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ABSTRACT: Small organic phenolic compounds from natural
sources have attracted increasing attention due to their potential to
ameliorate the serious consequences of acute and chronic traumata
of the mammalian nervous system. In this contribution, it is
reported that phenols from the knot zones of Siberian larch (Larix
sibirica) wood, namely, the antioxidant ﬂavonoid (+)-dihydroquercetin (1) and the lignans (−)-secoisolariciresinol (2) and
(+)-isolariciresinol (3), aﬀect migration and outgrowth of
neurites/processes from cultured neurons and glial cells of
embryonic and early postnatal mice. Compounds 1−3, which
were available in preparative amounts, enhanced neurite outgrowth
from cerebellar granule neurons, dorsal root ganglion neurons, and
motoneurons, as well as process formation of Schwann cells in a
dose-dependent manner in the low nanomolar range. Migration of
cultured astrocytes was inhibited by 1−3, and migration of neurons out of cerebellar explants was enhanced by 1. These
observations provide evidence for the neuroactive features of these phenolic compounds in enhancing the beneﬁcial properties of
neurons and reducing the inhibitory properties of activated astrocytes in an in vitro setting and encourage the further
investigation of these eﬀects in vivo, in animal models of acute and chronic neurological diseases.
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cells was observed in the presence of resveratrol and quercetin
in the micromolar range, but the growth of astrocytes appeared
not to be aﬀected.12 In addition to their antioxidant activity and
their modulatory eﬀect on neurotrophic factors, for some
phenols such as quercetin, dieckol, and resveratrol and its
hydroxylated derivative, piceatannol, the ability to inﬂuence the
migration of non-neural cells has been reported.9,13−17 In
contrast, the inﬂuence of phenols on neurite outgrowth and
migration, process formation of Schwann cells, and migration of
activated astrocytes has rarely been observed or has not been
investigated.
In the present study, neural cell activation by the ﬂavonoid
(+)-dihydroquercetin (1) and two lignans, (−)-secoisolariciresinol (2) (an isomer of (+)-secoisolariciresinol from
ﬂaxseeds18) and (+)-isolariciresinol (3) (also known as
cyclolariciresinol according to the IUPAC nomenclature of
lignans19), is described. All three compounds were extracted
from the knot wood zones of Siberian larch [Larix sibirica
Ledeb. (Pinaceae)]. Among these natural products, compounds
1 and 2 are of particular interest because of their high

atural phenol compounds have attracted attention
because of their antioxidant, immunoadjuvant, and antiinﬂammatory eﬀects, as well as a variety of antitumor activities
related to antiestrogenic action.1−5 Also in the few past years,
certain phenols have been identiﬁed as potential neuroprotective compounds, pointing to one of the greater
challenges in drug discovery today. These compounds scavenge
free radicals and change transcription of genes leading to
protection of neurons or neuroblastoma cells in vitro against
oxidative stress or glutamate-induced toxicity.6−8 The compound 7,8-dihydroxyﬂavone inhibits the death of hippocampal
neurons at concentrations as low as 10−250 nM by inducing
dimerization and autophosphorylation of the tyrosine kinase
receptor B in vivo.9 However, only limited information is
available on the eﬀects of phenolic substances on glial cells
other than activation of antioxidant defense mechanisms. Zhang
et al. showed that the natural stilbenoid resveratrol promotes
the release of neurotrophic factors from astroglia, and De
Nicoló et al. reported that intraperitoneal injections of a
mixture of olive oil phenols containing hydroxytyrosol as the
main component enhanced levels of nerve growth factor and
brain-derived neurotrophic factor in brain regions implicated in
learning and memory.10,11 The growth arrest of C6 rat glioma
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antioxidant activity.20 Flavonoid 1 is currently used as a
component in the production of more than 200 biologically
active food additives, cosmetics, and other products. In addition
to its antioxidant activity, lignan 2 exhibits also a considerable
potential for the pharmaceutical, veterinary, and food
industries, because the intestinal microﬂora can metabolize it
into enterolactone,21,22 a well-known mimetic of the mammalian estrogen 17β-estradiol. Lignan 2 has been isolated from
diﬀerent wood parts previously,23,24 but only recently it became
available in preparative amounts by isolation from the knot
regions of larch wood.25 The carbocyclic lignan 3 is a minor
component of the extracts from Siberian larch knotwood but
can be prepared chemically from 7-hydroxymatairesinol,26 the
dominant lignan in the knot wood of Norway spruce, which is
currently produced in industrial amounts.24

treatment of acute nervous system injuries and neurodegenerative diseases and also in the context of inﬂammation
as a focus in multiple sclerosis and amyotrophic lateral sclerosis.
Compounds that ameliorate the consequences of neuronal loss
are therefore much needed as a complement to presently
available but limited possibilities for cure.
The aim of this study was therefore to investigate whether
compounds 1−3 not only exhibit neuroprotective eﬀects
through scavenging of free radicals but also stimulate other
neuronal functions such as migration and neurite outgrowth. In
addition, the eﬀects of these compounds on glial cells were
considered worthy of investigation, since these cells are
essential in many diﬀerent aspects in their positive and negative
inﬂuences on neurons.

■

RESULTS AND DISCUSSION
Phenols 1−3 stimulated neurite outgrowth of primary
cerebellar neurons from early postnatal mice in a concentration-dependent manner (Figure 1). These compounds were
active in a range from 100 pM to 1 μM, and all three phenols
tested enhanced neurite outgrowth in a comparable manner.
Maximal stimulation of neurite outgrowth by 1.6-fold compared
to the DMSO vehicle control was achieved at a 100 nM
concentration. The application of higher concentrations of
phenols (1 μM) did not further enhance neurite outgrowth but
also had no adverse eﬀect on the viability of cerebellar neurons.
In contrast to cerebellar neurons, motoneurons showed
enhanced neurite outgrowth in the range from 1 to 200 nM
concentration of 1−3, but at higher concentrations (500 nM)
neurite outgrowth was reduced to control levels (Figure 2). Of
note, compounds 1−3 stimulated neurite outgrowth of

There is a need to discover new compounds that counteract
neural degeneration, for instance, in Alzheimer’s and
Parkinson’s diseases and after acute injury, such as spinal
cord injury or stroke. In these devastating aﬄictions, neurons
not only suﬀer from oxidative stress but also from the presence
of inhibitory or toxic molecules, such as amyloid beta,
neuroﬁbrillary tangles, myelin debris, loss of neurotrophic and
glial support, excitotoxicity, and ischemia, to name just some of
the types of cognate damage. Neurons are important targets for

Figure 1. Phenols 1−3 stimulate neurite outgrowth of cerebellar granule neurons. Cerebellar neurons were isolated, seeded onto PLL substrate, and
treated with the compounds at the indicated concentrations. Neurite outgrowth was determined after 24 h in vitro. Mean values ± SEM are shown
(#p < 0.05, *p < 0.001).
B
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Figure 2. Phenols 1−3 stimulate neurite outgrowth of motoneurons. Motoneurons were isolated, seeded onto PLO substrate, and treated with
compounds at the indicated concentrations. Neurite outgrowth was determined after 24 h in vitro. Mean values ± SEM are shown (*p < 0.001).

(ginkgol) extracted from Ginkgo biloba leaves enhanced the
growth of NSC-34 immortalized motoneuron-like cells (1.4fold) and improved working memory-related learning in rats
when administered chronically. Moreover, certain curcuminoids
were shown to promote neurite outgrowth in PC12 cells at
micromolar concentrations, and the total neurite length was
increased by 1.4- to 2.2-fold.28
In previous studies, opposite eﬀects of plant phenols on the
migration of neurons were reported. Despite its neuroprotective eﬀect in the neuronal cell culture and in a
Parkinson’s disease model,29,30 (−)-epigallocatechin-3-O-gallate
from green tea inhibited the migration of neurons from
neurospheres.31 Treatment of mice with olive oil phenols has
led to elevated levels of neurotrophic factors in the hippocampus and olfactory bulbs, which enhanced neuronal
migration and survival in vivo.11 On the basis of these ﬁndings,
phenols 1−3 were investigated for stimulation not only of
neurite outgrowth but also of neuronal migration. Cerebellar
explants were maintained in culture and monitored for
migration of cells out of these explants (Figure 4). Lignans 2
and 3 enhanced the total number of migrating neurons by 1.2fold, while ﬂavonoid 1 enhanced the total number of migrating
neurons by 1.4-fold. In comparison, in the DMSO vehicle
control-treated explants, 72% of all cells migrated 1−150 μm,
25% of cells migrated 151−300 μm, and only 3% of cells
migrated farther than 301 μm away from the explant edge. After
treatment with (+)-isolariciresinol (3), 68% of all cells migrated
1−150 μm, 24% migrated 151−300 μm, and 8% migrated more
than 301 μm. Treatment with (−)-secoisolariciresinol (2) led
to a similar result with 65% of all cells migrating 1−150 μm,
27% of all cells migrating 151−300 μm, and 8% of all cells
migrating more than 301 μm. After treatment with (+)-dihydroquercetin (1), only 59% of all cells stayed close to the
explant border at a distance of 1−150 μm, 29% of all cells
migrated 151−300 μm, and 12% of all cells migrated farther
than 301 μm (Figure 4). These results show that the Siberian
larch phenols investigated not only stimulate neurite outgrowth, but also support neuronal migration, with (+)-dihy-

motoneurons to diﬀerent degrees: maximal neurite outgrowth
was stimulated 1.9-fold (compared to the DMSO vehicle
control) with (+)-isolariciresinol (3), 2.7-fold with (−)-secoisolariciresinol (2), and 3.1-fold with (+)-dihydroquercetin (1).
In cultures of dorsal root ganglion neurons the three phenols
stimulated neurite outgrowth by a factor of 1.7 (Figure 3).
These results show that especially (+)-dihydroquercetin (1)
and (−)-secoisolariciresinol (2) enhance neurite outgrowth
more actively than the previously described cardanol and
curcuminoids, which are only active in the micromolar range
and achieved maximal stimulation of neurite outgrowth by 2fold. For instance, Tobinaga et al.27 showed that cardanol

Figure 3. Phenols 1−3 stimulate neurite outgrowth of dorsal root
ganglion neurons. Dorsal root ganglion neurons were isolated, seeded
onto PLL substrate, and treated with compounds at a 100 nM
concentration. Neurite outgrowth was determined after 24 h in vitro.
Mean values ± SEM are shown [*p < 0.001 diﬀerence from control
(PLL)].
C
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Figure 4. (+)-Dihydroquercetin (1) enhances the migration of neurons. Cerebellar explants were isolated, seeded onto coverslips coated with PLL,
and treated with the test compounds (100 nM). Neuronal migration was determined after 48 h in vitro. (A) Representative images of an explant
maintained in the presence of DMSO control (left) or (+)-dihydroquercetin (right). The scale bars depict 100 μm. (B) The total number of
migrated cells per explant was counted and is shown in % of control. (C) The number of cells at a distance of 0−150, 151−300, and >301 μm from
the explant border was determined and is shown as % of the total number of cells that had migrated. Mean values ± SEM are shown (*p < 0.001
diﬀerence from control).

droquercetin (1) being slightly more active than the two
lignans (2 and 3) evaluated.
The modulatory eﬀects of phenols on astrocytes and
microglia, which induce neuroprotection by release of neurotrophic factors, up-regulation of the antioxidant defense, and
inhibition of release of pro-inﬂammatory cytokines,10,32,33 have

attracted increasing attention in recent years. However, their
eﬀect on oligodendrocytes or Schwann cells has so far not been
a focus of investigation. An extract from Codonopsis pilosula
(also known as “Dang Shen” or “poor man’s ginseng”),
containing high amounts of phenolic glycosides, phenolic acids,
and sterols, induced proliferation and migration of RSC96
D
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Figure 5. Phenols 1−3 enhance Schwann cell process formation. Schwann cells were isolated, seeded on PLL substrate, and treated with compounds
at the indicated concentrations. After 24 h, the process formation was determined. Mean values ± SEM are shown (#p < 0.05, *p < 0.001).

Figure 6. Phenols 1−3 reduce migration of astrocytes after scratch injury. A conﬂuent monolayer of astrocytes was injured by scratching, resulting in
a cell-free cleft (gap) approximately 850 μm wide, and compounds were added at 100 nM concentration. Directly after injury (0 h) and 8, 24, and 48
h after injury photographs were taken, and the size of the cell free cleft was determined. Mean values are shown (*p < 0.001).

Schwann cells,34 and quercetin was shown to enhance
outgrowth and survival of cultured Schwann cells at 0.3−33
μM concentrations.35 To analyze whether phenols 1−3 aﬀect
not only neuronal properties but also glial properties, they were
analyzed for their eﬀect on the process formation and process
elongation of Schwann cells, which are the myelin-forming cells
of the peripheral nervous system. Phenols 1−3 stimulated
Schwann cell process formation/elongation in a concentrationdependent manner between concentrations of 100 pM and 100
nM (Figure 5). A maximal 1.8-fold enhancement in process
length was observed after treatment with (−)-secoisolaricir-

esinol (2) and (+)-isolariciresinol (3), and a 1.9-fold enhancement in process length was observed after treatment with
(+)-dihydroquercetin (1). Higher concentrations of phenols
1−3 (up to 1 μM) did not enhance the process formation/
elongation further but also had no adverse eﬀects on Schwann
cell viability (data not shown). This result shows that
compounds 1−3 are active at lower concentrations than
quercetin, raising the possibility that they prevent axonal and
myelin degeneration and support the synthesis and maintenance of peripheral nervous system myelin by enhancing
E
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Schwann cell process of outgrowth and survival after acute and
chronic injury.
Glial cells play important roles in injury and diseases of the
nervous system; for example, after spinal cord injury the
development of the glial scar contributes to the inhibition of
axonal regrowth across the lesion site, thereby preventing
successful functional recovery. In neurodegenerative diseases,
inﬂammatory processes play an important role in the
pathogenesis of the disease, and inﬂammatory components
related to neuroinﬂammation in Alzheimer’s disease include
brain cells such as microglia and astrocytes.36,37 Astrocytes in
Alzheimer’s disease form a corona at the perimeter of the
neuritic halo that surrounds a dense core of an amyloid beta
deposit, and activated astrocytic processes cover and interdigitate neurites in a manner reminiscent of glial scarring.38,39
Plaque-associated astrocytes deposit proteoglycans and can
thereby create a barrier preventing microglial attack that could
clear the amyloid beta deposit.39
On the basis of these reported observations, phenols 1−3
were investigated for migration modulation of activated
astrocytes after scratch injury. Astrocytes under control
conditions (untreated or treated with vehicle control) migrated
more quickly and farther than astrocytes treated with these
phenols (Figure 6). After 48 h, control astrocytes had migrated
by 700 μm, closing the cell-free gap to 85%, whereas astrocytes
treated with phenols 1−3 had migrated only 500−550 μm,
leaving a cell-free area of 35−40% of the original size. There
was no signiﬁcant diﬀerence in the speed of migration or
distance moved between astrocytes treated with the three
phenol compounds (Figure 6). Comparable eﬀects on
migration of astrocytes after scratch injury were observed
after treatment with a combination of resveratrol and
Temozolomide (a chemotherapeutic agent) and resveratrol
alone, showing only a very small eﬀect on astrocytic
migration.40 These results show that treatment with phenols
1−3 slows down and reduces astrocyte migration after injury,
which is a beneﬁcial feature in that it is likely to reduce glial scar
formation that is generally considered to reduce axonal
regrowth after spinal cord injury and to prevent or even only
reduce the astrocyte corona around the amyloid beta plaque
and to help clearance of amyloid beta by microglia in
Alzheimer’s disease.
The present study has demonstrated that, in addition to their
known antioxidant actions on a variety of non-neural cell types,
the phenols investigated also beneﬁcially aﬀect neuronal and
glial functions, such as neuritogenesis and process formation by
glial cells, as well as neuronal and glial cell migration. It cannot
be said, however, whether the observed eﬀects are due to a
direct inﬂuence on the cellular parameters studied or, e.g., if the
ability of the compounds to enhance neurite outgrowth and
neuronal migration are due indirectly to an enhanced viability
of cells. However, the fact that astrocytes are inhibited in their
migration by the phenolic compounds studied points to the
possibility that molecular mechanisms diﬀerent from those of
neurons are involved in the behavior of astrocytes. Despite of
these insights, the data of the present study clearly demonstrate
the considerable therapeutic potential of the studied phenols,
which now need to be analyzed in vivo for the more easily
available compounds 1 and 2 in animal models of acute injury
and of neurodegenerative diseases.
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EXPERIMENTAL SECTION

General Experimental Procedures. Melting points were
determined with the Koﬂer apparatus and are uncorrected. Optical
rotations were measured using a JASCO DIP-360 polarimeter at 18−
22 °C in the solvents speciﬁed. NMR spectra were recorded on a
Bruker AMX-400 instrument. HRMS (ESI) spectra were obtained on a
MicrOTOF II (Bruker Daltonics) instrument. An Axiovert 135
microscope equipped with an AxioVision camera and AxioVision 4.7
software (Carl Zeiss) was used to determine process length and
migration of cells.
Extraction and Isolation. Extraction and puriﬁcation of the tested
phenols 1−3 were performed following previously elaborated and
established approaches.25 A glass reactor was charged with 1.0 kg of a
ground wood material (larch knots crushed using a cutting mill to
sawdust size 2 mm), and 5 L of 70% aqueous isopropyl alcohol was
added. The mixture was stirred at room temperature for 24 h. The
solution was separated from the wood particles by conventional
ﬁltration. The extraction of the same wood material was repeated with
3 L of 70% aqueous isopropyl alcohol by using the same process
parameters. The extracts were combined and evaporated under
reduced pressure on a rotary evaporator to give 83 g of the crude
extract. This material was separated by ﬂash column chromatography
on silica gel 60 (40−63 μm, Merck) by elution with a mixture of ethyl
acetate and methyl tert-butyl ether (0 → 50%) followed by
crystallization of the target products from water to yield 3.8 g of
(+)-dihydroquercetin (1): mp 222−224 °C (dec) (lit.40 mp 218−220
°C); [α]D +21 (c 1.0, MeOH); HRESIMS m/z 327.0483 [M + Na]+,
calcd for C15H12O7Na 327.0481; and 6.3 g of (−)-secoisolariciresinol
(2): mp 112−113 °C (lit.41 mp 111−112 °C); [α]D −31 (c 1.0,
MeOH); HRESIMS m/z 385.1626 [M + Na]+, calcd for C20H26O20Na
385.1627; and 0.57 g of (+)-isolariciresinol (3): mp 150−152 °C (lit.26
mp151−153 °C); [α]D +54 (c 0.8, Me2CO); HRESIMS m/z 383.1465
[M + Na]+, calcd for C22H24O6Na 383.1462. NMR data for
compounds 1−3 were in accordance with those puplished.26,40,41
The purities of crystalline compounds 1−3 were estimated to be
higher than 99% as shown by both C18 RP-HPLC and spectroscopic
analyses and the same as their optical purities (higher than 99%),
which were estimated by HPLC on a chiral column (Kromasil 3CelluCoat RP, 4.6 × 150 mm).
Mice. C57BL/6J mice of either sex were used for the cell culture
experiments. Mice were kept under standard laboratory conditions
with food and water supply ad libitum and with an artiﬁcial 12 h light/
dark cycle. All experiments were conducted in accordance with the
German and European Community laws on protection of
experimental animals, and all procedures used were approved by the
responsible committee of the State of Hamburg (allowance numbers
for organ removal from mice: Org 535 Morph and Org 679 Morph).
Preparation and Treatment of Dissociated Primary Neurons
and Schwann Cells and of Cerebellar Explants. Motoneurons
were prepared from spinal cords of mice at embryonic day 14.5,
seeded at a density of 1.25 × 104 cells per well in 48-well plates coated
with poly-L-ornithine (PLO), and cultured under serum-free
conditions as previously described.42 Cerebellar granule neurons
were prepared from cerebella of 6- to 8-day-old mice, seeded at a
density of 2.5 × 104 cells per well in 48-well plates in a deﬁned serumfree medium on poly-L-lysine (PLL) substrate, and cultured in a
deﬁned serum-free medium as previously described.42 Schwann cells
and dorsal root ganglion neurons were prepared from dorsal root
ganglia of 6- to 8-day-old mice, seeded at a density of 1.25 × 104 cells
per well in 48-well plates coated with PLL, and cultured under serum
free conditions as previously described.42 Cerebellar explants were
prepared from cerebella of 5- to 6-day-old mice and cultured as
previously described.43 The compounds were dissolved in 10% DMSO
and added to the cells at the indicated concentrations 1 h (dissociated
cells) or 16 h (explants) after seeding. The ﬁnal concentration of
DMSO in the culture medium was 0.1%. This DMSO amount was
added to the cells/explants as formulation control. Dissociated cells
were ﬁxed after 24 h in vitro, and explants were ﬁxed after 48 h in
F
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vitro. Fixed cells and explants were stained with 1% toluidine blue, 1%
methylene blue in 1% borax.
Assessment of Neurite Outgrowth, Neuronal Migration, and
Schwann Cell Process Elongation. Neurite length, neuronal
migration, and Schwann cell process length were measured as
previously described,42,43 using an Axiovert 135 microscope equipped
with the AxioVision 4.7 software (Carl Zeiss). To assess neurite
outgrowth and Schwann cell process elongation, all treatments were
performed in duplicates and at least 100 cells were counted for each
treatment. The results from 3 independent experiments were averaged.
For neuronal migration, treatments were performed in duplicates and
at least 14 explants were analyzed per treatment. The results from four
independent experiments were averaged.
Astrocyte Scratch Injury Assay. Astrocyte-enriched cultures
obtained from whole brains of 1- to 2-day-old mice were prepared as
described previously44,45 and cultured for at least 1 week at 37 °C and
5% CO2 with DMEM medium supplemented with 10% fetal bovine
serum on PLL-coated 6-well plates until they had reached conﬂuence.
The scratch injury assay was performed as described by EtienneManneville46 with slight modiﬁcation. Brieﬂy, the conﬂuent astrocyte
monolayer was scratched twice from the left to right wall and from the
upper to lower wall of the well with a sterile yellow 100 μL plastic tip,
resulting in a cell-free cleft with a width of approximately 850 μm.
Phenols were added at 100 nM concentrations, and the plates were
immediately examined under an Axiovert 135 microscope with the 5×
objective. Photographs were taken with an AxioVision camera and the
Rel. 4.7 software (Carl Zeiss) (time point zero with maximal scratch
size). The plates were then placed back into the incubation chamber
(37 °C, 5% CO2) and 8, 24, and 48 h later photographs of the scratch
were taken with an AxioVision camera at the 5× magniﬁcation. The
size of the scratch at each time point was determined using the
AxioVision software. All treatments were performed in duplicates, and
at least 10 pictures were taken for each scratch injury time point and
concentration. Results were conﬁrmed in three independent experiments.
Statistical Analysis. Unpaired, two-tailed t test assuming
homogeneity of the variances was performed with the Excel software.47
An analysis of the variance was performed by the ANOVA posthoc
test.
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