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Abstract The antioxidant properties of hydrophilic ex-
tracts of knotwood of several industrially important tree
species were evaluated by lipid-peroxidation inhibition and
peroxyl-trapping capacity tests. The results were compared
with the antioxidant properties of hydrophilic extracts
of bark, and pure lignans and flavonoids isolated from
knotwood extracts. The knot extracts from several tree
species were stronger antioxidants than the bark extracts,
which can, however, also be classified as strong anti-
oxidants. In addition, the antioxidant properties of most of
the knotwood extracts are stronger than the pure com-
pounds. It is concluded that knotwood is a rich source of
natural antioxidants.
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Introduction

Knotwood occurs as branch stubs embedded in tree stems.
In recent studies, we have found that knots of several soft-
woods (Abies,' Picea,” and Pinus spp.’) and hardwoods
(Populus* and Acacia spp.®) contain exceptionally large
amounts of polyphenols, mostly lignans and pinosylvins in
softwoods, and flavonoids in hardwoods. For instance, the
amount of extractable polyphenols can be up to 30% in
the knotwood of Picea abies.” Polyphenols are enriched in
knotwood probably due to their strong antioxidant’ and
antibacterial® effects. For instance, pinosylvin is known as
both a fungicide and as a bactericide:’ furthermore, it also
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has antioxidant properties.”’ These properties are needed in
branch knots, because an open wound is formed when a
branch is broken close to the stem, making the knot suscep-
tible to attack by fungi. The motion of a branch also gener-
ates tension and free radicals in the branch base.

Polyphenols generally have three defense functions: as
radical scavengers;'' as biocides;'' and metal chelators.”
The radical scavenging activity is important because both
white-rot and brown-rot fungi are believed to use radicals to
disrupt cell walls.” Polyphenols occur in knotwood
predominantly as free aglycones, while the glycosidic form
is more abundant in other plant sources. Hopia and
Heinonen" showed that the flavonoid aglycones are more
potent antioxidants than their glycosylated equivalents. A
recent study showed that some lignans isolated from branch
knots possess strong antioxidant properties.” A number of
flavonoids'® and hydrolyzable and condensed tannins'’ effi-
ciently chelate trace metals, which play an important role in
oxygen metabolism. Even the lignan hydroxymatairesinol
has been shown to chelate alkali metals."® Synergistic effects
can be achieved when the knots contain mixtures of several
types of extractives with complementary characteristics."

Softwood knots are not preferred in pulping and paper-
making; they are inferior as raw material due to their
shorter fibers and large amount of extractives that consume
pulping chemicals. In addition, because the knots are much
harder than normal wood, extra energy is needed in chip-
ping of the knots. However, knotwood can be removed
from the oversized chip fraction prior to pulping and can
then be used as a raw material for production of bioactive
compounds.”

In pulp and paper production, large amounts of bark
waste are produced. This waste material is usually used in
energy production and is burned in large furnaces. How-
ever, barks of several tree species are known to contain
bioactive chemicals that can give added value to this energy
resource.” > Pycnogenol is a commercial product of Pinus
maritima (syn. Pinus pinaster) bark extract and it is proven
to be an effective antioxidant.”

In this article, we show that industrial waste streams,
such as knotwood and bark, are rich sources of potent



antioxidants. We assessed the antioxidant potency and a
radical scavenging capacity of 21 well-defined hydrophilic
knotwood extracts; from both softwoods and hardwoods,
and seven pure compounds; lignans, flavonoids, and
pinosylvin, isolated from knotwood extracts. Structures of
the isolated and identified compounds are presented in
Figs. 1 and 2. Furthermore, the antioxidant potencies
of hydrophilic bark extracts, including the commercially
available Pycnogenol, were assessed and compared with the
knotwood extracts.

Materials and methods
Sample preparation

Knotwood was sampled from full-grown trees of 21 tree
species (Table 1). All sampled trees and knots were normal
and healthy. The heartwood of the knots was splintered,
freeze-dried, and ground.

Bark was sampled from the same trees as the knotwood.
The outermost layers of outer bark were removed and the
bark was cut into small pieces, freeze-dried, and ground.
Pycnogenol was kindly provided by Bioteekki Oy, Finland.

Sequential extraction was carried out in an accelerated
solvent extractor apparatus (ASE) (Dionex, Sunnyvale,
CA).> The lipophilic extractives were first extracted with
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hexane, and thereafter the hydrophilic extractives with an
acetone:water (95:5v/v) mixture. After the extraction, the
acetone:water mixture was evaporated to dryness and the
remaining extractives were stored frozen. The gravimetri-
cally determined total amounts of hydrophilic extracts are
given in Table 1. The extracts were stored at —18°C. For
isolation of pure polyphenols, a larger amount of knotwood
was extracted with a Soxhlet apparatus, first with hexane
and then with acetone.

Preparation of the pure compounds

Lariciresinol (structure 8 in Fig. 1), prepared as described in
Willfor et al.,” was converted to cyclolariciresinol () as
described by Eklund et al.” Acacia mangium knotwood
was sequentially extracted using the ASE apparatus. The
hydrophilic extract was fractionated using flash chromato-
graphy on normal-phase silica gel columns with dichloro-
methane:ethanol, starting from 95% dichloromethane and
increasing the ethanol ration gradually to 50%, yielding
teracacidin (structure 25 in Fig. 2) [purity 82%, main impu-
rity isoteracacidin (27), 7%].

Acacia crassicarpa knotwood was sequentially extracted
using ASE. The hydrophilic extract was fractionated using
flash chromatography as described above yielding a mixture
consisting of 60% melacacidin (28) and 33% isomelacacidin
(29).

Table 1. Sample definitions and gravimetric amounts of hydrophilic extractives

Samples Source Annual Extractives
rings” weight-%

Knotwood
Acacia crassicarpa Indonesia, Bakung langgam 7° 7.1
Acacia mangium Indonesia, Bakung langgam 7° 53
Abies lasiocarpa Ekenis, Finland 59 35
Abies pectinata Saint-Die, France 31 13
FEucalyptus globulus Colunga, Asturias, Spain 11 4.0
Fagus sylvatica Slovenia 141 2.0
Larix lariciana Blandin Land, Itasca County, USA 44 3.0
Larix sibirica Russia, St. Petersbug region 50 7.9
Picea glauca Blandin Land, Itasca County, USA 49 9.2
Picea mariana Ekenis, Finland 63 5.0
Picea sitchensis North Wales, UK 16 5.0
Pinus banksiana Blandin Land, Itasca County, USA 52 6.8
Pinus resinosa Blandin Land, Itasca County, USA 42 6.8
Pinus strobus Cape Breton, Nova Scotia, Canada 53 19
Pinus sylvestris Ekenis, Finland 72 8.8
Populus grandidentata Cape Breton, Nova Scotia, Canada 37 10
Populus tremula Houtskaér, Finland 31 6.3
Populus tremuloides Cape Breton, Nova Scotia, Canada 58 52
Thuja plicata Port Hardy, Vancouver islands, Canada 80 29
Tsuga canadensis Cape Breton, Nova Scotia, Canada 196 29
Tsuga heterophylla Port Hardy, Vancouver islands, Canada 80 17

Bark
Abies lasiocarpa Ekenis, Finland 8.1
Betula pendula Ekenis, Finland 9.9
Picea abies Ekenis, Finland 12
Pinus banksiana Blandin Land, Itasca County, USA 7.7
Populus tremula Houtskér, Finland 18
Pseudotsuga menziensii  Ekenés, Finland 13
Thuja occidentalis Blandin Land, Itasca County, USA 5.9

*At height of 1.5m
" Age in years
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Fig. 1. Lignans (/-10) and juvabione (/7) present in
knotwood extracts, and betuloside (/2) present in Betula
pendula bark extract

MeO. o
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Pinus cembra knotwood was sequentially extracted using
ASE. The hydrophilic extract was fractionated using flash
chromatography as described above yielding pinocembrin
(31) (purity >95%).

Pinus sylvestris resin was hydrolyzed with strongly alka-
line KOH solution, followed by filtration. The solid potas-
sium salt of pinoresinol was acidified, and extracted with
methyl-tert-butyl ether (MTBE). The MTBE extract was
purified using flash chromatography as described above
yielding pinoresinol (7) (purity >95%).

Pinus sylvestris knotwood was sequentially extracted, first
with hexane and then with acetone, using a large Soxhlet
apparatus. The hydrophilic extract was fractionated using
flash chromatography on normal-phase silica gel columns as
described above yielding pinosylvin (13) (purity >95%).

Populus tremula knotwood was sequentially extracted
using ASE. The hydrophilic extract was fractionated using
flash chromatography on normal-phase silica gel columns as
described above to yield dihydrokaempferol (27) (purity
>95%).

Analyses of the extracts

Lignans, stilbenes, flavonoids, and juvabiones were
analyzed by gas chromatography on a 25m x 0.20mm i.d.,
0.11um HP-1 capillary column coated with cross-linked
methyl polysiloxane (Agilent Technologies, Palo Alto,
CA, USA). The gas chromatograph was a Perkin Elmer
AutoSystem XL instrument (Perkin Elmer, Boston, MA,
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USA). The analysis conditions were: column oven 120°C
ramped at 6°C/min to 300°C (held for 10 min); carrier gas H,
(0.6ml/min); split injector (1:20) 260°C; flame ionization
detector (FID) 300°C; injection volume 1ul. The solvent
was evaporated and the extractives were silylated by addi-
tion of 80ul bis-(trimethylsilyl)-trifluoroacetamide, 20 ul
trimethylchlorosilane, and 20 ul pyridine. The reaction was
completed by keeping the test tubes in an oven at 70°C for
1h. Heneicosanoic acid and betulinol were used as internal
standards. A correction factor of 1.2 was used for
the lignans that were calculated against betulinol.”
Oligolignans, biflavonoids, and flavonoid glycosides were
quantified on a short 6m x 0.53mm i.d., 0.15 um HP-1 col-
umn using cholesteryl heptadecanoate and 1,3-dipalmitoyl-
2-oleyl glycerol as internal standards.” The gas
chromatograph was a Varian 3400 instrument (Varian, Palo
Alto, CA, USA). The analysis conditions were: column
oven 100°C (held for 1.5min) ramped at 12°C/min to 340°C
(held for Smin); carrier gas H, (20ml/min); septum-
equipped programmable injector 80°C (held for 0.5min)
ramped at 200°C/min to 340°C (held for 18min); FID
340°C; injection volume 0.4ul. Identification of individ-
ual components was performed by GC-MS analysis of
the silylated components with an HP 6890-5973 GC-
quadrupole-MSD instrument. Both a similar 25-m HP-1
GC column as above and a 15m x 0.25mm i.d., 0.1um
MXT-65TG column (Restek, USA), which allowed elution
of the silylated oligolignans,” biflavonoids,’ and flavonoid
glycosides,” were used. The molar-mass distribution of the
extracts was determined by high-performance size-
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Fig. 2. Stilbenes (/3-18) and flavonoids (19-37) present in knotwood
and bark extracts. Flavonoid ring nominations are (A-C) shown on
dihydromyricetin (19)

exclusion chromatography (HPSEC) in order to detect sub-
stances with larger molecular sizes than biflavonoids and
flavonoid glycosides, such as tannins as described by Willfor
et al."” and Pietarinen et al."*

Determination of the antioxidant activity and radical
trapping capacity

The extracts and pure compounds were dissolved in 5-12ml
ethanol, giving a concentration of 3-26mg dry extract/ml,
and then filtered using 0.2-um syringe filters. The
antioxidant properties of the extracts and the pure
compounds were estimated for their potency to inhibit tert-
butylhydroperoxide (--BuOOH) induced lipid peroxidation
in rat liver microsomes in vitro® as described by Willfor
et al.” The lipid peroxidation was detected by luminol-
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enhanced chemiluminescence. The tests were repeated two
to four times on separate days. Variation between assays
was less than 10%.

The capacity of the extracts and the pure compounds to
trap peroxyl radicals was estimated by chemiluminescence-
based methodology” as also described by Willfor et al.’
Peroxyl radicals were generated by thermal decomposition
of 2,2’-azobis(2-amidinopropane) hydrochloride. Chemilu-
minescence in triplicate cuvettes at 37°C was measured un-
til a peak value for each sample was detected. The halfpeak
time point defined the peroxyl radical trapping capacity.

Results and discussion
Extract composition

Lignans and oligolignans dominated in the Abies, Larix,
Picea, and Tsuga knotwood extracts (Table 2). The
most abundant lignan was secoisolariciresinol (structure 2
in Fig. 1) in the Abies and Larix extracts, while
hydroxymatairesinol (5) was predominant in the Picea and
Tsuga extracts. Pinosylvins (structures /3-15 in Fig. 2) were
predominant in the Pinus strobus and Pinus resinosa ex-
tracts, whereas the Pinus banksiana and Pinus sylvestris
extracts contained large amounts of lignans (7,3,6,8) in ad-
dition to pinosylvins. The Thuja plicata extract contained
unidentified lignans related to thujaplicatin and 4-O-
demethylyatein. The Populus and Acacia extracts, as well as
the Fagus sylvatica extract had flavonoids as their predomi-
nant compounds (Table 3). Dihydrokaempferol (27) domi-
nated in all Populus extracts, while teracacidin (25) and
melacacidin (28) dominated in the Acacia mangium and
Acacia crassicarpa extracts, respectively. The predominant
compound group in Eucalyptus globulus was tannins.

The major components, according to GC-MS analysis, in
the bark extracts were identified, but not quantified. Quan-
titative analysis was not performed because the extracts
contained large amounts of material that was not eluted in
GC analysis, i.e., tannins, and the separation obtained by
HPSEC did not allow accurate quantification. The total
amounts of extractives in bark samples are presented in
Table 1. The Abies lasiocarpa, Thuja occidentalis, Pinus
banksiana, Picea mariana, and Pseudotsuga menziensii bark
extracts contained large amounts of sugars (Table 4). The
Pinus extracts and Pseudotsuga menziensii extracts
contained flavonoids (79,20,22) as major polyphenols.
The main component in Betula pendula was betuloside
(12). Abies lasiocarpa contained resin acids while Thuja
occidentalis and Picea abies contained stilbenes (16-18). All
bark samples contained tannin.

Antioxidant properties of the pure compounds

The tested pure lignans, cyclolariciresinol and pinoresinol,
possessed strong antioxidant properties in the lipid
peroxidation test; they were even stronger than the lignans
testedin the earlier study’ (Table 5). Melacacidin was proven
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Table 2. Main component groups and components in the softwood hydrophilic knotwood extracts

Abies lasiocarpa Picea glauca

Lignans 7% Lignans 60%

Secoisolariciresinol 2%  Hydroxymatairesinol 45%

Todolactol A + isoliovil 2%  Secoisolariciresinol 6%

Hydroxymatairesinol 1% Matairesinol 3%

Oligolignans 16%  Todolactol A + isoliovil 2%

Juvabiones 5% o-Conidendrin 1%
Oligolignans 10%

Abies pectinata

Lignans 42%  Picea mariana

Secoisolariciresinol 23% Lignans 36%

Hydroxymatairesinol 5%  Hydroxymatairesinol 23%

Todolactol A + isoliovil 5%  Todolactol A + isoliovil 5%

Lariciresinol 4% Conidendrin 2%

Matairesinol 2%  Lignan A 2%

Oligolignans 22%  Secoisolariciresinol 2%

Juvabiones 6% Lariciresinol 1%
Oligolignans 22%

Larix lariciana

Lignans 22% Picea sitchensis

Secoisolariciresinol 15%  Lignans 12%

Cyclolariciresinol 3%  Todolactol A + isoliovil 5%

Todolactol A + isoliovil 2% Hydroxymatairesinol 3%

Oligolignans 12%  Lignan A 1%

Flavonoids 13% Oligolignans 19%

Taxifolin 11%

Larix sibirica

Lignans 24%

Secoisolariciresinol 15%

Lariciresinol 4%

Todolactol A + isoliovil 2%

Nortrachelogenin 1%

Oligolignans 15%

Flavonoids 4%

Taxifolin 3%

Pinus banksiana Tsuga canadensis

Lignans 21% Lignans 44%
Nortrachelogenin 18% Hydroxymatairesinol 35%
Oligolignans 5% o-Conidendrin 2%
Flavonoids 18% Matairesinol 1%
Pinocembrin 8% Lignan A 1%
Pinobanksin 8% Todolactol A + isoliovil 1%
Pinosylvins 12% Oligolignans 9%
Pinosylvin monomethyl

ether 8% Tsuga heterophylla
Pinosylvin 4% Lignans 44%

Hydroxymatairesinol 40%

Pinus strobus Todolactol A + isoliovil 2%
Lignans 5% Lignan A 2%
Lariciresinol 4% Oligolignans 10%
Cyclolariciresinol 1% Flavonoids 1%
Flavonoids 8%
Pinobanksin 4% Thuja plicata
Pinocembrin 2% Thujalignans 35%
Pinosylvins 45% Lignans 1%
Pinosylvin monomethyl

ether 28%
Pinosylvin 10%
Dihydropinosylvin 3%
Dihydropinosylvin

monomethyl ether 4%
Pinus resinosa
Lignans 8%
Todolactol A + isoliovil 4%
Nortrachelogenin 1%
Oligolignans 8%
Pinosylvins 38%
Pinosylvin monomethyl

ether 22%
Pinosylvin 16%
Pinus sylvestris
Lignans 31%
Nortrachelogenin 30%
Oligolignans 6%
Pinosylvins 38%
Pinosylvin 22%
Pinosylvin monomethyl

ether 16%

to be a strong antioxidant whereas the other tested flavo-
noids had similar or lower capacities than the studied lignans.

The capacity of pure polyphenols to trap peroxyl radicals
was estimated by chemiluminescence-based methodology.
Of the studied flavonoids, melacacidin and teracacidin were
found to effectively trap peroxyl radicals (Table 6). Lignan
cyclolariciresinol (12mmol/g) was a more effective radical
trap than Trolox (8§ mmol/g) and pinoresinol (7.8 mmol/g)
showed similar large trapping capacity as Trolox whereas
the flavonoids dihydrokaempferol (0.78 mmol/g) and
pinocembrin (0.49mmol/g) and the stilben pinosylvin
(0.78 mmol/g) had relatively low trapping capacities.

The antioxidant potencies of the studied flavonoids
follow the values reported by Pietta. The low value
of pinocembrin is expected due to a lack of hydroxyl groups
in the B-ring. In a similar manner, the potency of
dihydrokaempferol is weaker than that of taxifolin because
taxifolin has an additional hydroxyl group in the B-ring
when compared with the structure of dihydrokaempferol.
The same is true for teracacidin and melacacidin and leads

to stronger antioxidant potency of melacacidin. The strong
potencies of melacacidin and teracacidin when compared
with the other studied flavonoids might be due to the 7,8-
hydroxylation pattern in the A-ring.

In the case of stilbenes, the antioxidant activity is
strongly dependent on the position of the hydroxyl groups.
In pinosylvin the hydroxyl groups are in the meta-position,
which indicates that the antioxidant potency is strongest
in alkaline environments,” while a hydroxyl group in
para-position would indicate high potency in an acidic envi-
ronment. Resveratrol, found in Picea abies bark, has a com-
bined effect because it has both meta- and para-hydroxyl
groups. When compared with the results that Willfér et al.”
obtained for the antioxidant potency and trapping
capacity of a mixture of pinosylvin monomethyl ether and
dihydropinosylvin monomethyl ether, pure pinosylvin was
found to possess higher antioxidant potency but a smaller
trapping capacity. A methyl ether group may stabilize the
activity of pinosylvin in radical trapping reactions, while in
lipid peroxidation it may create a steric hindrance.



Table 3. Main component groups and components in the hardwood
hydrophilic knotwood extracts

Acacia crassicarpa Populus grandidentata

Flavonoids 54% Flavonoids 31%
Melacacidin 24% Dihydrokaempferol 13%
Isomelacacidin 18% Catechin 9%
Biflavonoids 9% Naringenin 7%
Taxifolin 3%
Acacia mangium Flavonoid glycosides 34%
Flavonoids 36%
Teracacidin 25% Populus tremula
Ketoteracacidin 3% Flavonoids 21%
Biflavonoids 8% Dihydrokaempferol 17%
Naringenin 3%
Fagus sylvatica Flavonoid glycosides 8%
Flavonoids 7%
Catechin 6% Populus tremuloides
Flavonoids 23%
FEucalyptus globulus Dihydrokaempferol 12%
Tannins 19% Naringenin 10%
Tannin monomers 5% Kaempferol 1%
Ellagic acid 3% Taxifolin 1%
Gallic acids 2% Flavonoid glycosides 24%

Table 4. Main component groups and components in the hydrophilic
bark extracts

Thuja occidentalis Picea abies

Sugars Isorhapontin
Catechin Astringin
Isorhapontin Resveratrol-glycoside
Astringin Tannins

Tannins

Abies lasiocarpa

Pinus banksiana Sugars

Sugars Resin acids

Taxifolin Tannins

Dihydromyrcetin

Tannins Populus tremula
Unidentified

glycosides Tannins

Betula pendula

Betuloside

Catechin Pinus mariana

Sugars Sugars

Tannins Catechin
Tannins

Pseudotsuga menziensii

Sugars

Taxifolin

Catechin

Tannins

The structural features that affect radical scavenging ac-
tivity of lignans are the degree of methoxylation in the
phenolic hydroxyls (the activity decreases with higher level
of methoxylation), the butanediol structure (enhances ac-
tivity), and higher degree of oxidation at the benzylic posi-
tions (decreases activity).” All these studied lignans had the
same degree of methoxylation. Cyclolariciresinol (/) and
secoisolariciresinol (2) contain a butanediol structure and
were the two most effective lignans in the radical scaveng-
ing test. Between results presented in Eklund et al.”” and the
present work, there are differences in the lignan activity
order. For example, pinoresinol (7) had weaker radical
trapping capacity than hydroxymatairesinol (5) and
lariciresinol (8) in the work by Eklund et al.,”” while in the
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present study the order was the opposite. This is, most
likely, due to different testing methods.

The total phenolic content is often used to explain anti-
oxidant activity; however, it is unlikely to account for the
total antioxidant capacity and activity in the extracts.”**
Therefore, the knowledge obtained for the individual com-
pounds is important in evaluating antioxidant activities of
the extracts.

Antioxidant properties of the branch knot extracts

The antioxidant potency measured with the lipid
peroxidation test varied widely among the knotwood ex-
tracts (Table 5). The Acacia crassicarpa knotwood extract
possessed the strongest potency to inhibit lipid peroxidation
(19 ug/) of the studied knotwood extracts. All three studied
knotwood extracts of the Picea species had IC,, values lower
than 40ug/l as well as both the Tsuga species and Larix
sibirica, while the knotwood extracts of Larix lariciana had
slightly weaker potency. The inhibition potency differed
among the Pinus species: the best value was found for
P. sylvestris (40 ug/l) while P. strobus showed four times
weaker potency (159 ug/l) and the antioxidant potencies for
the P. banksiana (48 ug/l) and P. resinosa (61 ug/l) extracts
were close to that of P. sylvestris. Related behavior was
observed for the Abies extracts: Abies pectinata (21 ug/l) was
shown to be the second strongest antioxidant of all studied
extracts, while A. lasiocarpa (59 ug/l) had a weaker potency.
Populus tremula (317 ug/l) and Populus tremuloides (135 ug/
1) had very modest antioxidant potencies, while that of
Populus grandidentata (61 ug/l) was stronger.

The Acacia crassicarpa knotwood extract was found to
be an effective radical scavenger with a capacity (21 mmol/
g) that was clearly larger than that of Trolox (8.0mmol/g)
(Table 6). The capacities of the other knotwood extracts
varied between 7.8 and 2.7mmol/g, except P. banksiana
(1.9mmol/g) and P. strobus (1.1 mmol/g) that had slightly
smaller capacities, and P. tremula (0.39mmol/g) and
P. tremuloides (0.29mmol/g) that had very small trapping
capacities. The order of the extracts was almost the same
in this test as in the lipid peroxidation test, except for
E. globulus, which was the second most efficient extract to
trap peroxyl radicals, probably due to its large tannin
concentration.

The two studied Acacia extracts exhibited strong antioxi-
dant potency and trapping capacity (Table 6). The extracts
contained large amounts of flavonoids (melacacidin and
teracacidin) and biflavonoids (proanthocyanidins, prome-
lacacidins, and proteracacidins).’ The molar trapping capa-
city of proanthocyanidins increases with the degree of
polymerization; if the degree of polymerization is higher
there are more hydroxyl groups in the molecule, and, there-
fore, more radicals can be scavenged per molecule.” The
trapping capacity of melacacidin (20mmol/g) was similar to
thatof A. crassicarpa (21 mmol/g), and teracacidin (7.8 mmol/
g) was an even more effective radical scavenger than the A.
mangium (6.8mmol/g) knotwood extract. In the lipid
peroxidation test, the melacacidin (36 ug/l) and teracacidin
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Table 5. Inhibition of lipid peroxidation in vitro, expressed as 1C;, values, by pure polyphenols, knotwood extracts, and bark extracts

Pure substances 1Cs, (ug/) 1G5, (M) Knotwood extracts 1Cs, (ug/l) Bark extracts 1Cs, (ug/l)
Trolox (reference) 5 0.02 Acacia crassicarpa 19
Cyclolariciresinol 17 0.05
Pinoresinol 20 0.06
Melacacidin 36 0.12 Abies pectinata 21
Secoisolariciresinol” 37 0.10 Picea glauca 24
Acacia mangium 24
Tsuga canadensis 27
Picea sitchensis 28
Tsuga heterophylla 28
Larix sibirica 29
Picea mariana 38
Pinus sylvestris 40
Taxifolin® 46 0.15 Larix lariciana 44 Picea abies 49
Pinosylvin 50 0.23 Pinus banksiana 48
Teracacidin 50 0.17 Thuja plicata 52
Nortrachelogenin® 53 0.14 Eucalyptus globulus 57
Hydroxymatairesinol® 58 0.15 Abies lasiocarpa 59
Matairesinol® 99 0.28 Populus grandidentata 61 Betula pendula 81
Pinus resinosa 61 Pycnogenol 84
Fagus sylvatica 91 Pseudotsuga menziensii 84
Lariciresinol” 126 0.35 Populus tremuloides 135 Thuja occidentalis 131
Dihydrokaempferol 488 1.7 Pinus strobus 159 Pinus banksiana 143
Pinocembrin 1135 4.4 Populus tremula 317 Populus tremula 213
Abies lasiocarpa 316

1C,, concentration of extract that inhibits lipid peroxidation by 50%
* According to Willfor et al.”

Table 6. Scavenging of peroxyl radicals in vitro, expressed as the trapping capacity and as the stoichiometric factor by pure polyphenols,
knotwood extrats, and bark extracts

Pure substances Trapping Stoichiometric Knotwood extracts Trapping Bark extracts Trapping
capacity factor capacity capacity
(mmol/g) (mol/mol) (mmol/g) (mmol/g)
Melacacidin 20 6.2 Acacia crassicarpa 21
Taxifolin® 16 4.7
Cyclolariciresinol 12 42
Secoisolariciresinol® 8.5 3.1 FEucalyptus globulus 7.8
Trolox (reference) 8.0 2.0 Picea glauca 7.8
Pinoresinol 7.8 2.8 Abies pectinata 6.8
Teracacidin 7.8 2.2 Tsuga canadensis 6.8
Nortrachelogenin® 5.9 2.2 Acacia mangium 6.8
Hydroxymatairesinol” 5.6 2.1 Tsuga heterophylla 5.8
Larix lariciana 5.8
Larix sibirica 5.8
Picea mariana 5.8
Matairesinol” 29 1.0 Picea sitchensis 4.9 Pseudotsuga menziensii 4.9
Lariciresinol® 2.7 1.0 Pinus sylvestris 4.9 Pycnogenol 4.9
Thuja plicata 39 Pinus banksiana 31
Populus grandidentata 3.9 Betula pendula 2.9
Fagus sylvatica 2.9 Picea abies 2.9
Abies lasiocarpa 2.7 Thuja occidentalis 1.9
Pinus resinosa 2.7
Pinus banksiana 1.9
Pinus strobus 1.1
Dihydrokaempferol 0.78 0.20 Populus tremuloides 0.39 Abies lasiocarpa 0.58
Pinosylvin 0.78 0.16 Populus tremula 0.29 Populus tremula 0.29
Pinocembrin 0.49 0.12

Trapping capacity is expressed as the number of peroxy radicals in millimoles that are scavenged per gram of extract. Stoichiometric factor is
expressed as the number of moles of peroxy radicals scavenged per mole of compound
* According to Willfor et al.”



(50 ug/l) were not as potent as their source knotwood extracts
A. crassicarpa (19 ug/l) and A. mangium (24 ug/1). Not only
the knots but also the heartwood of these two Acacia species
contain large amounts of flavonoids and biflavonoids® and
could be utilized for production of antioxidants.

Secoisolariciresinol, which is a potent antioxidant
(37 ug/l) and an efficient radical scavenger (8.5mmol/g), is
the predominant lignan in the knotwood extracts of the
Abies and Larix species. The different antioxidant poten-
cies for the two extracts of Abies species can be explained
by the difference in the extract components: the A. pectinata
knotwood extract contains 42% lignans and, in addition,
22% oligolignans, while the A. lasiocarpa extract contains
only 7% lignans and 16% oligolignans. The A. pectinata
(21 pug/N) and L. sibirica (29 ug/l) knotwood extracts showed
even stronger potency than pure secoisolariciresinol, and
even the knotwood extracts of L. lariciana (44 ug/l) and A.
lasiocarpa (59 ug/l) possessed stronger potency than what
their secoisolariciresinol concentrations (15% and 2% re-
spectively) would predict. The trapping capacity of pure
secoisolariciresinol is larger than that of the knotwood
extracts of the Abies (6.8 and 2.7mmol/g) and Larix
(5.8mmol/g both) species. The values obtained for the two
studied Larix species were on the same level in the trapping
capacity test, while the L. sibirica knotwood extract showed
stronger antioxidant potency than L. lariciana. The compo-
sition and amounts of lignans in the extracts were similar,
whereas the L. lariciana extract contained 11% of taxifolin
in addition to the lignans. Taxifolin is a strong antioxidant
and the antioxidant potency of L. lariciana should be in-
creased, not reduced, by this flavonoid.

Hydroxymatairesinol is the predominant lignan in Picea
and Tsuga species. In both the antioxidant potency and
trapping capacity tests, the values measured for pure
hydroxymatairesinol (58ug/l and 5.6mmol/g) showed
weaker antioxidant properties than the values measured for
the Picea (24-38ug/l and 7.8-5.8mmol/g) and Tsuga (24—
28ug/l and 6.8-5.8mmol/g) knotwood extracts. The
knotwood extract of Picea sitchensis that contained the
smallest amount of lignans (12%) also had the weakest
antioxidant potency of the studied Picea species. Tsuga
canadensis and Tsuga heterophylla, had similar extract com-
position and, accordingly, similar antioxidant potencies and
trapping capacities.

The Pinus species that had the largest lignan amount,
i.e., P. sylvestris (31%), and the second largest amount, i.e.,
P. banksiana (21%), also had the strongest (40ug/l) and
second strongest (48 ug/l) antioxidant potencies within the
Pinus species. Pinus sylvestris, which contained the largest
total amount of polyphenols (75%), had the largest radical
trapping capacity (4.9mmol/g), while the other three stud-
ied Pinus species contained similar amounts of polyphenols
(54%-58%) and had similar radical trapping capacities
(1.1-2.7mmol/g).

The composition of the Thuja plicata extract differed
remarkably from the other studied species. Thujalignans
were not tested here as pure substances and their contribu-
tion to the antioxidant capacity cannot be evaluated. How-
ever, compared with results obtained by Willfor et al., it
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can be concluded that the knotwood extract of 7. plicata is
a stronger antioxidant and more effective radical scavenger
(52 ug/l and 3.9mmol/g) than the T. occidentalis knotwood
extract (447 ug/l and 2.4mmol/g), and, indeed, T. plicata
contains a larger amount of thujalignans (35%) than T.
occidentalis (25%).

The E. globulus knotwood extract had moderate antioxi-
dant potency in the lipid peroxidation test; however, it
showed a large peroxyl radical trapping capacity. The main
components in the extract are ellagitannins, which are
known to be potent antioxidants. The antioxidant activity of
ellagitannins depends on the number of hydroxyl groups.”
In addition, ellagitannins are capable of chelating metals.”

All Populus species had weak antioxidant potencies and
small trapping capacities. Dihydrokaempferol, the pre-
dominant compound in the Populus knotwood extracts, is a
weaker antioxidant and radical trap than the studied
lignans, and melacacidin and teracacidin. Therefore,
the antioxidant potencies and trapping capacities of the
knotwood extracts of Populus species cannot be expected to
be as strong as those of the lignan-rich species or Acacias. In
addition, a major part of the flavonoids observed in the
knotwood extracts of Populus species are glycosylated,
which lowers the antioxidant properties of the flavonoids."
The P. grandidentata knotwood extract was a stronger anti-
oxidant than the knotwood extracts of P. tremula and P.
tremuloides, most likely due to taxifolin and catechin found
in the P. grandidentata knotwood extract.

Antioxidant properties of the bark extracts

Bark extract of Picea abies had the strongest antioxidant
potency in the lipid peroxidation tests of the bark extracts.
Picea abies bark extract contains stilbenes and stilbene gly-
cosides that are known for their potency to inhibit lipid
peroxidation.” Like in flavonoids, glycosidation of stilbenes
lowers the antioxidant potency.

Packer et al** have reviewed the well-known
antioxidative properties and chemical composition of
Pycnogenol. The main constituents can be broadly divided
into flavonoids (catechin, epicatechin, and taxifolin) and
condensed tannins. Pycnogenol has been shown to possess
greater biologic potency as a mixture than its purified
components do, indicating that the components are acting
synergistically.”* The antioxidant potencies of B. pendula,
Pycnogenol, and P. menziensii are probably mostly due to
condensed tannins.

In the trapping capacity test, Pycnogenol and P.
menziensii bark extract had the largest capacities. The free
radical scavenging activity of Pycnogenol is due to con-
densed tannin and, in particular, flavonoids.”* Pseudotsuga
menziensii contains biflavonoids and condensed tannins that
probably are responsible for the trapping capacity.”> The
bark extracts did not contain any lignans. Because lignans
were found to possess strong antioxidant activity and large
radical trapping capacity, it is, indeed, reasonable that the
lignan-rich knotwood extracts are stronger antioxidants than
bark extracts. However, the large sugar amounts that were
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observed in the bark extracts, but not in the branch knots,
lowered the measured antioxidant activities and trapping
capacities of the bark extracts because the measurements
were made according to the gravimetric amounts of extracts.

Conclusions

Even though the main part of the antioxidant activity of the
extracts can be explained by the predominant compounds,
there are still more factors affecting the activity. This can be
because of synergism of the polyphenols or there may be
compounds in minor amounts that strongly contribute to
the activity. The correlation between decay resistance and
the total extractive content can be poor, suggesting that
more subtle differences in extractive composition and dis-
tribution may be important.”

It can be concluded that most lignans are powerful anti-
oxidants, with effects as strong as or even stronger than
most flavonoids. However, the flavonoid melacacidin pos-
sessed the largest trapping capacity of the studied polyphe-
nols. Furthermore, the knotwood extracts of several tree
species contain valuable antioxidants with stronger effects
than the individual compounds. The bark can also provide
an interesting source for strong antioxidants.
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