5-6 um has been attributed to the
excellent resolution and reproducibility. GC especially Gas Chro-
matography coupled with Mass Spectrometry (GC-MS) is useful
in establishing the presence of lignans in the test sample. In
1969 GC was used for the first time for the lignan separation
[69]. GC has been proposed as a powerful technique for qualitative
analysis of lignans. For quantification GC in fact involves many pre-
parative steps and it appears that no suitable internal standard is
available. However, GC-MS has been reliably used to identify the
presence of specific compounds [65]. Amarowicz et al. [70] con-
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Fig. 1 (continued)

firmed the chemical structures and identity of purified sesamin
and sesamolin by gas chromatography-mass spectrometry using
a Magnum GC-MS system.

HPLC is the most frequently used analytical method for deter-
mination of lignans in sesame. The HPLC method of analyzing ses-
amin and sesamolin content in sesame seeds was first reported by
Fukuda et al. [71]. It has been proposed as one-step technique suit-
able for quantitative analyses, as it could tolerate direct injection of
oil as well for analysis [65]. Reversed-phase columns have been
successfully used for analysis of medium polarity lignans [2]. In re-
versed-phase HPLC, mobile phase generally consists of a mixture of
organic solvents, typically methanol or acetonitrile, and an aque-
ous phase such as water, acidic buffer or diluted acid [6]. Nor-
mal-phase HPLC has been successfully used for separation of
sesamol, sesamin, sesamolin and sesangolin, thereby making it a
good system for co-analysis of these components [65]. Subse-
quently, Mohamed and Awatif [72] used HPLC with reversed phase
C18 column and UV detector for analysis of sesamin and sesamolin
in crude extracts. On one occasion semipreparative RP-18 HPLC
was employed to isolate sesamin and sesamolin of high purity
and use as standards in subsequent chromatographic investiga-
tions [70]. Yasumoto et al. [73] reported a rapid and reliable meth-
od for qualitative and quantitative analysis of major lignans of
Sesamum. This appeared to be the fastest of the method reported

so far for quantification of sesame lignans. 80% methanol was used
for extraction and the extract analyzed by RP18 HPLC with Metha-
nol and Water (8:2) as solvent system. It was shown that the anal-
ysis could be completed within 5 min. Hemalatha et al. [44] were
the most successful in getting better yield of lignans from oils
and seeds by extraction with petroleum ether and quantification
by HPLC on a reverse phase C18 column. Subsequently Mozzami
et al. [62,63] using Hexane and Isopropanol (3:1) isolated the ses-
ame lignans and analyzed by quantification using Alltima SI 5U sil-
ica column. Sukumar et al. [60] used methanol for isolation and
quantification purpose. Hata et al. [58] isolated the sesamin from
leaves using the technique of UPLC-FLD. Though the yield
was low but proved that sesamin can be isolated from leaves as
well.

Counter current chromatography (CCC) based on the principle
of liquid-liquid partition in combination with MS is yet another
method of choice used for the identification of lignans [74]. The
method is highly selective and therefore lignans identified even if
they could not be completely separated. The absence of column
in CCC coupled with mass spectrometry (CCC-MS) eliminates the
complication arising from stationary phase adsorption, deactiva-
tion and contamination often observed in HPLC [6]. A photodiode
array detector (PAD) was used for determination of sesamin levels
[61]. The time, cost, and labor can be further reduced by use of
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Table 2
Details of analytical techniques employed for quantitation of sesame lignans.
S. Instrumentation Column specification Solvent for Source  Lignan quantity (mg/ Reference
No. extraction 100 g)
1 HPLC (Alliance 2695, Waters Millford) C-18 RPC (10 pm, 4.6 x 250 mm column), Methanol 0il Sesamin = 190 [56]
with photodiode array detector, 474 (sigma)
scanning fluorescent detector
Asarinin = 90

2 HPLC (Agilent 1100, Agilent technologies)

RP Hypersil BDS C18 column, (5 pm,

Sesamolin = traces

80% Ethanol Seed Sesamin + Sesamolin =854 [57]

150 x 4 mm i.d.), with Diode-array detector

3 UPLC-FLD (ACQUITY UPLC, Waters
Millford)
4 HPLC (Agilent 1100, Agilent technologies)

UPLC HSS T3 Column (100 mm x 2.1 mm,
1.8 um), Scanning Fluorescence Detector
RP Hypersil BDS C18 column, (5 pm,

Ethanol Leaf Sesamin = 0.26 [58]

80% methanol Seed Sesamin = 155 [59]

150 x 4 mm i.d.), with Diode-array detector

5 HPTLC (CAMAG HPTLC system, EMerck)

Silica gel HPTLC aluminum plates 60F254

Sesamolin = 62

(20 cm x 20 cm, 0.2 mm thickness, 5-6 pm

particle size)

6 HPLC-PAD (582 HPLC ESA, Waters
Millford)

996 PAD detector upstream

7 HPLC (Bischoff Analysentechnikund-gerate

GmbH, Agilent technologies) with fluorescence detector

RP ODS-TM (1 8 analytical column
(250 x 4.6 mm i.d.; 5 um particle Size), with

Alltima SI 5U silica column (4.6 x 250 mm),

Methanol Oil Sesamin = 720 [60]
Sesamolin = 400

Methanol Seed Sesamin = 67-635 [61]

Hexane plus Seed Sesamin = 167-804 [62]

Isopropanol

(3:1)

Sesamolin = 48-279
Sesaminol = 32-298
Sesamolinol = tr.-58
Episesamin = 5-35

Total lignans = 405-1178

8 HPLC (Dionex, Alltech Co.) Econosil ODS column (5 pm, 250 x 4.6 mm), n-Hexane and Seed Sesamolinol [47]
with Diode array detector (PDA) 80% Ethanol diglucoside = 5-232
9 HPLC (Dionex, Alltech Co.) Econosil ODS column (5 pm, 250 x 4.6 mm), n-Hexane and Seed Sesamolinol [48]
with Diode array detector (PDA) 80% Ethanol triglucoside = 36-1560
Sesamolinol
diglucoside = 0-493
10  HPLC (Bischoff Analysentechnikund-gerate  Alltima SI 5U silica column (4.6 x 250 mm),  Hexane plus Seed Sesamin = 7-712 [63]
GmbH, Agilent technologies) with fluorescence detector Isopropanol
(3:1)
Sesamolin = 21-297
11 LC-tandem MS method (MA Alliance C18 column (150 mm x 3.0 mm i.d., 5 pm), 70% Methanol Seed Pinoresinol = 29 [64]
chromatography separation Module 2690, with Detector Micromass Quatro Ultima MS ~ with 0.3 M
Waters Millford) NaOH
Lariciresinol =9
Secoisolariciresinol = 0.066
Matairesinol = 0.5
Total lignans = 39
11 HPLC (LC-10A, Shimadzu) Shodex C18 RP column (4.6 mm Ether Seed Sesamin = 1800 [44]
i.d x 250 mm), with SPD-10A UV-vis
detector
Sesamolin = 1000
Total lignans = 2880
12 HPLC (VISTA 5000 LC, Nomura Chemical Stainless-steel column (20 mm n-Hexane and Seed Sesaminol [50]
Co.) i.d. x 250 mm) packed with Develosil ODS 80% Ethanol triglucoside = 68.4
Sesaminol
diglucoside = 11.6
Sesaminol

monoglucoside = 8.3

Near Infrared Reflectance Spectroscopy (NIRS). The NIRS is non-
destructive method for the determination of lignan and lignan gly-
coside contents and therefore is proposed as a method of immense
use in the breeding programs for raising high quality sesame [75].
Recently Grougnet et al. [55] reported a method based on XAD-4
adsorption resin that permits the analysis of lignans in polypheno-
lic extracts of Sesamum indicum perisperm (coat) and seeds. UPLC-
FLD analysis enabled the quantification of sesamin in sesame
leaves for the first time [58]. HPLC-NMR technique allows com-
plete structural characterization of compounds in complex mix-
tures at microgram levels. HPLC-MS/MS is yet another powerful
method employed for quantification of sesame lignans, but
requires highly pure, deuterated compounds [2]. Structural eluci-
dation of the lignans is possible if a combination of 1D and

2D NMR techniques (Heteronuclear Multiple-Quantum Correlation
- HMQC, Heteronuclear multiple-bond correlation spectroscopy —
HMBC, and Nuclear Overhauser effect spectroscopy - NOESY)) with
mass spectroscopy is used [52,54,63].

The furofuran lignans, tocopherols, minerals, vitamins, mono
and polyunsaturated fatty acids present in sesame have high
beneficial effect on human health. But the crop of sesame as a source
of these lignans remains as a neglected and underutilised crop.
There is a need to evolve programme for genetic improvement of
the crop by genetic engineering and modern breeding methods,
and conservation of the germplasm. Sesame has wide applications
in pharmaceutical and medical science as discussed in the review.
The ethno-botanical and medicinal importance of nutrionally rich
oilseed needs to be explored much for better utilization.
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Fig. 2. Structures of Intermediates formed during the Metabolism of sesamin in the gut of human as cited in reference [42].

4. Biological activities of sesame lignans

Sesame lignans individually as well as in combination have
been found to exhibit varied biological activities. The reports that
appeared till recent time on these activities are reviewed in the fol-
lowing paragraphs.

4.1. Sesamin

This is a furofuran type lignan with a number of beneficial health
effects in humans. It has been found to play significant role in lipid
and glucose metabolism, hypertension, anti-inflammation and free
radical scavenging. Sesamin binds to Peroxisome Proliferator- Activa-
tor Receptor Alpha (PPAR o) downregulating the expression of lipo-
genic enzymes [76]. This leads to increased expression of the
mitochondrial enzyme carnitine palmitoyl transferase with more
fatty acids to be transported into the mitochondria for oxidation.
The presence of sesamin has been associated with decreased expres-
sion of sterol regulatory element binding protein-1 (SREBP-1), acetyl-
CoA carboxylase and fatty acid synthase [77] and inhibition of choles-
terol absorption and biosynthesis in rats and humans [78,79]. Later
on this has been correlated with reduction in low density lipoprotein
(LDL) and increase in high density lipoprotein (HDL) levels [77,79]. It
can be said that sesamin increases the fat burning process, decreases
the storage of fat and blood cholesterol level in the body, thereby pre-
venting the obesity and atherosclerosis in humans.

Sesamin exhibited anti inflammatory activity by inhibiting del-
ta 5-desaturase, a key enzyme in arachidonic acid biosynthesis that

leads to a reduction in the formation of pro-inflammatory media-
tors [80,81]. Sesamin has been shown to increase the production
of ketone bodies, when glucose is low in the brain tissue [82]. It
is also found to significantly quench the excess generation of nitric
oxide induced by lipopolysaccharide in the murine microglial cell
line BV-2 and rat primary microglia cells [83]. Cheng et al. [84]
demonstrated that pretreatments with sesamin and crude sesame
oil significantly reduced the infarct sizes of gerbil brains by 56%
and 49%, respectively in 4-Vessel Occlusion rat model. Thus sesam-
in exert effective neuroprotection against cerbral ischemia.

Wu et al. [85] showed inhibition of certain CYP450 enzymes
and 20-hydroxyeicosatetraenoic acid (20-HETE) production that
effect blood pressure by this compound. It has increased Ca®*
antagonistic vasorelaxing activity and enhanced hepatic detoxifi-
cation, thereby protecting oxidative stress and preventing hyper-
tension. Sesamin elevated v-tocopherol in plasma and liver of
rats and humans [86-89]. These reports suggest a beneficial effect
of sesamin on prevention of Cardio Vascular Diseases. In addition
to these, sesamin has been found to afford protection against eth-
anol- and carbon tetrachloride-induced liver damage [90], inhibit
vascular superoxide production [91], promote angiogenesis [92],
neuroprotection [93] and bactericide and insecticide activities as
well [94].

4.2. Sesamolin

This compound is known to increase both the hepatic mito-
chondrial and the peroxisomal fatty acid oxidation rate [95] and
act as a synergist for pyrethrum insecticides [96,97]. It has induced
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apoptosis in human lymphoid leukemia Molt 4B cells [98], inhib-
ited mutagenesis induced by H,0, [55] and suppresses ROS gener-
ation in neurons against excitotoxicity or lipopolysaccharide (LPS)-
induced neurotoxicity [49].

4.3. Sesaminol

This compound also has the property of inhibiting the mem-
brane lipid peroxidation [99], the microsomal peroxidation in-
duced by ADP-Fe3+/NADPH [100] and the oxidation of LDL
induced by copper ions [100,101]. Sesaminol has been shown to in-
crease the availability of tocopherols in biological systems by syn-
ergistic effects in raising liver and plasma concentrations of
vitamin E. It was also found to inhibit oxidative damages in DNA
[102,103]. Sesaminol glucosides present in defatted sesame flour
were proved to decrease susceptibility to oxidative stress and inhi-
bit allergen absorption in vitro [104,105].

4.4. Sesamol

Using a nanosecond pulse radiolysis technique, sesamol has
been reported to show antioxidant and free radical scavenging
activities [106,107]. The antioxidant activity of sesamol was found
to be higher than that of sesamin and sesamolin. Due to this high
antioxidant activity, sesamol is reported to protect cell membrane
against lipid peroxidation, prevent LDL oxidation and microsomal
peroxidation [99,101,108]. The study by Prisna et al. [109] sug-
gested that sesame lignans and their metabolites possess weak
estrogenic/antiestrogenic activity in hormone dependent manner
in breast cancer cells. The estrogen agonistic effect of sesame lig-
nan makes it to be useful for conventional hormone replacement
therapy in postmenopausal women.

4.5. Pinoresinol and other minor lignans

Pinoresinol which is found in minor amount in sesame has also
been shown to inhibit membrane lipid peroxidation and the LDL
oxidation [99-101]. Apart from the well known lignans described
above, three lesser known lignans that show the antifungal activity
were also isolated from sesame. They are chlorosesamone,
hydroxysesamone and 2,3-epoxysesamone which have inhibitory
effects on the spore germination of the pathogenic fungusCladospo-
rium fulvum [51,52,110]. The episesamin was also reported to pos-
sess anticancer activity against human lymphoid leukemia cells
in vitro [111].

5. Lignans in Human diet

The lignans consumed by human are in fact digested by the
microflora present in the intestine. Series of steps involved in the
metabolism of sesamin is presented in Fig. 3. Sesamin is converted
to the phytoestrogens and enterolactones. The phytoestrogens are
known to play protective role against breast cancer [42,112]. The
assays for enterolignans, showed the presence of these lignans in
body fluids - urine, plasma, saliva, semen, and prostatic fluid of hu-
mans and animals [6]. The mammalian lignan appearance rate in
plasma shows that sesamin is a major precursor of enterolactone
in vivo. Enterolignans possess a range of biological activities such
as antioxidant, weakly estrogenic and anti-estrogenic properties
[113]. A correlation was observed between the presence of the
mammalian lignans, enterolactone (EL) and enterodiol (ED) and
the reduced incidences of breast, prostate and colon cancers
[114,115]. However some recent studies indicated neutrality be-
tween a high serum concentration of enterolactone and the cancer
risks [116,117]. A population based study done recently showed
association of a high serum enterolactone level with reduced coro-

nary heart disease. This study also showed that the action of
enterolignans appears to be concentration dependent [118].

The sesaminol glucosides are hydrolyzed to sesaminol, which is
a strong antioxidative lipid soluble lignan, by an intestinal B-gluco-
sidase [119]. Liu et al. [42] showed for the first time that in rats ses-
amin from sesame seed, is converted to the mammalian lignans ED
and EL with a higher level of ED in the urine of rats fed with sesam-
in and sesame seed followed by EL [120-122]. A series of steps in-
volved in metabolism of sesamin in mammals is presented in
Fig. 2. Sesamin appears to be demethylenated into dimethylpiper-
itol (M3) and then further demethylenated to 2,6-bis(3,4-dihy-
droxyphenyl)-3,7dioxabicyclo[3,3,0]octane (M6) or methylated in
its catechol moiety to piperitol (M4), possibly by liver catechol-
O-methyl transferase. Piperitol is further demethylenated to 39-O
demethylepipinoresinol (M5). The formation of M3-M6 may occur
predominantly in the liver [90], whereas intestinal microbiota
appear to play a part in their production [112]. The lignan deriva-
tives appears to undergo reductive cleavage of their furofuran rings
to 2-(3,4-dihydroxytolyl)-4-(3,4-methylenedioxyphenyl)-3hydroxyl
methylene-furan(M7), 2-(4-hydroxy-3-methoxytolyl)-4-(3,4-meth-
ylenedioxyphenyl)-3hydroxylmethylenefuran (M8) and 39-dem-
ethyl-lariciresinol (M9) respectively [122]. M6-M9 intermediates
are further metabolised to lariciresinol (M10) and secoisolaricires-
inol (M11) respectively. Finally secoisolariciresinol is metabolised
to Enterodiol (M1) and Enterolactone (M2) [123-125]. These
studies showed that rats administered with dietary sesame seed
excreted large amounts of urinary ED and EL compared with the
control and no sesamin or other sesame lignans could be detected
in the urine of the treated rats. These results demonstrate that
sesame is one of the richest dietary sources of mammalian lignan
precursors [42].

6. Biosynthesis of lignans in sesame

A biosynthetic pathway is generally deduced from radio tracer
studies and by enzyme assays [126]. Similar studies on lignan bio-
synthesis revealed that these compounds are synthesized from
phenylalanine through several phenylpropanoid modifications
[127]. Sesamolin a precursor of sesamol was already known but
the formation of the sesamolin precursor is reported only recently
[128]. Two achiral molecules of E-coniferyl alcohol are formed via
the cinnamate/monolignol pathway which undergoes stereoselec-
tive coupling to form pinoresinol in Sesamum indicum seeds
[129,130]. Stepwise methylene dioxy bridge formation of pinores-
inol is catalyzed by two consecutively acting cytochrome P450
(SiP450) enzymes. One of them is piperitol synthase (PS) which
catalyzes the conversion of pinoresinol to piperitol. Introduction
of methylene dioxy bridge requires sesamin synthase (SS) to afford
sesamin [129,131]. Sesamin is further metabolised to episesami-
none by a single oxidation [131]. Later Ono et al. [128] isolated a
cDNA encoding a cytochrome P-450, CYP81Q1 from microsomal
fraction of S. indicum and showed its functional role in catalysis
that lead to formation of methylenedioxy bridge with pinoresinol
giving rise to sesamin. This study also showed that CYP81Q1 is a
gene that encodes for both piperitol/sesamin synthase (PSS). Based
on the literature survey, we may deduce a more comprehensive
pathway of sesamin biosynthesis to look like the one presented
in Fig. 3. Analysis of F2 populations from reciprocal crosses be-
tween high and low sesamin containing varieties showed a normal
distribution curve for sesamin content and the correlation coeffi-
cients between F2 and F3 generations were positive. This study
indicated that the genes controlling accumulation of sesamin is
polygenic in nature [140]. In addition Hata et al. [58] showed that
sesamin content in different parts of the sesame plants is corre-
lated with different level of CYP81Q1 expression. By this, it is spec-
ulated that the level of CYP81Q1 gene expression should be
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controlled by several modifier genes that highly contributes to
genotypic and tissue specific variation in sesamin content. Leaf ses-
amin synthesis seems to have no connection with seed sesamin
accumulation and seed sesamin might be synthesized de novo in
the seeds.

7. Future prospects and conclusion

The application of sesamin in auguring human health is one of
the main themes of current research in medical science. Focus is
required on validating the biological activities of furofuran lignans
other than sesamin. Another point of concern at this juncture is to
ensure the availability of sesamin in reasonable quantity for med-
ical application, as Sesame is the only major source of these lign-
ans. Therefore, it may be concluded that there is potential of a
tremendous research on qualitative and quantitative improvement
of the sesame crop for sesamin production. High throughput ana-
lytical methods based on cell culture techniques would be a way
out in advancing our knowledge on biosynthesis of sesamin both
for productivity and human health.
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