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Balm of Norway spruce ( Picea abies ) as wound
healing agent 1 Isolation, identification and
analysis of main constituents and their pro -

migratory effect on keratinocytes

Abstract

The exudates of the conifers Picea abies, Larix decidua and Pinus nigra are well-known
traditional herbal medicines used to cure wounds. Even though clinical trials with spruce balm
have confirmed its empirical use, the active constituents, their mode of action, and the exact
composition of this natural product were unknown. For the elucidation of the composition, three
chromatographic techniques were developed that allowed for the separation and detection of
major and minor constituents belonging to different compound classes. The balm extracts were
furthermore tested for boosted re-epithelialization in an in vitro HaCaT keratinocyte-based
scratch assay. Picea abies and Pinus nigra showed concentraton d ependency;
activity was measured for Larix decidua.

The balm of Norway spruce was then subjected to fractionated extraction and further
purification. Substances were isolated, identified and tested for increased re-epithelialization
in vitro. Lignans and diterpene resin acids, main constituents of Norway spruce balm, were
able to increase migration or proliferation of keratinocytes in vitro. Therefore, diterpene resin
acids are eligible marker compounds for quality control. The first validated supercritical fluid-
based protocol for the separation and quantitation of diterpene resin acids was developed. The
protocol represents a fast and efficient method as an ideal tool for an environmentally friendly
quality control of traditionally used wound-healing Norway spruce balm products.

The results of this thesis substantiate the traditional application of conifer exudates, in

particular Norway spruce balm, and provide a tool for sustainable quality control.
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Zusammenfassung

Die Exsudate der Nadelbaume Picea abies, Larix decidua und Pinus nigra sind bekannte
traditionelle pflanzliche Arzneimittel zur Forderung der Wundheilung. Auch wenn klinische
Studien mit Fichtenbalsam die empirische Anwendung bestatigten, so sind die Wirkstoffe, ihre
Wirkungsweise und die genaue Zusammensetzung dieses Naturprodukts unbekannt. Zur
Aufklarung der phytochemischen Zusammensetzung wurden drei chromatographische
Techniken eingesetzt. Die entwickelten Methoden ermdglichten die Trennung und den
Nachweis von Haupt- und Nebenbestandteilen, die zu verschiedenen Verbindungsklassen
gehoren. Die Balsamextrakte wurden auf3erdem in einem in vitro HaCaT-Keratinozyten-
basierten Scratch-Assay auf eine die Reepithelisierung fordernde Wirkung getestet. Picea
abies und Pinus nigra zeigten Konzentrationsabhangigkeit; eine signifikante Aktivitat wurde fur
Larix decidua gemessen.

Fichtenbalsam wurde in weiterer Folge einer fraktionierten Extraktion unterzogen und weiter
aufgereinigt. Substanzen wurden isoliert und in vitro auf ihren Einfluss auf die
Reepithelisierung getestet. Lignane und Diterpenharzsauren, die Hauptbestandteile von
Fichtenbalsam, konnten die Migration bzw. Proliferation von Keratinozyten in vitro steigern.
Daher sind Diterpenharzsauren geeignete Markerverbindungen fur die Qualitatskontrolle.
Dazu wurde das erste validierte, auf Uberkritischen FlUssigkeiten basierende Protokoll zur
Trennung und Quantifizierung von Diterpenharzsauren entwickelt. Das Protokoll stellt eine
schnelle und effiziente Methode dar, die sich hervorragend fur eine umweltfreundliche
Qualitatskontrolle traditionell verwendeter Wundheilungsprodukte aus Fichtenbalsam eignet.
Die Ergebnisse dieser Arbeit untermauern die traditionelle Anwendung von
Koniferenexsudaten, insbesondere Fichtenbalsam, und liefern praxisorientierte Methoden fur

die nachhaltige Qualitatskontrolle der Rohprodukte sowie daraus hergestellter Zubereitungen.
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1. Introduction

1.1. Wound Healing

Management of wounds is a challenge with increasing importance in the industrialized
countries against the background of population aging, the rising incidence of diabetes, and
antibiotic resistance. In particular, c hr oni ¢ wounds reduce the pat:i
exhaust the scarce r esour c el[d] Theflack obngvaantbisticsine al t h
the pipelines of the pharmaceutical industry, but also the scarce innovations of cost-efficient
and effective wound healing agents give cause for serious concern and prompt search for new

drugs to extend the available antimicrobial and wound healing armamentarium.

1.1.1. Physiology and anatomy of human skin

The skin is the largest human organ and amounts to 16% of total body weight [2]. As the
outermost shield of our body, it serves as a physical barrier and has various protective
functions like the defense against microbes, chemicals, UV radiation and the prevention of
dehydration. The regulation of body temperature, tactile sense and the synthesis of vitamin D
are physiological functions of the skin.

The skin consists of the epidermis and the subjacent dermis. The epidermis is divided in four
layers: i) basal cell layer (stratum basale), ii) spinous or prickle cell layer (stratum spinosum),
iif) granular cell layer (stratum granulosum) and the iv) horny layer (stratum corneum). The
predominant cell type in the

epidermis are keratinocytes. sweal pore hair shaft
Meissner’s corpuscle
(tactile corpuscle)

Maintaining the physical stratum corneum

pigment layer
barrier is the main function stratum germinativum:

stratum spinosul

of this layer with the stratum stratum basale-
dermal papilla

corneum, as the outermost  uecror piil muscie

layer, being highly involved sebaceous gland
in this process. Pacinian corpuscle —"
hair follicle
The dermis is located papilla of hair—-—=
nerve fiber- =
between the epidermis and
the subcutaneous fat. The arory sweat gland
. . h |
main functions are the L mPResSEl o i Sorpuscle
nutritional support of the Figure 1: Anatomy of the human skin

dermis and epidermis as
well as providing structural integrity. The dermis consists of fibroblasts and macrophages,
matrix components (e.g. collagen, elastin and extrafibrillar matrix), nerves, lymphatic and blood

vessels, sweat and sebaceous glands and hair follicles. The subcutaneous fat or hypodermis
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is located below the dermis and is responsible for shock absorption and temperature insulation.
It is composed of loose connective tissue and incorporates blood vessels and nerves. The
main cell types are fibroblasts, adipocytes and macrophages [2,3].

Breaching the physical barrier, that is formed by the skin, is a severe hazard for the individual
and a potential life-threatening situation. To manage the risk, evolution created a complex
series of mechanisms to avoid blood loss, defend against pathogens and ensure regeneration
of the injured tissue. In the wound healing process various cell types and signaling molecules
are involved in an intricate interplay to close the injury [4]. Four partly overlapping wound
healing stages are used to classify the regeneration process. The hemostasis phase (1) starts
within seconds after injury. The coagulation cascade is initiated and results in a blood clot at
the site of injury to prevent blood loss. The inflammatory phase (2) starts shortly after injury
and includes defense mechanisms against invading pathogens. Neutrophils and macrophages
are attracted to the wound site by cytokines to remove debris, dead cells and microorganisms
via phagocytosis. Granulation tissue is formed and continues to grow in the subsequent step.
The proliferative phase (3) is marked by fibroblasts entering the wound crater to synthesize
matrix proteins. Angiogenesis, the newly formation of blood vessels, started in the
inflammation phase and continues in this stage. Granulation tissue is made up of new blood
vessels, endothelial and inflammatory cells, as well as fibroblasts. Granulation continues to fill
the wound crater until the lost tissue has been regenerated and re-epithelialization has closed
the wound. In a final step, the remodeling phase (4), the newly synthesized collagen fibers are
re-organized, resulting in scar tissue formation. Over the course of this phase the tensile
strength of the tissue increases and will culminate at 80% of the value of uninjured tissue. This

phase encompasses the longest duration with up to 2 years or more [5,6].

1.1.2. Complications

Wound healing is a complex process due to the variety of involved cell types, tissues and
mechanisms on the one hand and to a distinctive spatial and temporal sequence of steps on
the other hand. Any deviation may interrupt the process and lead to impaired wound healing
and in the worst case to the chronification of a wound. Accordingly, injuries can be classified
into acute and chronic wounds. Acute wounds are able to proceed through the four phases in
a timely manner. If healing is delayed after 12 weeks from the occurrence of injury it is classified
as a chronic wound, which is often paralleled by an elevated level of scar tissue formation and
inadequate anatomical function [7]. Factors that may contribute to chronic wounds are age,
metabolic or autoimmune diseases as well as the wound size, depth and its localization [4].

In most cases chronic wounds can be assigned to one of three categories: vascular, diabetic,
and pressure ulcers. Symptoms that often occur in wounds of any of these categories are
excessive inflammation, infection including antibiotic-resistant biofilms and irresponsive skin

cells. These symptoms are reflected in the molecular pathophysiology since the
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proinflammatory cytokines, proteases and ROS are present at a high level. This causes the
wound healing process to be suspended in the inflammatory phase. Extracellular matrix and
growth factors are degraded by proteases and ROS, and proliferative cells (e.g. keratinocytes,
fibroblasts) switch to a senescent state due to oxidative stress [8].

Unsurprisingly, chronic wounds are challenging to treat as a result of their multifactorial cause,

the complex pathophysiology and comorbidities of the individual.

1.1.3. Wound Management

The management of wounds is a heavy burden on health care professionals, social security

systems and of course for the patientd guality of life. In Europe approx. 1t5i 2 million people

are diagnosed with acute or chronic wounds. The therapy takes place mostly in hospitals and
community care. The expenses consist of charges for wound dressings, but the main cost

drivers are hospital costs and nursing time [9]. The economic burden of an individual wound

depends on various parameters like etiology, complication and whether if it is a hospital or

home care setting [10]. There are several studies covering direct costs from the medical
treatment. However, information on indirect costs, which arise from early retirement, sick leave

and productivity loss in general, are scarce [11]. It is estimated that diabetic foot ulcers have a
prevalence of 1.0-1.4 million in Europe and resulting costs of 4 -6 bi | | i on G per
comparison venous leg ulcers show a prevalence of 980000 wi t h yearly cost s
[9]. The total costs for wound management for the United Kingdom ranged between £4.5 and

£5.1 billion in 2012 [10]. The United States reported annual costs of US$25 billion for 6.5 million

patients afflicted with wounds. In this context, wounds of patients with diabetes showed the

highest costs as a result of amputations and the associated high outpatient costs, long hospital

stay and rehabilitation time. The expenses per patient lie between US$12,851 to US$16,267.

Yearly expenses per patient for treating leg ulcers were lower with US$449 to US$2,307.

These costs can rocket, if the ulcer size or the number of wounds increase, on account of a

longer treatment period and a higher expenditure on health professionals, wound care

products, et cetera [11].The used materials and therapies have an additional impact on the

total costs since they significantly influence the period of time until wound closure is achieved.
Therefore, choice of adequate treatment is of high importance [12].

The specific treatment option of wounds depends on various factors but can be summarized

in cleaning, infection control and moisture balance [13]. For chronic wounds
approach( " To: Ti ssue, Al 0o: | nf e ceédgemdvanceindhd) hasibdeni st ur

established, with each letter encompassing a toolbox of different techniques [4].
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Tissue (TIME)

The first step of wound management is the evaluation of the wound concerning its etiology and
classification (e.g. open (avulsion, incision, laceration, abrasion, burns, puncture and
penetration wounds) or closed (hematoma, crush injuries); acute or chronic, etc.). Before
advancing in the treatment regiment, the wound must be cleared of any debris, dead tissue or
foreign material or any other contamination via debridement. The wound can be cleansed by
using an irrigation fluid to reduce the bacterial load and to flush out any foreign material. Sharp
excisional debridement takes place in a surgical setting. Necrotic tissue and other debris are
removed with a sharp instrument, which is the method of choice when possible. An alternative
method is enzymatic debridement, where exogenous enzymatic agents are applied to the
injury. Although the use of enzymatic debridement remains controversial, it represents an
option for patients that are not approved for surgery [4,13]. Another viable alternative is
biological debridement. Medical grade larvae of Lucilia cuprina or Lucilia sericata are
introduced to the wound site to promote debridement. Maggot therapy may have advantages
over conventional debridement strategies (e.g. faster debridement, enhanced formation of
granulation tissue, faster reduction of wound surface area) . However, pat

represents a significant challenge in this exceptional therapy form [14].

Infection (TIME)

The microbiological burden contributes to an impeded wound healing. The reduction or

prevention of an infection and formation of a biofilm is an important part of wound management.
Locally applied antibiotics are unfavorable as they may cause skin sensitization, are often
unable to reach the effective concentration at the wound site and resultingly contribute to
antibiotic resistances. Therefore, antiseptics are the primary treatment to prevent infection and
tackling biofilms and microbial load. In this context the balance between potency and
tolerability is of high importance to guarantee an antimicrobial effect and ensuring an
undisturbed wound healing process [15]. Recommended antiseptic agents are octenidine,

polihexanide, povidone-iodine, sodium hypochlorite and nanosilver [16].

Moisture (TIME)

Balancing the moisture level of the wound is an important prerequisite of a fast regeneration
of the injured tissue. Wound exudate of acute and chronic wounds differs greatly in
composition. Whereas acute wound exudate is composed of leukocytes, growth factors and
nutrients, the exudate of chronic wounds contains proteases and pro-i n pa mmat or y
which delay wound closure [4]. The goal is to balance moisture levels by retaining the right
amount of fluids to maintain the cellular regeneration process and by removing excessive
exudate that could lead to wound maceration or biofilm formation [13]. To meet these

requirements a variety of wound dressing types have been developed. They can be classified

T61

ent so6

cytoki



according to the therapeutic effect (e.g. adsorbent, adherent, antimicrobial, etc.) or the form
(e.g. films, foams, gels, etc.). Modern wound management can choose from a plethora of
wound dressing options with various underlying materials and mechanisms. Normal gauze, or
gauze impregnated with petroleum, or other ointments, polymer films, foams, alginate,

hydrogel or hydrocolloid dressings are amongst the most frequently used types [13,17].

Epithelial edge advancement (TIME)

The contraction of the wound margins as well as the surrounding intact skin are important
parameters to assess the state of a wound. The status of the injury and the quality of the wound
margin determine the therapy strategy. To support the progression of wound closure,
additional therapy options like negative pressure wound therapy, where large and/or deep
wounds are lined with a foam dressing and sub-atmospheric pressure is generated, can be
taken into consideration [4].

Recent and future therapy forms

When skin injuries cannot regenerate autonomously, skin grafts may represent a resort.
Depending on the damaged layers a full-thickness (epidermis and dermis) or split-thickness
(epidermis and only a part of the dermis) skin graft is transplanted [13]. The invasiveness and
the potential of complications are major drawbacks of this method. New techniques emerged
and continue to be the focus of research due to the need of wound healing agents. The
application of growth factors and cellular skin substitutes are recent advances in this field.
Future breakthroughs may involve research fields like skin tissue engineering, the application

of induced pluripotent stem cells or gene therapy [4].

1.2.  Phytotherapy

Nature is a rich source for wound healing agents. Animals as well as plants produce secondary
metabolites to prevent wound infection and to accelerate the regeneration process. Natural
agents and preparations from various ethnomedicinal systems are known to be used
successfully in treating various skin conditions. Research data from 1993-2013 was examined
and revealed 450 plant species with wound healing effects [18]. Traditional European Medicine
(TEM) draws from centuries of knowledge that has been passed on over generations.
Institutions like the European Medicines Agency (EMA) and the European Scientific
Cooperative on Phytotherapy (ESCOP) publish monographs on medicinal plants with sufficient
data for an evidence-based use. For the indication of wound healing 21 plant monographs
exist (13 plant species in EMA monographs, 8 plant species in ESCOP and WHO monographs)
[19]. Phytotherapy offers complex mixtures of substances, that exert their effect on various
targets. This multitargeted approach is especially advantageous in multifactorial diseases with

the involvement of a multitude of cell types and tissues (e.g. cancer, diabetes, wound healing).



Multicomponent remedies are more effective in complex disease systems. Additionally, the
risk of drug resistances can be reduced by targeting numerous pathways. Synergies may play
an important role and also stabilizing effects amongst the compounds can contribute to the
therapeutic impact [20]. In the context of wound healing, a multicomponent plant extract could
accelerate the wound healing process by targeting different cell types in different stages at the
same time. Concurrent antimicrobial properties are especially beneficial in preventing wound
infection [19].

The aforementioned 450 plant species, with more or less scientifically proven wound healing
effect, and the contrasting 21 medicinal plant monographs reveal a vast gap of empirical
evidence. Clinical studies, but also in vitro, ex/in vivo studies can contribute to the

advancement of phytotherapy.

1.3. Picea abies, Pinus nigra, Larix decidua

Conifer exudates can be
classified as balms or resins.
Balms have a sticky but ductile
consistency and are rich in
essential oil. Resin on the other
hand has a brittle texture and
contains low amounts of
essential  oil [21,22]. In
Traditional European Medicine

(TEM) an ointment made from

the balm of Norway spruce

. . Figure 2: Injured lumberjack next to a spruce with exuding balm
(Picea abies (L.) H. KARST., (see also section B. Oral and poster presentations, page 126)

Pinaceae) has a long-standing

history in the treatment of skin ulcers and infected wounds. For lumberjacks and forestry
workers the exudates of conifers represented an important first aid for incisions, as these balms
and resins were directly applied onto wounds upon injury [23].

The ointment is prepared from the tree’s balm together with a lipophilic base like lard or olive
oil resulting in an odorant salve. Several studies postulate antibacterial activity, an antifungal
effect and wound healing properties of Norway spruce balm. It seems as if the multicomponent
mixture deploys its activity by a synergism of antimicrobial and wound healing effects. It is
applied topically on infected wounds or damaged skin and is mainly composed of terpenoids,
especially resin acids that belong to the big family of diterpenoids [24]. Furthermore, it contains
lighans, phenolic acids and essential oil [25]. Empirical experience about the effectiveness of

Norway spruce balm in wound healing has already been confirmed by several trials [26,27]. A
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strong antimicrobial activity against microbes, which are frequently associated with wound
infections, was assessed (e. g. methicillin-resistant Staphylococcus aureus, vancomycin-
resistant Enterococcus, Streptococcus, Proteus, Escherichia, Trichophyton) [28].

The present PhD thesis was paralleled by a case series, which was conducted in a nursing
home in Lower Austria in cooperation with Dr. Johann Reikersdorfer [29]. Frequent diagnoses
were either vascular ulcers, pressure ulcers and other skin lesions related to diabetes or other
ailments. The patients were treated with a 20% spruce balm-containing product. Figures 3 and

4 show the improvement of ulcers in two individuals upon treatment during several weeks.

06.07.2017 13.07.2017 24.08.2017

Figure 3: Patient B.J., male, 57 years, with an arterial insufficiency ulcer located at the ankle
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14.07.2017 20.07.2017

28.07.2017 04.09.2017

Figure 4: Patient C.F., male, 86 years, with a pressure ulcer located at the inner side of the lower
leg

A wound healing effect in these patients was observed as additional proof of the effectiveness
of this traditional herbal remedy, which confirms data from literature [26,27]. However, the
correlation between phytochemical composition and wound healing activity remained unclear.
Therefore, the correlation of isolated pure substances to an epithelialization-enhancing effect
was declared as aim A of this work.

Besides Picea abies also other conifers are reported in literature to deliver wound healing
balms and resins. Pinus nigra and Larix decidua were of special interest due to their well-
established use in Austria and their close relationship to Picea abies (Pinaceae) [30i 32].

Analytical systems for the comparison of the fingerprints are needed which allow the
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differentiation of these conifer balms on the one hand and detection of adulterations on the
other hand. Moreover, the wound healing potential of the three conifers should be compared.
These issues were formulated as aim B.

Norway spruce balm was implemented in the Austrian Pharmacopoeia in 2016. The
monograph contains a description of color, smell, texture, and the chemical fingerprint obtained
after TLC analysis [33]. These parameters may be assessed as relatively vague. For the
evaluation of the quality, the determination of marker compounds and the establishment of
methods for their quantitation are prerequisites. The homogeneity of balm samples from
different locations and timepoints and the presence of adulterations are important
characteristics for pharmaceutical starting products. Corresponding improvements on quality
control and the phytochemical characterization of the balm, in order to provide constant quality
and to prevent adulterations with balms of other conifers, were necessary and consequently
declared as aim C of this thesis.
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2. Aims of the thesis

Aim A: Identification of the active principles in Norway spruce balm in promoting wound

healing by dint of in vitro experiments and bioactivity guided fractionation

Isolation of pure substances from the raw Norway spruce balm using various chromatographic
techniques was pursued. The extraction and isolation were accompanied by a phenotypic in
vitro scratch assay that examines the ability of extracts/compounds to boost migration and
proliferation. After extraction, fractionation was paralleled by the bioassay and only those
fractions which exhibited bioactivity were further purified to isolate pure substances. To save
time and money, the concept of dereplication [34] was implemented. The results were
compared to databases in order to quickly identify already known substances, which allowed
to focus selectively on yet unknown compounds. Bioactivity was characterized using
keratinocytes in a bioassay in which a cell-free gap is introduced and the impact of samples
on the gap closure rate is analyzed. Bioassays examining metabolic activity and cell mass
were used to estimate the tolerable concentrations of extracts and isolates. Active subfractions
were pursued for the isolation of pure compounds. The isolated substances were recombined

based on the original concentration in the mother fraction to reveal potential synergisms.

Aim B: Elucidating the qualitative composition of balms from Picea abies , Pinus nigra
and Larix decidua for their comparison and the subsequent assessment of their
bioactivity in vitro

Analytical systems to perform qualitative determination of the balms and resins of Norway
spruce (Picea abies), black pine (Pinus nigra) and European larch (Larix decidua) were
developed. Thin-Layer Chromatography (TLC), High-Performance Liquid Chromatography-
Diode Array Detection (HPLC-DAD-MS) as well as Ultra-High-Performance Supercritical Fluid
Chromatography (UHPSFC-MS), both hyphenated to mass spectrometry, were employed. The
bioactivities of the three conifers were compared to each other and to well-known wound
healing botanicals (birch, marigold, St. John’s worth, manuka honey). For the bioactivity testing

a phenotypic bioassay for migration and proliferation was applied.

AIM C: Establishment of a method for the quantitation of the main compound class
(diterpene resin acids) in Norway spruce balm as a tool for quality control and
comparison of different samples from different location s and timepoints

The most abundant constituents in Norway spruce balm, diterpene resin acids, are highly
relevant for the antimicrobial [28,35,36] and re-epithelialization-enhancing effect [37]. These
compounds can be regarded as part of the active principle and were therefore selected as
marker compounds for quality control. UHPSFC-MS was chosen as analytical method for the
guantitation of diterpene resin acids, due to the versatility, high separation efficiency, simple

sample separation and eco-friendliness of this technology.
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3. Material and Methods

In this chapter the biological material and all used methods are summarized and briefly
described. Detailed discussion of the methods is given in the experimental section of the
respective publication (see section 4, page 21).

3.1. Plant material

Norway spruce balm is harvested by scraping off the ductile mass from a hole in the tree trunk
of Picea abies by means of a sharp metal piece. 22 samples (NSB1-22) from different parts of
Austria were identified by Prof. Johannes Saukel (Department of Pharmacognosy, University
of Vienna) and stored at -20°C. Since NSB22 was available in huge amounts, this balm was
used for the isolation work and the development of the methods. This particular sample was
collected in a forest in Lungau, Austria (47°07'15.0"N; 13°52'50.0"E), on 23" August 2017.

A table of all harvested Norway spruce balm samples and the analyzed commercial products
is available in the supplementary information of publication 3 (see section 4.3, page 80). The
samples are kept at the herbarium of the Department of Pharmacognosy, University of Vienna
(WUP).

3.2.  Preparative methods

3.2.1. Extraction

In order to match the traditional preparation, Norway spruce balm was purified in boiling water

before extraction. A metal sieve, covered with linen, was dipped in a vessel, containing

deionized boiling water. The consistency of the balm changed from solid to liquid through the

high temperature and drops of liquid balm passed the linen and sieve to accumulate at the

bottom of the vessel. After removal of the supernatant, from now oncalled il y o p h,ithei zat e
remaining balm, fromnowoncalledfi pur i f i e d 0 svasready fer fultheer plmytochemical
investigation (see section 4.1, page 25).

For the extraction, purified spruce balm was dissolved in dichloromethane and a liquid-liquid

separation was performed. Thr ee extr acts wereexgenactdedpn §iN:

carboxylic acids and water-soluble compounds, t he iNaOH extracto co
substancesa nd | ast | yconstituentsé a @ x (sea &igute 5, page 14 and section 4.1,
page 30).

For the quantitation work the crude balms were directly dissolved in acetone without any further
purification step, and filtered to remove cellular particles, needles or pieces of bark from the
harvesting process (see section 4.3, page 74).

The balms and resins of Larix decidua and Pinus nigra were processed in the same way (see

section 4.2, page 61)
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3.2.2. Fractionation

Sincethei NaHCO3

section 4.1, page 25), it was selected for further fractionation, guided by the bioassay. An
Interchim puriFlash 4250 unit equipped with an integrated photo diode array (PDA) detector
and a low temperature evaporative light scattering detector (ELSD) was employed as flash
chromatography instrument and yielded nine sub-fractions. An Interchim column with C18

material at a particle size of 15 um and a binary mobile phase-gradient with double-distilled

water and methanol were applied.

-
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Figure 5: Scheme of the liquid-liquid separation for the generation of spruce balm extracts
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3.2.3. Isolation

Table 1 (page 15) and Figure 6 (page 16) depict the separation and isolation steps for
compounds 1-9.

Column chromatography on silica gel was used for the fractionation of th el yiop hi | i
140 fractions. Three phenolic acids resulted from the separation: p-coumaric acid (1), caffeic
acid (2) and ferulic acid (3). Pinoresinol (4) was isolated from sub-fraction 2 via preparative
thin-layer chromatography (TLC). Sub-fraction 5 revealed 7 U, -diydroxy-DHAA (5) and
7 b, -diydroxy-DHAA (6), which were isolated by flash chromatography. For the isolation of
15-hydroxy-DHAA (7) sub-fraction 6 was fractionated via flash chromatography with a
subsequent purification step employing preparative TLC. 7-hydroxy-DHAA (8) was directly
isolated from sub-fraction 6 via preparative TLC. Sub-fraction 8 comprises non-hydroxylated
diterpene resin acids (e.g. abietic acid, neoabietic acid, pimaric acid, isopimaric acid,
levopimaric acid, sandaracopimaric acid, palustric acid and dehydroabietic acid (9)). Via flash
chromatography 9 was isolated whereas other resin acids eluted as a single peak due to their
high structural similarity.

The mobile and stationary phases for the isolation steps are listed in Table 1 (page 15). The
flash chromatography instrumentation is mentioned in section 3.2.2 (page 14).

For preparative thin-layer chromatography Silica gel 60 F2s4 glass plates (average particle size
of 9.5 to 11.5 pm, glass plates with fluorescence indicator, Merck) were used. The samples
were applied by a CAMAG Automatic TLC Sampler 4 (ATS4). The plates were developed with
the mobile phase listed in Table 1 (page 15) and the compounds of interest were collected by
scraping off the silica layer from the glass plate. The substance was eluted from the silica with

acetone.

Table 1: Stationary and mobile phases for the isolation of compounds 4-9

Cpd. Method Mobile phase Stationary phase
dichloromethane-acetone-formic acid
4 P tive TLC Sili 60
reparative (80+18+2) ilica ge
546 Flash dichloromethane (solvent A) and Silica 15 pm HP 4G
chromatography acetone (solvent B)
Flash ichl h +0.1% FA (sol
as dichloromethane + 0.1% (solvent Silica 15 pum HP 4G
7 chromatography A) and acetone (solvent B).
, dichloromethane-acetone-formic acid .
Preparative TLC (90+9+1) Silica gel 60
. dichloromethane-acetone-formic acid .
8 Preparative TLC (94+5+1) Silica gel 60
9 Flash double distilled water (solvent A) and C18 15 um HP 6G
chromatography methanol (solvent B)
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Figure 6: Flowchart of the isolation steps of compounds 1-9

3.3.  Analytical methods

3.3.1. Thin-layer chromatography (TLC)

Analytical thin-layer chromatography is a time-efficient method for the qualitative analysis of a
high number of samples. Silica 60 F.s4 TLC plates (average particle size of 9.5 to 11.5 um,
aluminum sheets with fluorescence indicator, Merck) were used with a mobile phase consisting
of chloroform-methanol-trifluoroacetic acid (97+3+0.1). Samples were either applied with a
glass capillary or automatically with the CAMAG Automatic TLC Sampler 4 (ATS4). The plates
were developed in a glass development chamber or by using the CAMAG Automatic
Developing Chamber (ADC2). For an improved visibility of the separated constituents an
anisaldehyde/sulphuric acid solution was applied with the CAMAG Chromatogram Immersion
Device (lll) followed by heating for 5 min at 110°C. Undeveloped and developed plates were

interpreted and photographed under white light, at 254 nm and 366nm.

3.3.2. HPLC-DAD

HPLC analyses were performed using a Shimadzu instrumentation (SHIMADZU Degasser
DGU-20A 5, SHIMADZU Auto Sampler SIL-20AC HAT, SHIMADZU Communications Bus
Module CBM-20A, SHIMADZU Liquid Chromatograph LC-20AD, SHIMADZU Column Oven
CTO-20AC, SHIMADZU Diode Array Detector SPD-M20A, SHIMADZU ELSD-LT, SHIMADZU
Lab solutions Software). Double distilled water + 0.1% formic acid (solvent A) and acetonitrile
+ 0.1% formic acid (solvent B) served as mobile phase at a flow of 1 mL/min. An RP18 column

(LiChrospher 100 RP18e 5 um, 250 mm x 4 mm) was employed as stationary phase.
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3.3.3. LC-MS

Two different instrument-setups were applied for mass spectrometric analyses. Working on
publication 1 an HPLC system with a CAD and a DAD detector (DIONEX UltiMate 3000 RS
Pump, DIONEX UltiMate 3000 RS Autosampler, DIONEX UltiMate 3000 RS Column
Compartment, DIONEX UltiMate 3000 Diode Array Detector, DIONEX UltiMate 3000 Corona
Ultra RS; Software: DIONEX Chromeleon XPress) and a mass spectrometer (LC-MS:
BRUKER Daltonics HCT; LC-HRMS: Bruker Daltonics - maXis HD - UHR-TOF; Software:
BRUKER esquire control, BRUKER HyStar 3.2, BRUKER Compass Data Analysis) were
employed. Electrospray ionization was performed for the ionization of the sample molecules.
For publication 2 an ultra high-performance liquid chromatography instrumentation (EXIONLC
AD SYSTEM (AB Sciex, Germany)) was used with a reversed-phase RP18 column (Kinetex;
2.1 mm 1 15 cm, 2. 6 & mnex, BdnaBy). The thobile phade A éHhQ@
FA, 99.98+0.02) and mobile phase B (ACN-MeOH-FA, 80+20+0.02) were employed with a
flow rate s etThdtorbo3oB Souree [ESIMS008 QTOF mass spectrometer (AB
Sciex, Germany) was utilized for the mass spectrometric detection. The detailed parameters
and settings are described in publication 2 (see section 4.2, page 62)

3.3.4. GC-FID

The purity of purchased diterpene resin acid reference standards was analyzed via GC-FID.
Due to the high boiling point of this substance class, a derivatization step was necessary. By
alkylating the polar carboxylic group, the boiling point was decreased and sufficient volatility at
an analyzable temperature range was achieved. For that purpose, an esterification using N,N-
dimethylformamide dimethyl acetal (iVi8-reagentd CarlRo t h ,  @sd&ivalizption reagent
was conducted. The sample was dissolved in acetone and transferred to a V-vial.
Methylpalmitate (500 pl of a solution of 3 mg in 5.00 ml 96% ethanol) served as an internal
standard. The respective solvents were removed, and the vial was desiccated under reduced
pressure for one hour. 200 pl of the derivatization agent were added, the samples were heated
at 85°C for 30 min, diluted with 200 pl pyridine and analyzed via GC-FID.

The gas chromatography set-up consisted of a Perkin ElImer XL Autosystem in splitless mode.
Alow/mid-polarityc ol umn-1 7@ D®, Agilent J&W, chemical
phenyl)-methylpolysiloxane, length: 60 m, diameter: 0.25 mm, coating: 0.25 pm) was employed
with nitrogen (purity grade 5.0) as mobile phase (flow: 50 ml/min).

1 ul of the sample solution was injected. The gradient started holding temperature at 100°C for
1 min, followed by two further steps, first increase up to 200°C with a rate of 15°C/min and
second from 200°C to 280°C with a rate of 2°C/min. A flame ionization detector (FID) was used

for detection.
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3.3.5. UHPSFC-MS

The quantitative diterpene resin acid composition of spruce balm was analyzed via ultra-high-
performance supercritical fluid chromatography coupled with mass spectrometry. An Acquity
ultra-performace convergence chromatography system (UPC?) from Waters was utilized as
instrumentation. Detailed information on the analytical set-up is presented in publication 3 (see
section 4.3, page 75)

3.3.6. NMR

For recording NMR spectra of pure substances (Proton and carbon spectra as well as two-
dimensional experiments such as HSQC, HMBC, and COSY) a BRUKER Avance 500 NMR
spectrometer (UltraShield) combined with a CryoProbe Prodigy triple resonance inverse probe
head for enhanced sensitivity was employed. The measurement conditions are referenced in
publication 1 (see section 4.1, page 30)

3.4. Biological methods

For cell-based experiments HaCaT keratinocytes (CLS; Eppelheim Deutschland) were used.

Growth conditions are presented in publication 1 (see section 4.1, page 31).

3.4.1. Resazurin and Crystal violet assay

To assess metabolic activity and cell mass, the resazurin assay and a subsequent crystal violet
assay were performed prior tothe i wou nd h e a | whitlyallosvedsdedyctions of cell
viability and the tolerable concentrations of tested extracts.

For the realization of the resazurin assay the protocol of Czekanska was applied [38]. The
crystal violet assay was performed according to the protocol of Feoktistova et al. [39] after
completion of the resazurin assay. Cells were seeded into a 96-well-plate (~20.000 cells per
well) and incubated overnight. The medium (DMEM medium (high glucose, phenol-red free;
Lonza) supplemented with 10% fetal calf serum (Gibco), 2 mM glutamine (Lonza), 100 U/mL
benzyl penicillin (Lonza), )wa®a&piredgtiemellswere washed
with phosphate-buffered saline (PBS) and replaced with 100 pl FBS-reduced medium (0.1%).
After 24 hours the sample solutions were added to the respective wells with 4 wells per sample.
The medium was aspired after 24 hours of incubation, wells were washed with PBS and 150
pl of a resazurin solution (10 pg/ml in FBS-reduced medium) were added. The well plate was
incubated for 2-3 hours during which the blue resazurin dye was enzymatically converted to
the highly fluorescent pink resorufin. For the detection, the well plate was analyzed with a
fluorimeter (Spark - multimode microplate reader, TECAN) at 530/590 nm.

After the completion of the measurements the supernatant in the wells was removed and 100

pl crystal violet dye solution (0.5% crystal violet in 20% MeOH) was added. After 15 min the
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dye was removed, and the well plate was rinsed several times with deionized water. The well
plate was dried overnight and 100 pl 0.1 M sodium citrate-ethanol solution (1+1) was used to
solubilize the dye. A photometer (Spark - multimode microplate reader, TECAN) was used for

the detection at 595 nm.

3.4.2. Wound healing assay

The HaCaT keratinocyte-based wound healing assay is described in detail in publication 1
(see section 4.1, page 31). The implemented adaptions to the assay are presented in

publication 2 (see section 4.2, page 54)
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4. Results

4.1. Publication 1

Norway spruce balm: Phytochemical composition and ability to

enhance re-epithelialization in vitro

Thomas Gols , Elisabeth Eichenauer, Julia Langeder, Franziska Hoeller, Christina Sykora,

Ammar Tahir, Ernst Urban, Elke H. Heiss, Johannes Saukel, Sabine Glasl|

Planta Medica 2020, 86, 1080-1088. doi: 10.1055/A-1141-0921

Special Issue dedicated to Professor Dr. Wolfgang Kubelka on the occasion of his 85"

birthday

Impact Factor: 3.356, fintegrative & Complementary Me d i cQIn e o
(IF and quatrtile at the time of publishing in 2020)

CONTRIBUTIONS

The contributions of the first author encompassed the conceptualization of the study,

establishment and optimization of methods, creation of extracts, isolation and identification of

pure compounds, performing the in vitro experiments, subsequent data analysis and

interpretation, the preparation of the original draft and editing of the manuscript.

OBJECTIVES

The aim of this work was the identification of the active principles in Norway spruce balm in

promoting wound healing. The extraction and fractionation of spruce balm and isolation of pure

substances were prerequisites. To examine the effect on re-epithelialization in vitro an

appropriate bioassay was required and had to be implemented.

HIGHLIGHTS

X

X

X

Establishment of a bio-activity guided extraction and fractionation approach
Isolation and identification of nine compounds from Norway spruce balm
Identification of resin acids and lignans as possible bioactive principles via a re-
epithelialization-boosting effect

Tracing for a possible additive/synergistic effect by recombination of selected
resin acids according to their ratios in the mother fractions

Contribution of a scientific rationale for the traditional use of Norway spruce
balm as basis for the potential registration of a product as traditional herbal

medicine
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KEY FINDINGS
The balm of Norway spruce is a well-established herbal remedy in the traditional therapy of

wounds, but so far only little is known about the constituents and their bioactivity profile. For
the elucidation of the phytochemical composition a bio-activity guided fractionation approach
was applied. According to tradition, the crude balm was, boiled in water to yield the purified
spruce balm (PSB). The processed extract was purified using various methods starting with a
liquid-liquid separation and subsequent chromatographic techniques like preparative thin-layer
chromatography (TLC), conventional column chromatography and flash chromatography.
Analysis methods comprised HPLC-DAD-ELSD, LC-MS and NMR.
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Figure 7: Pro-migratory effect (see section 4.1, page 28) of compounds 4-11

The gained subfractions were tested in a keratinocyte bioassay, which evaluated metabolic
activity, cell mass as well as migration and cell division. Further tracing focused on fractions
with pro-migratory effects. The results from these experiments are depicted in a graph on page
27. Nine compounds (1 - 9) were isolated and tested along with two additional resin acids (10
and 11). The latter were detected and identified in Norway spruce balm but not isolated, since
they are commercially available. Seven compounds (4 - 6, 8 - 11) exhibited significant activity

in vitro. Figure 7 (page 22) shows the re-epithelialization-boosting effect of the examined pure

compounds.
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Figure 8: Pro-migratory effect (see section 4.1, page 28) of the recombined pairs of resin acids in
comparison to their mother fractions

Compounds 5 (7 U, -dilfydroxy-DHAA) and 6 (7 b , -dilfydroxy-DHAA) were isolated from
subfraction 5 whereas compounds 7 (15-hydroxy-DHAA) and 8 (7-Hydroxy-DHAA) originated
from subfraction 6. These substances and subfractions were examined more closely. One
would assume that the level of activity rises with the grade of purity. In this mindset pure
compounds should have a significantly higher effect compared to the fraction or extract they
originated from. The activity of subfraction 5 at a concentration of 3 pg/ml (18.4%) and of
compound 5 (10 uM = 3.3 ug/ml: 19.8%) and 6 (10 uM = 3.3 pg/ml: 1.9%) as well as subfraction
6 at a concentration of 3 pg/ml (50.2%) and of compound 7 (10 uM = 3.2 pg/ml: 26.4%) and 8
(10 pM = 3.2 pg/ml: 45.9%) were of special interest. The values of the isolated substances
exhibit an effect comparable to or even below the respective subfraction. A possible
explanation could be a synergistic or additive effect. In this context, the beforementioned
compounds were recombined to their native concentration and tested in the scratch assay.
Both resin acid pairs showed an increased activity when applied as a mixture, hinting towards

an additive or synergistic effect (see Figure 8, page 23).

TRANSITION TO PUBLICATION 2

The extraction, fractionation, and isolation of compounds from Norway spruce balm and the

testing in an in vitro bioassay marked an important first step towards the substantiation of this
traditional herbal remedy. The next step would be the establishment of analysis methods for
examining the chemical fingerprint and characterizing the balm. The methods could then be
used for the comparison of exudates from spruce to balms and resins from other closely related
conifers like European larch and black pine. This would be of special interest, since European
larch and black pine are also traditionally used to enhance wound healing. The analyzed
exudates could also be ranked according to their activity in the scratch assay. For a better
understanding of the significance of the re-epithelialization boosting effect, the results should
be set in context with well-established medicinal plants for the treatment of wounds (e.g. birch,

manuka honey, St . Johnés wort, etc. ).
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ABSTRACT

The balm of the Norway spruce (Picea abies) is a well-known
traditional herbal medicine used to cure wounds. Even though
clinical trials have confirmed its empirical use, the active con-
stituents, their mode of action, and the exact composition of
this natural product are still unknown. In this study, the balm
was subjected to fractionated extraction and further purified
employing flash chromatography, HPLC-PDA-ELSD, prepara-
tive and analytical TLC. Hydroxycinnamic acids (1-3}, the lig-
nan pinoresinol (4}, four hydroxylated derivatives of dehydro-
abietic acid (DHAA) (5-8), and dehydroabietic acid (9) were
isolated. Their structures were elucidated by LC-MS, 1D- and
2D-NMR. Four extracts, two commercially available resin ac-
ids—pimaric acid (10) and isopimaric acid (11)-and the iso-
lated compounds were tested for increased re-epithe-
lialization of cell-free areas in a human adult low calcium high
temperature keratinocytes monolayer. Lysophosphatidic acid
(10 uM) served as positive control and ranged between 100%
and 150% rise in cell-covered area related to the vehicle con-
trol. Two extracts containing carboxylic acids and non-acidic
apolar constituents, respectively, boosted wound closure by
47% and 36% at 10 and 3 pg/mL, respectively. Pinoresinol,
DHAA, three of its hydroxylated derivatives, and pimaric and
isopimaric acid as well as defined combinations of the
hydroxylated DHAA derivatives led to a significantly enhanced
wound closure by up to 90% at concentrations between 1 and
10 uM. Overall, lignans and diterpene resin acids, main con-
stituents of Norway spruce balm, are able to increase migra-
tion or proliferation of keratinocytes in vitro. The presented
data link the phytochemistry of this natural wound healing
agent with boosted re-epithelialization.

Introduction

Management of chronic wounds is an increasing challenge for
healthcare professionals due to aging populations, rising inci-
dence of diabetic complications, or failure of available antibiotics
[1]. Wounds can be classified based on various parameters,
amongst them aetiology (e.g., accidental, intentional, or conse-
quential from other diseases), acuteness or chronicity, severity,
the concerned skin layers and cell types etc. Wound healing is di-
vided into four partially overlapping stages: (i) coagulation and

1080

hemostasis phase, (i) inflammatory phase, (i) proliferative
phase, and (iv) remodelling phase. The first step after injury is
the immediate stop of blood loss. The inflammation phase aims
at neutralizing bacteria and foreign particles. In the proliferative
phase, the focus is put on tissue repair and regeneration of the ex-
tracellular matrix. Re-epithelialization, one of the last steps in

#  Dedicated to emer. Univ.-Prof. Dr. Wolfgang Kubelka on behalf of his
85th birthday.

Goels T et al. Norway Spruce Balm:... Planta Med 2020; 86: 1080-1088 | © 2020. Thieme. All rights reserved.

i 24



ABBREVIATIONS

DCM dichloromethane

DHAA dehydroabietic acid

HaCaT keratinocytes human adult low calcium
high temperature keratinocytes

LPA lysophosphatidic acid

PSB purified spruce balm

VC vehicle control

wound healing, starts from the healthy edges of the injured tis-
sue. Mainly keratinocytes migrate across the wound site over-
growing only viable tissue in order to close the wound edges. In
the remodelling phase the disorderly dispensed collagen is organ-
ized, newly built vessels are degraded, and the metabolic activity
in the wound area decreases [2].

The resinous excretion of Norway spruce (Picea abies (L.) H.
Karst., Pinaceae) [3] has a long-standing history in the treatment
of skin ulcers and infected wounds [4]. Lipophilic preparations us-
ing butter or swine lard as ointment base were and still are known
as an effective cure for acute and chronic wounds. A prospective,
randomized, and controlled multicenter trial including 37 patients
with pressure ulcers has already attested high wound-healing po-
tential to Norway spruce balm [5]. In another clinical trial, 23 pa-
tients with complicated surgical wounds were successfully treated
with resin salve [6]. Additionally, a strong antimicrobial activity
against methicillin-resistant Staphylococcus aureus (MRSA), vanco-
mycin-resistant Enterococcus faecalis (VRE), Streptococcus pyo-
genes, and S. agalactiae in the agar diffusion test with a resin con-
centration of 1% (w/v) was assessed [7]. At higher concentrations
the resin also exerted an antimicrobial effect on Bacillus subtilis,
Candida albicans, Escherichia coli, and Pseudomonas aeruginosa in
the European Pharmacopoeia challenge test [8] as well as against
dermatophytes (Trichophyton rubrum, T. mentagrophytes, T. ton-
surans, Microsporum canis, Epidermophyton floccosum) [9]. These
microbes are frequently associated with wound infections.

The chemical composition of Norway spruce balm is only par-
tially known. It consists to a high extent of terpenoids, mainly res-
in acids that belong to the family of diterpenoids. Furthermore, it
contains lignans, phenclic acids, and essential oil [10]. However,
up to now, there has been no information about the correlation
between phytochemical composition and wound healing activity
or potential synergisms, In order to narrow this gap, pure com-
pounds were isolated from the resin, and their structures were
elucidated and tested for enhanced re-epithelialization in an in
vitro wound healing assay using HaCaT keratinocytes.

Results and Discussion

In traditional medicine, Norway spruce balm is processed by expo-
sure to boiling water prior to use. Therefore, the crude balm was
boiled in hot water as passed on from tradition. This process
yielded the “purified spruce balm” (PSB) as product for therapeu-
tic use on the one hand, and the “lyophilisate” as side product on
the other hand. The PSB was extracted following the scheme of
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» Fig. 1 Scheme of the liquid-liquid-separation of purified spruce
balm (PSB) and the resulting extracts (E1-3).

» Fig. 1, resulting in the NaHCO5 extract, which contained carbox-
ylic acids and water-soluble compounds, and the NaOH extract,
which contained phenolic substances, and the apolar constituents
(see section Material and Methods, extraction), The NaHCOj3 ex-
tract (2.0 g) was fractionated via flash chromatography and re-
sulted in nine sub-fractions that were tested in the subsequent
cell-based test system. Sub-fractions 6 and 8 exhibited significant
activity and were processed further for the isolation of pure sub-
stances (> Fig. 2) via flash chromatography and preparative TLC.
Sub-fraction 1 was characterized by a high yield (153.4 mq)
and by one main spot on TLC. The HPLC-chromatogram of this
sub-fraction showed three dominant peaks and a high similarity
to the HPLC-fingerprint of the lyophilisate. The three compounds
(1-3) were isolated from the lyophilisate by column chromatogra-
phy (see section Material and Methods, isolation). The identity of
the three compounds was confirmed by co-chromatography and
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» Fig. 2 Chemical structures of compounds 1-12.

UV-spectrum comparison with reference substances. They were
identified as p-coumaric acid (1), caffeic acid (2), and ferulic acid
(3). Sub-fraction 2 consisted mostly of pinoresinol (4), which was
isolated by preparative TLC. Sub-fraction 5 contained the DHAA
derivatives 7a,15-dihydroxy-DHAA and 7f,15-dihydroxy-DHAA,
which were isolated by flash chromatography. Sub-fraction 6 con-
tained 15-hydroxy-DHAA (7) and 7-hydroxy-DHAA (8). Substance
7 was isolated by flash chromatography and a subsequent purifi-
cation step via preparative TLC. Substance 8 was isolated by pre-
parative TLC. Sub-fraction 8 contained mostly resin acids without
hydroxyl groups like abietic acid, neoabietic acid, pimaric acid,
isopimaric acid, levopimaric acid, sandaracopimaric acid, palustric
acid, and DHAA (9). They represent the main constituents in the
balm. Their analytical separation is challenging due to the high
chemical similarity. They appear as one single big spot on TLC
(normal phase) and elute as one single peak in HPLC (reversed
phase). The isolation of 9 was feasible via flash chromatography.

The structures of compounds 4-9 were elucidated by compar-
ing their MS- and NMR-data to the literature. Physical, chromato-
graphic, spectroscopic, and spectrometric data of compounds 1-
9 are listed in the Supporting Information.

Purified Norway spruce balm and extracts thereof were tested
in an in vitro HaCaT keratinocyte-based wound healing assay. The
assay bases on the generation of a cell-free area in a monolayer of
keratinocytes. The activity of a test sample is evaluated by mea-
suring the recovered area after 24 h of sample exposure. The re-
sulting value is expressed in % add-on related to the VC. Details
of handling and calculation are given in section, Material and
Methods, cell-based wound healing assay. Extracts were applied
in concentrations from 0.3 up to 10 ug/mL and pure substances
in the range of 0.3 to 5.8 yg/mL. These concentrations were cho-
sen as they did not markedly impede HaCaT viability in previous
experiments (data not shown). As positive control, we used
10uM LPA, a substance known to boost migration in different
cell-types [11].

The crude balm was treated according to traditional medicine
yielding the PSB, the lyophilisate, and the essential oil (see section
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Material and Methods, plant material), of which all three were
tested. The essential oil did not show any activity in the bioassay,
and the lyophilisate exerted a pronounced cytotoxic effect at con-
centrations above 10 ugfmL (data not shown). Therefore, these
two extracts were disregarded for further investigations. How-
ever, the findings might substantiate the traditional procedure to
boil the balm before use.

The PSB showed a tendency towards an enhanced reduction of
the cell-free area compared to the solvent control (see » Fig. 3a).
The extracts exhibited a more pronounced effect. Especially the
NaHCO3 extract at a concentration of 10ug/mL (47.0%, p=
0.0071) and the apolar constituents at a concentration of 3 ug/
mL (36.1%, p=0.0394) led to a significantly enhanced gap clo-
sure. Therefore, the NaHCO; extract was chosen for further sepa-
ration and analysis since it exhibited the highest potency in a con-
centration-dependent manner. Sub-fraction 1 contained the hy-
droxycinnamic acids, caffeic acid, p-coumaric acid, and ferulic
acid. Their contribution to the growth or motility of keratinocytes
seems to be limited, since their activity ranged at the level of the
VC (see » Table 1). Sub-fraction 2, tested concentration 10 g/
mL, provoked an antimigratory or antiproliferative effect. How-
ever, its main constituent pinoresinol (4) was able to increase
gap closure concentration-dependently between 1uM to 10 uM
with significant activity at the highest concentration (see » Table
1). This finding may be explained by masked pinoresinol activity in
the fraction due to the presence of other constituents with in sum
antimigratory action.

Sub-fraction 8 showed significant activity (see » Fig.3b). It
represented the fraction with the highest yield and contained the
main constituents of the balm, the non-hydroxylated resin acids
9-11. DHAA (9), which was isolated from this fraction, pimaric
acid (10), and isopimaric acid (11) (both purchased) were tested
in vitro. The purity check revealed 11 to be a mixture of pimaric
acid and sandaracopimaric acid (12) in a ratio of 80: 15 (see Mate-
rial and Methods). 9 significantly enhanced gap closure at every
tested concentration but lacked concentration dependency. 10
and 11 in contrast showed a positive influence on re-epithe-
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» Fig. 3 Reduction of cell-free area (%) in the wound healing assay on HaCaT keratinocytes compared to the positive control lysophosphatidic acid
(LPA). Note that the y-axis is discontinuous. n = > 4 (see » Table 1); student’s t test, mean = SEM, * p<0.05; ** p<0.01; a purified spruce balm
(PSB, 3 ug/mL) and derived extracts E1 (NaHCO; extract), E2 (NaOH extract), E3 (apolar constituents), at concentrations 1, 3, and 10 ug/mL (see
» Fig. 1); b NaHCOs extract (E1) and derived sub-fractions 1-9 (NaHCO3 SF1-9: SF1-9 (10 pg/mL).

lialization in vitro at 1 M and 3 uM and a loss of activity at 10 pM.
The latter observation may be due to already declining cell fitness
at 10uM as previous viability assays indicated cytotoxicity for
16.5 uM of 10/11.

During further separation of sub-fraction 6, activity loss was
observed with increasing purity. Sub-fraction 6 provoked an in-
creased closure of the cell layer by 50.2% at a concentration of
3ug/mL (see » Table 1). But its pure constituents, 15-hydroxy-
DHAA (7) and 7-hydroxy-DHAA (8), showed values of 26.4% and
45.9% at a concentration of 3.2 pg/mL (corresponds to 10 uM). In
order to evaluate whether these compounds exert a cooperative
effect, they were recombined according to their ratio in the moth-
er fraction. The 55:45 mixture of 7 and 8 culminated in 90.3% in-
crease in gap closure at 3.2 pg/mlL, which exceeds the value of the
mother fraction by far and indeed suggests a synergistic or addi-
tive effect for compounds 7 and 8, which warrants further inves-
tigation.

Sub-fraction 5 provoked a boosted closure of the cell layer by
18.4% at a concentration of 3 ug/mL (see » Table 1). The two sub-
stances isolated thereof revealed remarkable differences in activ-
ity measured at the same concentration (3.3 pg/mL correspond-
ing to 10uM). Whereas 7a,15-dihydroxy-DHAA (5) resulted in
19.8% wound closure at 10 uM, 78,15-dihydroxy-DHAA (6) only
achieved 1.9%. Two mixtures of both substances in the ratio of
the mother fraction (70:30) and in the ratio 50: 50 were prepared
in order to evaluate whether cooperativity could be observed like
for compounds 7 and 8. Both mixtures were higher in activity than
the pure compounds alone (see » Table 1), with higher activity in
the 70:30 than the 50:50 ratio. Since the only difference be-
tween 5 and 6 is the orientation of the hydroxyl-group at C-7,
the stereochemistry in this position might be of relevance for the
chosen readout.

Summarizing, the NaHCOQ3 extract of spruce balm and its con-
stituent pinoresinol (4) concentration-dependently led to an en-
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hanced re-epithelialization of cell-free areas in keratinocyte
monolayers in vitro. The two tested pimarane-type diterpenes pi-
maric acid (10) and isopimaric acid (11) showed a concentration-
dependent increase at 1 and 3 uM followed by a decrease in activ-
ity at 10 uM. In contrast DHAA (9), an abietane-type diterpene,
exhibited a constant, significant pro-epithelialization activity at
all tested concentrations. Complementing our data, DHAA also
overcame impeded migration of dermal fibroblasts in an in vitro
model of diabetic wound healing [12]. The mono- and di-hydrox-
ylated derivatives of 9 (5-8) displayed an activity increase com-
pared to their mother fractions when recombined as single sub-
stances. This suggests an additive or synergistic effect of these
compounds. The presented data show that representatives of
two compound classes, lignans (4) and diterpene resin acids (5-
11), contribute to increased migration and proliferation of kerati-
nocytes upon exposure to spruce balm. These findings are an ini-
tial step in the comprehensive and laborious process from a tradi-
tional natural product to a rational phytotherapeutic. Such devel-
opment starts with extraction optimization, and developing a
pharmaceutical formulation, as well as toxicological and pharma-
cological safety testing, and it culminates in the examination of
clinical efficacy, quality, and the mode of action [13]. Re-epithe-
lialization is just a small cutout within the complex process of
wound healing, including inflammation, angiogenesis, or granula-
tion. Therefore, further (mechanistic) studies focusing on the (co-
operative) influence of spruce balm constituents on other cell
types such as immune cells, endothelial cells, or fibroblasts are re-
quired. The development of an adequate dermopharmaceutical
formulation and the subsequent corroboration in appropriate in
vivo or organ models are further challenges on the way to fully
understand and exploit the wound healing potential of this natu-
ral product. The gained data, nevertheless, give a first insight into
the correlation of the phytochemistry of spruce balm with one of
the interdependent biochemical mechanisms of wound healing.
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