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ABSTRACT

Sambucus nigra L. or black elder has a long history of use in traditional European medicine
for treatment of inflammations, infections, diabetes and for boosting the immune system. The
aim of this thesis was to investigate the potential health benefits of elderberries and
elderflowers with main focus on the immunomodulatory effects and the anti-diabetic potential

of pectic polysaccharides and phenolic constituents.

Pectic polysaccharides isolated from the 50% EtOH, 50 °C and 100 °C water extracts from
the elderberries and the elderflowers were shown to contain homogalacturonan (HG),
rhamnogalacturonan-I (RG-1), arabinogalactan-1 (AG-I) and arabinogalactan-11 (AG-I1), in
addition to arabinans. Rhamnogalacturonan-11 (RG-I1) was only present in some of the
elderflower fractions. The distribution of sugar residues, molecular weight, and their linkages
varied between the fractions. Weak acid hydrolysis was performed on the most active acidic
fractions from the elderberries and the elderflowers. An almost complete loss of Ara was
observed, the amount of some linkages to Rha and Gal were also decreased. A negative Yariv
test after weak acid hydrolysis indicated a degradation of AG-II. Ester groups in the
polysaccharide fractions from the elderflowers were reduced after treatment with NaOH. The
de-esterified polysaccharides showed the same distribution of linkages as their respective
native polysaccharides. In order to isolate the hairy regions, one acidic fraction from
elderberries (SnBe50-1-S3) and four acidic fractions from elderflowers (SnFI-50-1-S2,
50WSnFI-1-S2, 100WSnFI-1-S2, 100WSnFI-1-S3) were treated with endo-polygalacturonase.
This led to the isolation of five sub-fractions from the elderberry fraction and two sub-
fractions from each of the elderflower fractions. RG-I like structure and side chains of AG-I
and AG-I11 were the predominant part in the isolated sub-fraction-I and sub-fraction-11 from
the elderberries and in the sub-fractions-I from the elderflowers. These fractions showed high
degree of branch points compared to the native fractions. Sub-fractions-I1 from the
elderflowers consisted of RG-1 and also small amounts of RG-II structures.

Complement and macrophages are both part of the innate and adaptive immune system. All
the acidic polysaccharide fractions from elderberries and elderflowers showed dose-dependent
complement fixating activity and stimulated nitric oxide (NO) production in RAW 264.7
macrophages, with elderflower fractions being the most active ones. Removal of Ara and
reduced side chain complexity contributed to reduced activity, while removal of ester led to

an increased activity compared to the native fractions. The hairy regions isolated after
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enzymatic treatment possessed strong complement fixating and macrophage stimulating
activity, much stronger than the native fractions, whereas the smooth regions showed a

reduced activity.

Type 2 diabetes is one of the most prevalent and serious metabolic diseases, and is associated
with hyperglycemia, insulin resistance and dysregulation of glucose- and fatty acid uptake.
Elderberry and elderflower crude extracts, flavonoids, phenolic acids and metabolites showed
a dose-dependent increase of glucose- and fatty acid uptake in human skeletal muscle cells
and human liver cells. A high increase of glucose- and fatty acid uptake observed after
exposure to selected intestinal metabolites (protocatechuic acid, phloroglucinol aldehyde,
caffeic acid, ferulic acid) is of interest, since they are better absorbed from the intestine
compared to the native polyphenols and therefore easier will reach the systemic tissues.
Several of the crude extracts and phenolic constituents from elderberries and elderflowers
were found to be strong a-amylase and a-glucosidase inhibitors compared to the anti-diabetic
drug acarbose. Oxidative stress is associated with the pathogenesis of diabetes and
inflammation. In general, the phenolic substances showed strong radical scavenging and 15-
lipoxygenase inhibitory effects, but were less active toward xanthine oxidase. The
dichlorometane and water extracts from both the elderberries and elderflowers were inactive
as antioxidants in contrast to the alcohol extracts, which possessed high or moderate

antioxidant activities.

The phenolic-rich extracts from the elderberries and the elderflowers showed potent anti-
inflammatory activity as they showed high complement fixating activity and inhibited NO-
production in LPS activated RAW 264.7 macrophages and dendritic D2SC/I cells. Flavonoids
and phenolic acids were all NO inhibitors, with variation in activity from one compound to
the other. The metabolites were inactive in the complement fixating test, but possessed rather

strong NO inhibitory activity both in the macrophages and the dendritic cells.

These results showed that polysaccharides and polyphenols from elderberries and
elderflowers have potential health promoting effects. Intake of elderberries and elderflowers
might help to regulate inflammatory diseases, and might give potential anti-diabetic and

immune-stimulating effects.
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1. INTRODUCTION

The past decade has witnessed increasing interest in “nutraceuticals” or “functional foods™ in
which phytochemicals can have health promoting or medicinal properties. Plant food is a
good source of a whole range of vitamins and minerals, but the presence of these alone does
not seem to explain the health benefits. There is now considerable body of evidence which
shows that diets rich in plant food are generally associated with lower disease risk, such as
cardiovascular and inflammatory diseases. The search is on for the natural products that
convey these health benefits and also identification of the mechanisms of action. Food of
plant origin contains many important bioactive substances, both low molecular weight
compounds such as phenolic compounds and high molecular weight compounds such as
polysaccharides. Within the plant, these bioactive substances have various roles in
metabolism and in the interaction with environment. Some provide strength to stems, leaves,
flowers and fruits, cell wall extension and plant growth, some protect against insect attacks,
while other provide color and smell, and can attract insect for reproduction purposes. Among
the vast number of medicinal plants used in Western and non-Western medical approaches, a
number have received considerable interest and use in Europe over the past few years, one of

them is Sambucus nigra L.

1.1 Sambucus nigra L. (black elder)

S. nigra. or black elder is a plant native to Europe, America, Northern Africa and Western-
and Central Asia. Sambucus is a genus of flowering plants in the family Adoxaceae (formerly
Caprifoliaceae) that grows on sunlight-exposed places. Black elder is a deciduous shrub or
small tree that can grow up to 10 m. They produce umbels of cream-white flowers in early
summer and blue-black berries with a diameter up to 6 mm which ripen in late summer
(Figure 1) [1, 2]. The elderflowers (Sambuci flos) and the berries (Sambuci fructus) have a
long history of use in traditional European medicine - internally (fruits as tea, jelly, juice, or
syrup; flowers as tea or syrup) for treatment of disorders of the respiratory tract,
gastrointestinal tract, rheumatism, inflammation, diabetes and for viral infections, fever, colds

and influenza [1, 2].


https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Flowering_plant
https://en.wikipedia.org/wiki/Family_(biology)

PhD thesis Giang Thanh Thi Ho INTRODUCTION

A) B)

Figure 1. Sambucus nigra A) Elderberries B) Elderflowers. Illustration photos: Colourbox.no

The elderberries contain several components that may contribute to pharmacological
activities. Large amounts of anthocyanins such as cyanidin-3-glucoside and cyanidin-3-
sambubioside, in addition to rutin and chlorogenic acid are present in fresh fruits. Small
amounts of other types of anthocyanins, procyanidins, flavonols and phenolic acids have also
been identified [1]. Other ingredients are vitamins and minerals in small amounts and
carbohydrates such as pectin and up to 7.5% glucose and fructose [3]. The elderflowers
contain high amounts of flavonoid glycosides and caffeic acid derivatives. Other constituents
are triterpenes, sterols, free fatty acids and pectins [1]. A series of factors, such as
habitat/location, harvest date, cultivar, fertilization, and maturation of the berries and the

flowers can affect their content.

The antioxidant properties of elderberry extracts and its phenolic constituents have been
reported in a series of papers, using different well established in vitro assays [2, 4, 5]. In vitro
experiments also showed that elderberry alcohol extracts were effective against Helicobacter
pylori and have anti-proliferative effects in cell cultures. Several in vitro studies have shown
that elderberry extracts have immunomodulating activity and induce the cytokines IL-1, IL-6,
IL-8 and TNF-a. Besides a standardized elderberry liquid alcohol extract showed inhibition of
human pathogenic bacteria and human pathogenic influenza viruses in vitro [6]. Animal
experiments (rats and chimpanzees) have shown reduction in flu and flu-like symptoms, anti-
inflammatory and antioxidant effects [6-8]. Sambucol®, a standardized elderberry extract, has
in a randomized, double blind, placebo-controlled study showed reduction of influenza
symptoms [9]. Another clinical trial showed that low dose elderberry spray-dried extract had a
minor effect on serum lipids and anti-oxidative capacity [10]. A recent clinical study



PhD thesis Giang Thanh Thi Ho INTRODUCTION

conducted by Tiralongo, et al. [11] showed that elderberry extracts reduced cold duration and

influenza symptoms in air-travelers.

The elderflowers have in vitro showed potent anti-inflammatory activities, anti-bacterial
activities and anti-viral activities [2]. In addition, Gray, et al. [12] and Bhattacharya, et al. [13]
showed that elderflower alcohol extracts had an effect on blood glucose, insulin-like activity
and increased the glucose uptake in porcine myotubes. In animal experiments elderflowers
showed diuretic, diaphoretic and anti-inflammatory activities [1]. No human clinical studies
on elderflowers alone have been found in the literature. However, combination products
containing elderflowers have been studied. Elderflowers in combination with other herbs
(Sinupret®) have been reported to have beneficial effects on bronchitis, headache and sinus
infections in human studies [6]. Allergease®, an oral lozenge supplement which contains
elderflowers and other herbs, has in a double-blind, placebo-controlled, crossover

study showed decrease sneezing during acute antigen exposure and resulted in faster recovery
[14].

In addition to potential health benefits of natural products, it is equally important to be aware
of potential adverse effects associated with consumption of these products. Currently, there
are no data in the literature about any unwanted or toxic effects of elderberries or
elderflowers, juice or extracts. However, since the unripe berries contain cyanogenic
glycosides, elderberries should be harvested when fully ripe and then heated to remove traces

of these toxic substances [2].

Today, black elder are cultivated both for its ornamental value and berries and flowers can be
ingredients for juices, wines, jams, beverages or food colorants, as well. Preparations of fruits
and flowers are also used as nutritional supplements in the treatment of common cold and

influenza symptoms and as an immunomodulator (Figure 2) [1, 2].
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Figure 2. Nutritional supplements with elderberries which can be purchased in Norway. Photos from:

https://sunkost.no/immunforsvar/svarthyll/

1.2 Chemistry of compounds from S. nigra

1.2.1 Pectic polysaccharides

Pectins are structurally the most complex family of polysaccharides in nature, and are thought
to account for about one third of all primary cell wall macromolecules in higher plants. They
are found in the primary cell wall, as an interpenetrating matrix supporting cellulose
microfibrils, together with hemicellulose and proteins. Pectins are galacturonic acid-rich
polysaccharides including homogalacturonan (HG), rhamnogalacturonan | (RG-I) and the
substituted galacturonans; rhamnogalacturonan Il (RG-I1) and xylogalacturonan (XG). It has
been estimated that approximately 90% of the uronic acids in the wall derive from the
galacturonic acid (GalA) residues of pectic polysaccharides [15]. The precise chemical
structure of pectin is under debate, although the structural elements of pectin are rather well
described. There exists several models for describing the pectin structure, and currently there
are two preferred proposed models, the “smooth and hairy region” (Figure 3A) and the “RG
backbone” (Figure 3B) [16]. In the “smooth and hairy region” model, the backbone of the
pectic polysaccharide consists of smooth regions made up of HG and interrupted by hairy
regions consisting of RG-I regions with neutral sugar side chains. In the “RG backbone”
model, the pectic polysaccharide consists of a RG-I backbone with both HG and neutral sugar
chains as side chains [17].


https://sunkost.no/immunforsvar/svarthyll/
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Rhamnogalacturonan | (RGI)

O Galacturonic Acid
O Rhamnose

0 Galactose

@ Arabinose

O Xylose

O Apiose

0 AcericAcid

® Fucose

O Glucuronic Acid
A Methyl ester

Figure 3. Schematic structure of pectin. A) The RG-I is considered attached to HG regions which are
partially methyl-esterified and also contain RG-Il and XG. Typical neutral side chains of RG-I are
linear galactans and arabinans, branched galactans and arabinans, and arabinogalactans. B) An
alternative structure whereby HG are side chains of RG-I. Figure from Maxwell, Belshaw, Waldron
and Morris [16].

1.2.1.1 Homogalacturonan (HG)

The most abundant pectic polysaccharide is HG, a linear homopolysaccharide consisting of a-
1,4-linked-p-GalA. Some of the GalA residues may be methyl-esterified at C6 carboxyl, and
depending on the plant source, the GalA residues can also be O-acetylated in position 2 or 3
[18]. The methyl esterification might be present as blocks, or the substitution may be
randomly distributed [19].

1.2.1.2 Rhamnogalacturonan-1 (RG-1)

RG-I is a group of pectic polysaccharides that contains a backbone of alternating 1,2-linked o-
L-rhamnose and 1,4-linked a-p-GalA residues. The RG-I are highly branched structures with

neutral sugar side chains (arabinans, galactans and arabinogalactans) attached to position 4 of

5
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rhamnose (Rha) [20]. The highly branched nature of RG-I is known as the “hairy region” of
the pectin, in contrast to HG regions which are known as the “smooth” regions. The side
chains of RG-I can be arabinans, arabinogalactans or galactans. Arabinans have a backbone of
1,5-linked arabinose (Ara), with branching points on position 2 or 3 of Ara [21]. Galactans
consist of 1,4-linked galactose (Gal). Arabinogalactans can be divided into two subclasses,
arabinogalactan-1 (AG-I) or arabinogalactan-11 (AG-Il). AG-I is basically composed of 1,4-
linked Gal units, normally with substitutions of one Ara unit or various sized arabinans on
position 3 of some of the Gal units. AG-11 is more complex compared to AG-1 and can be
highly branched with 1,3,6-linked Gal as branch points. AG-I1 consists of a galactan
backbone with either 1,3-linked or 1,6-linked Gal as the main chain [22]. Ara or arabinans can
be bound to O-3 or O-6 of Gal. The side chains may also contain terminal a-fucose, 3-
glucuronic acid (GIcA) and 4-O-Me-B-glucuronic acid residues [23]. In addition, the side

chains can be esterified with phenolic acids [24].

1.2.1.3 Substituted galacturonans

Substituted galacturonans contain a backbone of linear 1,4-linked GalA, substituted with
various sugars (Figure 3A). Rhamnogalacturonan-I1 (RG-I1) is a low molecular mass (5-10
kDa) pectic polysaccharide. The characteristic part of RG-11 is the presence of unusual sugars
in the side chains, such as apiose, aceric acid, 2-O-Me-Xyl, 2-O-Me-Fuc, 3-deoxy-p-manno-
2-octulosonic acid (KDO) and 3-deoxy-p-lyxo-2-heptulosaric acid [25]. The backbone of RG-
Il has at least seven 1,4-linked a-p-GalA residues, two structurally distinct disaccharides and
two oligosaccharide chains attached to the backbone [26]. Other substituted galacturonans
have also been identified. XG contains B-p-xylosyl (Xyl) residues attached to position 3 of the
GalA backbone. The GalA residues of XG can be methyl-esterified as in HG [17].

1.2.2 Phenolic compounds

Plant-based foods and beverages such as fruits, berries, vegetables, chocolate, tea and wine
are rich sources of phenolic compounds. These molecules are secondary metabolites in plants
and are produced for protection against UV light, insects, viruses and bacteria [27]. Phenolic
compounds are characterized by having at least one aromatic ring with one or more hydroxyl

groups attached and can be classified as flavonoids and non-flavonoids [27] .



PhD thesis Giang Thanh Thi Ho INTRODUCTION

1.2.2.1 Flavonoids

The flavonoids are polyphenolic compounds comprising 15 carbons that share a common
structure consisting of 2 aromatic rings (A and B) that are bound together by 3 carbon atoms
that form an oxygenated heterocycle (ring C) (Figure 4). They can be divided into 6 major
subclasses as a function of the type of heterocycle involved: flavonols, flavones, isoflavones,
flavanones, anthocyanidins, and flavanols, while those that are comparatively minor
components of the diet are dihydroflavonols, flavan-3,4-diols, chalcones, dihydrochalcones
and aurones [28]. The basic flavonoid skeleton can have numerous substituents. In plants, all
flavonoids except flavanols are found in glycosylated forms, they can be either O- or C-linked
[27].

O
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O O' OH Flzgone O Ol O

Flavonol \ T ' / Isoflavone
2 A4

70
0 Z~0H O OH
Anthocyanidin Flavan-3-ol

(0]
Flavanone

Figure 4. Structure of the flavonoid skeleton and some flavonoid subclasses. Figure from Del Rio et
al. [27].

1.2.2.1.1 Flavanones

Flavanones such as naringenin are characterized by the absence of C2-C3 double bond and
the presence of chiral centers at C-2 and C-3 [27]. In human foods, flavanones are found in
tomatoes and certain aromatic plants such as mint, but they are present in high concentrations

only in citrus fruit [16].
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1.2.2.1.2 Flavonols

Chemically, flavonols differ from many other flavonoids since they have a double bond
between C2-C3 and a hydroxyl group (OH) in position three of the C-ring (3-
hydroxyflavones) [28]. The majority of flavonols are present as O-glycosides. In human diet,
apples, plums, berries, grapes, onions, broccoli and tomatoes are major food sources of
flavonols. Even cocoa, tea, both green and black ones, and red wine are good sources of
flavonols [28]. The main flavonols in foods are quercetin-, kaempferol- and isorhamnetin

glycosides.

1.2.2.1.3 Flavan-3-ols and proanthocyanidins

Catechins and epicatechins are classified as flavan-3-ols monomers (Figure 5).
Proanthocyanidins, which are also known as condensed tannins, are dimers, oligomers, and
polymers of flavan-3-ols that are bound together by links between C4 and C8 (or C6) [28].
Procyanidins are a subclass of proanthocyanidins with (epi)catechin as the monomeric units
(Figure 5). The most common oligomers are the B series, B1 to B8, formed by two flavanol
units, either catechin or epicatechin, joined by a C4-C8 linkage (B1 to B4), or C4—C6 linkage
(B5 to B8) [28]. The least frequent dimers are the A series, characterized by the presence of
two linkages between the two flavanol units, one C4-C8 or C4-C6 and an additional one
between C2 and C5 or C7. Proanthocyanidins are responsible for the astringent character of
fruits and beverages (e.g. wine) and for the bitterness of chocolate [28].

Catechin: Rz = OH (B) Procyanidin B2 Procyanidin C1
Epicatechin: R;= OH ()
A B C

Figure 5. Chemical structures of A) catechin and epicatechin, the monomeric units of procyanidins,

B) procyanidin B2, an example of a procyanidin dimer and C) trimeric procyanidin C1.
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1.2.2.1.4 Anthocyanins

Anthocyanins (glycosylated polyhydroxy derivatives of 2-phenylbenzopyrylium salts) are
water-soluble pigments responsible for the blue, purple, red and orange colors of many fruits,
vegetables and flowers [29]. Anthocyanins are mainly found in the skin, except for certain
types of red fruit, in which they also occur in the flesh (cherries, bilberries, strawberries) [27].
Aglycones of anthocyanins are bound to sugar at the C3 and sometimes also at C5 and C7
positions and exist in the glycosylated form. Anthocyanins may also exist in the acylated
form. At pH below 2 anthocyanins exist primarily in the form of red flavylium cations. The
same anthocyanin may have different colours, depending on the pH of the solution. When the
pH increases to 6, the flavylium cation converts into purple quinonoidal bases [27]. Several
anthocyanidins have been reported with hydroxyl and methoxyl groups present at different
positions in the B-ring on the basic structure. Six of them are commonly found in fruits and
vegetables: pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin (Figure 6)
[27].

OH
+
HO O.
O \ )
/ OH
OH

Anthocyanidin R R,
Cyanidin OH H
Delphinidin OH OH
Pelargonidin H H
Peonidin OCH; H
Petunidin OCH; OH
Malvidin OCH; OCH;

Figure 6. Structures of the most common anthocyanidins.
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1.2.2.2 Non-flavonoids

Among the non-flavonoids of dietary significance are the phenolic acids. Phenolic acids are
secondary metabolites from plants and fungi. They can be divided into two major groups, C6-
C1 hydroxybenzoic acids and C6-C3 hydroxycinnamic acids, which are derived from
molecules of benzoic and cinnamic acid (Figure 7), respectively [30]. Hydroxybenzoic acids
are components of complex structures such as hydrolyzable tannins (gallotannins and
ellagitannins). Among the hydroxybenzoic acids, gallic acid is the most common [31]. The
hydroxycinnamic acids are more common than are the hydroxybenzoic acids and consist
mainly of p-coumaric, caffeic and ferulic acids. Phenolic acids have been implicated as
beneficial agents in a multitude of diseases, most commonly cardiovascular diseases. Phenolic
acids have been shown to have antibiotic, antioxidant and anti-inflammatory properties and

hence may inhibit or prevent the development of infectious and inflammatory diseases [32].

Cinamic acid derivates Benzoic acid derivates

Figure 7. Structures of cinamic acid derivates and benzoic acid derivates.

1.3 Bioavailability

The extent of the potential health benefits associated with the polyphenols studied in vitro are
dependent in vivo on the absorption, metabolism, distribution, and excretion of these
compounds within the body after ingestion. During the absorption, dietary polyphenols might
be hydrolyzed and degraded by the intestinal enzymes or colonic microflora, and then
conjugated in the intestinal cells or later in the liver [33]. Polyphenols consequently reach and
accumulate in the target tissue and induce biological properties; the polyphenol derivatives
mainly excrete through bile and urine. Most polyphenols are not subjected to phase |
metabolism because the polyphenolic structures make them unfavorable substrates for the
cytochrome P450s [33]. The polyphenolic compounds can directly undergo phase 11
metabolism, predominately methylation, glucuronidation and sulfation.

10
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Most polyphenols pass to the colon where they are catabolized by the colonic microflora,

yielding a diversity of phenolic acids such as homovanillic acid, caffeic acid and ferulic acid.
Phenolic acids, when ingested in the free form, are rapidly absorbed from the small intestine.
However, chlorogenic and neochlorogenic acids are naturally esterified and this impairs their

absorption [34].

Human bioavailability studies have been employed for elderberry extracts and anthocyanins.
The major finding in bioavailability studies in humans with elderberry anthocyanins was the
determination of 0.1-0.4 uM in blood and urine after intake of elderberry extract (500-700 mg
anthocyanins) [35-37]. Anthocyanins are some of the few polyphenols that can be detected
unmetabolized (e.g. as glycosides) in plasma. The bioavailability of the anthocyanin
metabolites was reported be 60- and 45-fold higher than their parent compounds in urine and
plasma, respectively [35, 36]. There are big differences in the number of recovered
metabolites in blood and urine and the amounts of recovered parent anthocyanins in the

human studies.

The absorption of plant polysaccharides into the bloodstream after oral administration is not
well understood and is a disputable issue. One possible mechanism for the uptake of
polysaccharides in the lumen could be passage through microfold cells (M cells) in the Peyer's
patches of the small intestinal lumen [38]. M cells are a unique subset of specialized epithelial

cells for trans epithelial transport of macromolecules and particulate antigens [38].

1.4 Immunomodulating activity

Immunity is the body’s natural defense system against various infectious diseases. The factors
that trigger immunity include previous infection, immunization, and various external stimuli.
Based on the function, the immune system has been categorized into two broad categories,
i.e., the innate immune system and the adaptive immune system [39]. The function and
efficiency of the immune system are influenced by various exogenous and endogenous factors
resulting in either immunosuppression or immunostimulation. Several agents possessing an
activity to normalize or modulate pathophysiological processes are called immunomodulators.
Natural products, plants, their extracts, and their active moieties such as polysaccharides,
essential oils, steroids, terpenoids, phenolics, flavonoids and alkaloids have been reported

with immunomodulatory potential [40-42].

11
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1.4.1 The complement system

The complement system is one of the major effector pathways in the process of inflammation.
The complement plays an important role in the first line defense against infections and it
represents important effector functions of the innate and the adaptive immune system [43].
The complement is activated through the classical, the mannose binding (lectin) or the
alternative pathway (Figure 8). The classical pathway is activated by antibodies and is
initiated by IgM or IgG cluster with complement component 1 (C1) [43]. The alternative
pathway is directly activated from C3 by microorganisms or some activators such as
lipopolysaccharide through an “antibody-independent” mechanism [44]. In addition, another
“antibody-independent” mannose-binding lectin (MBL) pathway has been established as the

third activation pathway of complement system, and initiated from C4 [45].

I CLASSICAL I | MB-LECTIN I
PATHWAY PATHWAY
Antigen:antibody Mannose-binding lectin
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Figure 8. Activation steps and function of the complement system. Figure from Janeway, et al. [46]

Several medicinal plants such as Plantago major, Echinacea purpurea, Panax ginseng,
Angelica acutiloba and Biophytum umbraculum (syn. Biophytum petersianum) have been
reported with high complement fixating activities [47-49]. Structure-activity studies suggest
that the hairy regions of RG-I, with complex galactan or AG-11 side chains attached are
important for the complement activity [21]. Also low molecular weight compounds such as
flavonoids, anthocyanins and procyanidins have been reported complement fixating activity
[50-52].
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The complement fixating assay does not differentiate between activation and inhibition of the
complement cascade because both result in inhibition of hemolysis [53]. Complement
activators result in a decrease of hemolysis due to complement consumption, while
complement inhibitors result in an inhibition of hemolysis by inhibiting a certain step in the
complement cascade [54]. Another interesting feature of complement-activating plant
polysaccharides is their possible use as an adjuvant. C3 activation products linked to an
antigen can dramatically enhance the antibody response and possibly also have adjuvant

effects to fight tumors and bacterial infections [44].

1.4.2 Activation and inhibition of macrophages and dendritic cells
Macrophages are important cells in the immune system that are formed in response to an
infection or accumulating damaged or dead cells. Macrophages are formed through
differentiation of monocytes, and take part in both innate and adaptive immunity [55]. Their
role is to remove microorganisms during infections, in addition to interact with and stimulate
lymphocytes. In addition, macrophages also play an important anti-inflammatory role and can
decrease immune reactions through the release of cytokines [55]. Macrophages that encourage
inflammation are called M1 macrophages, whereas those that decrease inflammation and

encourage tissue repair are called M2 macrophages [55].

Activated macrophages release many inflammatory mediators such as nitric oxide (NO). NO
is synthesized from l-arginine by inducible NO synthase (iNOS) expression in numerous
mammalian cells and tissues [56]. Under normal physiological conditions, NO plays an
important role in the regulation of various pathophysiological processes such as neuronal
communication, vasodilatation and neurotoxicity. High concentration of NO can lead to tissue
damage and inflammatory diseases such as rheumatoid arthritis, cardiovascular diseases,
chronic hepatitis and pulmonary fibrosis [56]. Thus, activation or inhibition of NO production
in biological systems might play an important role in the treatment of infections and
inflammatory diseases. Chronic inflammation is linked to cardiovascular diseases and
diabetes [57].

Dendritic cells have many of the same properties as macrophages and are potent antigen
representing cells that play a major role in the initiation and modulation of immune responses
[58]. Dendritic cells present microbial antigens to T cells and provide inflammatory signals
that modulate T cell differentiation. It is clear that dendritic cells contribute to T cell-

independent immune responses. Dendritic cells are well equipped to detect microbial
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pathogens by expressing distinct Toll-like receptor (TLR) combinations, enabling recognition

of microbial molecules and consequent induction of cytokines [59].

1.5 Anti-diabetic activity

Type 2 diabetes (T2D) is a complex metabolic disorder associated with developing insulin
resistance, impaired insulin signaling and p-cell dysfunction, abnormal glucose and lipid
metabolism, inflammation and increased oxidative stress [60]. Among the multiple risk
factors underlying the incidence and progression of T2D, diet is the main modifiable factor. In
this area, recently the use of functional foods and their bioactive components have been
considered as a new approach in the prevention and management of diabetes and its
complications [60]. Due to their biological properties, polyphenols may be appropriate
nutraceuticals and supplementary treatments for various aspects of diabetes mellitus.

1.5.1 Glucose- and oleic acid uptake in skeletal muscle cells and liver cells
The skeletal muscle and the liver play an important role in blood glucose control, storage and
utilization of glucose [61]. Skeletal muscle, due to its large mass, is the principal organ for
glucose disposal in the body and therefore effects on skeletal muscle cells can have profound
effects on glucose homeostasis. It is of great importance to find and characterize insulin-
independent pathways stimulating glucose uptake in skeletal muscle. Liver plays a major role
in the regulation of blood glucose levels in tight cooperation with peripheral tissues. As
estimated, liver is responsible of taking up one third of the postprandial glucose, and stores
effectively glucose as glycogen via glycogenesis [60]. Polyunsaturated fatty acids and
monounsaturated fatty acids have received a lot of attention due to their health benefits [62].
High consumption of oleic acid, which is a monounsaturated omega-9 fatty acid, reduced the
risk of heart disease, diabetes and cardiovascular disease [62]. Oleic acid has also shown a
beneficial effect on insulin sensitivity, adipocyte glucose transport and prevents T2D [62-65].
High concentrations of plasma free fatty acids are associated with increased risk for

cardiovascular diseases.

1.5.2 Inhibition of a-amylase and a-glucosidase

Small intestinal a-glucosidase and pancreatic a-amylase are key enzymes of dietary
carbohydrate digestion in humans. a-Amylase catalyzes the cleavage of a-D-(1-4)glycosidic
linkages of starch, amylose, amylopectin, glycogen and various maltodextrins into shorter
oligosaccharides [66]. a-Glucosidase, which is also located in the brush-border surface
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membrane of intestinal cells, activates the final step of the digestive process. These exo-type
carbohydrase enzymes catalyzes the hydrolysis of complex carbohydrates and disaccharides
to absorbable monosaccharides [66]. Inhibitors of these enzymes may be effective in retarding
carbohydrate digestion and glucose absorption to suppress postprandial hyperglycemia. The
overall effect of inhibition is to reduce the flow of glucose from complex dietary
carbohydrates into the bloodstream, diminishing the postprandial effect of starch consumption
on blood glucose levels. Currently there are some antidiabetic drugs which are associated with
side effects, namely acarbose, miglitol and voglibose. These drugs act by inhibiting a-amylase
and o-glucosidase activity [66]. Previously, several in vitro studies have been performed
yielding potential a-glucosidase inhibitors from various food components and medicinal
plants like cranberry, pepper, soy bean extracts, etc., and a-amylase inhibitors from oregano,
cranberry extract etc. [4]. Therefore, natural a-glucosidase and a-amylase inhibitors from

plant sources offer an attractive strategy for the control of postprandial hyperglycemia.

1.5.3 Free radicals and antioxidant activity

Free radicals are molecules with one or more unpaired electrons, often highly reactive. In our
body and elsewhere in nature, O, can react with an electron to form the free radical
superoxide (O27) which can react and produce new reactive radicals [67]. Most of the
potentially harmful effects of oxygen are due to the formation and activity of a number of
chemical compounds, known as reactive oxygen species (ROS), which have a tendency to
donate oxygen to other substances and to make new radicals [67]. Many radicals are unstable
and highly reactive, and can cause oxidative damage to biologically relevant molecules such
as DNA, proteins, carbohydrates, and lipids. Free radicals and other ROS are derived either
from normal essential metabolic processes in the human body or from external sources such
as exposure to X-rays, ozone, cigarette smoking, air pollutants, and industrial chemicals [68].
If free radicals overwhelm the body's ability to regulate them, a condition known as oxidative
stress ensues. Increased oxidative stress appears to be a deleterious factor involved in insulin

resistance, dyslipidemia, B-cell dysfunction and impaired glucose tolerance [69].

An antioxidant has been defined as a substance that when present at low concentrations
compared to those of an oxidizable substrate, significantly delays or prevents oxidation of that
substrate [67]. Testing of antioxidant activities of natural products and their potential
beneficial effects on health has received much attention in recent decades. The antioxidant
capacity of natural substances can be assessed with numerous assays. Due to the complexity
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of the composition of phytochemicals and of the oxidative processes, it is recommended to

use more than one method in order to evaluate the total antioxidant activity [34].

1.5.3.1 Scavenging of the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical

A rapid, simple and inexpensive method to measure antioxidant capacity is the use of the free
radical, 1,1-diphenyl-2-picrylhydrazyl (DPPH). The DPPH scavenging assay is based on the
spectrophotometric measurement of the DPPH concentration change resulting from the
reaction with a radical scavenger. On the basis of the chemical reactions involved,
antioxidants can deactivate radicals by hydrogen atom transfer or by electron transfer
reactions [34]. The DPPH assay was believed to involve hydrogen atom transfer reactions [70,
71], but other studies suggested that an electron transfer reaction is favored in the reaction
between phenols having low pKa values and DPPH in strong hydrogen-bond-accepting
solvents, such as methanol and ethanol [72, 73]. Radical scavenger effects may be involved in
the reaction with receptors or enzymes that are regulated by antioxidant response elements
(e.g. Nrf2) that regulate the redox status in vivo, and some of the anticipated beneficial health

effects of polyphenols are today suggested to be mediated through these mechanisms [74].

1.5.3.2 Inhibition of 15-lipoxygenase (15-LO)

15-Lipoxygenase is an enzyme that catalyzes the stereospecific peroxidation of
polyunsaturated fatty acids and esters, which leads to the formation of hydroxyperoxides as
well as active radical intermediates that are involved in pathological processes in plants,
animals and some bacteria [75, 76]. The primary lipid peroxidation products from arachidonic
acid and linoleic acid are hydroperoxyeicosatetraenoic acid and hydroperoxyoctadecadienoic
acid respectively [76]. These are readily converted to the hydroxy fatty acids,
hydroxyeicosatetraenoic acid and hydroxyoctadecadienoic acid [77]. The 15-LO and their
metabolites have been shown to be involved in a number of diseases such as cancer,

cardiovascular diseases and diabetes (both type I and Il) [75, 77].

1.5.3.3 Inhibition of xanthine oxidase (XO)

Xanthine oxidase (XO) is an enzyme that catalyzes the oxidation of hypoxanthine to xanthine,
and produces uric acid and superoxide [78]. XO is found mainly in the liver and
gastrointestinal tract, but also in the kidney, brain and throughout the cardiovascular system
[79]. The overproduction and/or underexcretion of uric acid lead to the incidence of

hyperuricemia such as gout [80, 81]. An increasing number of researchers during the past
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decade have also suggested that XO plays and important role in various forms of ischemic and
other types of tissue and vascular injuries, inflammatory diseases and cardiovascular diseases
such as diabetes [80]. The action of XO enzymes also generates superoxide radicals and
hydrogen peroxide, which can add or initiate oxidative stress [81]. Thus, inhibition of XO

may therefore be beneficial to treat these aforementioned diseases.
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2. AIMS OF THE STUDY

The overall aim of this thesis was to investigate potential health benefits of elderberries and

elderflowers with main focus on the immunomodulatory effects and anti-diabetic potential of

pectic polysaccharides and phenolic constituents.

Specific aims were as follows:

18

To isolate and characterize pectic polysaccharides from elderberries and elderflowers

based on bioassay guided fractionation (Paper I-111).

To study the immunomodulating effects and the structure-activity relationship of the
purified bioactive pectic polysaccharides from 50% EtOH, 50 °C and 100 °C water

extracts from elderberries and elderflowers (Paper I-111).

To study the effects of elderberry and elderflower crude extracts, phenolic
constituents and metabolites on glucose- and fatty acid uptake in human skeletal
muscle cells and human liver cells and the inhibition of the carbohydrate-hydrolyzing
enzymes a-amylase and a-glucosidase in order to provide information on the anti-
diabetic potential (Paper IV-VI).

To evaluate in vitro antioxidant activity of elderberry and elderflower extracts,

phenolic constituents and their metabolites (Paper 1V-VI).

To investigate the anti-inflammatory activity of elderberry and elderflower crude

extracts, phenolic constituents and their metabolites (Paper VII).
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3. SUMMARY OF PAPERS
3.1 Paper |

Structure-activity relationship of immunomodulating pectins from elderberries.
Giang Thanh Thi Ho, Abeeda Ahmed, Yuan-Feng Zou, Torun Helene Aslaksen, Helle
Wangensteen & Hilde Barsett.

The aim of this work was to isolate pectic polysaccharides from the berries of Sambucus nigra
and relate the structure to immunomodulating properties. Acidic fractions from 50% EtOH,
50° C and 100° C water extracts obtained after gelfiltration and anion-exchange
chromatography showed potent dose-dependent complement-fixating activity and
macrophage stimulating activity. The molecular weight of these acidic fractions was in the
range of 410-933 kDa. The isolated fractions consisted of long HG regions and RG-I regions,
in addition to AG-1 and AG-Il. Among the isolated fractions, the acidic fractions from 100 °C
water extract showed the highest complement fixating activity with 1Csy values of 19-27
pg/mL and the highest macrophage stimulating activity, detected by the release of nitric
oxide. A decrease in Ara content and 1,3,6-linked Gal units resulted in reduced bioactivity
after weak acid hydrolysis. The active acidic fractions from 50% EtOH extract, SnBe50-1-S3,
was treated with endo-polygalacturonase and then fractionated by gelfiltration to give five
sub-fractions. Sub-fraction-1 and sub-fraction-11 showed a higher complement fixating and
macrophage stimulating activity compared to the native polymer. Structure elucidation
indicated that RG-I regions with AG-I and AG-II side chains were the predominant structures
in the sub-fraction-1, sub-fraction-I1 and sub-fraction-I11. The sub-fraction-IV and sub-
fraction-V, which contained high amounts of GalA and typical linkages for HG, showed a
reduced bioactivity. These results indicated that branched moieties of arabinogalactans linked
to rhamnogalacturonan regions are important for the immunomodulating activity observed for

elderberry extracts.

3.2 Paper I

Structural characterization of bioactive pectic polysaccharides from elderflowers
(Sambuci flos).

Giang Thanh Thi Ho, Yuan-Feng Zou, Torun Helene Aslaksen, Helle Wangensteen & Hilde
Barsett.

The objective of this paper was to isolate, purify and characterize the structures of the pectic
polysaccharides from elderflowers, and to determine their immunomodulating activity. All the
purified acidic fractions from 50% EtOH, 50° C water and 100° C water extracts showed high
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complement fixating activity (ICso 2.0-7.5 pug/mL), all having higher activity in a dose-
dependent manner compared to the positive control BPIIl. According to the linkage analysis,
the acidic fractions were complex in structure, possibly with a rhamnogalacturonan backbone
with side chains of arabinans, AG-I, AG-Il and RG-11. An almost complete loss of Ara after
treatment with oxalic acid indicated that the Ara was in furanose form. Lower amounts of
1,3,6 Gal, and 1,3 Gal compared to 1,6 Gal indicated that Ara was attached to position 3 of
1,6-linked Gal. After weak acid hydrolysis the complement fixating activity decreased
considerably with 1Csy values above 250 pug/mL. Stimulation of NO production in the
macrophages was only observed at the highest concentration (100 pg/mL). The presence of
ester groups in the polysaccharide fractions were reduced after treatment with NaOH. After
de-esterification of the pectic polysaccharides the activity increased both in the complement
fixating and macrophage stimulating tests. The presence of biologically active

polysaccharides in elderflower increases the nutritional value of this plant.

3.3 Paper 111

RG-1 regions from elderflower pectins substituted on GalA are strong
immunomodulators.
Giang Thanh Thi Ho, Yuan-Feng Zou, Helle Wangensteen & Hilde Barsett.

The aim of this paper was to further elucidate the structure and structure-activity relationship
of the pectic polysaccharides isolated from elderflowers (Paper I1). The purified fractions
SnFI50-1-S2 from the 50% EtOH extract, 50WSnFI-1-S2 from the 50 °C water extract, and
100WSnFI-1-S2 and 100WSnFI-1-S3 from 100 °C water extract were subjected to enzymatic
degradation with endo-polygalacturonase after de-esterification in order to isolate the hairy
regions. Two sub-fractions from each fraction were isolated, one high molecular weight sub-
fraction-1 (25-29 kDa) and one medium molecular weight sub-fraction-11 (6-17 kDa). The
sub-fractions-1 contained GalA:Rha ratio approximately to 1:1, which together with 1,2-
linked Rha, 1,2,4-linked Rha and 1,4-linked GalA, indicated that RG-1 was the predominant
part of the fractions. Highly branched Gal in the sub-fractions-I indicated a complex structure.
Sub-fractions-1 contained almost equal amounts of 1,4 Gal and 1,3,6 Gal which indicated
almost equal amounts of AG-1 and AG-II. The sub-fractions-1I contained structural features
typical for both RG-I and RG-1I. In the complement fixating and macrophage stimulating tests
the sub-fractions-1 showed higher bioactivity compared to both the native fractions and the
sub-fractions-11. The important structural requirement for the observed immunomodulating

activities seemed to be a rhamnogalacturonan backbone and the combination of both AG-I
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and AG-I11 side chains and the molecular weight. In addition to this, two of three GalA units
showed branch points either in C2 or C3 which might be important for the

immunomodulating activity.

3.4 Paper IV

Effect of phenolic compounds from elderflowers on glucose- and fatty acid uptake in
human myotubes and HepG2-Cells.
Giang Thanh Thi Ho, Eili Tranheim Kase, Helle Wangensteen & Hilde Barsett.

In this study, stimulation of glucose and oleic acid uptake by elderflower extracts, phenolic
constituents and metabolites were tested in vitro using the human liver cells (HepG2) and
human skeletal muscle cells. The 96% EtOH crude extract showed the highest increase of
glucose and oleic acid uptake in the human skeletal muscle cells and HepG2-cells, followed
by the 50% EtOH and the dichloromethane extract. Among the flavonoids, kaempferol and
quercetin showed the highest stimulation of glucose uptake at 10 uM (39.1 £ 5.8% and 37.1 +
4.6%, respectively), whereas kaempferol showed the highest stimulation of oleic acid uptake
(25.0 = 3.0%) in the human skeletal muscle cells. Rutin showed the highest increase of both
glucose- and oleic acid uptake compared to the other glycosylated flavonoids in both cell
lines. Chlorogenic acid showed an enhancement of oleic acid uptake at 10 uM of 17.3 £ 2.5%
in the skeletal muscle cells and 25.6 + 4.6% in the HepG2-cells. A small increase of glucose
and oleic acid uptake was observed for the flavonoid metabolites 3-hydroxyphenylacetic acid,
3,4-dihydroxyphenylacetic acid and 4-Me-catechol. The inhibition of the enzymes a-amylase,
a-glucosidase, 15-LO and XO, and the scavenging of DPPH radical were also tested. The
alcohol extracts and the phenolic constituents acted as strong antioxidants and showed a
strong inhibition of both a-amylase and a-glucosidase. These results indicate that elderflower
extracts have potential anti-diabetic properties, which could be explained by its high content

of flavonoids and phenolic acids.

3.5 Paper V

Phenolic elderberry extracts, anthocyanins, procyanidins and metabolites influence
glucose and fatty acid uptake in human skeletal muscle cells.
Giang Thanh Thi Ho, Eili Tranheim Kase, Helle Wangensteen & Hilde Barsett.

The aim of this work was to study elderberry extracts, pressed juice, anthocyanins,
procyanidins, phenolic acids and their metabolites on glucose- and fatty acid uptake in human

skeletal muscle cells, as well as their inhibition of a-amylase and a-glucosidase and
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antioxidant effects. The alcohol extracts and the pressed juice showed higher stimulation of
glucose- and oleic acid uptake compared to the water extracts. The main anthocyanins in
elderberries, cyanidin-3-glucoside and cyanidin-3-sambubioside showed a high stimulation of
glucose (38.0 + 2.0% and 44.0 £ 3.7%, respectively) and oleic acid uptake (26.5 + 2.2% and
29.3 £ 5.1%, respectively) at 10 uM. Among the metabolites, protocatechuic acid,
phloroglucinol aldehyde, ferulic acid and caffeic acid showed the highest stimulation of both
glucose and oleic acid uptake. The elderberry constituents and metabolites were also good
antioxidants, and might play an important role in the controlling of postprandial
hyperglycemia by their strong inhibition of the intestinal enzymes a-glucosidase and a-
amylase. Metabolites are better absorbed, and might therefore have a more clinical relevance
compared to the flavonoids. Based on these results elderberry might be valuable as functional

food against diabetes.

3.6 Paper VI

Anti-diabetes and enzyme inhibitory effects of Norwegian berries — a comparison of 14
different berry extracts.
Giang Thanh Thi Ho, Thi Kim Yen Nguyen, Eili Tranheim Kase, Margey Tadesse, Hilde

Barsett & Helle Wangensteen.

The aim of this study was to investigate 14 wild or cultivated Norwegian berries on the
stimulation of glucose uptake in human liver cells (HepG2), and the inhibition of the enzymes
a-amylase, a-glucosidase, 15-LO and XO. The berries were extracted with 80% EtOH by
accelerated solvent extraction (ASE) and then purified by C-18 solid phase extraction (SPE).
The SPE extract contained 5-25 times more phenolics compared to the ASE extract. Among
the ASE extracts, the lingonberry, black chokeberry and elderberry extracts showed the
highest glucose uptake in the HepG2-cells. The rowanberry SPE extract showed the highest
maximal effect on glucose uptake, followed by cloudberry and crowberry SPE extracts. A
high content of chlorogenic acids, ellagitannins, anthocyanins and flavonols might be
important contributors to the increased glucose uptake observed for these berries. All the 14
Norwegian berry extracts showed a stronger inhibition against a-amylase and a-glucosidase
compared to the anti-diabetic drug acarbose. The ASE extracts were inactive as 15-LO and
XO inhibitors. After SPE purification the enzyme inhibitory activities increased, with
crowberry and cloudberry extracts as the most active 15-LO inhibitors and bog whortleberry
and lingonberry extracts as the most active XO-inhibitors. Removal of free sugars and type of
phenolics might be important for the mode of action. In conclusion, a high consumption of
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phenolic rich berries might have a potential to reduce the risk for cardiovascular diseases such

as type 2 diabetes.

3.7 Paper VII

Elderberry and elderflower extracts, phenolic compounds, and metabolites and their
effect on complement, RAW 264.7 macrophages and dendritic cells.

Giang Thanh Thi Ho, Helle Wangensteen & Hilde Barsett.

The main objective of this study was to investigate the effects of the elderberry and
elderflower extracts, constituents and their metabolites on the complement fixating activity
and on the NO production in LPS stimulated RAW 264.7 macrophages and murine dendritic
D2SCl/I cells. The 96% EtOH and the acidic MeOH berry extracts showed higher complement
fixating activity than any of the berry compounds tested. Also the 96% EtOH flower extract
showed higher complement fixating activity compared to the flower components. This could be
due to unidentified compounds or to synergistic effects. Anthocyanins and procyanidins
showed high complement fixating activity, and high NO-inhibitory activity in the macrophages
but were in general less active in the dendritic cells. Flavonol glycosides showed high
complement fixating activity, but their aglycones were almost inactive. Most of the flavonoids
were very effective as NO inhibitors, but there were great variations in activity between the
compounds. Rutin was a stronger NO inhibitor in the dendritic cells than in the macrophages,
and also more active than the other quercetin-glycosides. The phenolic acids (chlorogenic acid
and neochlorogenic acid) were also somewhat more active as NO inhibitors in the dendritic
cells than in the macrophages. The metabolites did not possess any particular activity in the
complement system, but some of the metabolites possessed rather strong NO inhibitory
activity both in the macrophages and the dendritic cells. Caffeic acid and 3-
hydroxyphenylacetic acid were those with the highest NO inhibitory activity. None of the
tested compounds showed any cytotoxicity against the macrophages and dendritic cells,
except from 4-Me-catechol, which was cytotoxic at 100 uM. These results showed that
elderberries and elderflowers might have a potential to regulate inflammatory diseases.
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4. RESULTS AND DISCUSSION

4.1 Isolation of pectic polysaccharides

Berries (Be) (paper 1) and flowers (FI) (paper Il and 111) from S. nigra (Sn) were extracted
and purified according to the fractionation scheme (Figure 9) in order to isolate pectic
polysaccharides. In general, dried pulverized berries or flowers were extracted with 96%
EtOH using a Soxhlet apparatus to remove plant compounds of lipid nature as well as low
molecular weight compounds. The residue after this treatment was then sequentially extracted
with boiling 50% EtOH, 50 °C water and 100 °C water. The obtained crude extracts were then
fractionated by gel filtration to give the high molecular weight fractions SnBe50-1 or SnFI50-I
from 50% EtOH, 50WSnBe-I or 50WSnFI-1 from 50 °C water and 100WSnBe-I or
100WSnFI-1 from 100 °C water. The high molecular weight fractions were further
fractionated by anion exchange chromatography. This led to the isolation of one neutral and
four acidic fractions. The neutral fractions (N) were obtained by elution with distilled water
and acidic fractions (S1-S4) with 0-1.5 M NaCl gradient. The carbohydrate elution profiles
were determined by the phenol-sulfuric acid method [82]. Ten acidic fractions from
elderberries (SnBe50-1-S1, SnBe50-1-S2, SnBe50-1-S3 and SnBe50-1-S4 from 50% EtOH,
50WSnBe-1-S2 and 50WSnBe-I-S3 from 50 °C water, and 100WSnBe-1-S1, 100WSnBe-1-S2,
100WSnBe-1-S3, 100WSnBe-1-S4 from 100 °C water) were isolated and subjected to
carbohydrate analysis and biological activity tests, and five of these were chosen for further
studies. Seven acidic fractions from elderflowers were chosen for further investigation:
SnF150-1-S2 and SnFI150-1-S3 from 50% ethanol, 50WSnFI-1-S2, 50WSnFI-1-S3 and
50WSnFI-1-S4 from 50 °C water and 100WSnFI-1-S2 and 100WSnFI-1-S3 from 100 °C water.
The pectic polysaccharide fractions were selected based on their effects in the complement
fixating test and macrophage activation, in addition to the amount of material available and
content of LPS contamination. The neutral fractions showed no activity in the bioassays, and
were not included in further studies. The content of total phenolics was determined by using
the Folin-Ciocalteu method [83], and was in the range of 0.1-1.2% for the acidic fraction in
elderberries and 0.01-0.7% for the elderflowers. The biorad protein assay [84] showed
negligible content of protein for the elderberries (0.1-0.4%) and the elderflowers (0.03-0.5%).
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Sambucus nigra, berries (Be) or flowers (FI)
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Figure 9. Fractionation scheme of berries (Be) and flowers (FI) from S. nigra (Sn).

4.2 Structure elucidation

4.2.1 Structures of pectins from elderberries

Structural characteristics were determined by methylation and GC-MS of five acidic fractions
from elderberries: SnBe50-1-S2, SnBe50-1-S3, 50WSnBe-I-S2, 100WSnBe-1-Sland
100WSnBe-1-S2 (Paper 1). These five acidic polysaccharide fractions had slightly different
monosaccharide compositions, but all contained monosaccharides typical for pectic
polysaccharides (Table 1). The approximate molecular weights of the polysaccharide fractions
were determined by size exclusion chromatography, comparing the elution profile of the
polysaccharide fractions with the dextran standards. The molecular weights for these acidic
fractions were determined to be in the range of 618-813 kDa. The fractions SnBe50-1-S2,
SnBe50-1-S3, 50WSnBe-1-S2, 100WSnBe-1-S1and 100WSnBe-1-S2 contained glycosidic
linkages characteristic for HG and RG-1 (Table 1). The main structural feature of the acidic
fractions was 1,4-linked GalA, with a few branching points in position 3 of GalA [21]. The
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Rha units were 1,2-linked with branch points on position 4 which is a structural feature of
RG-1. The low ratio of Rha (1,2 Rha and 1,2,4 Rha) to GalA (1,4 GalA and 1,3,4 GalA)
indicated that these fractions consisted of pectic polymers with long HG backbone and shorter
areas of RG-1. The presence of t-Gal, 1,3 Gal, 1,4 Gal, 1,6 Gal with branching points at 1,3,6
Gal, in addition to Ara, indicated the presence of AG-1 and AG-II. Ara units might be linked
to O-3 or O-6 of Gal [85]. The presence of AG-II was also confirmed by the strong positive
reaction in the Yariv test. High amount of 1,3,6 Gal and strong positive reaction in the Yariv
test observed for SnBe50-1-S2 and SnBe50-1-S3, indicated that these fractions consisted of
more AG-II structural units. AG-II has similar sugar moieties as arabinogalactan proteins
(AGP), and possible bindings of AGPs with pectins have previously been reported [86-88].
Pectins with AG-II side chains are reported with very small amounts of protein [89]. Since the
protein content detected in the isolated acidic fractions was under 0.4%, it is reasonable to
anticipate that an AG-11 polymer is most likely. The phenolic compounds (<1.2%) which are
present in the fractions might give an indication of side chains being esterified with phenolic
acids such as ferulic acids [90]. Arabinan might be present in all the fractions as well,
indicated by the presence of 1,5 Ara, t-Ara, 1,3,5 Ara, 1,2,5 Ara and 1,2,3 Ara. Arabinan
might be linked to Rha in the rhamnogalacturonan backbone through 1,4-linked Gal. This has
been found for several other RG-Is isolated from plant cell walls [85]. Terminally GIcA was
identified in all the fractions and this might be directly linked to position 3 of 1,4-linked GalA
in the RG-1 backbone, or may also be a part of the AG-II side chains [91, 92]. High amount of
1,4 Xyl, 1,4 Glc and 1,4,6 Glc in the fractions 50WSnBe-1-S2, 100WSnBe-I-Sland
100WSnBe-1-S2 might indicate the presence of hemicellulose such as xyloglucans.
Xyloglucans is a structural feature reported to be present in bilberries [93]. Xylogalacturonan
(t-Xyl and 1,3,4 GalA) and arabinoxylan (1,4 Xyl, 1,2 Ara, 1,3 Araor 1,2,3 Ara) might be

another structural features present in these acidic elderberry fractions [94].
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Table 1. The glycosidic linkages (mol%), AG-11 content, molecular weight, LPS content and KDO present in the fractions
obtained by anion exchange chromatography from 50% EtOH (SnBe-1-S2, SnBe-I-S3), 50 °C water (50WSnBe-I-S2) and
100 °C water (100WSnBe-1-S1, 100WSnBe-1-S2) extracts from berries of Sambucus nigra before and after weak acid

hydrolysis (AH).

SnBe50- SnBe50- SnBe50- SnBE50- 50WSnBe 50WSnBe 100WSnBe 100WSnBe 100WSnBe- 100WSnBe-

1-S2 1-S2-AH 1-S3 I-S3AH  -I-S2 -I-S2-AH  -I-S1 -1-S1-AH 1-S2 1-S2-AH
t-Araf 33 - 2.2 0.3 21 0.1 5.8 0.3 1.3 0.4
1,2 Ara 17 - 1.7 Trace 2.3 - 1.7 Trace 0.8 0.2
1,3 Ara 0.8 - 0.5 0.2 0.8 - 55 0.5 13 01
1,4p/

31 0.6 4.6 0.1 12 0.1 8.0 0.5 17 19
1,5f Ara
135Ara 23 - 04 - 04 - 32 0.9 20 04
125Ara 12 - 0.8 0.2 35 0.3 1.6 - 7.0 Trace
123Ara 15 - 0.7 Trace 0.4 0.3 2.8 - 1.6 0.6
t-Rha 0.5 0.8 0.1 0.6 0.9 1.7 0.2 0.8 18 14
1,2 Rha 25 2,0 17 0.5 13 15 1.0 3.2 2.6 1.8
1,3 Rha 0.5 0.4 0.3 0.2 0.1 0.6 Trace - - -
134Rha - - 0.7 0.3 - - 0.1 - 01 01
124Rha 0.8 - - 0.1 25 - 0.3 0.3 1.4 Trace
t-Xyl 0.4 0.9 0.2 0.7 1.8 1.8 33 3.6 53 4.8
1,4 Xyl 0.7 19 0.2 0.2 4.0 49 11.0 13.3 27.1 30.3
t-Man 3.7 3.0 4.9 3.7 4.4 - 20.1 19.1 6.5 141
t-Gal 24 2.7 - 6.1 21 37 19 33 0.9 13
1,3 Gal 7.3 6.9 5.7 5.6 2.0 1.8 5.2 5.0 4.7 4.2
1,4 Gal 14 4.5 5.7 24 1.9 21 0.5 26 15 2.2
1,6 Gal 16 2.6 35 1.0 13 2.2 0.5 2.9 11 13
124Gal - - 3.0 3.9 0.8 3.2 0.4 2.7 Trace 2.7
1,3,6 Gal 35 - 2.8 0.2 1.9 0.1 2.0 0.9 2.1 0.1
146Gal - - 3.9 - 11 Trace 1.0 23 0.4 -
t-Glc 0.5 - - 15 11 12 2.0 2.2 19 18
14 Glc 15 20 1.9 Trace 39 33 6.8 5.2 4.3 35
13 Glc - - 16 55 - 0.5 48 0.3 Trace -
146Glc 03 0.8 - - 0.3 - 0.5 - - -
t-GlcA 0.5 - 0.3 - 19 - 0.6 - 1.8 -
14GIcA 04 - 0.1 0.9 - - - - - -
t-GalA 39 4.0 21 0.9 1.6 34 0.3 2.3 2.7 15
14 GalA 493 61.9 49.1 514 535 67.2 8.0 26.6 17.7 243
1,34 GalA 42 5.0 13 135 0.5 - 0.7 1.2 0.2 1.0
t-4-O-Me-
GIcA 0.2 - - - 0.4 0.2 0.2 - 0.3 -
AGII® ++ - ++ - + - + - + -
Mw (kDa)* 813 nt 709 nt 618 nt 813 nt 618 nt
% LPS® 0.3 0.1 01 0.01 11 0.1 0.1 0.01 0.2 01
KDO* - - - - - - - - - -

The presence of AG-II was determined by precipitation with the B-glycosyl Yariv reagent.
b The molecular weight (Mw) was determined by size exclusion chromatography.

“The LPS content (%,w/w) was determined by GC-MS.

9The presence of KDO was determined by TBA assay.

nt: Not tested
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In order to further elucidate the structure and structure-activity relationships, weak acid
hydrolysis and enzymatic degradation of the elderberry pectic polymers were performed
(paper 1). The use of weak acid hydrolysis (AH) was undertaken on the fractions SnBe50-1-
S2, SnBe50-1-S3, 50WSnBe-1-S2, 100WSnBe-I-S1and 100WSnBe-I-S2, yielding fractions
SnBe50-1-S2-AH, SnBe50-1-S3-AH, 50WSnBe-1-S2-AH, 100WSnBe-1-S1-AH and
100WSnBe-1-S2-AH. Glycosidic linkages of Ara in furanose form are generally more easily
hydrolyzed under mild acidic conditions compared to residues in pyranose form. The Ara
content and some branch points of the Rha and Gal were decreased after the treatment with
oxalic acid. According to the linkage analysis (Table 1) there has been a relative decrease of
1,3 and 1,3,6-linked Gal, and a relative increase of 1,6-linked Gal and terminal Gal after acid
hydrolysis. This could be due to arabinosyl units attached to position 3 of Gal and to 1,6-
linked Gal. The negative Yariv test also indicated the absence of AG-II after weak acid

hydrolysis.

One acidic fraction from 50% EtOH, SnBe50-1-S3, was treated with endo-polygalacturonase
resulting in five new sub-fractions (in addition to oligosaccharides): SnBe50-1-S3-1 (54 kDa),
SnBe50-1-S3-11 (44 kDa), SnBe50-1-S3-111 (36 kDA), SnBe50-1-S3-1V (19 kDa) and SnBe50-
[-S3-V (11 KDA) (Table 2). Endo-polygalacturonase hydrolyses HG regions of de-esterified
GalA 1,4-linkages [25]. Linkages normally found in RG-I backbone such as 1,4-linked GalA,
1,3,4-linked GalA and 1,2-linked Rha, and side chains on position 4 of Rha were identified in
the sub-fractions. SnBe50-1-S3-1, SnBe50-1-S3-11 and SnBe50-1-S3-111 consisted of more or
larger RG-I regions compared to sub-fractions -1V and -V. The presence of 1,3-linked, 1,6-
linked and 1,3,6-linked Gal indicated the presence of AG-II structures in SnBe50-1-S3-I,
SnBe50-1-S3-11 and SnBe50-1-S3-111. This was also confirmed by a positive reaction with the
Yariv reagent. All the sub-fractions contained 1,4-linked Gal which indicated that also AG-I
was present. These results suggested that SnBe50-1-S3-1, SnBe50-1-S3-11 and SnBe50-1-S3-111
are associated with RG-1 which consisted of a backbone of rhamnogalacturonan with attached
side chains including AG-1 and AG-I1 side chains. The fractions SnBe50-1-S3-1V and
SnBe50-1-S3-V showed high content of GalA suggesting areas with HG structure. None of
the fractions showed RG-II structural elements. This assumption was based on a negative
result in the TBA assay, indicating that KDO was not present. KDO is a relatively rare
monosaccharide in pectins, but is an important monomer in RG-I1 [25]. Neither of the other

typical RG-II structures such as 1,3 apiose nor 1,3 fucose were identified.
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Table 2. The glycosidic linkages (mol%), AG-11 content, molecular weight, LPS content and KDO of the sub-fractions I-V
obtained after enzymatic degradation from SnBe50-1-S3 from 50% EtOH extract from berries of Sambucus nigra.

SnBe50-1- SnBe50-1- SnBe50-1- SnBe50-1- SnBe50-1-

S3- 1 S3-II S3-111 S3-IV S3-v
t-Araf 4.5 4.4 1.9 3.7 3.9
1,2 Ara 3.8 5.8 2.9 - -
1,3 Ara 3.3 2.9 0.9 - -
1,4p/1,5f Ara 4.5 2.6 3.1 15 1.6
1,3,5 Ara 1.2 1.6 3.7 2.3 1.9
1,2,5 Ara 15 1.6 1.3 0.6 -
1,2,3 Ara 0.1 11 11 0.2 0.1
t-Rha 1.0 14 16 1.0 0.9
1,2 Rha 3.0 4.8 8.3 7.5 3.3
1,3 Rha 17 2.3 1.7 1.0 0.4
1,2,4 Rha 0.6 11 1.0 11 0.9
1,3,4 Rha 0.9 2.2 2.9 0.2 -
t-Xyl 1.3 1.1 1.0 2.1 39
1,4 Xyl 0.6 0.8 0.9 0.6 -
t-Man 2.8 3.8 0.4 0.4 0.5
1,3,6 Man 1.0 0.9 4.3 25 1.0
t-Gal 15.0 8.8 8.0 7.5 34
1,3 Gal 11.1 8.0 7.9 6.9 4.1
1,4 Gal 51 5.1 6.2 4.7 11
1,6 Gal 6.1 4.2 1.2 - -
1,2,4 Gal 3.1 3.1 2.3 3.1 11
1,3,6 Gal 5.7 49 1.3 - -
1,4,6 Gal 0.6 0.9 1.0 0.1 0.2
t-Glc 12 1.6 2.1 - -
1,4 Glc 0.9 1.3 11 5.4 2.7
1,4,6 Glc 1.3 2.1 1.0 - -
t-GIcA - 0.5 1.3 1.2 0.5
1,4 GIcA 2.8 3.8 4.5 2.0 0.6
t-GalA 1.0 1.8 2.3 9.9 19.3
1,4 GalA 6.5 10.0 214 19.6 38.0
1,3,4 GalA 7.8 55 14 14.9 10.6
t-4-O-Me-GIcA - - - - -
AGII2 ++ ++ + - -
Mw (kDa)® 54.1 43.9 35.7 19.2 114
% LPS® 0.05 0.04 0.02 0.01 0.01
KDO! - - - - -

8The presence of AG-Il was determined by precipitation with the B-glycosyl Yariv reagent.
b The molecular weight (Mw) was determined by size exclusion chromatography.

“The LPS content (%,w/w) was determined by GC-MS.

9 The presence of KDO wad determined by TBA assay.
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4.2.2 Structures of pectins from elderflowers

Pectic polysaccharides from elderflowers were also isolated and purified according to the
fractionation scheme (Figure 9). Structural elucidation of seven acidic fractions (SnFI50-1-S2
and SnFI50-1-S3 from 50% ethanol, 50WSnFI-1-S2, 50WSnFI-1-S3 and 50WSnFI-1-S4 from
50 °C water and 100WSnFI-1-S2 and 100WSnFI-1-S3 from 100 °C water) was performed
(paper 11). The molecular weight of these fractions was in the range of 470-813 kDa.
Linkages normally found in HG and RG-I backbone were identified in all the fractions (Table
3 and Table 4) [95]. The most acidic fraction from the 50 °C water extract, 50WSnFI-1-S4,
consisted mainly of HG, since a higher amount of 1,4-GalA was found compared to the other
purified fractions. The relative amounts of Rha versus GalA in SnFI50-1-S3 (1:2.7),
100WSnFI-1-S2 (1:2.6), 100WSnFI-1-S3 (1:2.3) indicated a backbone-chain consisting of
either a larger sequence or more RG-I regions compared to other polysaccharide fractions
[95]. The acidic polymers might contain RG-11 regions due to the presence of the
monosaccharide KDO. The variation of linkages to Ara and Gal residues in the different
fractions can give large numbers of alternative side chain structures that might be arranged in
many different ways along the backbone. The presence of both 1,3-, 1,4- ,1,6-linked Gal units
and t-Ara indicates that both AG-1 and AG-II are present in the side chains [40]. A positive
reaction with the Yariv reagent indicated that these fractions contained AG-I11 structures.
50WSnFI-1-S4 and 100WSnFI-1-S3 contained lower amounts of 1,3,6 Gal compared to the
other fractions and a weaker precipitation in the Yariv. The presence of 1,2,5-linked Ara in
addition to terminal Ara, 1,5-Ara and 1,3,5-Ara might indicate arabinan side chains [96].
Small amounts of 1,4-Xyl, 1,4-Glc, t-Xyl and 1,3,4-GalA could be due to xyloglucans and
xylogalacturonans [94, 97]. High content of xylose, mannose and glucose in 50WSnFI-1-S3
could be due to hemicellulose associated with pectin. In SnFI50-1-S2, 50WSnFI-1-S2 and
50WSnFI-1-S3 linkages such as 1,4-Xyl substituted with 2-,3- or 2,3-linked Ara residues were
detected, which is typical linkages for arabinoxylan [97]. These units may be located in the

hairy regions of the acidic fractions [97].
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Table 3. The glycosidic linkages (mol%), AG-11 content, molecular weight, LPS content and KDO present in the
fractions obtained by anion exchange chromatography from 50% EtOH (SnFI50-1-S2, SnFI50-1-S3) and 50 °C
water extracts (50WSnFI-1-S2) from flowers of Sambucus nigra before and after weak acid hydrolysis (AH).

SnFI50-1-  SnFI50-1-  SnFI50-1- SnFI50-1-  50WSnFI-1-  50WSnFI-1-

S2 S2-AH S3 S3-AH S2 S2-AH
t-Araf 5.2 - 12.3 - 8.6 -
1,2 Ara 0.8 - 3.5 - 2.5 -
1,3 Ara 0.8 - 0.8 - 2.9 -
1,4p/1,5f Ara 6.7 0.3 0.9 0.2 5.8 -
1,3,5Ara 2.3 - 52 - 6.0 -
1,2,5 Ara 3.6 - 2.0 - 2.2 -
t-Rha 0.8 0.9 1.6 45 1.0 2.0
1,2 Rha 24 24 6.5 8.9 1.8 2.2
1,3 Rha 0.1 0.1 2.9 5.1 - -
1,2,3 Rha 04 - - - 0.7 Trace
1,3,4 Rha - - 0.1 2.2 - -
1,2,4 Rha 1.6 0.9 2.3 - 0.9 Trace
t-Xyl 0.3 Trace 0.4 0.1 0.8 0.2
1,4-Xyl 0.4 0.5 - - 0.5 -
Man 1.1 Trace 13 0.2 1.0 Trace
t-Gal 24 51 25 41 2.2 3.2
1,3 Gal 2.3 1.0 3.2 2.5 4.8 1.8
1,4 Gal 7.9 6.6 1.6 11 4.7 3.2
1,6 Gal 24 3.7 4.3 6.7 25 2.9
1,2,4 Gal 1.0 Trace 2.6 59 - -
1,3,6 Gal 6.9 Trace 5.7 Trace 5.0 Trace
t-Glc 14 - 0.4 - 1.0 -
1,4 Glc 1.4 2.0 - 1.3 1.0 4.4
t-GlcA 1.2 - 0.2 0.8 0.2 -
1,4 GIcA 0.9 - 14 - 0.2 -
t-GalA 2.3 34 0.8 3.1 2.2 4.6
1,4 GalA 40.4 69.4 34.2 50.8 35.9 67.3
1,3,4 GalA 1.0 - 11 - 3.1 7.0
1,2,4 GalA 1.0 3.3 Trace - 1.2 -
t-4-O-Me-GIcA 1.0 - 2.1 25 14 1.2
AGII? ++ - ++ - ++ -
Mw (kDa)® 813 nt 789 nt 709 nt
% LPS® 0.07 0.01 0.12 0.01 0.04 0.01
KDO* + nt + nt + nt

#The presence of AG-II was determined by precipitation with the B-glycosyl Yariv reagent.

® The molecular weight (Mw) was determined by size exclusion chromatography.

“The LPS content (%,w/w) was determined by GC-MS.
4 The presence of KDO was determined by TBA assay.

nt: Not tested
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Table 4. The glycosidic linkages (mol%), AG-I1 content, molecular weight, LPS content and KDO present in the
fractions obtained by anion exchange chromatography from 50 °C water (50WSnFI50-1-S3 and 50WSnFI-1-S4)
and 100 °C water extracts (100WSnFI-1-S2 and 100WSnFI-1-S3) after weak acid hydrolysis (AH) from flowers

of Sambucus nigra.

50WSnFI- 50WSnFI- 50WSnFl- 50WSnFl- 100WSnFl- 100WSnFI- 100WSnFI- 100WSnFI-

1-S3 I-S3-AH  1-S4 I-S4-AH  1-S2 I-S2-AH  1-S3 I-S3-AH
t-Araf 2.2 - 24 - 71 - 1.7 i
1,2 Ara 2.2 - 1.0 - 2.0 - 0.4 i
1,3 Ara 0.3 - 1.5 - 21 - 0.4 i
1,4p/1,5f Ara 5.5 - 1.0 - 3.7 - 3.2 i
1,3,5 Ara 4.2 - 1.9 - 1.2 - 1.0 i
1,2,5 Ara 0.1 - 0.8 - 21 - 1.1 i
t-Rha 1.2 1.8 42 43 3.1 4.4 3.8 4.8
1,2 Rha 2.1 2.2 46 38 6.2 5.4 10.3 102
1,3 Rha - - - - 0.1 0.2 - i
1,2,3 Rha Trace 0.4 1.9 2.2 0.4 0.6 2.7 01
1,34 Rha 0.2 1.2 1.9 2.1 1.2 1.9 2.6 Trace
1,2,4 Rha 1.0 - 4.2 2.2 4.7 3.0 3.9 29
t-Xyl 2.5 2.1 1.3 1.9 3.4 2.3 2.4 05
1,4 Xyl 5.4 4.9 - - - - - 06
Man 25 1.0 0.3 - 0.5 - 0.5 Trace
t-Gal 2.4 1.6 2.1 35 3.9 5.8 1.0 52
1,3 Gal 1.5 1.0 4.2 3.2 0.3 - 1.2 03
1,4 Gal 5.4 5.1 Trace 1.6 45 3.9 2.9 63
1,6 Gal 1.2 1.4 1.0 1.1 1.9 2.1 Trace 06
1,2,4 Gal 36 1.9 1.6 - - - 0.8 i
1,3,6 Gal 2.6 Trace 1.2 Trace 5.1 Trace 15 Trace
t-Glc 2.9 1.1 - - 0.3 0.3 1.2 i
1,4 Glc 2.8 3.9 2.9 5.4 2.5 3.5 2.1 i
t-GIcA 1.8 - 0.4 - 0.1 - 0.1 i
1,4 GlcA - - - 1.9 0.2 - - i
t-GalA 11 1.2 3.6 2.8 2.0 3.4 2.7 4.1
1,4 GalA 431 67.0 54.1 640 365 60.1 45.9 58.0
1,3,4 GalA 1.0 2.0 0.5 - 1.2 Trace 5.7 4.2
1,2,4 GalA - - - - 0.8 1.9 - 22
t-4-O-Me-GlcA 1.2 - 1.3 - 0.9 1.2 0.9 -
AGII® + - + - ++ - ++ -
Mw (kDa)® 618 nt 470 nt 813 nt 709 nt
% LPS® 0.04 0.01 0.03 0.01 0.02 0.01 0.03 -
KDO! + nt + nt ++ nt ++ nt

The presence of AG-II was determined by precipitation with the B-glycosyl Yariv reagent.
® The molecular weight (Mw) was determined by size exclusion chromatography.

“The LPS content (%,w/w) was determined by GC-MS.

4 The presence of KDO was determined by TBA assay.

nt: Not tested
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The acidic polysaccharide fractions from elderflowers were treated with a weak acid (oxalic
acid) which resulted in a loss of Ara and 1,3,6-linked Gal (Table 3 and Table 4). The amount
of 1,3-linked Gal was somewhat reduced and 1,6-linked and t-Gal were elevated after weak
acid hydrolysis. In sum this indicates that Ara was linked to position 3 of Gal and of 1,6-
linked Gal.

The presence of ester in the elderflower acidic fractions was determined by Fourier transform
infrared spectroscopy (FT-IR). Ester groups on galacturonic acid have a characteristic
absorption at 1735 cm™, and a clear peak led to the assumption that a certain amount of uronic
acid in the fractions was esterified. The ester groups were de-esterified and linkage analysis

showed almost the same distribution of linkages as their respective native polysaccharides.

SnFI50-1-S2 from 50% EtOH extract, 50WSnFI-1-S2 from 50 °C water extract, 100WSnFI-I-
S2 and 100WSnFI-1-S3 from 100 °C water extract were subjected to enzymatic degradation
with endo-polygalacturonase after de-esterification (paper I11). This led to the isolation of
two pectic sub-units from each mother fraction, one high molecular weight sub-fraction-I
(SnFI50-1-S2-1, 50WSnFI-1-S2-1, 100WSnFI-1-S2-1 and 100WSnFI-1-S3-1) and one medium
molecular weight sub-fraction-11 (SnFI150-1-S2-11, 50WSnFI-1-S2-11, 100WSnFI-1-S2-11 and
100WSnFI-1-S3-11), in addition to oligogalacturonides. Linkage analysis suggested RG-I like
features being the predominant part of the high molecular weight sub-fractions-1 with a
GalA:Rha ratio of approximately 1:1 (Table 5). Rhamnose was linked 1,2 and 1,2,4 and GalA
linked 1,4. In addition two of three 1,4-linked GalA in the rhamnogalacturonan backbone
were branched in either position 2 or 3. Highly branched Gal in sub-fractions-1 indicated a
complex structure, where 31.9-40.8% of the Gal residues existed in 1,2,4-, 1,3,4- or 1,3,6-
linkages. The sub-fractions-I with a molecular weight between 25-29 kDa contained almost
equal amounts of 1,4 Gal and 1,3,6 Gal, which may indicate equal amounts of AG-I and AG-
I1. Linkages typical for arabinan were detected in all the fractions. More than 40% of the Ara
were 1,5-linked in 200WSnFI-1-S2 indicating a linear arabinan. The arabinans could be
attached directly to the rhamnogalacturonan backbone or attached to the arabinogalactan units
[21]. T-GIcA or 4-O-Me-GIcA present in the fractions might be linked to AG-I11 side chains or
to the position 2- or 3- of 1,4-linked GalA in the RG-I backbone [91, 92]. It has been reported
that a single GIcA residue was attached to O-3 of a 1,4-linked GalA in sugar beet RG-I [92].
Austarheim et al. [98] suggested that a single 4-O-Me-GIcA residue was linked to GalA in the
rhamnogalacturonan backbone in Cola cardifolia. The amount of 1,3- and 1,3,6-Gal were

somewhat higher in sub-fractions-1 than in sub-fractions-1l suggesting that AG-Il is more
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prevalent in sub-fractions-1. This was also confirmed by a stronger reaction in the Yariv test.
The AG-II moieties present might consist of inner chains composed of 1,3-linked Gal units to
which Gal residues are substituted in position 6 by shorter outer side chains consisting of 1,3
or 1,6-linked Gal residues. A proposed structure of RG-1 backbone based on glycosidic

linkages analysis are shown in Figure 10.

AG-1 or AG-I11
!
4
Rha 1—4 GalA 1—2 Rha 1—4 GalA 1—2 Rha 1—4 GalA 1-
2 3
T T

Figure 10. Proposed structure of the backbone of RG-I regions isolated from elderflower pectins.

The medium molecular weight sub-fractions-Il with a molecular weight in the range of 6-17
kDa contained many of the same elements as sub-fractions-I. The medium molecular weight
sub-fractions-11 consisted of more 1,4-linked GalA and linkages characteristic for RG-II type
structures (Table 5). T-Gal and 1,2,4 Gal are typical residues of RG-I1 and also typical in AG-
I, and represent more than 50% of the Gal in the sub-fractions-I1. The content of 1,4-linked
GalA and 1,3,4 GalA could also be due to backbones of both RG-I and RG-11 moieties [99,
100]. KDO was detected in all the sub-fractions, but showed a much stronger positive reaction
in the sub-fractions-Il in the TBA assay. Small amounts of glycosidic linkages characteristic
for RG-II type structures, such as t-Ara, t-Rha, 1,2 Rha, 1,3 Rha, 1,2,4 Gal, t-Gal, 1,3 apiose,
and 1,3 fucose were detected in sub-fractions-11 [101]. In addition, monometylated pentose
and monometylated hexose were seen as very small peaks before Ara in the GC
chromatogram. Small amounts of RG-11 seem to be present in the elderflower fractions. RG-I
is more abundant than RG-11 in most cell walls, where RG-1 represent 10-15% and RG-11 2-
5% of pectic polysaccharides [25]. RG-11 is a complex structure in the plant cell wall and has

been found in several medicinal plants such as Panax ginseng [99, 100].
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Table 5. The glycosidic linkages (mol%), AG-I1 content, molecular weight, LPS content and KDO present in
the sub-fractions-1 (SnFI50-1-S2-1, 50WSnFI-1-S2-1, 100WSnFI-I1-S2-1, 100WSnFI-I-S3-I) and sub-fractions-I1
(SnFI50-1-S2-11, 50WSnFI-1-S2-11, 100WSnFI-I1-S2-11, 100WSnFI-I1-S3-11) obtained after enzymatic degradation
with endo-a-D-(1-4)-polygalacturonase from flowers of Sambucus nigra.

SnFI50- SnFI50- 50WSnFIl- 50WSnFI- 100WSn 100WSnFI- 100WSn 100WSnFI-

1-S2-1 1-S2-11  1-S2-1 1-S2-11 FI-1-S2-1 1-S2-11 FI-1-S3-1  1-S3-11
t-Araf 9.0 7.2 11.4 7.3 5.7 4.8 3.7 1.6
1.2 Ara 33 - 4.4 35 2.0 2.0 2.6 1.0
1.3 Ara 1.0 - 1.3 3.1 0.6 3.0 2.4 2.0
1,4p/15 Araf 5.1 75 4.6 2.7 8.8 6.4 4.6 5.2
135 Ara 1.7 3.3 7.1 5.5 1.4 4.4 2.2 05
125 Ara 2.6 45 0.7 2.1 1.1 2.1 0.4 0.8
t-Rha 2.8 5.1 4.7 36 4.7 43 45 2.7
1.2 Rha 3.6 6.5 3.2 4.8 4.4 6.3 6.7 4.2
1,23 Rha - - 0.7 - 0.9 2.0 45 4.2
1.3.4 Rha - 2.6 2.4 2.0 1.9 3.0 3.6 4.2
1,2.4 Rha 4.1 1.9 3.3 - 4.3 3.0 4.8 -
t-Xyl 0.1 1.2 - 0.4 - 0.6 0.1 1.0
1,4 Xyl 0.8 0.9 1.8 0.2 4.6 Trace 15 1.1
t-Man 3.0 1.3 2.0 0.5 15 14 0.8 1.2
t-Gal 7.1 3.4 3.6 7.1 2.9 5.8 5.1 6.1
1.3 Gal 4.3 3.0 35 2.7 3.7 1.1 5.4 2.8
1,4 Gal 8.6 55 5.2 4.9 9.9 15 5.2 2.9
1,6 Gal 3.7 3.3 2.8 2.5 4.7 1.8 1.4 1.2
1.2.4 Gal 2.4 8.3 3.0 8.8 1.6 4.1 1.1 5.1
1,3,4 Gal 2.8 14 2.7 1.8 2.2 19 1.7 0.9
1,3,6 Gal 10.1 3.7 4.7 2.6 7.8 2.7 5.2 1.1
t-Glc - - - - 2.3 1.0 11 2.2
1,4 Glc 0.9 0.2 3.6 04 4.0 2.0 12 1.0
t-GIcA 6.4 2.0 1.3 1.9 0.7 1.7 2.2 3.3
1,4 GlcA 3.1 3.0 1.0 0.5 13 2.2 0.8 0.9
t-GalA 1.2 3.2 7.1 1.4 1.5 4.0 5.3 3.0
1,4 GalA 3.8 135 4.3 20.6 4.7 19.3 8.1 28.1
1,3,4 GalA 3.2 4.6 3.5 5.9 3.6 3.7 5.2 8.0
1,2,4 GalA 3.4 - 3.0 - 3.8 - 4.4 -
gtg"v'e' 1.6 1.3 2.7 15 2.9 1.6 4.1 2.1
1,3 Apiose - + - + - + - +
1,3 Rha/ - + - + - + - +
1,3 Fuc
AGII? ++ + ++ + ++ + ++ +
Mw (kDa)®  29.0 75 29.0 75 29.0 17.0 25.0 6.0
% LPS® 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01
KDO! + ++ + ++ + ++ + ++

8 The presence of AG-II was determined by precipitation with the B-glycosyl Yariv reagent.
® The molecular weight (Mw) was determined by size exclusion chromatography.

“The LPS content (%,w/w) was determined by GC-MS.

4 The presence of KDO wad determined by TBA assay.
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4.3 Immunomodulating properties and pectin structure
requirements

Compounds that are capable of interacting with the immune system to up-regulate or down-
regulate specific parts of the host response can be classified as immune modulators. A wide
range of plant-derived polysaccharides, such as pectins and p-glucans have been reported to
exhibit a variety of immunological activities [21, 40]. The effects of the polysaccharide
fractions isolated from elderberries and elderflowers on complement system and macrophages
were analyzed in vitro and described in paper I, 11 and I11. In order to study structure—
activity relationship, a comparison of the complement fixing activity and macrophage
stimulating activity of the original polymer and the fractions obtained after weak acid

hydrolysis, ester hydrolysis and enzymatic degradation were performed.

4.3.1 Complement fixating activity

The complement system is essential for the operation of the innate as well as the adaptive
immune system. By the activation of the complement system with pectic polysaccharides, the
fragments such as C3a and C5a are produced from C3 and C5, and these fragments are
believed to modulate the immune system [53]. Due to the important role of the complement
system in the immune system, complement modulation is involved in various diseases and
considered as an interesting target for inflammatory diseases [53]. Plant-derived
polysaccharides, such as pectins, B-glucan, heteroglycans, e.g. glucuronarabinoxylan have

shown to exhibit effects on the complement system [53, 54].

The acidic polysaccharide fractions obtained from the elderberries and the elderflowers after
anion exchange chromatography showed potent human complement fixation activity in vitro
(Figure 11) (papers I-111). It is evident from the figures that the acidic pectic polysaccharides
isolated from elderflowers showed the highest complement fixating activity compared to
elderberries and to the positive control BPII from Biophytum umbraculum (syn. Biophytum
petersianum) [102] with 1Csq values in the range of 2.0-7.5 pg/mL (paper 11). Acidic
polysaccharide fractions isolated from the 100 °C water extract of elderberries, showed high
complement fixating activity with I1Cso values in the range of 18.9-27.2 pg/mL (paper 1). The
high amount of Xyl and Glc in 100WSnBe-I-S1 and 100WSnBe-I-S2, in addition to low
amount of the uronic acids could be an explanation of the increased activity. These fractions
were somewhat less active than the positive control BPII, but still quite active compared with
other polysaccharides previously studied, for example Plantago major (Figure 11A) [103].
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Figure 11. Complement fixation activity, expressed as the ratio 1Csy BPI1/ICs, Test sample and shows
how active each individual test sample is compared to the positive control BPII from Biophytum
umbraculum (syn. Biophytum petersianum). A) Complement fixation activity of the acidic fractions
from 50% EtOH (SnBe50-1-S1, SnBe50-1-S2, SnBe50-1-S3, SnBe50-1-S4), 50 °C water (50WSnBe-I-
S2, 50WSnBe-1-S3) and 100 °C water (100WSnBe-I-S1, 100WSnBe-I-S2, 100WSnBe-1-S3,
100WSnBe-1-S4) extracts from elderberries, both before and after weak acid hydrolysis (AH) and
enzymatic degradation (sub-fraction I-1V from SnBe50-1-S3). B) Complement fixation activity of the
acidic fractions from 50% EtOH (SnFI50-1-S2, SnFI50-1-S3), 50 °C water (50WSnFI-1-S2, 50WSnFI-
I-S3, 50WSnFI-1-S4) and 100 °C water (100WSnBFI-I1-S2, 100WSnFI-1-S3) extracts from
elderflowers, both before and after weak acid hydrolysis (AH), after ester hydrolysis (EH) and after
enzymatic degradation giving two sub-fractions (I-11). The results represent the mean of three

independent experiments.
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Certain structural features may be important for the complement fixating activity. The activity
of the sub-fraction-1 and sub-fraction-1l from elderberries (SnBe50-1-S3-1 and SnBe50-1-S3-
I1) and sub-fractions-1 from elderflowers (SnFI50-1-S2-1, 50WSnFI-1-S2-1, 100WSnFI-1-S2-1
and 100WSnFI-1-S3-1) after enzymatic degradation showed higher complement fixation
activity than their respective native fractions. These fractions consist mainly of RG-I with
AG-1 and AG-II side chains, which may explain the high activity observed. Substantial
amounts of RG-I regions with neutral side chains composed of Gal and/ or Ara units seemed
to be important for the activity. Yamada and Kiyohara [40, 54] have also reported that the
hairy RG-1 regions have higher activity in the complement fixating assay compared to the
native fraction, while oligo-galacturonans have a weak or negligible activity. Neutral side
chains consisting of 6-linked galactosyl chains containing t-GIcA or 4-O-Me-GIcA attached to
a 3-linked Gal backbone in the ramified region have been proposed to be involved in

activation of complement [104].

The sub-fractions-1 from the elderflowers consisting of a GalA:Rha ratio of approximately 1:1
showed the highest complement fixating activity. Two of three 1,4-linked GalA units in the
rhamnogalacturonan backbone of the high molecular weight sub-fractions-I in elderflowers
had branch points either in C2 or C3. This could be important for the immunomodulating
activity. The high molecular weight sub-fractions-1 contained almost equal amounts of AG-I
and AG-I11, which may be important for the high complement fixing activity. The combination
of AG-1 and AG-II side chains have been reported to exhibit higher complement fixating
activities than with only AG-I1 side chains alone [47, 105]. Arabinan are present in a high
amount in 100WSnFI-1-S2-1, and might also influence the activity. The sub-fractions-11 from
the elderflowers, containing some RG-I1 structural elements, showed lower complement

fixation activity than the respective native fraction and sub-fractions-I.

Sub-fractions-I11, -1V and -V from elderberries after enzymatic treatment exhibited low
complement fixating activity. High amount of GalA, which indicates HG structures, is often
considered inactive, and can explain why these fractions have low or no activities in the

complement fixing assay [106, 107].

The removal of arabinosyl residues in furanose form from the pectic polymers from
elderberries and elderflowers after weak acid hydrolysis, led to a complete reduction in the
complement fixing activity with 1Cs, value above 250 pg/mL. Weak acid hydrolysis also led
to a decrease of 1,3,6-linked Gal and 1,3-linked Gal, and thereby reduced the side chain
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complexity which may have contributed to the reduced activity. This indicates the importance
of the side chains containing Ara and Gal for the complement fixating activity of the pectic
polymers. It has been reported that removal of Ara in furanose form in an arabinogalactan
(type I)-protein from Echinacea purpurea resulted in a considerably lower activity in
complement-induced hemolysis [53]. The importance of Ara to activate the complement
system has also been reported by Inngjerdingen et al. [108]. On the other hand, Yamada and
Kiyohara [54] reported that the activation of complement by various pectins is dependent on
the presence of the galactosyl chains attached to the rhamnogalacturonan backbone, and that
Ara residues are not required. Therefore a certain three-dimensional structure of the exposed
side chains may be important for the complement activation. After ester hydrolysis of the
pectic polymers from elderflowers the complement fixating activity increased. This leads to

the assumption that the amount of ester groups affects the complement fixating activity.

Polysaccharides with high molecular weight are reported to be more active compared to those
with lower molecular weights [47, 106]. Sub-fraction-1V and sub-fraction-V from elderberries
(11-19 kDa) and sub-fractions-11 from elderflowers (6-17 kDa) possessed low complement
fixating activity and have the lowest molecular weight. However, the molecular weight of the
sub-fractions-1 from elderberries and elderflowers was lower than the native acidic fractions,
but did still exhibit higher complement fixating activity. The same findings have also been
reported previously [104, 109]. Molecular weight is an important factor, but the bioactivity is

truly also dependent on chemical compositions and structural differences.

4.3.2 Macrophage activation

Macrophages are specialized cells that neutralize foreign substances, infectious microbes and
cancer cells through phagocytosis [22]. Macrophages defend against external pathogens by
releasing cytotoxic and inflammatory molecules such as nitric oxide (NO), reactive oxygen
species (ROS) and secreting pro-inflammatory cytokines including tumor necrosis factor
(TNF)-a and interleukin (IL)-1[22]. Polysaccharides can activate macrophages via
complement receptor (CR3), mannose receptor (MR), scavenger receptor (SR), dectin-1 and
toll-like receptor (TLR4) [110]. TLR4 has been identified as a receptor for plant-derived
polysaccharides [111]. Binding to TLR4 leads to the production of pro-inflammatory
cytokines and iNOS [110]. The ability of the pectic polysaccharides isolated from elderberries
and elderflowers to stimulate the mouse macrophages to produce NO is shown in Figure 12

and Figure 13.
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The acidic fractions from elderflowers obtained after anion exchange chromatography showed
stronger stimulating effects on NO release compared to the similar fractions isolated from
elderberries (Figure 12A and Figure 13A). High amounts of Xyl and Glc present in
100WSnBe-1-S1 and 100WSnBe-1-S2 from elderberries could be important for the strong

stimulating effect on NO release.

After enzymatic degradation, the sub-fractions-I from elderflowers with amount of Rha:GalA
in 1:1 ratio indicating RG-I, showed the high release of NO. The sub-fractions-I, 50WSnFI-1-
S2-1 and 100WSnFI-1-S2-1, showed a NO release of 16.8 + 0.9 uM and 16.6 = 0.9 uM,
respectively (Figure 13B). The sub-fraction-1 and sub-fraction-11 from the elderberries,
SnBeb50-1-S3-1 and SnBe50-1-S3-11, showed a NO release of 10.0 + 0.03 uM and 9.5 + 0.03
MM at 100 pg/mL, respectively (Figure 12B). RG-I like features, highly branched Gal and the
arabinogalactan side chains in these sub-fractions seemed to be a part of the structural
requirements for the induction of macrophage response which also are in agreement with
previous report [54]. A minimum amount of AG-I1 and 6-linked galactosyl side chains has
been reported to be important for the polysaccharide fractions for the induction of the
macrophage response. However, there is no correlation between increased amount of AG-11

and macrophage activation [40, 49].

Sub-fractions-I1 from the elderflowers which were shown to contain RG-I1 regions were
found to be less active than the native fractions and the sub-fractions-1. RG-1I or high relative
amount of GalA could be the reasons for the reduced bioactivity. Inngjerdingen et al. [112]
isolated a pectic polysaccharide fraction containing RG-I1 structures from B. petersianum,
which was found to be less active than RG-I containing fractions. However, in another study
RG-I11 polymer isolated from the leaves of P. ginseng and showed IL-6 enhancing properties
as well as a potent secretion enhancing activity of the nerve growth factor (NGF) [99].
Different amounts of linkages may lead to different length variation, and these variations may

cause activity differences.

The production of NO from the macrophages was observed only in the highest concentration
(100 pg/mL) for all the weak acid hydrolyzed fractions from elderberries and elderflowers.
This indicates that side chains containing Ara and Gal are important for the activation of the
macrophages. An increase of NO production was observed after ester hydrolysis in the
fractions obtained from the elderflowers. The presence of ester groups seems to affect the

macrophage stimulating activities. This is in agreement to results from the complement test
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system. The results from MTT assay did not show any cytotoxic effects against RAW 264.7
macrophages at all the concentration tested (91.9-102.1% cell viability), indicating that the
observed effects were not due to cell cytotoxicity. Among the immunomodulating pectins
there are differences in the potencies expressed by the individual pectin. Chain length, types
of linkages, molecular weight, conformation and availability of active sites may affect the

biological activity.
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Figure 12. Activation of RAW 264.7 macrophages with pectic polysaccharides isolated from
elderberries. A) Measurement of nitric oxide (NO) release from RAW 264.7 cells in the acidic
fractions obtained by anion exchange chromatography from 50% EtOH (SnBe50-1-S1, SnBe50-1-S2,
SnBe50-1-S3, SnBe50-1-S4), 50 °C water (50WSnBe-I-S2, 50WSnBe-1-S3) and 100 °C water
(100WSnBe-1-S1, 100WSnBe-1-S2, 100WSnBe-I-S3, 100WSnBe-1-S4) extracts. B) NO measurement
of the native polymer in SnBe50-1-S3, the fraction obtained after weak acid hydrolysis SnBe50-1-S3-
AH and the fractions SnBe50-1-S3-1, SnBe50-1-S3-11, SnBe50-1-S3-111, SnBe50-1-S3-1V and SnBe50-
I-S3-V obtained after enzymatic degradation. The figures show NO release (UM) given as

means + SEM (n=3) from separate experiments. *p < 0.05 vs. medium.
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Figure 13. Activation of RAW 264.7 macrophages with pectic polysaccharides isolated from
elderflowers. A) Measurement of nitric oxide (NO) release from RAW 264.7 cells in the acidic
fractions obtained by anion exchange chromatography from 50% EtOH (SnFI50-1-S2, SnFI50-1-S3),
50 °C water (50WSnFI-1-S2, 50WSnFI-1-S3, 50WSnFI-1-S4) and 100 °C water (100WSnBFI-1-S2,
100WSnFI-I-S3) extracts, and the fraction obtained after weak acid hydrolysis (AH) and ester

hydrolysis (EH). B) NO measurement of the sub-fraction-1 (SnFI50-S2-1, 50WSnFI-S2-1, 100WSnFI-

S2-1, 100WSnFI-S3-1) and sub-fraction-1l (SnFI50-S2-11, 50WSnFI-S2-11, 100WSnFI-S2-11,
100WSnFI-S3-11) obtained after enzymatic degradation. LPS was used as positive control, and
medium as negative control. The figures show NO release (UM) given as means + SEM (h=3) from
separate experiments. *p < 0.05 vs. medium.
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4.4 Consideration regarding potential lipopolysaccharide (LPS)
contamination

Contamination of LPS, also known as endotoxin, is an important issue affecting potential
biological effects of a test substance. LPS is the major component of the outer membrane of
Gram-negative bacteria and one of the most potent immune stimulators. It consists of an O-
antigen (or O polysaccharide), a core oligosaccharide and lipid A, and binds to the
CD14/TLR4/MD2 receptor complex on many cell types, especially on macrophages and
dendritic cells. LPS protects the bacterial outer membrane from chemical attack and

contributes to the structural integrity of the bacteria.

The LPS content in the polysaccharide samples was analyzed by GC-MS. The content of LPS
in all the fractions tested was estimated to be between 0.01-2.8% (paper I-111). The
elderflower fractions at the highest concentration (100 pg/mL) tested in the macrophage test
contained LPS contamination between 10-120 ng/mL. All these fractions managed to release
more NO compared to the LPS control (500 ng/mL) (Figure 13). The same finding was also
observed for several of the elderberry fractions. SnBe50-1-S3-1 and SnBe50-1-S3-11 (100
pg/mL) which was the most active sub-fractions isolated from elderberries, contained low
amount of LPS contamination (50 ng/mL and 40 ng/mL, respectively), showed much higher
NO release than the LPS control (500 ng/mL) (Figure 12B). High release of NO in
combination with low LPS contamination in the fractions compared to LPS control,
anticipates that LPS was not responsible for the total production of NO seen in the active
fractions. Interestingly, the LPS content decreased after weak acid hydrolysis, ester hydrolysis
and enzymatic degradation possibly due to some degradation of LPS and purification process
of polysaccharide sub-fractions. The influence of LPS contamination on the complement
fixing activity was disregarded as previous studies reported that the amount of LPS in the
polymer did not influence the activity observed [106, 113].

In order to remove the LPS from the fractions various methods were tried. Some of the

ITM

fractions were passed through a Detoxy-Gel "™ column (polymyxin B), solid phase extraction

(SPE) column or EndoTrap ® column. All these columns showed insufficient LPS removal.
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4.5 Phenolic constituents and metabolites from S. nigra

Freeze-dried and pulverized elderberries (paper V and paper VII) and pulverized
elderflowers (paper 1V and paper VI1) were extracted with dichloromethane (DCM)
followed by 96% EtOH in an accelerated solvent extraction instrument (ASE). The plant
residues were further extracted with 50% EtOH at 70 °C, followed by extraction with 50 °C
and 100 °C water (Figure 14). Fresh elderberries were cold-pressed, filtered to remove the
peels and seeds and evaporated to obtain the pressed juice. The pressed juice was then heated
up to 68 °C to remove the toxic cyanogenic glycosides (paper V and paper VII). The
phenol-sulfuric acid method [82] and *H NMR analyses revealed that carbohydrates were
present in the 50% EtOH, 50 °C and 100 °C water elderberry and elderflower extracts. Based
on the *H and **C NMR analyses the 96% EtOH elderberry and elderflower extracts showed
signals from aromatic compounds, organic acids and carbohydrates. Signals from rutin [114]
and caffeoyl moieties [115] were detected in the 96% EtOH elderflower extract. The content
of total phenols in the elderberry extracts were determined by using the Folin-Ciocateu
method. The highest content of phenolics was found in the pressed juice (69.1 + 1.1 gallic
acid equivalents (GAE)/g extract), the 96% EtOH (55.3 + 3.0 GAE/g extract) and the acidic
MeOH (49.4 + 2.0 GAE/g extract) extracts.

Elderberries or
elderflowers

| DCM :xtract |

[ 96% EtoH extract |

A 4
| 50% EtOH extract |

| 50 °C we:‘:er extract |

| 100 °C water extract |

Figure 14. lllustration of the extraction procedure for the elderberries and the elderflowers.
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Elderberries in addition to 13 other berries were defatted with hexane prior to extraction with
80% MeOH on an ASE (paper VI). The obtained elderberry ASE extract was then purified
using a solid phase extraction C18 column (SPE) giving the elderberry SPE extract. The
content of total phenols in 80% MeOH elderberry ASE and SPE extracts were determined by
using the Folin-Ciocalteu method [83]. The elderberry SPE extract (262.4 mg GAE/g extract)
contained more of total phenolis compared to the elderberry ASE extract (53.2 mg GAE/g
extract). Based on *H NMR analysis the methanol ASE extract was dominated by signals
from free sugars and organic acids. However, the *H NMR spectra of the methanol SPE
extract clearly showed that the free sugars had disappeared and characteristic signals from

phenolic constituents were identified.

In order to isolate anthocyanins, the elderberries were extracted with 0.5% TFA in MeOH at
room temperature and partitioned between ethyl acetate and water (paper V and paper VII).
The aqueous phase containing the anthocyanins was purified by Amberlite XAD-7HP and
Sephadex LH-20 with eluents of different polarity as described in paper V and VII. The
anthocyanins were eluted with 50% EtOH, and this fraction was purified by preparative
HPLC equipped with a Microsorb 60-8 C18 column. HPLC analysis of the obtained
anthocyanins were performed on a LaChrom Elite HPLC system equipped with an L-2455
diode array detector. A Chromolith Performance C18 column was used for separation.
Cyanidin (270 mg), cyanidin-3-glucoside (340 mg), cyanidin-3-sambubioside (250 mg) from
elderberries were isolated and identified (Figure 15) (paper V). The anthocyanins are found
in glycosylated forms in the elderberries, and the presence of the cyanidin aglycone might be
due to degradation from cyanidin-3-glucoside and cyanidin-3-sambubioside. The
anthocyanins were identified by NMR spectroscopy (*H, *C, COSY, APT, HSQC and
HMBC) and the spectroscopic data were in accordance with those reported in the literature
[116, 117].

S.nigra contains components with high biological activity, such as flavonols, phenolic acids,
anthocyanins and proanthocyanidins [2]. Due to the complex bioavailability of polyphenols, it
is difficult to know what the most relevant substance is after intake of elderberries and
elderflowers in humans. Hence, the most common constituents from elderberries and
elderflowers and their metabolites were included in this study to investigate whether these
metabolites could contribute to an effect [2, 35, 36]. Chemical structures of the phenolic
constituents from elderberries and elderflowers employed in this thesis are shown in Figure 15
and Figure 16.

46



PhD thesis Giang Thanh Thi Ho

RESULTS AND DISCUSSION

OH

OH
.
HO )
O®
Z > 0oH
OH

Cyanidin

OH
OH
.
HO O
O OH
= oZﬁﬁ
oH HO

HO

Cyanidin-3-glucoside

Procyanidin B2

Procyanidin B5

Procyanidin C1

Ry
R2 Re
L
Ry
Chemical compound R, R, R; R, Rs Rs
p-Coumaric acid CH=CH-COOH H H OH H H
Homovanillic acid CH,-COOH H H OH OCH;, H
Phloroglucinol aldehyde CHO OH H OH H OH
4-Hydroxybenzoic acid COOH H H OH H H
Hippuric acid CO-NH-CH,-COOH H H H H H
Ferulic acid CH=CH-COOH H OCHj,4 OH H H
4-Hydroxybenzaldehyde CHO H H OH H H
Protocatechuic acid COOH H H OH OH H
Caffeic acid CH=CH-COOH H H OH OH H
Vanillic acid COOH H H OH OCHgs4 H

Figure 15. Structures of elderberry constituents and their metabolites.
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A B C
Flavonoid Structure R; Ry
Quercetin A OH OH
Quercetin-3-glucoside A O-glucose OH
Quercetin-3-rhamnoside A O-rhamnose OH
Rutin (quercetin-3-rutinoside) A O-rutinose OH
Kaempferol A OH H
Kaempferol-3-rutinoside A O-rutinose H
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Figure 16. Structures of elderflower constituents and their metabolites.
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4.6 Biological activity of flavonoids, phenolic acids and
metabolites from S. nigra

4.6.1 Glucose- and oleic acid uptake in human skeletal muscle cells and

human liver cells

Due to the increasing number of people with type 2 diabetes (T2D) (estimated to be 285
million people, corresponding to 6.4% of the world's adult population in 2010), there is
considerable interest in identifying compounds that can improve glucose- and fatty acid
uptake [118]. Plant based diets have been recommended to reduce the risk of T2D [119].
Glucose uptake into muscle fibers and liver provides the cells with important energy substrate
and has major impact on whole body glucose homeostasis [61]. There is a positive correlation
between the intake of unsaturated fatty acids and the prevention of T2D [120]. Oleic acid is a
common monounsaturated fatty acid in human diet and has a beneficial effect on adipocyte
glucose transport and prevents T2D [62]. Thus, substances that stimulate glucose and
unsaturated free fatty acid uptake in the skeletal muscles and liver might play an important

role in the glucose homeostasis, and are of therapeutic interest in the treatment of T2D.

Among 14 Norwegian berry extracts tested, the extract of elderberries showed high
stimulation of glucose uptake in the hepatocellular liver carcinoma cell line (HepG2) (paper
VI). A closer look on elderberry extracts, constituents and metabolites on their stimulation of
glucose- and oleic acid uptake in the human skeletal muscle cells (Figure 17) is further
investigated and described in paper V. The 96% EtOH and the acidic MeOH extracts from
elderberries showed the highest increase of glucose- and oleic acid uptake in the range of
34.0-37.4% compared to DMSO control (Figure 17A-B). The effects of the water extracts
were less prominent than the alcohol extracts. The high glucose- and oleic acid uptake of the
acidic MeOH and EtOH extracts may be ascribed to their high content of polyphenols. The
isolated anthocyanins and proanthocyanidins from elderberries exhibited significant
stimulation of glucose- and oleic acid uptake at all concentrations tested (0.1-10 uM) in
human skeletal muscle cells (Figure 17 C-D). Cyanidin-3-glucoside and cyanidin-3-
sambubioside showed the highest stimulation of glucose uptake at 10 uM. Cyanidin-3-
glucoside isolated from Chinese bayberry has been reported to increase glucose uptake in a
dose-dependent manner in HepG2-cells [121]. Only small differences were observed between
the effects of anthocyanins and the procyanidins on the uptake of oleic acid. Since

proanthocyanidin B2 (dimer) and C1 (trimer) appear to be almost equally active at the same
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molar concentration, there is no clear correlation between degree of polymerization and
glucose- and oleic acid uptake. All the tested metabolites which are detected in urine, plasma
or/and feces after elderberries intake showed a dose-dependent increase of glucose uptake.
Among the metabolites, protocatechuic acid and pholoroglucinol aldehyde, which are the
degradation products of the anthocyanins [35, 36], showed the highest increase of glucose
(26.7-28.6%) and oleic acid (30.8-31.3%) uptake at 10 uM (Figure 17 E-F). Caffeic acid, p-
coumaric acid and ferulic acid are previously found to increase the glucose uptake in porcine
myotubes [13]. Homovanillic acid, vanillic acid and 4-hydroxybenzoic acid, among the most
abundant metabolites in urine, showed a significant increase of glucose and oleic acid uptake
at the highest tested concentration (10 uM). The abundant plasma metabolite, 4-
hydroxybenzaldehyde, showed an increase in glucose- and oleic acid uptake at all tested

concentrations.

Stimulation of glucose- and oleic acid uptake by elderflower extracts, constituents and
metabolites were tested in vitro using HepG2-cells and human skeletal muscle cells (Figure
18) (paper 1V). Among the crude extracts, the 96% EtOH extract showed the highest increase
in glucose uptake and oleic acid uptake in human skeletal muscle cells and HepG2-cells
followed by the 50% EtOH and the DCM extracts (Figure 18 A-B). Elderflower flavonoids
and phenolic acids increased the glucose- and oleic acid uptake in skeletal muscle cells
(Figure 18 C-D) and HepG2-cells in a concentration dependent way. Kaempferol, quercetin
and naringenin showed the highest glucose- and oleic acid increase at 10 uM in the human
skeletal muscles. The same effects were also observed for the HepG2-cells. Kaempferol has
been previously reported to increase glucose uptake in porcine myotubes, 3T3-L1 adipocytes
and HepG2-cells [13, 122, 123]. Quercetin has been found to increase the glucose uptake in
3T3-L1 adipocytes, but was ineffective in the HepG2-cell lines [123]. The different cell types
and experimental setup might be the reasons for the inconsistency in the effects of quercetin
found in these two studies. The flavanone naringenin (0.1-10 uM) has been found to increase
the glucose uptake in porcine myotubes and also to activate PPARy [13, 124]. The glycosides
of quercetin, kaempferol and isorhamnetin showed all a high stimulation of glucose and oleic
acid uptake. However, glycosylated forms seemed to have a lower increase of glucose uptake
compared to the corresponding aglycone. The sugar moiety attached to flavonoid aglycone
seems therefore to influence the glucose- and oleic acid uptake in both skeletal muscle cells
and HepG2-cells. Among the flavonoid glycosides, rutin showed the highest increase of

glucose- and oleic acid uptake at the highest tested concentration. At 10 uM chlorogenic acid
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showed an enhancement of oleic acid uptake of 17.3 + 2.5% in the skeletal muscle cells and
25.6 £ 4.6% in the HepG2-cells. Rutin and chlorogenic acid that are present in high amounts
in elderflower [125] might be the most important contributors to the enhanced uptake of
glucose- and oleic acid by elderflowers. Epicatechin and its isomer catechin appeared almost
equally active at the same molar concentration in the skeletal muscle cells. However, in the
HepG2-cells epicatechin showed a significant higher increase of oleic acid compared to
catechin at 1 and 10 uM. This indicates that minor structural differences might influence their
ability to increase glucose or oleic acid uptake in the HepG2-cells. The degradation products
of the flavonoids and phenolic acids, 3-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic
acid and 4-Me-catechol, showed a small increase of glucose- and oleic acid uptake at the
highest concentration tested (10 uM) in both the skeletal muscle cells (Figure 18 E-F) and
HepG2-cells. The metabolites in physiological concentrations increased the glucose- and fatty
acid uptake in human skeletal muscle cells and human liver cells. Since the metabolites are
better absorbed and will easier reach the systemic tissue, the activity of the metabolites might
be more physiologic relevant than their parent compounds (flavonols, anthocyanins). It has
been reported that polyphenols and plant extracts increase the glucose uptake in the muscle
cell by a mechanism that involves the AMP-activated protein kinase (AMPK) pathway, which
might lead to increased plasma glucose transporter (GLUT) 1 and GLUT 4 activity [126,
127]. Phosphatidylinositide 3-kinase (P13k) might also be involved as a key signaling
pathway for up-regulation of glucose- and fatty acid uptake [128, 129]. Different plant
extracts such as elderflower, anise and thyme have been reported to have an effect on the
PPARs. The PPARs are transcription factors within the large family of nuclear receptors that
are crucially involved in the regulation of carbohydrate and lipid metabolism [130].
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Figure 17. Effects of elderberry extracts, constituents and their metabolites on glucose- (A,C, E) and oleic acid

(B, D, F) uptake in human skeletal muscle cells.
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Figure 18. Effects of elderflower extracts, constituents and their metabolites on glucose- (A,C

(B, D, F) uptake in human skeletal muscle cells.
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4.6.2 a-Amylase and a-glucosidase inhibitory activity

One important therapeutic approach for treating diabetes is to control postprandial
hyperglycemia. The control of postprandial hyperglycemia is critical in the early therapy for
diabetes. This can be done through inhibition of the carbohydrate-hydrolyzing enzymes such
as a-amylase and a-glucosidase which will delay the digestion of carbohydrates and the

absorption of glucose from the intestine [131].

Elderberry and elderflower extracts, constituents and metabolites were investigated for their
abilities to inhibit porcine pancreatic a-amylase and yeast a-glucosidase (paper 1V-VI). In
general, all the elderberry and elderflower crude extracts (except from DCM extracts)
possessed stronger inhibition of a-amylase and a-glucosidase compared to the positive control
acarbose, which is a widely used antidiabetic drug (Table 6). Among the crude extracts, the
96% EtOH elderflower extract showed strongest inhibition of both a-amylase (1Cs0 2.8 + 1.1
pg/mL) and a-glucosidase (ICsp4.8 + 0.5 pg/mL), followed by the acidic MeOH elderberry
extract (ICsp 4.6 = 1.9 pg/mL for a-glucosidase, 3.9 + 1.3 ug/mL for a-amylase) and the 96%
EtOH elderberry extract (ICsp 7.2 + 1.3 pg/mL for a-glucosidase, 6.8 + 2.1 pg/mL for a-
amylase). This might be ascribed to their high content of polyphenols. The 50 °C water and
100 °C water extracts from elderberries and elderflowers showed higher a-glucosidase and a-
amylase inhibition compared to acarbose which could be due to the polysaccharides present in
these extracts. Polysaccharides have been shown to inhibit a-glucosidase and a-amylase,
decreasing blood glucose levels and also act as active hypoglycemic agents [132, 133].
However, the mechanism of action is unclear. In comparison with other Norwegian berries the
elderberries showed strong a-amylase and a-glucosidase inhibitory activity (paper VI).
Interestingly, the elderberry SPE extract was a stronger a-amylase and a-glucosidase
inhibitors compared to the elderberry ASE extract (paper VI). Showing that up-concentration
of polyphenols and removal of free sugars enhanced the a-amylase and a-glucosidase
inhibition. It is known that some anthocyanin extracts from plant exert a potent in vitro a-
glucosidase inhibitory activity effect [134]. Also, McDougall et al. [135] found that the extent
of inhibition of a-glucosidase is related to the anthocyanin content in different berries. Of the
isolated anthocyanins in elderberries, cyanidin-3-glucoside and cyanidin-3-sambubioside
possessed the highest inhibitory activity against a-glucosidase and a-amylase, much higher
inhibition compared to cyanidin and to acarbose (Table 7) (paper V). These results indicated
that the presences of 3-O-glucoside and 3-O-sambubioside substituents are important for

inducing inhibition of a-amylase and a-glucosidase. The activity of the anthocyanins is
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consistent with the literature [136]. The inhibitory activity against a-glucosidase and a-
amylase, reduction in blood glucose concentrations and enhanced insulin sensitivity in T2D
rats have been previously reported for these anthocyanins [136-138]. Trimeric procyanidin C1
was also found to possess stronger inhibitory activity compared to the dimeric procyandins B2
and B5. This is in agreement with a previous report [136]. The most active flavonoid
aglycones from elderflowers were quercetin, kaempferol, naringenin and isorhamnetin (paper
IV) (Table 7). The inhibitory activity of the flavonoids and the anthocyanins might depend on
hydrogen bonds between the hydroxyl groups of the polyphenol ligands and the conjugation
position, and the class of sugar moiety that serve as the region for binding to the active site of
a-amylase and a-glucosidase [138, 139]. Glycosylation of flavonols decrease the inhibitory
effect against a-amylase and a-glucosidase which are observed for quercetin and its
glycosides, kaempferol and its glycosides and isorhamnetin and its glycosides. This is in
accordance with previous reports [139, 140]. It was suggested that glycoside substitution
might lead to steric hindrance which weakens the binding interaction between flavonoids and
the a-amylase and a-glucosidase enzymes [139]. However, these results are in contrast to the
activity of anthocyanins compared to their aglycone. A study performed by Manaharan et al.
[141] reported that myricetin 3-O-rhamnoside showed stronger inhibition of a-amylase than
of myricetin. Overall, it is difficult to draw general or universally applicable comments
regarding the impact of glycosylation on flavonoids' and anthocyanins’ biological benefits.
High a-amylase and a-glucosidase inhibitory activities were observed for chlorogenic acid
and neochlorogenic acids, as well, in accordance with a previous study [139]. Minor structural
differences might influence their ability to inhibit a-amylase and a-glucosidase which were
observed for catechin and its isomer epicatehin, and chlorogenic acid and its isomer
neochlorogenic acid. The inhibitory activity of epicatechin has been reported to be higher than
catechin [142]. However, in a separate study catechin showed higher inhibitory activity than

epicatechin against a-glucosidase [143].

The metabolites and degradation products were all much more active than the positive control
acarbose, where protocatechuic acid, pholoroglucinol aldehyde and caffeic acid were the most
active one. In our experiments, protocatechuic acid showed higher inhibitory activity
compared to other reports [144, 145]. Interestingly, protocatechuic acid was highly potent as
a-glucosidase inhibitor, as opposed to the results by Schéfer and Hogger [146], who reported
protocatechuic acid to be inactive. It should be noted that inhibitory activity may vary

between a-glucosidase or a-amylase from different sources [139].
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4.6.3 Antioxidant activity

The antioxidant activities of the elderberry and elderflower crude extracts, constituents and
metabolites were evaluated in paper 1V, V and VI. Accumulated evidence has suggested that
diabetic patients are under oxidative stress, with an imbalance between the free radical
generating and radical scavenging capacities [147, 148]. 15-LO and XO are peroxidative and
prooxidative enzymes, respectively, and sources of ROS [148]. Substances that both prevent
free radical formation and inhibit the production of ROS might play an important role in the
diabetes therapy. The DPPH, 15-LO and XO assays cover different aspects of the antioxidant
action and the results derived from these tests give a broader view on the antioxidant potential

of elderberry and elderflower substances. The results are summarized in Table 6 and Table 7.

The DCM extract and the water extracts from elderberries and elderflowers were inactive in
all the assays. Among all the extracts, the EtOH extracts from elderflower possessed the
strongest DPPH-radical scavenging activity. The EtOH and the acidic MeOH extract from
elderberries possessed stronger DPPH-radical scavenging activity compared to the water
extracts. Alcohol extracts from the elderberries and the elderflowers have been reported high
antioxidant activity in DPPH assay, ABTS scavenging assay, FRAP assay and ORAC assay
[5, 125, 149-151]. In paper V, isolated anthocyanins and procyanidins from elderberries were
shown to have a strong radical scavenging activity. The radical scavenging activity and the
antioxidant effect of cyanidin and cyanidin-3-glucoside are previously reported [136, 152].
The radical scavenging ability of the procyanidins is in good accordance with the results
reported by Braunlich et al. [153]. Procyanidins have high hydrogen donating capacity, and
the number of OH groups is correlated to the molecular size of procyanidins, which is
reported to be important for scavenging of free radicals in the reaction with DPPH [154].
Among the constituents in elderflower (paper 1V), quercetin and kaempferol showed the
strongest scavenging of DPPH. These flavonoids are known to possess strong antioxidant
activity and are involved in the Nrf2-ARE signaling pathway [140, 155]. Our results are
consistent with previous reports on antioxidant activity of flavonoids being dependent on the
number and position of substituted OH groups and with the presence of sugar residues [140,
156]. Chlorogenic acid (ICsp 17.5 = 3.9 uM) which is present in large amounts in both the
elderberries and elderflowers [157] showed strong DPPH-radical scavenging activity.
Chlorogenic acid has shown both in vitro and in vivo anti-oxidant effect and is correlated with
many health-promoting properties [158-160]. The metabolites and degradation products from

elderberries and elderflowers possessed moderate radical scavenging activity compared to the
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positive control quercetin, with protocatechuic acid, pholoroglucinol aldehyde and 4-Me-

catechol as the most active ones.

The inhibitory potency of the extracts and constituents from elderberries and elderflowers
towards peroxidation of linoleic acid catalyzed by soybean 15-LO was studied. Among the
elderberry crude extracts, the SPE extract and the acidic MeOH possessed moderate 15-L.O
inhibition (paper V and paper VI). The 96% and 50% EtOH elderflower extracts possessed
much stronger inhibitory activity towards 15-LO compared to the elderberry extracts. The
high 15-LO inhibitory activity observed for the flower extracts could not be ascribed to any of
the tested constituents, suggesting that the flower extracts may contain additional unidentified
15-LO inhibitors or the effect are caused by synergistic effects (paper V). Procyanidin C1
was the strongest inhibitor among the procyanidins, cyanidin was the strongest among the
anthocyanins and quercetin was the strongest among the other flavonoids. The 15-LO
inhibitory activity of anthocyanins and procyanidins are in fair accordance with previous
investigations [136]. Rutin has previously been reported to be a good 15-LO inhibitor, in good
accordance with our findings [161]. Also in this test system the presence of glycosyl groups
attached to the flavonoid aglycone decreased the inhibitory activity, which is in agreement
with previous report [156]. The metabolites and degradation products from elderberries and
elderflowers possessed moderate 15-LO inhibitory activities with protocatechuic acid and
phloroglucinol aldehyde as the most active metabolites (ICs120.8 + 6.7 uM and 124.2 £ 2.2
MM, respectively).

The inhibitory effect of elderberry and elderflower crude extracts, constituents and
metabolites towards the superoxide-producing enzyme XO from cow’s milk was studied. The
acidic MeOH elderberry extract and the 96% EtOH elderflower extract possessed modest
activity in the XO inhibition assay. Anthocyanins and procyanidins possessed weak XO
inhibitory ability, while the flavonols (kaempferol, quercetin and isorhamnetin) possessed
strong XO-inhibition. The XO-inhibition of kaempferol and isorhamnetin is consistent with
previous investigations [162, 163]. Lin et al. [164] has reported that flavonoid aglycones are
relatively strong inhibitors of XO, as the presence of a glycosyl group would decrease the
inhibitory activity. This seems to be in agreement with our study, where flavonoid glycosides
and cyanidin glycosides showed a weaker inhibition against XO compared to its aglycone.
Chlorogenic acid (ICsp 24.2 £ 5.3 uM) and neochlorogenic acid (1Csp26.2 + 3.1 uM) were

both strong inhibitors of XO, which are in fair accordance with previous results [165, 166].
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The metabolites were inactive as XO inhibitors, except for protocatechuic acid,

pholoroglucinol aldehyde and caffeic acid which showed moderate activity.

Table 6. Scavenging of DPPH radical, 15-LO, XO, a-glucosidase and a-amylase inhibitory activity of
elderberry and elderflower crude extracts. I1Csy values £ SD are shown.

Test compound DPPH 15-LO X0 a-glucosidase a-amylase
(Hg/mL) (Hg/mL) (Hg/mL) (Hg/mL) (Hg/mL)

Elderberry extracts

DCM >167 >167 >167 123+5.3 115+ 4.9
96% EtOH 138.8+5.1 1539+ 3.6 >167 7213 6.8+2.1
50% EtOH 1589 +5.2 >167 1359+4.2 139+21 156 +2.3
50°C Water >167 >167 >167 63.1+3.9 56.8+4.1
100°C Water >167 >167 >167 458 £4.6 32.2+3.6
0.5% TFA in MeOH 95.9+39 108.3+4.5 89.8+3.9 46+19 39+13
Pressed juice 128.3+4.3 1435+ 3.9 1459+ 4.4 10.8+3.1 89+26
ASE extract nt >167 >167 135+20 10.7+0.8
SPE extract nt 100.3+54 >167 8.2+0.9 7.1+038

Elderflower extracts

DCM >167 1259+3.9 >167 105 +5.6 103+5.9
96% EtOH 9.2+0.9 179+3.6 59.3+6.3 48+05 28+1.1
50% EtOH 20.2+39 244 +3.1 79541 89+11 31+£13
A 32.0+2.9 759+ 6.5 135678 65346 66.2 5.6
Quercetin (control) 28+0.3 29.3+£19 0.7+£0.2 nt nt
Acarbose (control) nt nt nt 84.7+3.8 733143

nt: Not tested
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Table 7. Scavenging of DPPH radical, 15-LO, XO, a-glucosidase and a-amylase inhibitory activity of

phenolic compounds from elderberries and elderflowers. 1Csy values + SD are shown.

Test compound DPPH ! 15-LO* X0'! a- a-

(UM) (UM) (UM) glucosidase 2 amylase *

(UM) (LM)

Phenolic compounds
Cyanidin 221+1.1 1026+4.4  109.8+29 184+13 16.2+2.7
Cyanidin-3-glucoside 33619 132.8+4.38 129.0+£29 5.0+0.2 3.7+08
Cyandin-3-sambubioside 292+14 1234+32 1266+28 28+0.9 23+05
Procyanidin B2 74+03 1136+53 1104 +47 9.0+09 6.6+2.7
Procyanidin B5 8511 120.7 £3.8 1156 £3.9 11.9+4.7 7055
Procyanidin C1 3204 104345 108.7+£5.8 5205 26x09
Quercetin * 93+15 959+13 23+0.3 26+09 21+05
Quercetin-3-glucoside 176+3.2 102.3+5.3 105.9+5.3 41+19 3.0+1.2
Quercetin-3-rhamnoside 19121 108.4+£4.6 104.6 £4.6 39+14 35+09
Rutin (quercetin-3-rutinoside) 225+1.6 99.3+1.1 429+29 46+23 41+08
Kaempferol 10.6 £3.9 93.7+£3.7 18%03 45+1.2 3611
Kaempferol-3-rutinoside 30.6 £3.9 108.7+56 638x+21 239+1.1 19.1+£05
Isorhamnetin 63.3+2.3 103.1+24 28%07 8.1+31 75%0.9
Isorhamnetin-3-rutinoside 85.0+21 1153+6.2 125.0+3.9 252+29 26.2+0.7
Naringenin 233+x14 1241 +£35 95.1+£45 75+1.1 6.2+1.1
Catechin 190+1.1 128.1+£59 >167 185+2.2 141+0.8
Epicatechin 156+2.3 115679 >167 121+23 9.7+21
Chlorogenic acid 175+39 106.2 £ 2.3 242 +53 105+21 91+11
Neochlorogenic acid 196+16 115.1+58 26.2+3.1 13.1+£13 154 +3.2
Metabolites
p-Coumaric acid >167 129.9+3.2  >167 293144 259144
Homovanillic acid >167 1539+4.2  >167 35.7+3.1 26.3+25
Phloroglucinol aldehyde 75.9+35 1242+22 1144+45 16.0+£1.7 125+0.9
4-Hydroxybenzoic acid >167 1554 +58  >167 435+28 354 +27
Hippuric acid >167 1286 £48  >167 71.2+ 3.6 62.8+4.6
Ferulic acid 1258 +5.7 135.4+4.2 >167 193+34 159+41
4-Hydroxybenzaldehyde >167 1451+53  >167 21.3+38 148+28
Protocatechuic acid 66.9£3.2 120.8+6.7 103.3%28 13.3+0.8 10.4+0.6
Caffeic acid 90.3+4.3 1259+4.7 107.3+£3.2 185+0.9 13.9+0.7
Vanillic acid >167 129.7+£3.3  >167 256+3.2 195+4.2
Benzoic acid 145.3+5.8 1376 £6.5 >167 1289+ 3.8 124.1 £5.3
3-Hydroxyphenylacetic acid 125.3+4.8 133.9+58  >167 68.9 £ 3.8 448 +5.3
3,4-Dihydroxyphenylacetic acid 1159 +1.4 1355+7.3  >167 785+1.6 749+1.7
4-Me-catechol 405+3.6 129.0+52  >167 98.9+35 948+6.8

1 Quercetin was used as positive control in DPPH, 15-LO and XO assays. 2 Acarbose was used as a positive control (ICs,

131.2 + 9.3 uM).  Acarbose was used as a positive control (ICs,113.5 + 4.6 uM).
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4.6.4 Complement fixating activity

Modulation of complement activity may have therapeutic value when related to inflammatory
diseases. Elderberry and elderflower extracts, constituents and metabolites were investigated
for their effects on the complement system (Paper VII). All the crude extracts showed
relatively high and dose dependent complement fixating activity, except from the DCM crude
extracts. The 96% EtOH elderberry and elderflower extracts were the most active among the
crude extracts showing higher activity compared to the highly active positive control BPII
(Table 8).

Table 8. Complement fixating activity of crude extracts from elderberries and elderflowers

Test compounds I1Cso (Ug/mL)?
Elderberry extracts

DCM >200

96% EtOH 7.8+£23
50% EtOH 13.4+29
0.5% TFA in MeOH 123+1.9
50 °C water 449 +5.3
100 °C water 23.3+35
Pressed juice 1424 +13.1
Elderflower extracts

DCM >200

96% EtOH 6.5+15
50% EtOH 89122

50 °C water 32.3+£5.2
100°C water 144+3.1
BPII (positive control) 17.7+15

?ICso: Concentration to give 50% inhibition of hemolysis.

Cyanidin, cyanidin-3-glucoside and cyanidin-3-sambubioside, present in high amounts in
elderberries showed strong complement fixating activity (Table 9). These results are in good
agreement with those reported previously [50, 51]. Anthocyanins seemed to have a lower
inhibition of hemolysis compared to the corresponding aglycone. These results may indicate
that the effect is influenced by the sugar units linked to the anthocyanidin. Trimeric
procyanidin C1 possessed stronger complement fixating activity compared to the dimeric
procyanidins B2 and B5 and the monomer epicatechin. Among the flavonoids, rutin,
kaempferol-3-rutinoside and quercetin-3-glucoside showed the strongest complement fixating
activity. It appeared that the flavonoid glycosides were more active compared to their
aglycones in this system, which is also reported previously [50, 167]. The flavonols quercetin,
kaempferol, isorhamentin showed low complement fixating activity with 1Cs,> 193.8 uM. In

a study performed by Min et al. [168] quercetin was reported to be inactive in the complement
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system. An earlier study showed that kaempferol and quercetin-3-rhamnoside had weak
complement fixating activity with 1Csq values of 730 uM and 440 pM, respectively [168,
169]. These results are in contrast to the complement fixating activity observed for
anthocyanins and their aglycone in this study. The metabolites from the elderberries and

elderflowers showed no particular complement fixating activity at the highest concentration

tested (1Csp >200 uM).

Table 9. Complement fixating activity of phenolic constituents and metabolites from elderberries and

elderflowers.

Test compounds ICs (UM)?
Flavonoids

Cyanidin 742+ 3.4
Cyanidin-3-glucoside 87.1+5.6
Cyanidin-3-sambubioside 82.8+3.9
Procyanidin B2 70.6 £4.5
Procyanidin B5 65.0+3.1
Procyanidin C1 194+21
Quercetin 193.8+5.6
Quercetin-3-glucoside 765+ 2.6
Quercetin-3-rhamnoside 95.1+3.1
Rutin 40.0+2.6
Kaempferol >200
Kaempferol-3-rutinoside 70.6 +£3.8
Isorhamnetin >200
Isorhamnetin-3-rutinoside 127.8+4.8
Naringenin >200
Catechin >200
Epicatechin >200
Chlorogeninc acid >200
Neochlorogenic acid >200
Metabolites

p-Coumaric acid >200
Homovanillic acid >200
Phoroglucinol aldehyde >200
4-Hydroxybenzoic acid >200
Hippuric acid >200
Ferulic acid >200
4-Hydroxybenzaldehyde >200
Protocatechuic acid >200
Caffeic acid >200
Vanillic acid >200
Benzoic acid >200
3-Hydroxybenzoic acid >200
3,4-Dihydroxyphenylacetic acid >200
4-Me-catechol >200

#Cso: Concentration to give 50% inhibition of hemolysis.
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4.6.5 Inhibition of NO in LPS activated RAW 264.7 macrophages and
dendritic D2SC/I cells

Macrophages and dendritic cells play a critical role in the regulation of the immune response
[57]. Exposure of macrophages or dendritic cells to external bacterial toxins like
lipopolysaccharides (LPS) has extensively been shown to stimulate the secretion of nitric
oxide (NO) [170]. The main function of the dendritic cells is to act as antigen presenting cells
for T cell activation. Increased levels of NO may inhibit T cell proliferation and apoptosis in
dendritic cells [58]. Overproduction of NO induces tissue damage associated with acute and
chronic inflammations. Therefore, inhibition of the production of pro-inflammatory mediators
such as NO is an important goal in the treatment of various inflammatory diseases such as

rheumatoid arthritis, cardiovascular diseases and T2D [56].

Elderberry and elderflower extracts, constituents and metabolites were tested for inhibition of
NO production in LPS activated RAW 264.7 macrophages and murine dendritic D2SC/I cells
(Figure 19) (paper VII1). The 96% EtOH elderberry and elderflower extracts showed the
highest inhibition on NO production in LPS activated RAW 264.7 macrophages and dendritic
D2SC/I cells. High inhibitory activity on NO observed in these extracts might be related to
the high content of phenolic compounds or to synergistic effect. The isolated anthocyanins
and procyanidins showed all a dose dependent inhibition on NO production in both cell lines.
Cyanidin showed the strongest inhibitory effect compared to cyanidin-3-glucoside and
cyanidin-3-sambubioside in the RAW 264.7 cells. Cyanidin has been reported previously to
be a stronger NO inhibitor than cyanidin-3-glucoside in RAW 264.7 macrophages [56].
Interestingly, cyandin-3-glucoside and cyanidin-3-sambubioside, showed a higher inhibitory
effect on NO production compared to its aglycone cyanidin in the dendritic cells at the highest
concentration tested. The potency of the procyanidins is somewhat the same as in the
complement assay, where procyanidin C1 was the most active. Only minor differences were
found between procyanidin B2 and its isomer procyanidin B5. This is in accordance with
previous study [51]. The glycosylated forms of quercetin, kaempferol and isorhamnetin
showed a lower NO inhibition compared to their aglycones in both the cell lines.
Glycosylation of the flavonoids might lead to increased hydrophilicity and steric hindrance,
which again results in reduced absorption or penetration into the cells. Similar results have
also been reported by Hamal&inen, et al. [171] and Wang and Mazza [56]. The phenolic
constituents showed somewhat similar effects of NO-inhibition in macrophages and dendritic

cells. However, there were some variations in activity from one compound to the other. Rutin

62



PhD thesis Giang Thanh Thi Ho RESULTS AND DISCUSSION

gave higher NO inhibition in dendritic cells than in the macrophages, and was also more
active compared to the other glycosides. Kaempferol on the other side possessed strong NO
inhibition in the RAW 264.7 macrophages and weaker in the dendritic D2SC/I cells. The
polyphenols seemed therefore to act on different cellular targets in the RAW 264.7 cells and
dendritic D2SC/I cells. Chlorogenic acid possessed strong NO inhibition in both cell lines.
However, chlorogenic acid was reported to be inactive as NO-inhibitor in RAW 264.7 cells
and in J774 macrophages in a previous study [56, 171]. Some of the metabolites showed
stronger NO-inhibition compared to its parent compounds. Caffeic acid and 3,4-
dihydroxyphenylacetic acid showed a stronger NO inhibition in dendritic cells at 100 uM
compared to any of the parent flavonoids. Protocatechuic acid and pholoroglucinol aldehyde,
which are the major metabolites from anthocyanins, showed almost the same inhibitory effect
on NO production compared to their parent compounds in RAW 264.7 cells at 100 uM. 4-
Me-catechol was toxic at 100 uM against RAW 264.7 cells and dendritic D2SC/I cells (45.3-
51.2% cell viability) and the strong NO inhibition observed for 4-Me-catechol at 100 uM
could be caused by cell cytotoxicity. None of the other tested compounds showed any
cytotoxicity. The strong inhibitory activity against NO in both macrophages and dendritic
cells suggests that elderberries and elderflowers might have inflammatory modulating
properties. Different targets are involved in the anti-inflammatory activities of polyphenols:
these can be subdivided into targets related to the arachidonic acid-dependent pathways such
as cyclooxygenase (COX) inhibition, lipoxygenase inhibition, and phospholipase A2
inhibition. Within the arachidonic acid-independent pathways, nitrous oxide synthase (NOS),
nuclear factor kB (NFkB) and NSAID activated gene-1 (NAG-1) are targets of polyphenols
[172].
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metabolites (G and H) on NO producion in LPS activated RAW 264.7 macrophages (A, C, E, G) and

Figure 19. Inhibitory effects of elderberry (EB) and elderflower (EF) crude extracts (A and B),
anthocyanins and proanthocyanidins (C and D), flavonoids and phenolic acids (E and F) and
dendritic D2SC/I cells (B, D, F, H). The experiments were repeated independently three times, and
results shown are expressed as the average + SEM. * p < 0.05 as compared to response of LPS (0.1%
DMSO) alone.
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5. CONCLUSIONS

The relationship between plant food intake and health has been the focal point of much
scientific investigation in recent years to try to identify the specific plant components that
convey health benefits. Berries and flowers of Sambucus nigra have been used in the
traditional medicine, and are today widely used across Europe as food supplements. The
present study provides a better understanding of the potential health benefits of pectic

polysaccharides and phenolic compounds from elderberries and elderflowers.

Several elderberry and elderflower constituents such as anthocyanins, procyanidins, flavonols,
phenolic acids and their metabolites showed strong stimulation of glucose- and fatty acid
uptake in human skeletal muscle cells and human liver cells, high antioxidant activity, strong
inhibition against the carbohydrate-hydrolyzing enzyme a-amylase and a-glucosidase and
immunomodulating activity. The observed biological effects might have a clinical relevance,
since the lowest concentrations of some of the phenolics used in this study have been reported
in vivo as well. The activity of the metabolites might be physiologically more relevant
compared to the flavonoids as they are better absorbed and will therefore easier reach the
target in vivo. The pectic polysaccharides from the elderberries and elderflowers showed
strong immunomodulating activity. It is clear that rhamnogalacturonan backbone to which
side chains of arabinogalactans were attached was important for both the complement fixating
activity and macrophage stimulating activity. The molecular weight, the ramified regions and
the degree of branch points are important factors for the immunomodulating activity. The
presence of these highly active polysaccharides and polyphenols in elderberries and
elderflowers might explain the traditional use of S. nigra against diabetes, infections, cold and
flu. This could be attributed to the presence of polysaccharides and polyphenols alone or

caused by synergistic effects.

Although in vitro data on the anti-oxidative, anti-diabetic and anti-inflammatory effects are
very promising, current clinical evidence of effectiveness is poor to moderate. Further studies

are needed to demonstrate clinical effects.

66



PhD thesis Giang Thanh Thi Ho REFERENCES

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Fossum, G.; Malterud, K. E.; Moradi, A., S. nigra L., flos. Assessment report for the
development of community monographs and for inclusion of herbal subtsance(s),
preparation(s) or combinations therof in the list. European Medicines Agency (EMA):
London, 2008.

Sidor, A.; Gramza-Michatowska, A., Advanced research on the antioxidant and health
benefit of elderberry (Sambucus nigra) in food - A review. J. Funct. Foods 2014, 18B,
941-958.

Veberic, R.; Jakopic, J.; Stampar, F.; Schmitzer, V., European elderberry (Sambucus
nigra L.) rich in sugars, organic acids, anthocyanins and selected polyphenols. Food
Chem. 2009, 114, (2), 511-515.

Subramanian, R.; Asmawi, M. Z.; Sadikun, A., In vitro alpha-glucosidase and alpha-
amylase enzyme inhibitory effects of Andrographis paniculata extract and
andrographolide. Acta Biochim. Pol. 2008, 55, (2), 391-398.

Mikulic-Petkovsek, M.; Ivancic, A.; Schmitzer, V.; Veberic, R.; Stampar, F.,
Comparison of major taste compounds and antioxidative properties of fruits and
flowers of different Sambucus species and interspecific hybrids. Food Chem. 2016,
200, 134-140.

Ulbricht, C.; Basch, E.; Cheung, L.; Goldberg, H.; Hammerness, P.; Isaac, R.; Khalsa,
K. P.S.; Romm, A.; Rychlik, 1.; Varghese, M., An evidence-based systematic review
of elderberry and elderflower (Sambucus nigra) by the Natural Standard Research
Collaboration. J. Diet. Suppl. 2014, 11, (1), 80-120.

Burge, B.; Mumcuoglu, M.; Simmons, T., The effect of Sambucol on flu-like
symptoms in chimpanzees: prophylactic and symptom-dependent treatment. Inter. Zoo
News 1999, 16-19.

Porter, R. S.; Bode, R. F., A review of the antiviral properties of black elder
(Sambucus nigra L.) products. Phytother. Res. 2017.

Zakay-Rones, Z.; Thom, E.; Wollan, T.; Wadstein, J., Randomized study of the
efficacy and safety of oral elderberry extract in the treatment of influenza A and B
virus infections. J. Int. Med. Res. 2004, 32, (2), 132-140.

Murkovic, M.; Abuja, P.; Bergmann, A.; Zirngast, A.; Adam, U.; Winklhofer-Roob,
B.; Toplak, H., Effects of elderberry juice on fasting and postprandial serum lipids and
low-density lipoprotein oxidation in healthy volunteers: A randomized, double-blind,
placebo-controlled study. Eur. J. Clin. Nutr. 2004, 58, (2), 244-249.

Tiralongo, E.; Wee, S. S.; Lea, R. A., Elderberry supplementation reduces cold
duration and symptoms in air-travellers: a randomized, double-blind placebo-
controlled clinical trial. Nutrients 2016, 8, (4), 182.

Gray, A. M.; Abdel-Wahab, Y. H.; Flatt, P. R., The traditional plant treatment,
Sambucus nigra (elder), exhibits insulin-like and insulin-releasing actions in vitro. J.
Nutr. 2000, 130, (1), 15-20.

Bhattacharya, S.; Christensen, K. B.; Olsen, L. C.; Christensen, L. P.; Grevsen, K.;
Feergeman, N. J.; Kristiansen, K.; Young, J. F.; Oksbjerg, N., Bioactive components
from flowers of Sambucus nigra L. increase glucose uptake in primary porcine
myotube cultures and reduce fat accumulation in Caenorhabditis elegans. J. Agric.
Food Chem. 2013, 61, (46), 11033-11040.

Udani, J.; Pakdaman, M. N., Effect of a proprietary blend on nasal provocation with a
standardized allergenic challenge. Medicus Research LLC: California, 2014.

Caffall, K. H.; Mohnen, D., The structure, function, and biosynthesis of plant cell wall
pectic polysaccharides. Carbohydr. Res. 2009, 344, (14), 1879-1900.

67



PhD thesis Giang Thanh Thi Ho REFERENCES

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

68

Maxwell, E. G.; Belshaw, N. J.; Waldron, K. W.; Morris, V. J., Pectin — an emerging
new bioactive food polysaccharide. Trends Food Sci. Technol. 2012, 24, (2), 64-73.
Vincken, J.-P.; Schols, H. A.; Oomen, R. J.; McCann, M. C.; Ulvskov, P.; Voragen, A.
G.; Visser, R. G., If homogalacturonan were a side chain of rhamnogalacturonan I.
Implications for cell wall architecture. Plant Physiol. 2003, 132, (4), 1781-1789.
Willats, W. G.; McCartney, L.; Mackie, W.; Knox, J. P., Pectin: cell biology and
prospects for functional analysis. Plant Cell Walls, Springer: United Kingdom, 2001,
pp 9-27.

Yapo, B. M.; Lerouge, P.; Thibault, J.-F.; Ralet, M.-C., Pectins from citrus peel cell
walls contain homogalacturonans homogenous with respect to molar mass,
rhamnogalacturonan I and rhamnogalacturonan Il. Carbohydr. Polym 2007, 69, (3),
426-435.

Voragen, A. G.; Coenen, G.-J.; Verhoef, R. P.; Schols, H. A., Pectin, a versatile
polysaccharide present in plant cell walls. Struct. Chem. 2009, 20, (2), 263-275.
Paulsen, B. S.; Barsett, H., Bioactive pectic polysaccharides. Springer: Berlin, 2005.
Wu, T.-T.; Chen, T.-L.; Chen, R.-M., Lipopolysaccharide triggers macrophage
activation of inflammatory cytokine expression, chemotaxis, phagocytosis, and
oxidative ability via a toll-like receptor 4-dependent pathway: validated by RNA
interference. Toxicolol. Lett. 2009, 191, (2), 195-202.

Mohnen, D., Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 2008, 11, (3),
266-277.

Ridley, B. L.; O'Neill, M. A.; Mohnen, D., Pectins: structure, biosynthesis, and
oligogalacturonide-related signaling. Phytochemistry 2001, 57, (6), 929-967.

O'Neill, M. A,; Ishii, T.; Albersheim, P.; Darvill, A. G., Rhamnogalacturonan II:
structure and function of a borate cross-linked cell wall pectic polysaccharide. Annu.
Rev. Plant Biol. 2004, 55, 109-139.

Pérez, S.; Rodriguez-Carvajal, M.; Doco, T., A complex plant cell wall
polysaccharide: rhamnogalacturonan Il. A structure in quest of a function. Biochimie
2003, 85, (1), 109-121.

Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J. P.; Tognolini, M.; Borges, G.; Crozier,
A., Dietary (poly) phenolics in human health: structures, bioavailability, and evidence
of protective effects against chronic diseases. Antiox. Redox. Sign. 2013, 18, (14),
1818-1892.

Habauzit, V.; Morand, C., Evidence for a protective effect of polyphenols-containing
foods on cardiovascular health: an update for clinicians. Ther. Adv. Chronic Dis. 2011,
3, (2), 87-106.

de Pascual-Teresa, S.; Moreno, D. A.; Garcia-Viguera, C., Flavanols and anthocyanins
in cardiovascular health: a review of current evidence. Int. J. Mol. Sci. 2010, 11, (4),
1679-1703.

Heleno, S. A.; Martins, A.; Queiroz, M. J. R.; Ferreira, I. C., Bioactivity of phenolic
acids: metabolites versus parent compounds: a review. Food Chem. 2015, 173, 501-
513.

Crozier, A.; Jaganath, I. B.; Clifford, M. N., Dietary phenolics: chemistry,
bioavailability and effects on health. Nat. Prod. Rep 2009, 26, (8), 1001-1043.
Christensen, L. P.; Kaack, K.; Fretté, X. C., Selection of elderberry (Sambucus nigra
L.) genotypes best suited for the preparation of elderflower extracts rich in flavonoids
and phenolic acids. Eur. Food Res. Techno. 2008, 227, (1), 293-305.

Yang, C. S.; Sang, S.; Lambert, J. D.; Lee, M. J., Bioavailability issues in studying the
health effects of plant polyphenolic compounds. Mol. Nutr. Food Res. 2008, 52, 139-
151.



PhD thesis Giang Thanh Thi Ho REFERENCES

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Denev, P. N.; Kratchanov, C. G.; Ciz, M.; Lojek, A.; Kratchanova, M. G.,
Bioavailability and antioxidant activity of black chokeberry (Aronia melanocarpa)
polyphenols: in vitro and in vivo evidences and possible mechanisms of action: a
review. Compr. Rev. Food Sci. Food Saf. 2012, 11, (5), 471-489.

Ferrars, R. M.; Cassidy, A.; Curtis, P.; Kay, C. D., Phenolic metabolites of
anthocyanins following a dietary intervention study in post-menopausal women. Mol.
Nutr. Food Res 2014, 58, (3), 490-502.

Ferrars, R.; Czank, C.; Zhang, Q.; Botting, N.; Kroon, P.; Cassidy, A.; Kay, C., The
pharmacokinetics of anthocyanins and their metabolites in humans. Br. J. Pharmacol
2014, 171, (13), 3268-3282.

Czank, C.; Cassidy, A.; Zhang, Q.; Morrison, D. J.; Preston, T.; Kroon, P. A.; Botting,
N. P.; Kay, C. D., Human metabolism and elimination of the anthocyanin, cyanidin-3-
glucoside: a **C-tracer study. Am. J. Clin. Nutr. 2013, 97, (5), 995-1003.

Sarmento, B.; Ribeiro, A.; Veiga, F.; Ferreira, D.; Neufeld, R., Oral bioavailability of
insulin contained in polysaccharide nanoparticles. Biomacromolecules 2007, 8, (10),
3054-3060.

Vesely, M. D.; Kershaw, M. H.; Schreiber, R. D.; Smyth, M. J., Natural innate and
adaptive immunity to cancer. Annu. Rev. Immunol. 2011, 29, 235-271.

Yamada, H.; Kiyohara, H., Immunomodulating activity of plant polysaccharide
structures. Comprehensive glycoscience: From chemistry to systems biology, Elsevier:
Amsterdam, 2007; pp 663-694.

Shukla, S.; Bajpai, V. K.; Kim, M., Plants as potential sources of natural
immunomodulators. Rev. Envir. Sci. Bio. Techn. 2014, 13, (1), 17-33.
Garcia-Lafuente, A.; Guillamoén, E.; Villares, A.; Rostagno, M. A.; Martinez, J. A.,
Flavonoids as anti-inflammatory agents: implications in cancer and cardiovascular
disease. Inflamm. Res. 2009, 58, (9), 537-552.

Ricklin, D.; Hajishengallis, G.; Yang, K.; Lambris, J. D., Complement: a key system
for immune surveillance and homeostasis. Nat. Immuno. 2010, 11, (9), 785-797.
Michaelsen, T.; Gilje, A.; Samuelsen, A.; Hggasen, K.; Paulsen, B., Interaction
between human complement and a pectin type polysaccharide fraction, PMII, from the
leaves of Plantago major L. Scand. J. Immunol. 2000, 52, (5), 483-490.

Turner, M. W., Mannose-binding lectin: the pluripotent molecule of the innate
immune system. Immunol. Today 1996, 17, (11), 532-540.

Janeway, C. A.; Travers, P.; Walport, M.; Shlomchik, M., Immunobiology: the
immune system in health and disease. Garland Science: New York, 2005.

Grenhaug, T. E.; Ghildyal, P.; Barsett, H.; Michaelsen, T. E.; Morris, G.; Diallo, D.;
Inngjerdingen, M.; Paulsen, B. S., Bioactive arabinogalactans from the leaves of
Opilia celtidifolia Endl. ex Walp.(Opiliaceae). Glycobiology 2010, 20, (12), 1654-
1664.

Inngjerdingen, K. T.; Coulibaly, A.; Diallo, D.; Michaelsen, T. E.; Paulsen, B. S., A
complement fixing polysaccharide from Biophytum petersianum Klotzsch, a medicinal
plant from Mali, West Africa. Biomacromolecules 2006, 7, (1), 48-53.

Zou, Y.-F.; Zhang, B.-Z.; Inngjerdingen, K. T.; Barsett, H.; Diallo, D.; Michaelsen, T.
E.; El-zoubair, E.; Paulsen, B. S., Polysaccharides with immunomodulating properties
from the bark of Parkia biglobosa. Carbohydr. Polym. 2014, 101, 457-463.

Shahat, A. A.; Hammouda, F.; Ismail, S. I.; Azzam, S. A.; De Bruyne, T.; Lasure, A,;
Van Poel, B.; Pieters, L.; Vlietinck, A. J., Anti-complementary activity of Crataegus
sinaica. Planta Med. 1996, 62, (01), 10-13.

69



PhD thesis Giang Thanh Thi Ho REFERENCES

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

70

Ho, G. T.; Braunlich, M.; Austarheim, I.; Wangensteen, H.; Malterud, K. E.;
Slimestad, R.; Barsett, H., Immunomodulating activity of Aronia melanocarpa
polyphenols. Int. J. Mol. Sci. 2014, 15, (7), 11626-11636.

Min, S.-W.; Ryu, S.-N.; Kim, D.-H., Anti-inflammatory effects of black rice,
cyanidin-3-O-B-D-glycoside, and its metabolites, cyanidin and protocatechuic acid.
Int. Immunopharmacol. 2010, 10, (8), 959-966.

Alban, S.; Classen, B.; Brunner, G.; Blaschek, W., Differentiation between the
complement modulating effects of an arabinogalactan-protein from Echinacea
purpurea and heparin. Planta Med. 2002, 68, (12), 1118-1124.

Yamada, H.; Kiyohara, H., Complement-activating polysaccharides from medicinal
herbs. Immunomodulatory agents from plants, Springer: Switzerland, 1999; pp 161-
202.

Mills, C., M1 and M2 macrophages: oracles of health and disease. Crit. Rev. Immunol.
2012, 32, (6).

Wang, J.; Mazza, G., Inhibitory effects of anthocyanins and other phenolic compounds
on nitric oxide production in LPS/IFN-y-activated RAW 264.7 macrophages. J. Agric.
Food Chem. 2002, 50, (4), 850-857.

Lin, H.-Y.; Juan, S.-H.; Shen, S.-C.; Hsu, F.-L.; Chen, Y.-C., Inhibition of
lipopolysaccharide-induced nitric oxide production by flavonoids in RAW264. 7
macrophages involves heme oxygenase-1. Biochem. Pharmacol. 2003, 66, (9), 1821-
1832.

Fossiez, F.; Djossou, O.; Chomarat, P.; Flores-Romo, L.; Ait-Yahia, S.; Maat, C.; Pin,
J.-J.; Garrone, P.; Garcia, E.; Saeland, S., T cell interleukin-17 induces stromal cells to
produce proinflammatory and hematopoietic cytokines. J. Exp. Med. 1996, 183, (6),
2593-2603.

Aldahlawi, A. M., Modulation of dendritic cell immune functions by plant
components. J. Micr. Ultr. 2016, 4, (2), 55-62.

Lacroix, I. M.; Li-Chan, E. C., Overview of food products and dietary constituents
with antidiabetic properties and their putative mechanisms of action: a natural
approach to complement pharmacotherapy in the management of diabetes. Mol. Nutr.
Food Res. 2014, 58, (1), 61-78.

Groop, L. C.; Bonadonna, R. C.; DelPrato, S.; Ratheiser, K.; Zyck, K.; Ferrannini, E.;
DeFronzo, R. A., Glucose and free fatty acid metabolism in non-insulin-dependent
diabetes mellitus. Evidence for multiple sites of insulin resistance. J. Clin. Invest.
1989, 84, (1), 205.

Ryan, M.; Mclnerney, D.; Owens, D.; Collins, P.; Johnson, A.; Tomkin, G., Diabetes
and the Mediterranean diet: a beneficial effect of oleic acid on insulin sensitivity,
adipocyte glucose transport and endothelium-dependent vasoreactivity. QIM-Int. J.
Med. 2000, 93, (2), 85-91.

Vassiliou, E. K.; Gonzalez, A.; Garcia, C.; Tadros, J. H.; Chakraborty, G.; Toney, J.
H., Oleic acid and peanut oil high in oleic acid reverse the inhibitory effect of insulin
production of the inflammatory cytokine TNF-a both in vitro and in vivo systems.
Lipids Health Dis. 2009, 8, (1), 1-10.

Haug, A.; Hegstmark, A. T.; Harstad, O. M., Bovine milk in human nutrition — a
review. Lipids Health Dis. 2007, 6, (1), 1-16.

Lim, J.-H.; Gerhart-Hines, Z.; Dominy, J. E.; Lee, Y.; Kim, S.; Tabata, M.; Xiang, Y.
K.; Puigserver, P., Oleic acid stimulates complete oxidation of fatty acids through
protein kinase A-dependent activation of SIRT1-PGCla complex. J. Biol. Chem.
2013, 288, (10), 7117-7126.



PhD thesis Giang Thanh Thi Ho REFERENCES

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lordan, S.; Smyth, T. J.; Soler-Vila, A.; Stanton, C.; Ross, R. P., The a-amylase and
a-glucosidase inhibitory effects of Irish seaweed extracts. Food Chem. 2013, 141, (3),
2170-2176.

Lobo, V.; Patil, A.; Phatak, A.; Chandra, N., Free radicals, antioxidants and functional
foods: Impact on human health. Pharmacogn. Rev. 2010, 4, (8), 118.

Gutowski, M.; Kowalczyk, S., A study of free radical chemistry: their role and
pathophysiological significance. Acta Biochim. Pol. 2013, 60, (1), 1-16.

Pitocco, D.; Tesauro, M.; Alessandro, R.; Ghirlanda, G.; Cardillo, C., Oxidative stress
in diabetes: implications for vascular and other complications. Int. J. Mol. Sci 2013,
14, (11), 21525-21550.

Huang, D.; Ou, B.; Prior, R. L., The chemistry behind antioxidant capacity assays. J.
Agric. Food Chem. 2005, 53, (6), 1841-1856.

Molyneux, P., The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for
estimating antioxidant activity. J. Sci. Technol. 2004, 26, (2), 211-219.

Foti, M. C.; Daquino, C.; Geraci, C., Electron-transfer reaction of cinnamic acids and
their methyl esters with the DPPH radical in alcoholic solutions. J. Org. Chem 2004,
69, (7), 2309-2314.

Litwinienko, G.; Ingold, K., Abnormal solvent effects on hydrogen atom abstraction.
2. Resolution of the curcumin antioxidant controversy. The role of sequential proton
loss electron transfer. J. Org. Chem. 2004, 69, (18), 5888-5896.

Niu, L.; He, X.-H.; Wang, Q.-W.; Fu, M.-Y.; Xu, F.; Xue, Y.; Wang, Z.-Z.; An, X.-J.,
Polyphenols in regulation of redox signaling and inflammation during cardiovascular
diseases. Cell Biochem. Biophys. 2015, 72, (2), 485-494.

Sadeghian, H.; Jabbari, A., 15-Lipoxygenase inhibitors: a patent review. Expert Opin.
Ther. Pat. 2016, 26, (1), 65-88.

Ivanov, I.; Kuhn, H.; Heydeck, D., Structural and functional biology of arachidonic
acid 15-lipoxygenase-1 (ALOX15). Gene 2015, 573, (1), 1-32.

Schneider, I.; Bucar, F., Lipoxygenase inhibitors from natural plant sources. Part 2:
medicinal plants with inhibitory activity on arachidonate 12-lipoxygenase, 15-
lipoxygenase and leukotriene receptor antagonists. Phytother. Res. 2005, 19, (4), 263-
272.

Van Hoorn, D. E.; Nijveldt, R. J.; Van Leeuwen, P. A.; Hofman, Z.; M'Rabet, L.; De
Bont, D. B.; Van Norren, K., Accurate prediction of xanthine oxidase inhibition based
on the structure of flavonoids. Eur. J. Pharmacol. 2002, 451, (2), 111-118.

Nguyen, M. T. T.; Awale, S.; Tezuka, Y.; Tran, Q. L.; Watanabe, H.; Kadota, S.,
Xanthine oxidase inhibitory activity of Vietnamese medicinal plants Biol. Pharm.
Bull. 2004, 27, (9), 1414-1421.

Higgins, P.; Dawson, J.; Walters, M., The potential for xanthine oxidase inhibition in
the prevention and treatment of cardiovascular and cerebrovascular disease.
Cardiovasc. Psychiatry Neurol. 2009, 2009.

Pacher, P.; Nivorozhkin, A.; Szabg, C., Therapeutic effects of xanthine oxidase
inhibitors: renaissance half a century after the discovery of allopurinol. Pharmacol.
Rev. 2006, 58, (1), 87-114.

Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P.; Smith, F., Colorimetric method
for determination of sugars and related substances. Anal. Chem. 1956, 28, (3), 350-
356.

Wangensteen, H.; Samuelsen, A. B.; Malterud, K. E., Antioxidant activity in extracts
from coriander. Food Chem. 2004, 88, (2), 293-297.

Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J., Protein measurement
with the Folin phenol reagent. J. Biol. Chem. 1951, 193, (1), 265-275.

71



PhD thesis Giang Thanh Thi Ho REFERENCES

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

72

Huisman, M.; Fransen, C.; Kamerling, J.; Vliegenthart, J.; Schols, H. A.; Voragen, A.,
The CDTA-soluble pectic substances from soybean meal are composed of
rhamnogalacturonan and xylogalacturonan but not homogalacturonan. Biopolymers
2001, 58, (3), 279-294.

Classen, B.; Witthohn, K.; Blaschek, W., Characterization of an arabinogalactan-
protein isolated from pressed juice of Echinacea purpurea by precipitation with the -
glucosyl Yariv reagent. Carbohydr. Res. 2000, 327, (4), 497-504.

Nothnagel, E. A., Proteoglycans and related components in plant cells. Int. Rev. Cytol.
1997, 174, 195-291.

Tan, L.; Eberhard, S.; Pattathil, S.; Warder, C.; Glushka, J.; Yuan, C.; Hao, Z.; Zhu,
X.; Avci, U.; Miller, J. S., An Arabidopsis cell wall proteoglycan consists of pectin
and arabinoxylan covalently linked to an arabinogalactan protein. The Plant Cell 2013,
25, (1), 270-287.

Ellis, M.; Egelund, J.; Schultz, C. J.; Bacic, A., Arabinogalactan-proteins: key
regulators at the cell surface? Plant Physiol. 2010, 153, (2), 403-4109.

Levigne, S. V.; Ralet, M.-C. J.; Quéméner, B. C.; Pollet, B. N.-L.; Lapierre, C.;
Thibault, J.-F. J., Isolation from sugar beet cell walls of arabinan oligosaccharides
esterified by two ferulic acid monomers. Plant Physiol. 2004, 134, (3), 1173-1180.
Capek, P.; Toman, R.; Kardosova, A.; Rosik, J., Polysaccharides from the roots of the
marsh mallow Althaea officinalis L.: Structure of an arabinan. Carbohydr. Res. 1983,
117, 133-140.

Renard, C. M.; Crépeau, M. J.; Thibault, J. F., Glucuronic acid directly linked to
galacturonic acid in the rhamnogalacturonan backbone of beet pectins. Eur. J.
Biochem. 1999, 266, (2), 566-574.

Hilz, H.; Bakx, E. J.; Schols, H. A.; Voragen, A. G., Cell wall polysaccharides in
black currants and bilberries-characterisation in berries, juice, and press cake.
Carbohydr. Polym. 2005, 59, (4), 477-488.

Waldron, K.; Faulds, C., Cell wall polysaccharides: Composition and structure.
Elsevier: United Kingdom, 2007.

Naran, R.; Chen, G.; Carpita, N. C., Novel rhamnogalacturonan I and arabinoxylan
polysaccharides of flax seed mucilage. Plant Physiol. 2008, 148, (1), 132-141.
Pettolino, F. A.; Walsh, C.; Fincher, G. B.; Bacic, A., Determining the polysaccharide
composition of plant cell walls. Nat. Protoc. 2012, 7, (9), 1590-1607.

Hilz, H.; de Jong, L. E.; Kabel, M. A.; Verhoef, R.; Schols, H. A.; Voragen, A. G.,
Bilberry xyloglucan-novel building blocks containing -xylose within a complex
structure. Carbohydr. Res. 2007, 342, (2), 170-181.

Austarheim, I.; Christensen, B. E.; Aas, H. T. N.; Théle, C.; Diallo, D.; Paulsen, B. S.,
Chemical characterization and complement fixation of pectins from Cola cordifolia
leaves. Carbohydr. Polym. 2014, 102, 472-480.

Yamada, H., Bioactive plant polysaccharides from Japanese and Chinese traditional
herbal medicines. Bioactive carbohydrate polymers, Springer: Netherlands, 2000; pp
15-24.

Whitcombe, A. J.; O'Neill, M. A.; Steffan, W.; Albersheim, P.; Darvill, A. G.,
Structural characterization of the pectic polysaccharide, rhamnogalacturonan-II.
Carbohydr. Res. 1995, 271, (1), 15-29.

O’Neill, M. A.; York, W. S., The composition and structure of plant primary cell
walls. Blackwell Publishing: Oxford, 2003.

Grgnhaug, T. E.; Kiyohara, H.; Sveaass, A.; Diallo, D.; Yamada, H.; Paulsen, B. S.,
Beta-d-(1— 4)-galactan-containing side chains in RG-I regions of pectic
polysaccharides from Biophytum petersianum Klotzsch. contribute to expression of



PhD thesis Giang Thanh Thi Ho REFERENCES

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

immunomodulating activity against intestinal Peyer’s patch cells and macrophages.
Phytochemistry 2011, 72, (17), 2139-2147.

Samuelsen, A. B.; Paulsen, B. S.; Wold, J. K.; Otsuka, H.; Kiyohara, H.; Yamada, H.;
Knutsen, S. H., Characterization of a biologically active pectin from Plantago major
L. Carbohydr. Polym. 1996, 30, (1).

Zou, Y.-F.; Barsett, H.; Ho, G. T. T.; Inngjerdingen, K. T.; Diallo, D.; Michaelsen, T.
E.; Paulsen, B. S., Immunomodulating pectins from root bark, stem bark, and leaves of
the Malian medicinal tree Terminalia macroptera, structure activity relations.
Carbohydr. Res. 2014, 403, (50th Anniversary Issue), 167-173.

Togola, A.; Inngjerdingen, M.; Diallo, D.; Barsett, H.; Rolstad, B.; Michaelsen, T. E.;
Paulsen, B. S., Polysaccharides with complement fixing and macrophage stimulation
activity from Opilia celtidifolia, isolation and partial characterisation. J.
Ethnopharmacol. 2008, 115, (3), 423-431.

Nergard, C. S.; Matsumoto, T.; Inngjerdingen, M.; Inngjerdingen, K.; Hokputsa, S.;
Harding, S. E.; Michaelsen, T. E.; Diallo, D.; Kiyohara, H.; Paulsen, B. S., Structural
and immunological studies of a pectin and a pectic arabinogalactan from Vernonia
kotschyana Sch. Bip. ex Walp.(Asteraceae). Carbohydr. Res. 2005, 340, (1), 115-130.
Inngjerdingen, K. T.; Patel, T. R.; Chen, X.; Kenne, L.; Allen, S.; Morris, G. A.;
Harding, S. E.; Matsumoto, T.; Diallo, D.; Yamada, H., Immunological and structural
properties of a pectic polymer from Glinus oppositifolius. Glycobiology 2007, 17,
(12), 1299-1310.

Inngjerdingen, K. T.; Kiyohara, H.; Matsumoto, T.; Petersen, D.; Michaelsen, T. E.;
Diallo, D.; Inngjerdingen, M.; Yamada, H.; Paulsen, B. S., An immunomodulating
pectic polymer from Glinus oppositifolius. Phytochemistry 2007, 68, (7), 1046-1058.
Austarheim, I.; Christensen, B. E.; Hegna, I. K.; Petersen, B. O.; Duus, J. O.; Bye, R;
Michaelsen, T. E.; Diallo, D.; Inngjerdingen, M.; Paulsen, B. S., Chemical and
biological characterization of pectin-like polysaccharides from the bark of the Malian
medicinal tree Cola cordifolia. Carbohydr. Polym. 2012, 89, (1), 259-268.
Schepetkin, 1. A.; Quinn, M. T., Botanical polysaccharides: macrophage
immunomodulation and therapeutic potential. Int. Immunopharmacol. 2006, 6, (3),
317-333.

Kim, J. Y.; Yoon, Y. D.; Ahn, J. M.; Kang, J. S.; Park, S.-K.; Lee, K.; Song, K. B.;
Kim, H. M.; Han, S.-B., Angelan isolated from Angelica gigas Nakai induces dendritic
cell maturation through toll-like receptor 4. Int. Immunopharmacol. 2007, 7, (1), 78-
87.

Inngjerdingen, M.; Inngjerdingen, K. T.; Patel, T. R.; Allen, S.; Chen, X.; Rolstad, B.;
Morris, G. A.; Harding, S. E.; Michaelsen, T. E.; Diallo, D., Pectic polysaccharides
from Biophytum petersianum Klotzsch, and their activation of macrophages and
dendritic cells. Glycobiology 2008, 18, (12), 1074-1084.

Austarheim, I.; Mahamane, H.; Sanogo, R.; Togola, A.; Khaledabadi, M.; Vestrheim,
A. C.; Inngjerdingen, K. T.; Michaelsen, T. E.; Diallo, D.; Paulsen, B. S., Anti-ulcer
polysaccharides from Cola cordifolia bark and leaves. J. Ethnopharmacol. 2012, 143,
(1), 221-227.

Napolitano, J. G.; Lankin, D. C.; Chen, S. N.; Pauli, G. F., Complete *H NMR spectral
analysis of ten chemical markers of Ginkgo biloba. Magn. Reson. Chem. 2012, 50, (8),
569-575.

Dirist, N.; Ozden, S.; Umur, E.; Dirust, Y.; Kucukislamoglu, M., The isolation of
carboxylic acids from the flowers of Delphinium formosum. Turk. J. Chem. 2001, 25,
(1), 93-97.

73



PhD thesis Giang Thanh Thi Ho REFERENCES

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

74

Andersen, @. M.; Aksnes, D. W.; Nerdal, W.; Johansen, O. P., Structure elucidation of
cyanidin-3-sambubioside and assignments of the *H and **C NMR resonances through
two-dimensional shift-correlated NMR techniques. Phytochem. Anal. 1991, 2, (4),
175-183.

Johansen, O.-P.; Andersen, @. M.; Nerdal, W.; Aksnes, D. W., Cyanidin 3-[6-(p-
coumaroyl)-2-(xylosyl)-glucoside]-5-glucoside and other anthocyanins from fruits of
Sambucus canadensis. Phytochemistry 1991, 30, (12), 4137-4141.

Skyler, J. S., Diabetes mellitus: pathogenesis and treatment strategies. J. Med. Chem.
2004, 47, (17), 4113-4117.

Wild, S.; Roglic, G.; Green, A.; Sicree, R.; King, H., Global prevalence of diabetes
estimates for the year 2000 and projections for 2030. Diabetes Care 2004, 27, (5),
1047-1053.

Risérus, U.; Willett, W. C.; Hu, F. B., Dietary fats and prevention of type 2 diabetes.
Prog. Lipid Res. 2009, 48, (1), 44-51.

Zhang, X.; Huang, H.; Zhao, X.; Lv, Q.; Sun, C.; Li, X.; Chen, K., Effects of
flavonoids-rich Chinese bayberry (Myrica rubra Sieb. et Zucc.) pulp extracts on
glucose consumption in human HepG2 cells. J. Funct. Foods 2015, 14, 144-153.
Chen, Q. C.; Zhang, W. Y.; Jin, W.; Lee, I. S.; Min, B.-S.; Jung, H.-J.; Na, M.; Lee,
S.; Bae, K., Flavonoids and isoflavonoids from Sophorae Flos improve glucose uptake
in vitro. Planta Med. 2010, 76, (01), 79-81.

Fang, X.-K.; Gao, J.; Zhu, D.-N., Kaempferol and quercetin isolated from Euonymus
alatus improve glucose uptake of 3T3-L1 cells without adipogenesis activity. Life Sci.
2008, 82, (11), 615-622.

Christensen, K. B.; Petersen, R. K.; Kristiansen, K.; Christensen, L. P., Identification
of bioactive compounds from flowers of black elder (Sambucus nigra L.) that activate
the human peroxisome proliferator-activated receptor (PPAR) y. Phytother. Res. 2010,
24, (S2), S129-S132.

Mikulic-Petkovsek, M.; Samoticha, J.; Eler, K.; Stampar, F.; Veberic, R., Traditional
elderflower beverages: a rich source of phenolic compounds with high antioxidant
activity. J. Agric. Food Chem. 2015, 63, (5), 1477-1487.

Towler, M. C.; Hardie, D. G., AMP-activated protein kinase in metabolic control and
insulin signaling. Circ. Res. 2007, 100, (3), 328-341.

Zang, M.; Xu, S.; Maitland-Toolan, K. A.; Zuccollo, A.; Hou, X.; Jiang, B.;
Wierzbicki, M.; Verbeuren, T. J.; Cohen, R. A., Polyphenols stimulate AMP-activated
protein kinase, lower lipids, and inhibit accelerated atherosclerosis in diabetic LDL
receptor—deficient mice. Diabetes 2006, 55, (8), 2180-2191.

Kumar, R.; Balaji, S.; Uma, T.; Sehgal, P., Fruit extracts of Momordica charantia
potentiate glucose uptake and up-regulate Glut-4, PPARy and PI3K. J.
Ethnopharmacol 2009, 126, (3), 533-537.

Pisonero-Vaquero, S.; Martinez-Ferreras, A.; Garcia-Mediavilla, M. V.; Martinez-
Florez, S.; Fernandez, A.; Benet, M.; Olcoz, J. L.; Jover, R.; Gonzalez-Gallego, J.;
Sanchez-Campos, S., Quercetin ameliorates dysregulation of lipid metabolism genes
via the PI3BK/AKT pathway in a diet-induced mouse model of nonalcoholic fatty liver
disease. Mol. Nutr. Food Res. 2015, 59, (5), 879-893.

Christensen, K. B.; Minet, A.; Svenstrup, H.; Grevsen, K.; Zhang, H.; Schrader, E.;
Rimbach, G.; Wein, S.; Wolffram, S.; Kristiansen, K., Identification of plant extracts
with potential antidiabetic properties: effect on human peroxisome proliferator-
activated receptor (PPAR), adipocyte differentiation and insulin-stimulated glucose
uptake. Phytother. Res. 2009, 23, (9), 1316-1325.



PhD thesis Giang Thanh Thi Ho REFERENCES

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Ali, H.; Houghton, P.; Soumyanath, A., a-Amylase inhibitory activity of some
Malaysian plants used to treat diabetes; with particular reference to Phyllanthus
amarus. J. Ethnopharmacol. 2006, 107, (3), 449-455.

Wu, J.; Shi, S.; Wang, H.; Wang, S., Mechanisms underlying the effect of
polysaccharides in the treatment of type 2 diabetes: A review. Carbohydr. Polym.
2016, 144, 474-494.

Kim, M., High-methoxyl pectin has greater enhancing effect on glucose uptake in
intestinal perfused rats. Nutrition 2005, 21, (3), 372-377.

Matsui, T.; Ueda, T.; Oki, T.; Sugita, K.; Terahara, N.; Matsumoto, K., a-Glucosidase
inhibitory action of natural acylated anthocyanins. 1. Survey of natural pigments with
potent inhibitory activity. J. Agric. Food Chem. 2001, 49, (4), 1948-1951.
McDougall, G. J.; Shpiro, F.; Dobson, P.; Smith, P.; Blake, A.; Stewart, D., Different
polyphenolic components of soft fruits inhibit a-amylase and a-glucosidase. J. Agric.
Food Chem. 2005, 53, (7), 2760-2766.

Bréunlich, M.; Slimestad, R.; Wangensteen, H.; Brede, C.; Malterud, K. E.; Barsett,
H., Extracts, anthocyanins and procyanidins from Aronia melanocarpa as radical
scavengers and enzyme inhibitors. Nutrients 2013, 5, (3), 663-678.

Ma, C.-M.; Sato, N.; Li, X.-Y.; Nakamura, N.; Hattori, M., Flavan-3-ol contents, anti-
oxidative and a-glucosidase inhibitory activities of Cynomorium songaricum. Food
Chem. 2010, 118, (1), 116-119.

Akkarachiyasit, S.; Charoenlertkul, P.; Yibchok-Anun, S.; Adisakwattana, S.,
Inhibitory activities of cyanidin and its glycosides and synergistic effect with acarbose
against intestinal a-glucosidase and pancreatic a-amylase. Int. J. Mol. Sci. 2010, 11,
(9), 3387-3396.

Xiao, J.; Kai, G.; Yamamoto, K.; Chen, X., Advance in dietary polyphenols as a-
glucosidases inhibitors: a review on structure-activity relationship aspect. Crit. Rev.
Food Sci. 2013, 53, (8), 818-836.

Xiao, J.; Chen, T.; Cao, H., Flavonoid glycosylation and biological benefits.
Biotechnol. Adv. 2014, 14, (9).

Manaharan, T.; Appleton, D.; Cheng, H. M.; Palanisamy, U. D., Flavonoids isolated
from Syzygium aqueum leaf extract as potential antihyperglycaemic agents. Food
Chem. 2012, 132, (4), 1802-1807.

Matsui, T.; Tanaka, T.; Tamura, S.; Toshima, A.; Tamaya, K.; Miyata, Y.; Tanaka, K;
Matsumoto, K., a-Glucosidase inhibitory profile of catechins and theaflavins. J. Agric.
Food Chem. 2007, 55, (1), 99-105.

Ishikawa, A.; Yamashita, H.; Hiemori, M.; Inagaki, E.; Kimoto, M.; Okamoto, M.;
Tsuji, H.; Memon, A. N.; Mohammadi, A.; Natori, Y., Characterization of inhibitors
of postprandial hyperglycemia from the leaves of Nerium indicum. J. Nutr. Sci.
Vitaminol. 2007, 53, (2), 166-173.

Giugliano, D.; Ceriello, A.; Paolisso, G., Oxidative stress and diabetic vascular
complications. Diabetes Care 1996, 19, (3), 257-267.

Nile, S. H.; Park, S. W., Antioxidant, a—glucosidase and xanthine oxidase inhibitory
activity of bioactive compounds from maize (Zea mays L.). Chem. Biol. Drug Des.
2014, 83, (1), 119-125.

Schéfer, A.; Hogger, P., Oligomeric procyanidins of French maritime pine bark extract
(Pycnogenol®) effectively inhibit a-glucosidase. Diabetes Res. Clin. Pract. 2007, 77,
(1), 41-46.

Pitocco, D.; Tesauro, M.; Alessandro, R.; Ghirlanda, G.; Cardillo, C., Oxidative stress
in diabetes: implications for vascular and other complications. Int. J. Mol. Sci. 2013,
14, (11), 21525-21550.

75



PhD thesis Giang Thanh Thi Ho REFERENCES

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

76

Kayama, Y.; Raaz, U.; Jagger, A.; Adam, M.; Schellinger, 1. N.; Sakamoto, M.;
Suzuki, H.; Toyama, K.; Spin, J. M.; Tsao, P. S., Diabetic cardiovascular disease
induced by oxidative stress. Int. J. Mol. Sci. 2015, 16, (10), 25234-25263.
Dawidowicz, A. L.; Wianowska, D.; Baraniak, B., The antioxidant properties of
alcoholic extracts from Sambucus nigra L. (antioxidant properties of extracts). LWT-
Food Sci. Technol. 2006, 39, (3), 308-315.

Viskelis, P.; Rubinskiené, M.; Bobinaité, R.; Dambrauskiené, E., Bioactive
compounds and antioxidant activity of small fruits in Lithuania. J. Food. Agric.
Environ. 2010, 8, (3-4), 259-263.

Wu, X.; Gu, L.; Prior, R. L.; McKay, S., Characterization of anthocyanins and
proanthocyanidins in some cultivars of Ribes, Aronia, and Sambucus and their
antioxidant capacity. J. Agric. Food Chem. 2004, 52, (26), 7846-7856.

Wang, H.; Nair, M. G.; Strasburg, G. M.; Chang, Y.-C.; Booren, A. M.; Gray, J. |.;
DeWitt, D. L., Antioxidant and antiinflammatory activities of anthocyanins and their
aglycon, cyanidin, from tart cherries. J. Nat. Prod. 1999, 62, (2), 294-296.

Villano, D.; Fernandez-Pachon, M.; Moy4, M.; Troncoso, A.; Garcia-Parrilla, M.,
Radical scavenging ability of polyphenolic compounds towards DPPH free radical.
Talanta 2007, 71, (1), 230-235.

Yokozawa, T.; Chen, C. P.; Dong, E.; Tanaka, T.; Nonaka, G.-I.; Nishioka, I., Study
on the inhibitory effect of tannins and flavonoids against the 1, 1-diphenyl-2-
picrylhydrazyl radical. Biochem. Pharmacol. 1998, 56, (2), 213-222.

Saw, C. L. L.; Guo, Y.; Yang, A. Y.; Paredes-Gonzalez, X.; Ramirez, C.; Pung, D.;
Kong, A.-N. T., The berry constituents quercetin, kaempferol, and pterostilbene
synergistically attenuate reactive oxygen species: involvement of the Nrf2-ARE
signaling pathway. Food Chem. Toxicol. 2014, 72, 303-311.

Sadik, C. D.; Sies, H.; Schewe, T., Inhibition of 15-lipoxygenases by flavonoids:
structure—activity relations and mode of action. Biochem. Pharmacol. 2003, 65, (5),
773-781.

Sroka, Z.; Cisowski, W., Hydrogen peroxide scavenging, antioxidant and anti-radical
activity of some phenolic acids. Food Chem. Toxicol. 2003, 41, (6), 753-758.

Sato, Y.; Itagaki, S.; Kurokawa, T.; Ogura, J.; Kobayashi, M.; Hirano, T.; Sugawara,
M.; Iseki, K., In vitro and in vivo antioxidant properties of chlorogenic acid and
caffeic acid. Int. J. Pharm. 2011, 403, (1), 136-138.

Santana-Galvez, J.; Cisneros-Zevallos, L.; Jacobo-Velazquez, D. A., Chlorogenic
acid: recent advances on its dual role as a food additive and a nutraceutical against
metabolic syndrome. Molecules 2017, 22, (3), 358.

Liang, N.; Kitts, D. D., Role of chlorogenic acids in controlling oxidative and
inflammatory stress conditions. Nutrients 2015, 8, (1), 16.

Pham, A. T.; Malterud, K. E.; Paulsen, B. S.; Diallo, D.; Wangensteen, H., a-
Glucosidase inhibition, 15-lipoxygenase inhibition, and brine shrimp toxicity of
extracts and isolated compounds from Terminalia macroptera leaves. Pharm. Biol.
2014, 52, (9), 1166-1169.

Cos, P.; Ying, L.; Calomme, M.; Hu, J. P.; Cimanga, K.; Van Poel, B.; Pieters, L.;
Vlietinck, A. J.; Berghe, D. V., Structure-activity relationship and classification of
flavonoids as inhibitors of xanthine oxidase and superoxide scavengers. J. Nat. Prod.
1998, 61, (1), 71-76.

Leong, C. N. A.; Tako, M.; Hanashiro, I.; Tamaki, H., Antioxidant flavonoid
glycosides from the leaves of Ficus pumila L. Food Chem. 2008, 109, (2), 415-420.



PhD thesis Giang Thanh Thi Ho REFERENCES

164. Lin, C.-M.; Chen, C.-S.; Chen, C.-T.; Liang, Y.-C.; Lin, J.-K., Molecular modeling of
flavonoids that inhibits xanthine oxidase. Biochem. Biophys. Res. Commun. 2002, 294,
(1), 167-172.

165. Kweon, M.-H.; Hwang, H.-J.; Sung, H.-C., Identification and antioxidant activity of
novel chlorogenic acid derivatives from bamboo (Phyllostachys edulis). J. Agric. Food
Chem. 2001, 49, (10), 4646-4655.

166. Nakatani, N.; Kayano, S.-i.; Kikuzaki, H.; Sumino, K.; Katagiri, K.; Mitani, T.,
Identification, quantitative determination, and antioxidative activities of chlorogenic
acid isomers in prune (Prunus domestica L.). J. Agric. Food Chem. 2000, 48, (11),
5512-5516.

167. Qin, Y.; Wen, Q.; Cao, J.; Yin, C.; Chen, D.; Cheng, Z., Flavonol glycosides and other
phenolic compounds from Viola tianshanica and their anti-complement
activities. Pharm. Biol. 2015, 54, (7), 1140-1147.

168. Min, B.-S,; Lee, S.-Y.; Kim, J.-H.; Lee, J.-K.; Kim, T.-J.; Kim, D.-H.; Kim, Y.-H.;
Joung, H.; Lee, H.-K.; Nakamura, N., Anti-complement activity of constituents from
the stem-bark of Juglans mandshurica. Biol. Pharm. Bull. 2003, 26, (7), 1042-1044.

169. Jung, K.Y.;Oh,S.R.; Park, S.-H.; Lee, I. S.; Ahn, K. S.; Lee, J. J.; Lee, H.-K., Anti-
complement activity of tiliroside from the flower buds of Magnolia fargesii. Biol.
Pharm. Bull. 1998, 21, (10), 1077-1078.

170. Bogdan, C., Nitric oxide and the immune response. Nat. Immunol. 2001, 2, (10), 907-
916.

171. Hamaléinen, M.; Nieminen, R.; Vuorela, P.; Heinonen, M.; Moilanen, E., Anti-
inflammatory effects of flavonoids: genistein, kaempferol, quercetin, and daidzein
inhibit STAT-1 and NF-«kB activations, whereas flavone, isorhamnetin, naringenin,
and pelargonidin inhibit only NF-«B activation along with their inhibitory effect on
INOS expression and NO production in activated macrophages. Mediators Inflamm.
2007, 45673.

172. Biesalski, H. K., Polyphenols and inflammation: basic interactions. Curr. Opin. Clin.
Nutr. Metab. Care 2007, 10, (6), 724-728.

77



PhD thesis Giang Thanh Thi Ho PAPERS I-VII

PAPERS I-VII

I.  Giang Thanh Thi Ho, Abeeda Ahmed, Yuan-Feng Zou, Torun Helene Aslaksen,
Helle Wangensteen & Hilde Barsett. Structure-activity relationship of
immunomodulating pectins from elderberries. Carbohydrate Polymers 2015,

125, 241-248.

Il.  Giang Thanh Thi Ho, Yuan-Feng Zou, Torun Helene Aslaksen, Helle Wangensteen
& Hilde Barsett. Structural characterization of bioactive pectic polysaccharides from
elderflowers (Sambuci flos). Carbohydrate Polymers 2016, 135, 128-137.

I1l.  Giang Thanh Thi Ho, Yuan-Feng Zou, Helle Wangensteen & Hilde Barsett. RG-I
regions from elderflower pectins substituted on GalA are strong immunomodulators.

International Journal of Biological Macromolecules 2016, 92, 731-738.

IV.  Giang Thanh Thi Ho, Eili Tranheim Kase, Helle Wangensteen & Hilde
Barsett. Effect of phenolic compounds from elderflowers on glucose- and fatty acid
uptake in human myotubes and HepG2-Cells. Molecules 2017, 22(90), 1-15.

V. Giang Thanh Thi Ho, Eili Tranheim Kase, Helle Wangensteen & Hilde
Barsett. Phenolic elderberry extracts, anthocyanins, procyanidins and metabolites
influence glucose and fatty acid uptake in human skeletal muscle cells. Journal of
Agricultural and Food Chemistry 2017, 65, 2677-2685.

V1.  Giang Thanh Thi Ho, Thi Kim Yen Nguyen, Eili Tranheim Kase, Margey Tadesse,
Hilde Barsett & Helle Wangensteen. Anti-diabetes and enzyme inhibitory effects of

Norwegian berries — a comparison of 14 different berry extracts. Manuscript

VII.  Giang Thanh Thi Ho, Helle Wangensteen & Hilde Barsett. Elderberry and

elderflower extracts, phenolic compounds and metabolites with effect on
complement, RAW 264.7 macrophages and dendritic cells. International Journal of
Molecular Sciences 2017, 18(3), 584, 1-17.

78


http://www.elsevier.com/wps/find/journaldescription.cws_home/405871/description#description
http://www.elsevier.com/wps/find/journaldescription.cws_home/405871/description#description
http://www.elsevier.com/wps/product/cws_home/525446

