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Abstract: Plant species have developed effective defense strategies for colonizing diverse habitats
and protecting themselves from numerous attacks from a wide range of organisms, including insects,
vertebrates, fungi, and bacteria. The bark of trees in particular constitutes a number of compo-
nents that protect against unwanted intruders. This review focuses on the antioxidative, dermal
immunomodulatory, and antimicrobial properties of bark extracts from European common temperate
trees in light of various skin pathogens, wound healing, and the maintenance of skin health. The
sustainability aspect, achieved by utilizing the bark, which is considered a byproduct in the forest
industry, is addressed, as are various extraction methods applied to retrieve extracts from bark.

Keywords: European wood bark extracts; extraction technologies; antioxidative potential;
antimicrobial potential; dermatology

1. Introduction

The bark of a tree is a functional material for the protection of living parts against
biotic and abiotic influences from the environment. After the harvesting of trees the bark is
the packaging of the wood and guards the materials from transport damage. Before the
wood is processed the trunk will be debarked, and after that two material fractions (wood
and bark) are separately manipulated for various uses [1].

Wood is used by humans for multiple purposes. These applications include the use of
wood for heat generation [2], as a building material [3], as a basis for the paper industry [4],
and to build furniture [5]. Nevertheless, bark is regarded as an interesting material that can
be used for a range of different purposes [6]. The bark of some trees was found to contain
compounds that can be extracted and used in several medical and cosmetic applications [6].
This use is mainly applied in the field of alternative medicine and is more common in non-
European continents due to a longer history and greater acceptance of alternative medicine
(for example, Chinese alternative medicine) [7]. In order to make it more attractive to use
different parts of European trees for medical and cosmetic applications, knowledge of the
constituents and biological effects of these parts of trees need to be defined in greater detail.
This review aims at summarizing the available knowledge on the potential of European
wood-species-derived bark extracts for their uses in biomedicine.

Specific components of trees have the potential for medical and cosmetic applications.
The use of tree-derived extracts or infusions has been applied for centuries in the field
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of alternative medicine. The Mayan culture boiled the wood of Guaiacum officinale and
Guaiacum sanctum for the treatment of the venereal disease syphilis [8]. In more recent
years, the effects of resins extracted from Guaiacum have been studied for anti-inflammatory,
antitumor, and antirheumatic effects [9,10]. Another species of wood that has been known
and used in pharmacy for a long time is oak (Quercus) [11]. All parts of the plant contain
tannins, whereas the bark is the main focus of pharmaceutical and folk medicine [12]. In
the form of resins, poultices, or gargle solutions, it is used for its antiseptic effect in the
treatment of inflammatory diseases of the mucosa in the genital, anal, and oral areas [11].
Furthermore, the food supplement Robuvit® (Geneva, Switzerland) finds its application in
fatigue symptoms, muscle and joint pain, and sleep disorders. Robuvit® is a capsule that
contains the extract of French oak wood, Quercus robur. Various studies have shown that
taking Robuvit® significantly reduces heart rate, improves alertness and sleep patterns,
and significantly reduces oxidative stress compared to the control group [13–15].

In addition, tree extracts are also used in classical medicine. This can be illustrated
by the original extraction of salicin from the bark of the white willow (Salix alba), which
was the basis of today’s production of acetylsalicylic acid [16]. Although the use of salicin
is nowadays reduced due to the high number of side effects in the gastrointestinal area,
the effect of salicis cortex extract on platelet aggregation, osteoarthritis, and rheumatoid
arthritis is still being investigated [17–19]. Another example is the use of birch bark extracts
in the field of wound healing [20–22]. The resulting product was named Episalvan®

(Niefern-Öschelbronn, Germany) and was approved by the European Medicines Agency
(EMA) in 2016, however is no longer licensed; Fisuvez® (Niefern-Öschelbronn, Germany),
a dry extract from birch bark using n-heptane for the treatment of epidermolysis bullosa,
was approved in 2022 [23].

This leads to the assumption that there will be a number of other European tree species
containing compounds that can be of use for medicine and cosmetic applications. Tree-
derived extracts do thereby always consist of a variety of different compounds, and it is well-
known from the field of mixture toxicity [24] that the biological response against a mixture
of chemicals is not always just the sum of the responses against single compounds. Additive,
inhibitory, and synergistic effects play major roles in biological responses and should thus
be taken into consideration [25]. In addition, from other biological fields it is known that
replacing a biologically derived agent (for example, serum in cell culture experiments
or blood for transfusions) with a chemically produced product (serum replacements or
synthetic blood) does not lead to the same biological response [26]. Therefore, in this
review we focus on studies that investigated the extracts of tree bark as a whole, where a
characterization of a single compound plays an important role, in current and future studies,
in order to make these extracts acceptable for use in biomedicine. Currently, the exact
contents of such extracts are not fully defined. Next to the partly unknown constituents
of extracts obtained from trees or parts of trees, the levels of these compounds will also
differ between different trees of a specific species. These differences are caused by the
speed of growth and the environment in which the trees grow (height, pollution, soil,
etc.) [27,28]. Knowledge of these differences will be of significant importance to enabling a
standardization process or at least to predict the potential effects of single wood extracts
based on different growth-related circumstances.

Tree-derived extracts can be used in a number of applications, as was illustrated
above. Currently, several studies have focused on dermal applications [20,29–32]. The
reason for this is likely to be manifold. In a number of skin-related disorders infection with
microorganisms, oxidative stress, and inflammation play a dominant role, often leading to
poor healing processes or chronic wounds [33]. Various plant-derived extracts are known to
possess strong antioxidative potentials in addition to antimicrobial and immune-regulating
activity that might be beneficial for a number of skin-related disorders [34]. There are a
number of skin-related diseases that are, in mild to moderate cases, not life-threatening to
an individual who is affected; however, the long-term effects can be major, since infections
and major scarring can occur, and, due to the latter, the mental harm can be significant
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as well [35]. Acne vulgaris is an example of such an infectious skin disease. Normally,
good skincare can prevent or improve the symptoms of this disease. However, if normal
skincare is not sufficient, the use of antibiotics and/or hormonal preparations is often
applied for treatment. Since it is predominantly young people that are affected, the use of
hormones should on all accounts be avoided in this patient population, who are still in a
developmental life-stage. In addition, due to the general rise in the use of antibiotics and
the problems with the generation of antibiotic-resistant bacterial strains, the prescription of
this medication should be generally reduced. Therefore, alternative treatment methods,
for example by using tree-derived extracts that are antibacterial, anti-inflammatory, and
antioxidative, as well as those that stimulate wound healing, might be a solution for solving
some of these problems.

Within this review, the latest literature available on extracts from bark of common
European trees is discussed in the light of available extraction technologies, their antioxida-
tive potential as well as antibacterial and skin-related wound healing properties. Although
close care was taken to perform an inclusive literature review, it can, based on the avail-
able sources, not be completely ruled out, that single manuscripts are not included. As
part of this review, the potential use of bark-extracts for dermatological applications will
be discussed.

There is an ongoing debate as to whether crude plant extracts might have greater
biological activity than isolated constituents at an equivalent dose. The aim of this article
is to review the knowledge on the crude extract of tree bark with the notion that the
variety of substances present in a crude extract work synergistically to counter microbial
growth, mediators of oxidative stress, and imbalanced immune responses in the light of
dermatological disorders.

2. Occurrence of Common Temperate Trees and Bark Utilization in the
Circular Economy

Compared to other continents, Europe possesses the largest area of forests, with
1.00 million hectares according to the Earth Policy Institute [36]. European forests con-
sist mainly of Scots pine (Pinus sylvestris)—31%, Norway spruce (Picea abies)—21%, and
beech (Fagus sylvatica)—7.1%, followed by species such as birch (Betula pubescens), oak
(Quercus robur), and other pine species (Pinus)—< 5% [37]. Fir (Abies alba) accounts for only
about 1.5% [37]. Table 1 summarizes the plant species discussed in this review by listing the
botanical classification and most common species of each genus within Europe for which
sufficient literature could be found. In the following text the common name of the species
will be stated to facilitate ease of reading.

Table 1. Botanical classification of common European tree species that are discussed in this review.

Order Family Genus Species Common Name

Fagales Betulaceae Alnus Alnus glutinosa Black alder

Fagales Fagaceae Fagus Fagus sylvatica Common beech

Fagales Fagaceae Quercus
Quercus robur,

Quercus rubra, and
Quercus ilex

Pedunculate oak,
northern red oak, and

evergreen oak

Rosales Rosaceae Prunus Prunus avium,
Prunus padus

Wild cherry,
bird cherry

Sapindales Sapindaceae Acer Acer pseudoplatanus Sycamore maple

Lamiales Oleaceae Fraxinus Fraxinus excelsior European ash

Coniferales Pinaceae Larix Larix decidua European larch

Coniferales Pinaceae Picea Picea abies Norway spruce



Antibiotics 2023, 12, 130 4 of 25

Table 1. Cont.

Order Family Genus Species Common Name

Fagales Betulaceae Betula Betula pendula European white birch

Coniferales Pinaceae Pseudotsuga Pseudotsuga
menziesii Douglas fir

Coniferales Pinaceae Abies Abies alba European silver fir

Malpighiales Salicaceae Salix Salix alba. Willow

Pinales Pinaceae Pinus Pinus pinaster,
Pinus brutia

Maritime pine,
Turkish pine

Fagales Fagaceae Castanea Castanea sativa Sweet chestnut

Approximately 115 tree species are identified in Europe, with varying levels of impor-
tance in terms of their usage as building materials, furniture, flooring, etc. In particular, the
species spruce, fir, and pine play important roles due to their use as building materials [38].
The amount of wood utilization from these species is large and leads to a high amount
of residual materials, such as tree bark. Depending on the growing area, species, and
other environmental factors, bark tissue accounts for about 10–20% of wood biomass. For
example, the amount of bark available annually in 2018 was estimated to be 23,000,000 m3

based on a survey of agroforest residue potential in the European Union. Thus, tree bark,
as a residual material, especially from the production of pulp or wood-based materials, is
available in large quantities and is mainly used for energy production [39]. New fields of
added-value applications have already been explored for bark biomass, such as their use in
board materials, as an insulating material, in the form of filler material in biogenic plastics,
or as building blocks for further processing [1,6,40]. These approaches particularly address
the aspect of the circular economy in order to use the residual material as a new product.
Nevertheless, when considering the composition of wood and bark biomass, it can be seen
that bark biomass, in addition to having a higher lignin content, also has a higher content of
extractives, which makes this material particularly interesting for the extraction of valuable
compounds [41,42]. Thus, bark biomass contains a wealth of components that can be used
for high-value products [6,43].

3. Extraction Technologies in Relation to and Relevant for Biomedical Applications

To retrieve the components from wood bark, several extraction technologies were de-
veloped. Maceration, infusion, steam distillation, hydrodistillation, and Soxhlet extraction
are considered as conventional extraction techniques [44]. More advanced approaches in-
clude ultrasound- and microwave-assisted extraction, pressurized and supercritical fluid ex-
traction, ionic liquids and deep eutectic liquids, and enzyme-assisted extractions [12,43,45].
In the case of maceration, the extraction material and a solvent are dispersed several times,
often while agitated. Afterwards, the solid residues are filtered out to receive the dispersed
substances [46]. This process is gentle and simple, but has limited extraction effective-
ness. In the case of infusion, heated solvents below boiling point are used to extract small
amounts of material. Thermolabile compounds can be degraded due to the higher solvent
temperature [47]. For the steam distillation and hydrodistillation techniques, heat causes
a breakdown of the extraction material, thus releasing the desired substances. For steam
distillation, boiling water passes directly or indirectly through the extraction material. In
hydrodistillation, the plant material is placed in the same extraction vessel as the water.
Both distillation methods use steam to carry the desired substances to a condenser to obtain
bioactive compounds. If essential oils or volatile compounds are desired, steam distillation
is the most suitable method [48]. Soxhlet extraction makes use of hot solvents, usually
with a low boiling point, that are continually heated and refluxed [44]. Disadvantages of
this technique are thermal degradation due to relatively high heating temperatures and
high solvent consumption [49]. In ultrasound-assisted extractions, ultrasonic waves cause
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continuous expansion and compression inside the extraction material [50]. The solvents
can penetrate deeply into the extraction material and the higher contact surface leads to
higher extraction effectiveness. As the name already references, in microwave-assisted
extraction electromagnetic waves with high frequencies are used to infuse changing dipole
orientations, which leads to vibration and the heating of the material [51].

Pressurized fluid extraction makes use of high pressure, which is applied to keep
the solvent in a liquid state under elevated temperatures [52]. This process leads to
shorter extraction times and requires lower solvent amounts compared to conventional
systems. However, the high temperatures applied can lead to the thermal degradation
of the extracted substance. In supercritical fluid extraction, the pressure and temperature
are even higher; the solvent reaches its supercritical state, where it behaves like a liquid
and gas simultaneously [53]. In most cases, CO2 is used due to its low critical point at
moderate temperatures and pressure conditions [54]. Polar compounds cannot be extracted
efficiently with CO2 [48].

Since environmental aspects are of increasing importance, ionic and deep eutectic
liquids are seen as promising agents to replace conventional organic solvents. In ionic
liquids, mixtures of salts are in a liquid state at room temperature due to fitting anion–cation
pairs [55]. The hydrogen bonds of constituted biopolymers, such as cellulose, lignin, and
chitin, are disintegrated, and this leads to the liberation of cell constituents [56]. Mixtures
of two or more solid components can form a deep eutectic solvent (DES). The resulting
mixture with a melting point below the melting points of the individual components can be
obtained [57,58]. This approach is environmentally friendly due to its biodegradability, sus-
tainability, low toxicity, recyclability, and low volatility. Further advantages are simplicity,
low costs, and high extraction efficiency [59]. In enzyme-assisted extraction, enzymes such
as celluloses, hemicelluloses, and pectinase are used to break down the structural integrity
of plant cell walls to make the cell itself accessible for solvent penetration and the liberation
of constituents [60]. This is a promising approach for removing organic solvents, although
costs are still a limiting factor [61,62].

In the light of biomedical applications, rather gentle extraction technologies or ex-
traction parameters are favorable due to the better preservation of the biological active
substances. In addition, biological or biocompatible solvents, preferably water, facilitate
their use for cosmetic and medical applications. In all of the extraction methods described
above, direct comparison remains difficult due to different extraction parameters. The
sample matrix, particle size, temperature, pressure, time, solid-to-solvent ratio, and solvent
system have a strong influence on extraction efficiency and effectiveness [63]. Higher
yields can be achieved if the particle size of the bark is reduced, without influencing the
types of compounds extracted. This can be attributed to the increased active surface area
and enhanced contact of the extraction material with the solvent [64]. Furthermore, finer
grinding leads to a higher degree of destroyed cells, which also increases the extraction
yield. Increasing the solid-to-solvent ratio ensures the prevention of saturation in the
solvent and therefore increases the possible extraction yield [65]. The use of microwave-
assisted extraction enhances the extraction yield of maritime pine bark, without changing
the structure, and the reactivity of the obtained extractives in comparison with hot water
extraction [64]. Microwave-assisted extraction was shown to be more efficient in com-
parison to conventional extraction techniques in terms of antioxidant activity in ferric
reducing antioxidant power (FRAP), oxygen radical absorbance capacity (ORAC), and total
phenolic content (TPC) [66]. With regard to the yield and total phenol content of bark of
Monterey pine (Pinus radiata), Soxhlet extraction had the highest performance, followed
by microwave-assisted extraction, ultrasound-assisted extraction, and conventional macer-
ation. Furthermore, an increased extraction time led to thermal degradation for Soxhlet
extraction [67]. A detailed description of the different extraction methodologies, including
various variable parameters in relation to total yield, total phenolic content (TPC), and
radical scavenging ability (DPPH), for an excerpt of tree species discussed in this review is
given in Table 2. An extensive list, including 11 tree species, can be found in Table S1.
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In summary, it is well-known that the extraction method used plays a fundamental role
in terms of the yield of the various compounds present in wood bark extracts. This further
influences the biological activity of these extracts. Therefore, a thorough characterization of
the compounds present in the extracts and a comparison of various extraction methods
are fundamental for understanding the biological activity and identification of the most
suitable extract relating to the desired application.

4. Antioxidative Effects of Bark Extracts

Reactive oxygen species (ROS) are continuously generated in cells during metabolism
and play a crucial role in normal cellular function, as well as in immune responses [68]
and the biosynthesis of molecules [69]. Their quantity is regulated by protective cellular
defense mechanisms, namely by detoxifying these agents. However, if ROS generation
exceeds the protective intracellular defenses, a condition termed oxidative stress occurs.
Exaggerated reactive species can cause cellular damage due to DNA lesions, lipid per-
oxidation in the membranes, and the oxidative modification of proteins, in addition to
disrupting vital cellular processes and increasing mutations [70]. This state can contribute
to the pathophysiology of a number of chronic and degenerative diseases. Pathological
conditions or immune reactions are endogenous causes of ROS generation, whereas sun-
light (UV radiation), pollution, and lifestyle risk factors, such as an unhealthy diet [71] and
cigarette smoking [72], are external causes of exaggerated ROS accumulation.

An antioxidant is any compound that inhibits oxidation either by removing poten-
tially damaging oxidizing agents or delaying/preventing oxidative damage [73], therefore
playing an important role in the protection against the consequences of oxidative stress.
Antioxidant defenses can be exogenous or endogenous, the latter being categorized into
enzymatic or non-enzymatic antioxidants [74]. Cells harbor a number of antioxidant en-
zymes, including superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase
(CAT) [74], as well as non-enzymatic antioxidants such as metal-binding proteins (including
albumin, ferritin, and myoglobin), glutathione, and coenzyme Q10 [75]. Plants are a rich
source of biologically active substances that can have a significant effect on oxidative-stress-
related damage. There are a variety of natural antioxidants that can be provided through
foods and/or dietary supplements or as a part of medication, such as vitamin C, vitamin E,
carotenoids, or phenolic compounds [76]. Polyphenols are secondary metabolites present
in all parts of plants, with flavonoids, phenolic acid, and tannic acid (especially condensed
tannins—proanthocyanidins) being among the most essential compounds with regard to
antioxidant activity [77]. Procyanidins, a group of the proanthocyanidin class of flavonoids,
can represent up to 50% of polyphenols in tree barks, being the most abundant polyphenols
after lignin, with pine as one of the plants with the highest content of these [78].

Table 2. Total phenolic content (TPC) and free radical scavenging ability (DPPH*) of tree species
extracts in relation to extraction methodologies and parameters.

Species
Extraction Methodology *; Extraction Tissue;

Pretreatment; Solvent; Solid:Solvent Ratio; and
Extraction Parameters

TPC DPPH Ref.

Black alder

ME; whole bark; drying 60 ◦C 24 h, ground,
0.5 mm; H2O; 1:100; and 60 min, 160 ◦C 29 mg GAE */g 276.6 mg AAE */g [79]

UAE; bark; drying 40 ◦C 76 h, ground,
0.2–0.63 mm; EtOH/H2O 80/20; 1:100; and

15 min, 74 ◦C, 150 W
21.25 mg GAE/g 5.7 µg/mL (IC50) [80]

European white birch

PE; bark; unknown; H2O; 1:8; 180 min, 200 ◦C 440.74 mg GAE/g 81.94 AA% [81]

UAE; bark; drying 40 ◦C 76 h, ground,
0.2–0.63 mm; EtOH/H2O 80/20; 1:100; and

15 min, 74 ◦C, 150 W
29.2 mg GAE/g 7.5 µg/mL (IC50) [80]



Antibiotics 2023, 12, 130 7 of 25

Table 2. Cont.

Species
Extraction Methodology *; Extraction Tissue;

Pretreatment; Solvent; Solid:Solvent Ratio; and
Extraction Parameters

TPC DPPH Ref.

Common beech

ME; inner bark; deactivation w. microwave,
2 min, 700 W; ground; EtOH/H2O 80/20; 1:100;

and 5 h, 25 ◦C, stirring
48.3 mg GAE/g 13 µg/mL (IC50) [82]

PE; bark; unknown; H2O; 1:8; 180 min, 200 ◦C 297.86 mg GAE/g 50.68 AA% [81]

UAE; inner bark; deactivation w. microwave,
2 min, 700 W; ground; EtOH/H2O 80/20; 1:100;

and 30 min, 25 ◦C
44.49 mg GAE/g 8.4 µg/mL (IC50) [82]

MAE; inner bark; deactivation w. microwave,
2 min, 700 W; ground; EtOH/H2O 80/20; 1:100;

and 20 min, 120 ◦C
65.22 mg GAE/g 13 µg/mL (IC50) [82]

European larch

ME; bark; drying, ground, 0.5 mm; EtOH/H2O
50/50; 1:8; and 94 min, 58 ◦C 10.79 mg GAE/g 14.25 mg TE */g [83]

PE; bark; unknown; H2O; 1:8; 180 min, 200 ◦C 277.62 mg GAE/g 48.35 AA% [81]

UAE; bark; drying, ground, 0.5 mm; EtOH/H2O
50/50; 1:8; and 94 min, 65 ◦C 6.26 mg GAE/g 7.89 mg TE/g [83]

MAE; bark; drying, ground, 0.5 mm; EtOH/H2O
50/50; 1:8; and 62 min, 100 W 10.7 mg GAE/g 14.59 mg TE/g [84]

Common oak

UAE/MAE; bark; drying, ground, 0.5 mm;
EtOH/H2O 50/50; 1:10; and 2 min, 40 rpm,

300 W, 100% amplitude
596 mg GAE/g 838 mg TE/g [79]

ME; whole bark; drying 60 ◦C 24 h, ground,
0.5 mm; H2O; 1:100; and 60 min, 160 ◦C 18.09 mg GAE/g 171.5 mg AAE/g [80]

* 2,2-Diphenyl-1-picrylhydrazyl (DPPH); maceration (ME); ultrasound-assisted extraction (UAE); microwave-
assisted extraction (MAE); pressurized extraction (PE); ascorbic acid equivalents (AAEs); Trolox equivalents (TEs);
and gallic acid equivalents (GAEs).

There is proven evidence that there is a correlation between high levels of total phe-
nols and the antioxidant capacities of plant extracts [85–87]. Due to their redox properties,
polyphenols can contribute in manifold ways towards the defense against free radicals,
acting as reductants, radical scavengers, hydrogen donators, and metal chelators [88].
Phenolic compounds also exhibit multiple functions related to the maintenance and repara-
tion of DNA, cell differentiation, the deactivation of pro-carcinogens, and other cellular
actions [78].

A variety of techniques are used to study the ROS-mediated damage and antioxidative
capacity of different tree barks. A review by Kumar et al. summarizes a number of antioxi-
dant activity assays and methods, including the ones mentioned below [89]. Some of the
most commonly used methods for evaluating the antioxidant activities of bark extracts are
chemical-based assays, exploiting the scavenging activity, reducing capacity, or inhibition
of lipid peroxidation of potential antioxidants. DPPH (2,2-diphenyl-1-picrylhydrazyl) scav-
enging assays are one of the most widely employed methods. The reaction of DPPH with an
antioxidant leads to a color change in the media; the absorbance can be measured and the
antioxidant capacity expressed as IC50 values, for example, in µg/mL. In addition, ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assays are often used. A sample’s
ability to scavenge the ABTS radical cation is compared to Trolox, a standard antioxidant
and, e.g., expressed in millimoles of Trolox equivalents (TE). FRAP (ferric antioxidant
power reduction) assays, CUPRACs (cupric ion reducing power assays), and the Folin–
Ciocalteu method (total phenolic content assay) are based on the ability of antioxidants
to accept electrons from, for example, transition metals (notably iron and copper) and
therefore acting as reducing agents.
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Further methods to determine the extent of oxidative damage in cells are the detection
of lipid peroxidation, protein carbonylation, or the evaluation of the glutathione ratio.
Lipid peroxidation proceeds by three distinct mechanisms, wherein free-radical-mediated
oxidation plays a major role. Various assays are available for measuring the level of lipid ox-
idation products in human cell lines using different lipid peroxidation products as readouts.
The thiobarbituric reactive substances (TBARS) method evaluates the reaction of a product
of unsaturated lipid degradation (malondialdehyde—MDA) with thiobarbituric acid (TBA).
Due to ROS-induced lipid degradation, MDA is formed, a reactive species causing toxic
stress in cells and acting as a marker for oxidative stress. Protein carbonylation is a major
hallmark of oxidative damage and by far the most commonly used marker of protein oxi-
dation. Various mechanisms can lead to the formation of carbonyl groups on protein side
chains by ROS, which are summarized in the review by Dalle-Donne et al. [90]. Most assays
are based on the derivatization of the carbonyl group with 2,4-dinitrophenylhydrazine
(DNPH), which leads to the formation of a stable DNP hydrazone product [91]. Reduced
glutathione (GSH), a ubiquitous tripeptide thiol, is a vital intracellular and extracellular
protective antioxidant that plays a number of key roles in the control of signaling processes.
Within a resting cell, the ratio of reduced to oxidized glutathione exceeds 100:1; it can
decrease to 10:1 or even 1:1 during oxidative stress, and it can therefore be used as a marker
for cellular toxicity [92]. Various assays exist that quantitatively measure the amount of
GSH or GSSG (glutathione disulfide) based on a fluorometric method. The modulation of
enzyme activity, including phospholipase A2 (PLA2), cyclooxygenase (COX 1/2), lipoxy-
genase (5-LOX), and inducible nitric oxide synthase (iNOS), can be measured by using
enzyme activity assay kits based on colorimetric detection. Chemical assays and in vitro
cellular models are mostly used to detect cellular antioxidant activity since they are more
effective compared to time-consuming, low-throughput, and high-cost in vivo models [93].

The search for natural antioxidants has received a lot of attention lately, and tree
bark has been found to be a rich natural resource for active antioxidant compounds.
Dudonné et al. compared the total phenolic contents and antioxidative properties of
30 plant extracts from different parts of plants with DPPH, ABTS, ORAC, FRAP, and SOD
assays, with oak, pine, and cinnamon bark extracts proving to have the highest antioxidant
capacities as well as the highest phenolic contents [86]. A number of studies have shown
that tree bark has higher levels of total phenols and presumably antioxidative activities com-
pared to other parts of the same plant [94–97]. Several techniques have been developed to
obtain phenolic compounds from tree bark, differing in their mechanisms and the solvents
used. This leads to different results in terms of yield, total phenolic content, and antioxidant
activity, as has already been confirmed by several studies. A study used low-frequency
ultrasound combined with different solvents to intensify extraction from the whole bark of
10 common wood species from Hungary and determined the total antioxidant capacity of
the extracts. Aqueous 80% ethanol was more efficient than aqueous 80% acetone for antiox-
idant extraction in all of the assays examined, except DPPH. TPC, DPPH, ABTS, and FRAP
showed the oak extract to have the highest antioxidant capacity, followed by European
ash and black locust [80]. A further study compared the total phenolic and total flavonoid
extraction yields of water vs. an ethanol–water mixture (60% ethanol) in three different
oak species, showing that the extraction yields were higher for the ethanol–water solution,
particularly regarding TFC (total flavonoid content), probably due to a higher solubility
of flavonoids in alcohol [98]. García-Pérez et al. investigated crude extracts from different
Canadian wood species obtained by maceration or hot water extraction, with yellow birch
extract presenting the highest contents of polyphenols obtained by maceration and black
spruce extract presenting the highest contents of total phenols and flavonoids by hot water
extraction. They used a series of in vitro assays to test the antioxidant capacities of the
extracts against various biologically relevant free radicals and oxidizing agents in psoriasis,
revealing that, of the extracts obtained from maceration, yellow birch was the most effective
at removing H2O2, HO•, and O2

•−, in addition to BS from the extracts obtained with hot
water extraction [99]. Agarwal et al. compared three different European tree barks with
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regard to their antioxidant properties. Via HPLC-PDA-ESI-MS/MS, they confirmed the
presence of 123 different polyphenols potentially responsible for the antioxidant properties
of the bark extracts. Interestingly, while some of the compounds were found in all of the
extracts, most of them were specific to different tree species [94]. These findings clearly
reveal the importance of extraction method and solvent choice when investigating the
antioxidative activities of natural products.

In recent years, several studies have attempted to find natural sources of potent an-
tioxidants that may have the potential to treat different types of chronic and degenerative
diseases, including dermatological disorders. In order to investigate the suitability of
plant byproducts as food antioxidants and preventative agents against skin aging as well
as cancer, Touriño et al. generated fractions of different procyanidin compositions and
structures from a total polyphenolic extract of maritime pine [100]. The main contents of
the pine bark fractions were catechin monomers and other flavonoid monomers, mainly
taxifolin, procyanidin dimers and oligomers, generated by RP-HPLC and Toyopearl HW-40.
They used ABTS and DPPH assays to measure the free radical scavenging activity of the
procyanidin fractions. Through an ABTS assay, all but one of the fractions showed more
scavenger efficiency than the standard antioxidant Trolox. The results of the DPPH assay
were similar to those obtained with ABTS, displaying the general trend that the higher
the degree of polymerization, the higher the number of hydroxyls and therefore the free
radical scavenging power per molecule. [100] Gascón et al. investigated the activities of
different pine bark extracts on human colorectal adenocarcinoma (Caco-2) cells. They
found different antioxidative components of the pine bark extracts, including taxifolin,
catechin, and procyanidin B1 as well as B2, and showed for all of the investigated extracts a
significant decrease in ROS generation in the Caco-2 cells after 72 h of incubation with 20 or
1000 µg/mL of pine bark extract, with maritime pine as the bark extract with the highest an-
tioxidant capacity. Furthermore, maritime pine bark extract displayed the highest amount
of procyanidin B2 and showed the highest biological activity, indicating that this compo-
nent plays an important role. This finding has been confirmed by various studies [101–103].
The conclusion of the study by Gascon et al. was that the cytotoxic effect of the extracts
could be related to disturbances in redox balance due to antioxidative properties, and that
these could act synergistically to produce cell damage, cell cycle disruption, and intrinsic
apoptosis induction by involving changes in matrix metalloproteinase (MMP), cytochrome
c-release, and caspase 3-activation in Caco-2 cells. [78] Maritime pine is the species within
the pine family that is the best-studied and most widely used in medicine. Two commercial
products have been extracted from these pine trees growing on the west coast of France
(Pycnogenol® (Geneva, Switzerland)—PYC—and Flavangenol® (Saga, Japan)—FLA) and
widely studied, in vitro and in vivo [104–107]. While Flavangenol® is obtained by hot
water extraction, Pycnogenol® is extracted with water and alcohol. Flavangenol® consists
of a concentrate of catechin, taxifolin, and proanthocyanidins, with procyanidin B1 as one
major component. Among others, the extract showed antiphotoaging and anticarcino-
genetic activities in melanin-possessing hairless mice, which may be due to a scavenging
effect on ROS-inhibiting Ki-67, 8-OHdG, and VEGF expression [108]. Brizi et al. tested the
neuroprotective activities of natural sweet chestnut extract on human neuroblastoma cells
(SH-SY5Y) and demonstrated its potential ability to act as an antioxidant and neuropro-
tective agent. The tested extract significantly protected against oxidative stress through a
concentration- and time-dependent decrease in H2O2-induced intracellular ROS formation,
with maximal effects at 50 µg/mL (the highest tested concentration). The extract had a
significant effect on cell viability, but showed no cytotoxicity at any concentration. Sweet
chestnut extract reduced DNA damage, measured as nuclear condensation and DNA frag-
mentation, in neuroblastoma cells induced by glutamate, leading to the suggestion that
a reduction in ROS might protect cells from DNA-damage-mediated apoptosis [109]. A
further study investigated the effect of willow bark extract on human vascular endothelial
cells [110]. HUVEC cells showed significantly less oxidative-stress-induced toxicity when
previously treated with 100 µg/mL willow bark extract for 16 h. The effects of the extract
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on antioxidant enzymes were determined by the treatment of the cells with different doses
(25–400 µg/mL), where in a dose-dependent manner the induction of antioxidant genes
(HO-1, GCLM, GCLC, and p62) and their corresponding intracellular protein levels, as well
as significantly increased intracellular GSH and Nrf2, could be demonstrated [110]. The
role of transcription factor Nrf2 activation in the protective effects of willow bark extract
was highlighted by this study. Oxidative stress triggers the activation of this redox-sensitive
regulatory transcription factor [111]. Nrf2 regulates GSH levels, supports NADPH pro-
duction (obligatory cofactor for many antioxidant systems), induces the expression of the
ferritin complex genes (ROS detoxification) [112], and induces the expression of an array of
further antioxidant response element-dependent genes. They also investigated if salicin, a
major active component of willow bark extract (the extract used contained more than 15%),
and its metabolites were the main contributors to Nrf2-mediated antioxidative activity by
fractionating the extract. They could clearly show that fractions containing less to no salicin
showed more intense activity compared to salicin-rich fractions, revealing that other active
ingredients may contribute to the effects of willow bark extract on Nrf2 activation. This
reveals the importance of investigating crude extracts and the synergistic effects of their
components, not only focusing on isolated ingredients [110].

5. Oxidative Stress in Dermatology

The relationship between skin diseases and oxidative stress is well-researched, as
excessive ROS are closely involved in the onset and development of numerous skin disor-
ders [113], including skin cancer, cutaneous inflammation, autoimmunological processes,
vasculitis, erythema, and edema [30,113], as well as in skin aging, including wrinkling
and photoaging [114]. A study of the levels of blood superoxide dismutase, blood glu-
tathione peroxidase, and serum MDA in 50 patients with melasma (a common acquired
disorder of hyperpigmentation) showed a significant association between melasma and
oxidative stress compared to a control group, leading to the assumption that oxidative
stress is an important factor in the etiopathogenesis of melasma [115]. Oxidative stress
has also been shown to play an important role in the pathogenesis of atopic dermatitis,
a chronic relapsing inflammatory skin disease, by damaging dermal cellular structures,
increasing skin inflammation and thereby weakening the skin barrier function in addition
to enabling infections by microbial pathogens [34,116]. In acne vulgaris, a chronic inflam-
matory disease, oxidative stress may also play an important role. Elevated levels of MDA
(lipid peroxidation product) and XO (xanthine oxidase), as well as reduced CAT (catalase)
activity, all parameters of oxidative stress, have been found in the venous blood of patients
suffering from this disease. During inflammation, xanthine dehydrogenase (which does not
generate free radicals) present in normal tissues is converted to XO, a biological source of
ROS. CAT plays a role in the defense against oxygen species by destroying H2O2. Increased
XO activity and lipid peroxidation, as well as decreased CAT activity, may play a role in
relation to increased oxidative stress, leading to the etiopathogenesis of acne vulgaris [117].
The list of dermatological diseases associated with significant increases in oxidative stress
also includes, but is not limited to, contact dermatitis [118], seborrheic dermatitis [119],
alopecia areata [120], and rosacea [121]. DNA lesions, protein conversion, and lipid peroxi-
dation, as well as the alteration of the activities of specific signaling pathways, such as Nrf2,
NF-κB, MAPK, PI3K/Akt, and overacting cytokines/immune mediators, are outcomes of
oxidative stress, which can promote the occurrence and aggregation of dermatoses [122].
Nrf2 plays an important role in the protection of skin cells against environmental oxidative
stress by controlling the antioxidant response system. Phytochemicals have the ability to
mitigate UVR-induced skin damage, such as photoaging, inflammation, and melanogen-
esis, as well as prevent photocarcinogenesis, amongst others, via the activation of Nrf2
signaling-regulated redox balance [123].

Plant extracts have been used for skincare purposes for centuries [124], and are still
very popular in skincare, cleaning, and protection. Knowledge on the antioxidant activities
of bark extracts could be essential for the development of new drugs and dietary supple-
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ments. Malonic acid isolated from Japanese pine (Pinus densiflora) increased the levels of
the antioxidant enzymes SOD-1 and HO-1 (heme oxygenase) via the activation of Nrf2 in
a human keratinocyte cell line (HaCaT), thereby reducing UVB-induced ROS levels [125].
After the irradiation of human dermal fibroblasts with UVA, two isolated compounds of the
water extract from the Galinsoga sp. herb (caffeic acid derivates 2,3,5(2,4,5)-tricaffeoylaltraric
acid and 2,4(3,5)-dicaffeoylglucaric acid) were shown to increase HO-1 expression and acti-
vate the Nrf2 transcription factor, thereby demonstrating their possible protection against
UVA-induced oxidative stress [126]. The supplementation of 75 mg of Pycnogenol® daily
over a 30-day clinical trial led to a decrease in the average melasma area and the average
pigmentary intensity in 30 women with melasma, showing a general effective rate of 80%,
without displaying any side effects. Ni et al. concluded that Pycnogenol® was a therapeuti-
cally effective and safe treatment in patients suffering from melasma [127]. Another clinical
trial that tested the oral supplementation of Pycnogenol® with 1.10 mg/kg body weight
for 4 weeks and 1.66 mg/kg body weight for 4 more weeks showed a dose-dependent
significant increase in the mean minimal erythema dose (a reliable parameter of UV-
exposure-induced acute inflammatory reactions of the skin) in 21 fair-skinned volunteers.
UVR-induced ROS enhancement and oxidative damage are proposed to stimulate NF-κB
activation. This pro-inflammatory and redox-regulating transcription factor is thought to
be activated in UVR-induced erythema in human skin and was used as a marker of the
proinflammatory response of keratinocytes after UV exposure. Pycnogenol® was further
studied in HaCaT cells to determine its effect on NF-κB. UVR-mediated NF-κB-dependent
gene expression was significantly decreased in a dose-dependent manner through the
addition of Pycnogenol® to the medium. This was thought to be due to the free radical
scavenging and transition metal chelation properties of pine bark extract, as well as the fact
that the inhibitory effect on NF-κB-dependent gene expression might lead to the observed
increase in MED [106]. Additionally, black spruce bark extract was shown to down-regulate
the NF-κB pathway in TNF-α-activated psoriatic keratinocytes [128]. Birch bark extract
improved skin barrier health and exhibited a strong restructuring effect and corneocyte
cohesion of the skin at a very low concentration (formulation containing 0.1% extract) in a
28-day treatment of 35 volunteers with dry/very dry skin [129].

These are promising results, but so far only a limited number of tree bark species,
especially European trees, have been investigated for their antioxidative properties. Further
knowledge will be fundamental for the development of new dietary supplements and
pharmaceutical products that provide protection against harmful exogenous or endogenous
factors and thus prevent or reduce the effects of skin disorders caused by oxidative stress.

6. Antimicrobial Effects of Tree Bark Extracts

Due to the intrinsic protection of plants against a wide diversity of invaders, including
bacteria and fungi, plants and their constituents have attracted attention in terms of their
usage as antimicrobial agents over decades. Nowadays, as bacterial resistance to common
antibiotics increases, the search for natural effective antibiotics intensifies [130]. Consider-
able contributions to the knowledge of the antimicrobial actions of phytochemicals come
from the research on herbal plants documented by the number of publications in the field
of phytochemicals for medical applications, which dates back to the time of Hippocrates,
around the 5th century B.C. [131]. Within the European Union, a committee on Herbal
Medicinal Products under the authority of the European Medicines Agency (EMA) has
been established and is responsible for compiling and assessing scientific data on herbal
substances, preparations, and combinations. The EMA provides a list of recommended
herbal medicinal products with antibacterial activity in the context of skin and wound
infections. A number of well-known medical plants from European folk medicine are
listed, among them the bark extract of Pedunculate oak for the symptomatic treatment
of minor inflammation of the oral mucosa or skin [34]. Common oak being the only bark
extract listed highlights the lack of knowledge on the therapeutic potential of wood bark
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extracts, even though the bark of common temperate trees contains a number of secondary
metabolites potentially beneficial for various indications in the medical field.

The main constituents of plant-derived compounds responsible for their antimicrobial
effect include phenolic compounds, terpenoids, alkaloids, carotenoid, and sulfur-containing
phytochemicals [132]. Polyphenols are the group of compounds best characterized for
their antimicrobial action and are divided into two major classes: flavonoids and non-
flavonoids/phenolic acids. Even though research relating to the relationship between
the structures and antimicrobial properties of polyphenols is ongoing, a clear structure–
activity relationship has not yet been established [133]. The antibacterial modes of action of
polyphenols include, among others, the interaction with a cytoplasmatic membrane [134],
influence on the virulence factor [135], inhibition of bacterial topoisomerase activity [136],
direct action on the bacterial cell wall [137], and inhibition of bacterial gene expression [138].
These mechanisms are among the main targets for antibiotics, which in general include
bacterial lipid membrane integrity, proteosynthesis, bacterial mRNA synthesis, bacterial
cell wall synthesis, folic acid synthesis, transmembrane potential, ATP production, efflux
pump, and the synthesis as well as integrity of bacterial DNA [34].

Dissenting opinions exist regarding the use of isolated compounds versus crude
extracts as antimicrobial agents. In this review we focus on the use of crude extracts, with
the notion that through the diversity of the compounds within each extract a number of
targets are affected, leading to the destruction of the cellular integrity of bacteria. The main
assays used to determine the antibacterial activity of plant extracts are the agar diffusion
assay and the broth growth test [139]. The agar diffusion assay determines the extent of
growth inhibition by measuring the diameter of inhibition zones on microbial-inoculated
agar plates. The broth microdilution assay determines the number of metabolically active
cells in the suspension [140].

Oak is one of the best characterized European tree bark extracts due to its biolog-
ical activity in terms of antioxidant capacity as well as antimicrobial, antiproliferative,
immunomodulatory, and hypoglycemic effect [141]. Recent studies investigating the an-
timicrobial effect of oak bark extracts using various extraction methods confirmed their
antimicrobial potential. Comparing the ultrasonic-assisted extraction and microwave-
assisted extraction (MAE) of northern red oak revealed a higher phenolic content in the
MAE extracts, which correlated with a higher antibacterial and antifungal potential, es-
pecially against Staphylococcus aureus (S. aureus), Candida parapsilopsis (C. parapsilopsis),
and Candida krusei (C. krusei) [142]. Another study that investigated the antimicrobial
activity of oak bark (Quercus robur) used a step gradient elution with different polarities
of solvents by ExtraChromR to obtain six fractions characterized by different polarities
and lipophilicities. Interestingly, S. aureus could only be inhibited by highly polar ex-
tracts, whereas less polar extracts showed antimicrobial activity against the Gram-negative
bacteria Enterobacter aerogenes (E. aerogenes) and the yeast Candida albicans (C. albicans).
The active substances against E. aerogenes and C. albicans could be found in lipophilic
extracts, whereas substances in lipophobic extracts were active against S. aureus [143].
Another study focusing on the influence of the polarities of extracts in relation to an-
timicrobial effects showed that the non-polar extracts of Norway spruce exhibit a strong
response against most of the Gram-positive bacteria tested, while Gram-negative bacteria
presented high resistance to almost all of the extracts, with K. pneumoniae being the most
susceptible [144]. Ferrentino et al. investigated the effect of different extraction methods,
Soxhlet and supercritical carbon dioxide, and determined the phenolic compounds respon-
sible for the antimicrobial action of spruce. Regardless of the technology used, both extracts
showed similar antimicrobial activity against Streptococcus thermophilus (S. thermophilus) and
Enterococcus faecalis (E. faecalis). Phenolic compounds identified to be responsible for the
antimicrobial effect include catechin, dihydroquercetin, astringin, and isorhapontin [145].
The relationship between the polyphenolic contents and antibacterial activities has been
further investigated using wild cherry, European larch, and sweet chestnut tree bark ex-
tracts on S. aureus and Escherichia coli (E. coli). Bacterial growth curves showed that the
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extracts had no antibacterial activity against E. coli; in contrast, the extract supported their
growth, whereas a significant inhibitory effect of the extracts was observed on S. aureus.
Sweet chestnut was the most effective extract that can be linked to the highest antioxidant
potential and highest total phenol content compared to wild cherry and European larch [94].
Another study investigating the correlation between the scavenging ability of superoxide
radicals and the antimicrobial activity of sweet chestnut revealed a high antimicrobial
activity against Micrococcus pyrogenes var. albus, S. aureus, and Salmonella typhimurium
(S. typhimurium), which correlated significantly with phenol and flavonoid content [146].
Common beech bark extracts isolated using pure hot water extraction were active against
the growth of S. aureus and methicillin-resistant S. aureus (MRSA), which could be linked to
polyphenol content, including vanilic acid, catechin, taxifolin, and syringin, whereas the
effect of polyphenolic extract on Gram-negative bacteria was absent at a concentration of
30 mg/mL beech bark extract [147]. The trend that the growth inhibition of Gram-positive
bacteria is stronger than in Gram-negative bacteria has been observed in previous studies.
Emrich et al. investigated the antimicrobial effects of birch, beech, and larch bark extracts
in MRSA (methicillin-resistant Staphylococcus aureus), E. coli, Cutibacterium acnes (C. acnes),
and Staphylococcus epidermidis (S. epidermidis) strains, and showed that all bark extracts
could inhibit the growth of Gram-positive bacteria; however, Gram-negative E. coli could
not be inhibited. The effect of larch bark extract was minor compared to that of birch and
beech in relation to growth inhibition [81]. Similar results were shown by Laireiter et al.,
who investigated the antimicrobial effects of larch and pine wood on four bacterial strains.
Pine heartwood inhibited the growth of Gram-positive S. aureus, Bacillus subtilis (B. subtilis),
and E. faecium; however, Gram-negative Pseudomonas aeruginosa (P. aeruginosa) could not
be inhibited. In addition, substantial differences could be observed when investigating
different parts of trees, with the sap-, heart-, and knotwood of larch trees being inactive
against the tested bacteria, with only the bark of larch being effective against S. aureus [148].
Isolated compounds from birch bark extracts showed that oleanolic acid demonstrated
prominent antibacterial activity against S. aureus and B. subtilis; however, E. coli could not be
inhibited [149]. A comprehensive study looking at the antimicrobial activity of Pycnogenol®

against 23 different pathogenic prokaryotic (Gram-positive and Gram-negative) and eu-
karyotic (yeast and fungi) microorganisms showed that all of the tested species could be
inhibited using minimum concentrations ranging from 20 to 250 µg/mL [150].

In summary, these studies showed that European tree bark extracts have great potential
as an abundant source of bioactive compounds with antimicrobial properties. Various
solvents and extraction methods can be used to tailor extracts to enrich certain compounds
in order to target specific pathogens. A clear relationship between the polyphenolic content
of the extracts of woody vascular plants and their antimicrobial activity was observed [142].
However, there is still a limited amount of information on European tree bark extracts
compared to plant-derived extracts investigated for their use as potent drug candidates
against various pathogens, including antimicrobial-resistant pathogens [151]. For some
abundant trees that are highly utilized in the wood industry, such as maples and beech,
very limited information is available regarding their biological activities [29,81].

In light of antimicrobial activity in the context of skin and wound infections, the use
of plant-derived therapeutic agents has a long tradition, as listed by the number of plant
extracts registered as natural products for therapeutic use for skin [34]. The composition
of skin microbiota varies depending on the physiology of the skin site, with moist, dry,
and sebaceous microenvironments. The most abundant bacteria in healthy individuals
include Propionibacterium, Staphylococcus, and Corynebacterium species, which are in constant
exchange with eukaryotic and viral species present at various physiological sites on the
skin. These help to prevent colonization by pathogenic bacteria [152]. Many common
skin diseases, such as acne, eczema, and chronic wounds are characterized by a change
in the skin microbiota. The chronic inflammatory skin condition common acne is an
infectious disease that affects about 85% of teenagers and is characterized by scaly red
skin, pinheads, blackheads and whiteheads, and large papules [153]. Acne vulgaris is a
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multifactorial disorder that involves sebaceous hyperplasia, follicular hyper keratinization,
and colonization by C. acnes, acting as an opportunistic pathogen. The imbalance in skin
microbiota is suggested to promote the selection of pathogenic strains of C. acnes [154].
However, the extensive use of antibiotics in acne vulgaris has led to an induction of
antibiotic resistance in up to 40% of C. acnes strains, leading to an increased likelihood of
treatment failure [155]. In the light of the search for alternative antimicrobial agents that
act against C. acnes, a study by Emrich et al. showed a strong inhibitory action of birch and
beech bark extracts [81]. Similar issues regarding the use of broad-band antibiotics concern
therapy for atopic dermatitis, for which an abundance of S. aureus has been correlated to
the severity of atopic dermatitis. The aim would be to develop novel therapies specific for
S. aureus to avoid the administration of broad-band antibiotics. A number of studies, as
described above, have investigated the effect of wood bark extracts on S. aureus that show
a promising inhibition of growth, which should be taken into consideration for the search
of alternative treatment options [81,94,142,143,147,148]. Another study, which investigated
the dermo-cosmetic effect of common temperate trees, screened 30 wood bark extracts via
bioautography against S. aureus. Results showed that methanol extracts of pedunculate oak
and European larch bark were the most potent, followed by water extracts of oak, larch,
and spruce bark [29].

Another strategy with which to fight against increasing antimicrobial resistance is
the use of combination therapies of herbal drugs and phytochemicals, with antibiotics co-
administrated, to act synergistically in reversing resistance mechanisms [133,156]. However,
in the field of combination therapy the available literature is based on isolated compounds
or extracts as herbal drugs, with limited information regarding the use of woody vascu-
lar plants.

Therefore, great potential lies in the exploration of woody vascular plants as drug
discovery sources in the battle against bacteria, especially as these natural products act
comprehensively by exerting not only antibacterial effects but also anti-inflammatory and
potential supportive effects in tissue regeneration and wound healing.

7. Wound Healing and Immune-Regulating Capacity of Tree Bark Extracts

Natural products and plant extracts have been widely used as topical applications for
wound healing and skin regeneration in traditional medicine, and ethnobotanical knowl-
edge in this field has been recorded over centuries in folklore medicine [157]. The process
of wound healing is characterized by four time-dependent steps, including hemostasis, an
inflammatory phase, a proliferative phase, and a remodeling phase [158]. Immediately after
injury, the formation of blood clots prevent exsanguination from vascular damage, which
follows a stringent mechanism to avoid excessive thrombosis. During the inflammatory
phase, the innate immune system plays a central role in the defense against pathogenic
wound invasion. Damage-associated molecular patterns and pathogen-associated molec-
ular patterns activate resident immune cells, releasing chemo attractants and cytokines,
leading to vasodilation and the further recruitment of immune cells, such as neutrophils
and macrophages [158]. In addition, one of the first responses of the innate immune system
is the production of ROS to initiate tissue repair [159]. The third phase encompasses the
proliferation and migration of fibroblasts as well as collagen synthesis and epithelialization.
The final stage in the wound healing process aims to achieve maximum tensile strength
through reorganization, degradation and synthesis of the extracellular matrix [158].

Plant-based extracts can support tissue regeneration through a variety of mechanisms
that target different aspects of the wound healing process [160]. There are a number of
medicinal plant materials and herbal remedies that are documented to play a significant
role in curing acute and chronic wounds [158]. Plant-derived phytochemical compounds
with wound healing properties include, among others, alkaloids, cardenolides, coumarin,
glucoside, polyphenols, sterols, tannins, and terpene [161]. Among the group of polyphe-
nols, flavonoids are a group of compounds with promising wound healing properties
that act through a variety of mechanisms [159]. A review by Carvalho summarized the
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latest literature on the beneficial effects of flavonoids in the regulation of inflammation
as well as MMPs, and further states their angiogenic activities that promote sustained
vascularization and oxygen supply [159]. It has been shown that flavonoids have important
anti-inflammatory properties by inhibiting regulatory enzymes or transcription factors in-
volved in inflammation, leading to a decrease in a number of inflammatory mediators [162].
In addition, the overexpression of NFkB, which contributes to failure in the healing process,
is regulated by flavonoids [163]. MMPs play crucial roles in all steps of the wound healing
process, whereby a tight balance of the level of MMPs is needed to allow fast tissue regen-
eration and prevent poor wound healing as well as chronic wounds [164]. Another mode
of action by which polyphenols can promote wound healing is through their antimicrobial
and free radical scavenging abilities, which prevent cell damage, as has been discussed in
detail in the previous chapters.

Many of the compounds described above can be found in wood bark extracts of
common temperate trees, and new emerging studies are investigating these extracts in
relation to wound healing, highlighting their potential. A prime example is the clinically
proven wound healing efficacy of birch bark extract with its active ingredient betulin, a
pentacyclic triterpene. Episalvan® (Niefern-Öschelbronn, Germany), a birch bark extract
with betulae cortex as the main active substance, received approval by the EMA for the
treatment of superficial skin wounds and IIa-degree skin burn wounds in adults in 2016;
however, it was withdrawn by the European union as a medicine in 2022 [165,166]. A
new medicine, Fisuvez® (Niefern-Öschelbronn, Germany), a dry extract from birch bark
using n-heptane as the extraction solvent, has recently been approved by the EMA for the
treatment of epidermolysis bullosa [23]. It has been shown that triterpenes act through the
regulation of arachidonate metabolism to transiently initiate a controlled inflammatory
response, promote keratinocyte migration by increasing the formation of actin filopodia,
lamellipodia, and stress fibers, and contribute to the clearance of a wound through their
antimicrobial mode of action [20,167]. Ebeling et al. elucidated the molecular mechanisms
of betulin as well as birch bark extract (triterpene extract) and showed a transient upregu-
lation of pro-inflammatory cytokines, chemokines, and cyclooxygenase-2, in addition to
the promotion of keratinocyte migration through the activation of Roh GTPases, which
was confirmed in scratch assay experiments with primary human keratinocytes and in a
porcine ex vivo wound healing model (WHM) [20]. In addition, triterpenes are known
to improve scar formation for superficial lesions and have recently been approved by
the EMA as agent for the treatment of Epidermolysis bullosa dystrophica and junctionalis,
suggesting a faster re-epithelialization of wounds [23,168,169]. Betulin is known to regulate
inflammation and showed promising results in the reduction in inflammation in an ear
oedema model [170]. A pilot study using birch bark extract for the treatment of actinic
keratosis showed important therapeutic activity by effectively reducing lesions via an
anti-inflammatory mechanism [171].

Oak bark extract is another well-known and commonly used traditional medical plant
in the areas of skin infections and wound healing. A study that evaluated the wound healing
effect of ethanolic bark extract of evergreen oak on full-thickness excisions in Wistar rats
revealed an accelerated healing process due to accelerated wound contraction and a reduced
epithelialization period compared to the used positive control, Cicatryl-bioR [172]. The
positive effects can be, among others, related to the high contents of flavonoids, including
alpha-tocopherol, which promote the formation of a new epithelium by increasing the
migration of keratinocytes through the activation of the Ras/Raf/MEK/ERK pathway and
the increased expression of MMP-9 [159]. In addition, the presence of phenolic compounds,
such as gallic acid and paracoumeric acid, acts as an antioxidant, which is crucial to
maintain a homeostatic balance between antioxidant enzymes and ROS, which is crucial in
the wound healing process [159].

Research in the field of biomedical textiles for application in skin protection and
wound healing aims to design products that provide accelerated wound healing, antimi-
crobial activity, and protection against oxidative stress. Bark extract of Turkish pine was
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compared against Pycnogenol® to evaluate its antimicrobial and wound healing prop-
erties as a formulation applied to cotton fabrics [173]. Turkish pine showed advanced
antimicrobial activity against Aspergillus brasiliensis as well as increased keratinocyte cell
proliferation and accelerated cell-free gap closure compared to Pycnogenol®. Bark extracts
from various pine species have been reported to accelerate the wound healing process by
enhancing capillary permeability [174], exerting an anti-inflammatory activity [175] and
protecting against reactive oxygen and nitrogen species [176] linked to high contents of
polyphenols, including proanthocyanidins, catechin, and taxifolin [177]. In light of the
utilization and sustainability of byproducts in the woodworking industries, common beech
bark extracts were investigated in terms of their wound healing capacity and immune
modulation. In vitro analyses using the human HaCaT keratinocyte cell line showed ac-
celerated wound closure at low concentrations of beech bark extracts, correlating with a
slight but non-significant increase in the inflammatory cytokines IL-8 and IL-1 beta [81].
Investigations concerning dermo-cosmetic properties, including the capacity to inhibit
tyrosinase, elastase, and collagenase activity, have been performed on isolates of Norway
spruce and bird cherry bark extracts. Fractions of methanol-soluble metabolites of common
spruce bark corresponding to stilbene, flavonoid, and phenolic acid derivatives showed
important anticollagenase and antimicrobial activities. The compounds E-piceid and taxi-
folin exhibited significant antityrosinase activity [178]. Bird cherry bark extract obtained by
hot water extraction exhibited moderate elastase inhibition and mild tyrosinade inhibition
compared to standards for each assay; however, very high polyphenol concentrations make
bird cherry bark extract a potent antioxidative agent for cosmetic applications [32].

Even though there is a growing number of studies focusing on the potential benefit of
phytochemicals in the prevention and treatment of wounds, the literature on bark extracts
of European woody vascular plants, apart from on the more characterized bark extracts
of birch, oak, and pine, is very limited. However, summarizing the available literature
suggests a combinatorial effect of antimicrobiotic, antioxidant, as well as immunomodulat-
ing modes of action that might be among the contributing factors that lead to remarkable
improvement in the wound healing process of certain wood extracts for various skin
indications (Table 3).

Table 3. Synergistic effects of wood bark extracts. Assays for which a significant effect was detected
(scavenging ability and wound healing) are listed.

Species Main Active
Compounds

Antioxidative
Activity *

Antimicrobial
Activity

Wound Healing
Assay

Skin Indica-
tions/Cosmetic

Products
Ref.

Beech bark

Flavonoids (catechin, epicatechin,
quercetin, taxifolin, and

procyanidins), phenolic acid
(protocatechuic acid), syringic

acid, gallic acid, and
hydroxycinnamic acids

(chlorogenic acid, coumaric acid)

DPPH

S. aureus, MRSA, S.
epidermidis, C. acnes,
E. coli, P. aeruginosa,
S. typhimurium, C.

albicans, C.
parapsilosis, and C.

zeylanoides

In vitro scratch assay
keratinocytes and

human melanoma cell
line

Unknown [81,142,179,180]

Birch bark Pentacyclic triterpenes,
hydrocarbons DPPH

S. aureus, MRSA
S. epidermidis, and C.

acnes, B. subtilis

In vitro scratch assay
keratinocytes, porcine

ex vivo wound
healing model, and
ear edema model

Superficial skin
wounds, IIa-degree

burn wounds,
epidermolysis

bullosa (Filsuvez®),
actinic keratosis,

and
cosmetic products

[20,21,81,149,166,
168–171,181,182]
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Table 3. Cont.

Species Main Active
Compounds

Antioxidative
Activity *

Antimicrobial
Activity

Wound Healing
Assay

Skin Indica-
tions/Cosmetic

Products
Ref.

Pine bark Flavonoids (proanthocyanidins,
catechin, and taxifolin)

DPPH,
ABTS,

ORAC, SOD,
and FRAP;
decrease in

NF-kB-
dependent

gene
expression

A. brasiliensis,
Salmonella sp., S.

aureus, E. faecalis, E.
coli, K. pneumoniae,

P. mirabilis, P.
aeruginosa, C.
perfringens,

Campylobacter sp., S.
glucans, B. cereus, C.
albicans, A. oryzae, P.

funculosum, F.
monilifoorme, S.

mutans, L.
acidophilus, A. actino-

mycetemcomitans,
Candida species, and

moulds

In vitro scratch assay
keratinocytes

Psoriasis; melasma
(decrease in

melasma area and
pigmentary

intensity); erythma;
pine-extract-

reduced
susceptibility of
skin and isolated

HaCaT cells to
UV-R exposure

[86,106,127,148,150,
173–177,183]

Oak bark
Flavonoids (alpha-tocopherol),

phenolic acids (gallic acid),
paracoumeric acid, and tannins

DPPH,
ABTS,

ORAC, SOD,
and FRAP

S. aureus, C.
parapsilopsis, C.

krusei, E. aerogenes,
and C. albicans

In vivo full-thickness
excisions in Wistar

rats
Unknown [12–15,29,80,86,141–

143,172]

Larch bark Flavonoids, lignans, and
stilbenoids (astringin)

DPPH, ATBS,
and FRAP

S. aureus, MRSA, C.
acnes, and S.
epidermidis

Not determined Cosmetic products [29,81,94,148]

Spruce
bark

Stilbene (E-piceid), flavonoids
(taxifolin), phenolic acid, tannins,

and lignins
DPPH

C. albicans, C.
tropicalis, A.
baumannii, L.

monocytogenes, E.
faecalis, B. cereus, S.
thermophilus, and S.

aureus

Scratch assay human
melanoma cell line

(A375)

Anti-wrinkling
(inhibit tyrosinase,

elastase, and
collagenase);

cosmetic products

[29,144,145,178,179]

Cherry
bark

Flavonoids (mainly flavanones
and flavonols) and flavonoid

glycosides

DPPH, ATBS,
and FRAP S. aureus Not determined

Anti-wrinkling
(inhibit tyrosinase,

elastase, and
collagenase);

cosmetic products
and food

supplements

[32,94,184]

Sweet
chestnut

bark

Tannins (gallotannins and
ellagitannins), flavonoids

DPPH, ATBS,
and FRAP;

human neu-
roblastoma

cells
protected

against
oxidative

stress
through
reduced

DNA
damage by
glutamate

S. aureus, M.
pyrogenes, and S.

typhimurium
Not determined unknown [94,109,146]

European
ash

Esculetin, esculin, fraxin, and
fraxetin

DPPH,
ABTS, and

FRAP
Not determined Unknown [94]

Willow
bark Flavonoids, salicylates

Induction of
antioxidative

genes and
increased

GSH levels
in HUVEC

cells

S. aureus, P.
aeruginosa, C.

albicans, and E. coli
Not determined

Cosmetic products
(anti-aging,

anti-wrinking)
[110,185,186]

* Antioxidative assays for which a significant an effect was detected.

8. Conclusions

In summary, bark extracts derived from various deciduous and coniferous tree species
in Europe, discussed in this review, showed promising potentials as antioxidant, antimi-
crobial, wound healing, and immune-regulating agents. As depicted in Table 3, a number
of bark extracts show synergistic effects by inhibiting various—mainly Gram-positive—
bacteria and exhibiting strong radical scavenging ability, determined in both chemical
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and biological assays. In addition, mainly birch and oak bark extracts can significantly
accelerate dermatological wound closure and are therefore used for various skin indications.
In view of their potential health benefits, there is an ongoing search for natural compounds
that can promote skin health and protect skin cells from pathological processes mediated by
oxidative stress, dysregulated immune function, and microbial colonization. This review
clearly highlights the potential benefits from tree bark extracts for various indications;
however, it also illustrates the need for the further investigation of different tree species to
identify their full potential.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antibiotics12010130/s1, Table S1: Total phenolic content
(TPC) and free radical scavenging ability (DPPH*) of a range tree species extracts in relation to
extraction methodologies and parameters.
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34. Bittner Fialová, S.; Rendeková, K.; Mučaji, P.; Nagy, M.; Slobodníková, L. Antibacterial Activity of Medicinal Plants and Their
Constituents in the Context of Skin and Wound Infections, Considering European Legislation and Folk Medicine-A Review. Int. J.
Mol. Sci. 2021, 22, 10746. [CrossRef]

35. Tan, J.; Beissert, S.; Cook-Bolden, F.; Chavda, R.; Harper, J.; Hebert, A.; Lain, E.; Layton, A.; Rocha, M.; Weiss, J.; et al. Impact of
Facial Atrophic Acne Scars on Quality of Life: A Multi-country Population-Based Survey. Am. J. Clin. Dermatol. 2022, 23, 115–123.
[CrossRef] [PubMed]

36. Earth Policy Institute, U.N.; Food and Agriculture Organization. Forest Resources Assessment 2010: Global Tables. Available
online: http://www.earth-policy.org/?/indicators/C56/ (accessed on 9 November 2022).

37. Köble, R.; Seufert, G. Novel Maps for Forest Tree Species in Europe. In Proceedings of the 8th European Symposium on the
Physico-Chemical Behaviour of Air Pollutants: A Changing Atmosphere, Torino, Italy, 17–20 September 2001.

38. San-Miguel-Ayanz, J.; de Rigo, D.; Caudullo, G.; Durrant, T.H.; Mauri, A. European Atlas of Forest Tree Species, 2016; Publications
Office of the European Union: Luxembourg, 2016; ISBN 9789279367403.

39. Feng, S.; Cheng, S.; Yuan, Z.; Leitch, M.; Xu, C. Valorization of bark for chemicals and materials: A review. Renew. Sustain. Energy
Rev. 2013, 26, 560–578. [CrossRef]

40. Meindl, A.; Grzybek, J.; Petutschnigg, A.; Schnabel, T. High purity lignin from untreated larch bark: An efficient green
methodology for lignin valorization and low-value by-product mitigation. J. Wood Chem. Technol. 2022, 42, 235–243. [CrossRef]

41. Gruber, L.; Seidl, L.; Zanetti, M.; Schnabel, T. Calorific Value and Ash Content of Extracted Birch Bark. Forests 2021, 12, 1480.
[CrossRef]

http://doi.org/10.1016/j.fitote.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26162555
http://doi.org/10.1055/s-2001-12000
http://www.ncbi.nlm.nih.gov/pubmed/11345689
http://doi.org/10.1002/ptr.981
http://doi.org/10.1038/s12276-022-00879-w
http://doi.org/10.1371/journal.pone.0086147
http://doi.org/10.1691/ph.2013.6515
http://doi.org/10.3390/pharmaceutics12020184
http://www.ncbi.nlm.nih.gov/pubmed/32098195
https://www.ema.europa.eu/en/medicines/human/EPAR/filsuvez#authorisation-details-section
https://www.ema.europa.eu/en/medicines/human/EPAR/filsuvez#authorisation-details-section
http://doi.org/10.1007/s00204-017-2043-5
http://www.ncbi.nlm.nih.gov/pubmed/28845507
http://doi.org/10.1186/1475-2875-10-S1-S4
http://doi.org/10.4103/0972-5229.43685
http://doi.org/10.1016/j.indcrop.2019.111935
http://doi.org/10.1007/s13595-019-0916-x
http://doi.org/10.1055/s-0042-110180
http://doi.org/10.3390/ijms23020585
http://doi.org/10.3390/cosmetics8040106
http://doi.org/10.1007/s11814-014-0146-8
http://doi.org/10.23937/2643-4466/1710018
http://doi.org/10.3390/ijms221910746
http://doi.org/10.1007/s40257-021-00628-1
http://www.ncbi.nlm.nih.gov/pubmed/34705166
http://www.earth-policy.org/?/indicators/C56/
http://doi.org/10.1016/j.rser.2013.06.024
http://doi.org/10.1080/02773813.2022.2072892
http://doi.org/10.3390/f12111480


Antibiotics 2023, 12, 130 20 of 25

42. Grzybek, J.; Sepperer, T.; Petutschnigg, A.; Schnabel, T. Organosolv Lignin from European Tree Bark: Influence of Bark
Pretreatment. Materials 2021, 14, 7774. [CrossRef]

43. Santos, M.B.; Sillero, L.; Gatto, D.A.; Labidi, J. Bioactive molecules in wood extractives: Methods of extraction and separation, a
review. Ind. Crops Prod. 2022, 186, 115231. [CrossRef]

44. Zhang, Q.-W.; Lin, L.-G.; Ye, W.-C. Techniques for extraction and isolation of natural products: A comprehensive review. Chin.
Med. 2018, 13, 20. [CrossRef]

45. Mena-García, A.; Ruiz-Matute, A.I.; Soria, A.C.; Sanz, M.L. Green techniques for extraction of bioactive carbohydrates. TrAC
Trends Anal. Chem. 2019, 119, 115612. [CrossRef]

46. Selvamuthukumaran, M.; Shi, J. Recent advances in extraction of antioxidants from plant by-products processing industries. Food
Qual. Saf. 2017, 1, 61–81. [CrossRef]

47. Jäger, S.; Beffert, M.; Hoppe, K.; Nadberezny, D.; Frank, B.; Scheffler, A. Preparation of herbal tea as infusion or by maceration at
room temperature using mistletoe tea as an example. Sci. Pharm. 2011, 79, 145–155. [CrossRef]

48. Ali, A.; Chua, B.L.; Chow, Y.H. An insight into the extraction and fractionation technologies of the essential oils and bioactive
compounds in Rosmarinus officinalis L.: Past, present and future. TrAC Trends Anal. Chem. 2019, 118, 338–351. [CrossRef]

49. Chin, F.S.; Chong, K.P.; Markus, A.; Wong, N.K. Tea polyphenols and alkaloids content using Soxhlet and direct extraction
method. World J. Agric. Sci. 2013, 9, 266–270.

50. Kumar, K.; Srivastav, S.; Sharanagat, V.S. Ultrasound assisted extraction (UAE) of bioactive compounds from fruit and vegetable
processing by-products: A review. Ultrason. Sonochem. 2021, 70, 105325. [CrossRef] [PubMed]

51. Mandal, V.; Mohan, Y.; Hemalatha, S. Microwave Assisted Extraction-An Innovative and Promising Extraction Tool for Medicinal
Plant Research. Pharmacogn. Rev. 2007, 1, 7–18.

52. Zwingelstein, M.; Draye, M.; Besombes, J.-L.; Piot, C.; Chatel, G. Viticultural wood waste as a source of polyphenols of interest:
Opportunities and perspectives through conventional and emerging extraction methods. Waste Manag. 2020, 102, 782–794.
[CrossRef]

53. Hämäläinen, H.; Ruusunen, M. Identification of a Supercritical Fluid Extraction Process for Modelling the Energy Consumption.
SSRN J. 2021, 252, 124033. [CrossRef]

54. Ahmad, T.; Masoodi, F.A.; Rather, S.A.; Wani, S.M.; Gull, A.J. Supercritical Fluid Extraction: A Review. J. Biol. Chem. Chron. 2019,
5, 114–122. [CrossRef]

55. Patel, D.D.; Lee, J.-M. Applications of ionic liquids. Chem. Rec. 2012, 12, 329–355. [CrossRef]
56. Singh, S.K. Solubility of lignin and chitin in ionic liquids and their biomedical applications. Int. J. Biol. Macromol. 2019,

132, 265–277. [CrossRef]
57. Choi, Y.H.; Verpoorte, R. Green solvents for the extraction of bioactive compounds from natural products using ionic liquids and

deep eutectic solvents. Curr. Opin. Food Sci. 2019, 26, 87–93. [CrossRef]
58. Yang, Z. Natural Deep Eutectic Solvents and Their Applications in Biotechnology. Adv. Biochem. Eng. Biotechnol. 2019, 168, 31–59.

[CrossRef]
59. Liu, Y.; Friesen, J.B.; McAlpine, J.B.; Lankin, D.C.; Chen, S.-N.; Pauli, G.F. Natural Deep Eutectic Solvents: Properties, Applications,

and Perspectives. J. Nat. Prod. 2018, 81, 679–690. [CrossRef]
60. Marathe, S.J.; Jadhav, S.B.; Bankar, S.B.; Singhal, R.S. Enzyme-Assisted Extraction of Bioactives. In Food Bioactives; Springer:

Berlin/Heidelberg, Germany, 2017; pp. 171–201. [CrossRef]
61. Xia, Y.; Wang, Y.; Li, W.; Ma, C.; Liu, S. Homogenization-assisted cavitation hybrid rotation extraction and macroporous resin

enrichment of dihydroquercetin from Larix gmelinii. J. Chromatogr. B 2017, 1070, 62–69. [CrossRef]
62. Gligor, O.; Mocan, A.; Moldovan, C.; Locatelli, M.; Cris, an, G.; Ferreira, I.C. Enzyme-assisted extractions of polyphenols—A

comprehensive review. Trends Food Sci. Technol. 2019, 88, 302–315. [CrossRef]
63. Wang, L.; Weller, C.L. Recent advances in extraction of nutraceuticals from plants. Trends Food Sci. Technol. 2006, 17, 300–312.

[CrossRef]
64. Chupin, L.; Maunu, S.L.; Reynaud, S.; Pizzi, A.; Charrier, B.; Charrier-EL Bouhtoury, F. Microwave assisted extraction of maritime

pine (Pinus pinaster) bark: Impact of particle size and characterization. Ind. Crops Prod. 2015, 65, 142–149. [CrossRef]
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