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Abstract: Sea buckthorn (Elaeagnus rhamnoides (L.) A. Nelson) is a small tree or bush. It belongs to the
Elaeagnaceae family, and has been used for many years in traditional medicine in both Europe and
Asia. However, there is no data on the effect of sea buckthorn leaves and twigs on the properties
of blood platelets. The aim of the study was to analyze the biological activity of phenolic extracts
from leaves and twigs of sea buckthorn in blood platelets in vitro. Two sets of extracts were used: (1)
phenolic compounds from twigs and (2) phenolic compounds from leaves. Their biological effects on
human blood platelets were studied by blood platelet adhesion, platelet aggregation, arachidonic acid
metabolism and the generation of superoxide anion. Cytotoxicity was also evaluated against platelets.
The action of extracts from sea buckthorn twigs and leaves was compared to activities of the phenolic
extract (a commercial product from the berries of Aronia melanocarpa (Aronox®) with antioxidative
and antiplatelet properties. This study is the first to demonstrate that extracts from sea buckthorn
leaves and twigs are a source of bioactive compounds which may be used for the prophylaxis and
treatment of cardiovascular pathologies associated with blood platelet hyperactivity. Both leaf and
twig extracts were found to display anti-platelet activity in vitro. Moreover, the twig extract (rich in
proanthocyanidins) displayed better anti-platelet potential than the leaf extract or aronia extract.

Keywords: antiplatelet activity; adhesion; aggregation; E. rhamnoides; blood platelets

1. Introduction

Platelets are highly reactive cells activated through various specific membrane receptors by
physiological agonists, such as adenosine diphosphate (ADP), thrombin and collagen, as well as
non-physiological agonists. They also play an important role in hemostasis, this being the regulation
of the flowing properties of blood. In the presence of agonists, blood platelets respond by adhering
to various adhesive proteins, including collagen, forming platelet aggregates and secreting various
compounds from granules. Moreover, various biochemical processes such as phosphoinositide
hydrolysis, arachidonic metabolism and eicosanoid biosynthesis, and reactive oxygen species (ROS)
generation, are involved in platelet activation [1,2]. However, uncontrolled platelet activation is also
an important risk factor of cardiovascular diseases. For example, blood platelets may form pathogenic
thrombi, which are responsible for acute ischemic events [2]. In developed countries, the greatest
single cause of mortality is due to cardiovascular conditions, such as atherosclerosis and thrombosis;
these are responsible for about 50% of all deaths each year in Europe [3–5].
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The most widely-known and popular anti-platelet drug is acetylsalicylic acid (aspirin), which
acts as a cyclooxygenase inhibitor, an enzyme involved in eicosanoid synthesis. The most common
side effects of aspirin are indigestion, stomach aches and bleeding [1,2]. Hence, there is great interest
in identifying new anti-platelet agents without side effects. Many experiments, both in vitro and
in vivo, suggest that berries may contain substances that affect the functioning of blood platelets,
including their high phenolic content [6]. Various berries, including aronia berries (Aronia melanocarpa),
blueberries (Vacconium myrtillus) and grapes (Vitis) have been found to possess antioxidant and
antiplatelet activities [6–8]. Studies indicate that the effects of these fruits on blood platelet activation
are dependent on not only the concentration of berry phenolics or the class of phenolic compounds,
but also the type of berry and the form of food products or medical preparations [6]. In addition, the
consumption phenolic compounds present in fresh berries or berry products, such as berry extracts,
have not been associated with any unwanted or toxic activity, including hematological or urinary
effects [7–17].

Dietary supplements, including commercial products made from aronia berries (Aronox®) may
inhibit platelet activation, by reducing platelet aggregation or eicosanoid synthesis [10]. Various studies
have shown that sea buckthorn (Elaeagnus rhamnoides (L.) A. Nelson) berries and their products may
have therapeutic and protective properties against cardiovascular diseases [11–15]. Sea buckthorn
is a small tree or bush. It belongs to the Elaeagnaceae family, and it has been used for many years
in traditional medicine in both Europe and Asia. Sea buckthorn fruits have been used for treating
various diseases, including cardiovascular diseases, for many years and are described in Chinese
medical literature [6,8]. The therapeutic potential of sea buckthorn oils against cardiovascular diseases
has been associated with its high unsaturated fatty acid content [8]. In addition, the phenolic-rich
fraction of sea buckthorn berries has also been found to demonstrate anti-platelet activity [16], and sea
buckthorn leaves and twigs contain various bioactive compounds, including phenolic compounds,
with antioxidant and anticoagulant properties [17]. However, the mechanism behind their influence on
blood platelet activation remains unknown. Therefore, the aim of the present study was to determine the
biological activity of extracts from the leaves and twigs of sea buckthorn against blood platelets in vitro.
The following battery of standard tests was used to obtain a broad overview of the key mechanisms
behind the beneficial action of phenolic compounds on cardiovascular diseases: blood platelet adhesion
to collagen type I and fibrinogen, blood platelet aggregation induced by various physiological agonists,
metabolism of thiol groups and glutathione (GSH) in tested blood cells, nonenzymatic lipid peroxidation
in resting platelets, arachidonic acid metabolism (enzymatic lipid peroxidation) in platelets activated
by thrombin, and platelet superoxide anion (O2

−) production. In addition, the cellular safety of tested
extracts was evaluated in vitro using a cytotoxicity test against human blood platelets, measuring
extracellular lactate dehydrogenase (LDH) activity. The action of extracts from sea buckthorn twigs
and leaves was compared to activities of the phenolic extract, a commercial extract from the berries of
Aronia melanocarpa (Aronox®) with antioxidative and antiplatelet properties [18–20].

2. Results

Our results show significantly lower adhesion to collagen of resting blood platelets and
thrombin-activated platelets following preincubation with 0.5–50 µg/mL twig and leaf extract (Figure 1;
Table 1). The percentage inhibition of adhesion of thrombin- or ADP-activated platelets to fibrinogen
is given in Figure 2. At the highest tested concentration (50 µg/mL), the sea buckthorn twig extract
demonstrated greater inhibition of thrombin-activated platelets to collagen or fibrinogen than the leaf
extract. The twig extract demonstrated 69.5 ± 7.0% (p < 0.02) inhibition of adhesion to collagen and
62.6 ± 9.0% (p < 0.02) inhibition of adhesion to fibrinogen.

The next part of the study examined the potential of the twig and leaf extracts (at 10 and
50 µg/mL) to reduce platelet aggregation stimulated by different agonists, i.e., ADP, collagen and
thrombin. The tested extracts were not found to display any anti-aggregatory properties when ADP
and collagen were used as agonists (p > 0.05). However, both 10 and 50 µg/mL leaf extract inhibited
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thrombin-stimulated platelet aggregation, as did the twig extract at the higher concentration of
50 µg/mL (p < 0.05) (Figure 3). For example, the percentage inhibition of thrombin-stimulated platelet
aggregation was 35.5 ± 9.1% (p < 0.05) for twig extract and 29.9 ± 8.9% (p < 0.05) for leaf extract at a
concentration of 50 µg/mL (Figure 3).Molecules 2019, 24, x 3 of 17 
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Figure 1. Twig (A) and leaf extract (B) (0.5–50 µg/mL; 30 min) on adhesion of resting blood platelets 
and thrombin-activated platelets to collagen. The inhibition of platelet adhesion by the plant extracts 
is expressed as the percentage of that recorded for control blood platelets (without the plant extract) 
– positive control. Data represent mean ± standard error (SE) of 5 (for resting platelets) and 9 (for 
thrombin-activated platelets) healthy volunteers (each experiment performed in triplicate). *p < 0.05, 
**p < 0.02 (vs. control platelets). 
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Figure 1. Twig (A) and leaf extract (B) (0.5–50 µg/mL; 30 min) on adhesion of resting blood
platelets and thrombin-activated platelets to collagen. The inhibition of platelet adhesion by the
plant extracts is expressed as the percentage of that recorded for control blood platelets (without the
plant extract)–positive control. Data represent mean ± standard error (SE) of 5 (for resting platelets)
and 9 (for thrombin-activated platelets) healthy volunteers (each experiment performed in triplicate).
* p < 0.05, ** p < 0.02 (vs. control platelets).
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Table 1. Comparison of the effects of sea buckthorn twig and leaf extracts and aronia berry extract
at the concentration (10 µg/mL) on blood platelet adhesion. Results are given as means ± SE of 5–9
healthy volunteers (experiments done in triplicate).and expressed in percentage (%) difference between
the control and tested extracts.

Inhibition of
Resting Blood

Platelet Adhesion
to Collagen (%)

Inhibition of
Thrombin-Activated

Platelets to
Collagen (%)

Inhibition of
Thrombin-

Activated Platelets
to Fibrinogen (%)

Inhibition of
ADP-Activated

Platelets to
Fibrinogen (%)

Sea buckthorn twig
extract (a)

39.6 ± 13.4
(p > 0.05, a vs. b, c)

59.4 ± 9.0 (p < 0.05,
a vs. b, c)

63.4 ± 5.3
(p < 0.05, a vs. b, c)

29.0 ± 16.4
(p > 0.05, a vs. b, c)

Sea buckthorn leaf
extract (b)

46.3 ± 15.6
(p > 0.05, b vs. c)

42.1 ± 10.3
(p > 0.05, b vs. c)

55.8 ± 9.2
(p < 0.05, b vs. c)

53.0 ± 29.1
(p > 0.05, b vs. c)

Aronia berry
extract (c) 24.5 ± 11.4 34.9 ± 12.9 32.1 ± 17.4 30.7 ± 15.9
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Figure 2. Twig (A) and leaf extract (B) (0.5–50 µg/mL; 30 min) on adhesion of thrombin/adenosine 
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extract is expressed as the percentage of that recorded for control blood platelets (without the plant 
extract) – positive control. Data represent mean ± SE of 5 (for ADP-activated platelets) and (for 
thrombin-activated platelets) healthy volunteers (each experiment performed in triplicate). *p < 0.05, 
**p < 0.02 (vs. control platelets). 
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Figure 2. Twig (A) and leaf extract (B) (0.5–50 µg/mL; 30 min) on adhesion of thrombin/adenosine
diphosphate (ADP)-activated platelets to fibrinogen. Inhibition of platelet adhesion by the plant
extract is expressed as the percentage of that recorded for control blood platelets (without the plant
extract)–positive control. Data represent mean ± SE of 5 (for ADP-activated platelets) and (for
thrombin-activated platelets) healthy volunteers (each experiment performed in triplicate). * p < 0.05,
** p < 0.02 (vs. control platelets).
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Figure 3. Effects of twig and leaf extract (10 and 50 µg/mL; 30 min) on blood platelet aggregation
stimulated by different agonists: 10 µM ADP, 2 µg/mL collagen and 1 Unit/mL thrombin. Data represent
mean ± SE of 5 (for thrombin-activated platelets) and 9 (for ADP or collagen-activated platelets) healthy
volunteers (each experiment performed in triplicate). Neither concentration of the tested extract (10
and 50 µg/mL) had a statistically significant effect on aggregation stimulated by ADP and collagen
compared to control platelets (p > 0.05 (n.s.)). However both concentrations of the tested extract (10
and 50 µg/mL) had a statistically significant effect on aggregation stimulated by thrombin compared to
controls (* p < 0.05).

No change was observed in platelet GSH concentration or thiol group number in platelet proteins
following exposure to the two tested sea buckthorn extracts at concentrations between 1–50 µg/mL
(p > 0.05) (Figure 4).
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Figure 4. Twig and leaf extract (1, 5 and 50 µg/mL; 30 min) on the level of thiol groups in glutathione
(GSH) fraction (A) and protein fraction (B) isolated from blood platelets. Data represent mean ± SE of 3
(for GSH) and 4 (for protein fraction) healthy volunteers (each experiment done in triplicate). In these
experiments, the level of GSH fraction in control sample (positive control–blood platelets not treated
with plant extract) was 5.7 ± 0.8 nmol GSH/mL of platelets, and was expressed as 100% (A); the level of
thiol groups in protein fraction in control sample (positive control–blood platelets not treated with
plant extract) was 112.4 ± 17.4 nmol GSH/mL of platelets, and was expressed as 100% (B). None of
three different concentrations of the tested extract (1, 5 and 50 µg/mL) had a statistically significant
effect compared to controls (p > 0.05 (n.s.)).

As demonstrated in Figure 5A,B, no change in the thiobarbituric acid reactive substances (TBARS)
level was observed in the resting blood platelets or the thrombin-activated blood platelets following
incubation with the leaf extract at concentrations of 0.5, 5 or 50 µg/mL (p > 0.05). On the other hand,
all used concentrations of twig extract (0.5, 5 and 50 µg/mL) significantly reduced lipid peroxidation
in both the resting and the thrombin-activated platelets (p < 0.05) (Figure 5A,B). At the highest-used
concentration of twig extract (50 µg/mL), inhibition of lipid peroxidation was found to be about 40%
for both resting platelets and those activated by thrombin (Figure 5A,B). In addition, 50 µg/mL twig
extract demonstrated stronger inhibition than leaf extract at the same concentration.
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Figure 5. Twig and leaf extract (0.5, 5 and 50 µg/mL; 30 min) on lipid peroxidation in resting platelets
(A) and in blood platelets activated by thrombin (B). In these experiments, blood platelets not treated
with plant extract were used as control samples (positive control). Data represent mean ± SE of 6
healthy volunteers (each experiment done in triplicate). The three different concentrations of the twig
extract (0.5, 5 and 50 µg/mL) had a statistically significant compared to controls (* p < 0.05). However,
none of the three different concentrations of the leaf extract (0.5, 5 and 50 µg/mL) had any statistically
significant effect compared to controls (p > 0.05 (n.s.)).

Only the twig extract was found to significantly reduce the process of O2
− production in resting

platelets and activated platelets (Figure 6A,B).
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Figure 6. Effects of twig and leaf extract (0.5 and 5 µg/mL; 30 min) on O2
− production in resting platelets
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(A) and in blood platelets activated by thrombin (B). Data represent mean ± SE of 5 healthy volunteers
(each experiment done in triplicate). In these experiments, the O2

− level in control samples (positive
control – blood platelets not treated with plant extract) was 0.592 ± 0.321 nmol/108 platelets (for resting
platelets) and 1.222 ± 0.434 nmol/108 platelets (for thrombin-activated platelets). Inhibition of O2

−

production was expressed as a percentage of that recorded for positive control (platelets without
tested extracts). The effects of the two different concentrations of twig extract (0.5 and 5 µg/mL) were
significantly different to controls (* p < 0.05; ** p < 0.02). The two different concentrations of leaf
extract (0.5 and 5 µg/mL) demonstrated no statistically significant effect compared to control platelets
(p > 0.05 (n.s.)).

Regarding the cytotoxicity of the extracts, none were found to cause lysis of blood platelets
(p > 0.05) (Figure 7).
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Figure 7. The toxic effects of twig and leaf extract (0.5–50 µg/mL; 30 min) against human blood platelets.
In these experiments, blood platelets not treated with plant extract were used as control samples
(positive control). Data represent mean ± SE of 6 healthy volunteers (each experiment performed in
triplicate). None of the five different concentrations of the tested extract (0.5, 1, 5, 10 and 50 µg/mL) had
any statistically significant effect compared to controls (p > 0.05 (n.s.)).

In comparative experiments (for blood platelet adhesion), the extract of sea buckthorn twigs
(at the tested concentration, 10 µg/mL) turned out to be more effective than 10 µg/mL aronia extract
(p < 0.05) (Table 1).

3. Discussion

In addition to multivitamin and multimineral compounds, demand is growing for supplements
based on plant sources. One such plant is sea buckthorn, which offers great promise as a supplement,
mainly due to its high concentrations of vitamin C, tocopherols and carotenoids, as well as its unique
profile of lipids (especially unsaturated fatty acids) and various bioactive compounds, including
phenolics, believed to be good for human health [8,21,22], in both berries and berry products [8,21].

Sea buckthorn berries are therefore good candidates for functional food production. Recently, other
studies have indicated that sea buckthorn leaves and twigs are also good sources of phenolic compounds
with various biological activities, including antioxidant and anticoagulant properties [17,23–28].
However, the effect of extracts from sea buckthorn leaves and twigs on blood platelet activation, which
play an important role in various cardiovascular diseases, has not yet been studied. Therefore, the
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main aim of our in vitro study was to examine the anti-platelet properties of sea buckthorn leaf and
twig extracts.

A significant new finding is that these extracts demonstrate antiadhesive activity in the tested
system of isolated washed human blood platelets, with the tested extracts reducing blood platelet
adhesion to collagen and fibrinogen. In addition, both tested extracts inhibited the aggregation of
platelets following thrombin stimulation; interestingly, this inhibition was not observed in the platelets
activated by collagen or ADP. It is possible that that tested extracts might interact with the plasma
proteins present in platelet-rich plasma (PRP), thus preventing anti-aggregatory activity.

Although blood platelet function is known to involve thiol groups [29,30], our findings do not
suggest that the sea buckthorn twig and leaf extracts influenced the levels of thiol groups, and that the
extracts probably do not modulate platelet activation by thiol groups. In addition, the tested extracts
did not change the platelet concentration of GSH: an important physiological antioxidant.

Blood platelet activation is associated with arachidonic acid metabolism, in which different
intermediate products, including pro-thrombotic thromboxane A2 (TXA2) are produced. Thromboxane
A2 is an unstable compound, which is metabolized to inactive thromboxane B2 after about 30 s. In the
present experiments, TBARS concentration was used as an indicator of enzymatic peroxidation of
arachidonic acid in the thrombin-stimulated platelets. The twig extract was found to reduce the
thrombin-induced enzymatic cascade of arachidonic acid metabolism in blood platelets. It is possible
that this extract may restore the level of platelet response by helping maintain the redox balance in
thrombin-activated blood platelets.

It is known that ROS, which may behave as secondary signaling molecules, are generated both
in resting platelets and those activated by various agonists, including thrombin. For example, O2

−

generation is associated with the enzymatic pathway of arachidonic acid metabolism. A reduction
in O2

− production was observed in thrombin-activated blood platelets treated with the twig extract,
which was accompanied by a decrease in TBARS production. This inhibition of TBARS production and
O2
− generation by the twig extract suggests that it may also inhibit the thrombin-activated arachidonic

acid pathway. It is also possible that the tested leaves and twig extracts may influence platelet reactivity
by modifying other signal pathways, not only ROS level, e.g., through the inhibition of enzymatic
peroxidation of lipids (TXA2 biosynthesis), or modifying the expression of platelet receptors.

The differences in blood platelet activation displayed by the extracts may be accounted for by
differences in their phenolic profiles. For example, the greater potency of the twig extract may be
associated with its higher proanthocyanidin concentration compared to the leaf extract; for example, it
demonstrated greater ability to encourage the inhibiting of platelet adhesion (stimulated by thrombin)
to type I collagen. Type I is the most prevalent form of collagen in the arterial vessels changed
by atherosclerosis.

Two important aspects of the use of natural compounds as drugs or supplements are their toxicity
and bioavailability; these parameters are often determined for phenolics intended for use as ingredients
of supplements or drugs in in vitro and in vivo models. Our present results demonstrate that none
of the tested sea buckthorn extracts induced damage to human blood platelets within the whole
tested concentration range. As the concentrations of sea buckthorn extracts used in the study may
be achievable in blood during their oral supplementation [31–33], we can confirm that sea buckthorn
leaves and twigs are safe for use in supplements. Gupta et al. [34] also demonstrated no cytotoxicity
and side effects for sea buckthorn leaves following oral administration.

A novel finding of our present study is that sea buckthorn twig extract (at the used concentration,
10 µg/mL), similar to well-known aronia berry extract, has anti-platelet potential. It is also an interesting
that sea buckthorn twig extract had stronger anti-adhesive activity than aronia berry extract.

The bioavailability of phenolic compounds varies according to food source. Moreover, it may
also depend on the presence of various other compounds in the food matrix, including those with
anti-platelet properties [35]. Tormanovic et al. [36] indicate that hippuric acid, a phenolic compound,
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acts as a key metabolite following consumption of fruits, including berries; this exerts anti-platelet
activity by blocking the ADP receptors present on blood platelets [37].

Chong et al. [38] indicate that anthocyanidins and procyanidins have a beneficial impact on
pathologies of the cardiovascular system, including platelet hyperactivity. Reis et al. [39] also report that
anthocyanins have a beneficial cardiovascular effect in animal and human studies. In addition, phenolic
extracts from berries and commercial products made from berries (for example from aronia berries,
Aronox®, which has a high concentration of anthocyanidins) have been found to be more effective
anti-platelet factors than pure phenolic compounds in both in vitro and in vivo models [6,38,40,41].
These findings may suggest that phenolic compounds have synergistic inhibitory actions. Our present
findings regarding the extract of sea buckthorn twigs, which is rich in proanthocyanidins, are consistent
with those of these studies. Therefore, we suppose that this extract may also demonstrate anti-platelet
potential in an in vivo model. The action of the tested ellagitannin-rich extract from sea buckthorn
leaves on blood platelet activation may depend on the interaction of the ellagitannins with thrombin
and other proteins. Dong et al. [42] report that these compounds may inhibit the catalytic activity of
thrombin. However, no information exists on the effect of urolithins, metabolites produced in the gut
following consumption of ellagitannins, upon blood platelet function.

Our present findings shed new light on the anti-platelet potential of sea buckthorn twig and leaf
extracts, particularly those of the twig extract. In future, both may be recommended in the prevention
and treatment of cardiovascular diseases associated with hyperactivation of platelets. In addition, our
findings may assist the development of further potential anti-platelet supplements or potent drugs
against cardiovascular diseases as alternatives to classical drugs such as aspirin, which often induce
side-effects. It is important that fruits are harvested together with leaves and twigs; these by products
represent a rich source of additional safe phenolic compounds with anti-platelet potential, which
would otherwise be regarded as production waste.

4. Materials and Methods

4.1. Chemicals

ADP was obtained from Chrono-Log Corporation (Havertown, USA). Thrombin was purchased
from BioMed Lublin, Poland. Collagen type I, bovine serum albumin (BSA), cytochrome C,
5,5′-dithio-bis(2-nitro-benzoic acid), and dimethylsulfoxide (DMSO) were purchased from Sigma
(St. Louis, MO, USA). Fibrinogen was isolated from pooled citrated human plasma by cold ethanol
precipitation followed by ammonium sulphate fractionation at 26% saturation at 4 ◦C, according to
Doolittle [43]; its concentration was determined spectrophotometrically at 280 nm using an extinction
coefficient of 1.55 for 1 mg/mL solution. The concentration of purified human fibrinogen in the
reaction system was 2 mg/mL. All other reagents represented analytical grade and were provided by
commercial suppliers.

The content of phenolics in the phenolic-rich powder aronia berr extract (commercial product:
Aronox® by Agropharm Ltd., Poland; batch No. 020/2007k) amounted to 309.6 mg/g of extract,
including phenolic acids (isomers of chlorogenic acid), 149.2 mg/g of extract, anthocyanins (anthocyanin
glycosides: cyanidin 3-galactoside, cyanidin 3-glucoside, cyanidin 3-arabinoside, cyanidin 3-xyloside),
110.7 mg/g, and flavonoids (quercetin glycosides), 49.7 mg/g of extract. The high-performance liquid
chromatography (HPLC) determination of this extract was described previously [18–20].

4.2. Plant Material

Sea buckthorn twigs and leaves were obtained from a horticultural farm in Sokółka, Podlaskie
Voivodeship, Poland (53◦24′N, 23◦30′E), the largest Polish producer of sea buckthorn fruits. The plant
material was identified by Mr. Stanislaw Trzonkowski, the owner of the farm. Voucher specimens have
been deposited at the Institute of Soil Science and Plant Cultivation, Sate Research Institute, Pulawy,
Poland (IUNG/HRH/2015/2).
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4.3. Chemical Characteristics of Extracts from Sea Buckthorn Twigs and Leaves

The extracts from leaves and twigs of sea buckthorn were prepared as previously described
(Sadowska et al., 2017). Briefly, freeze-dried leaves and air-dried twigs were milled in a laboratory mill
(Retsch ZM200, Germany). The powdered plant material (140 g of the leaves or 200 g of the twigs)
was extracted with 3 L (in three batches) of 80% methanol (v/v), for 48 h, at room temperature; the
extraction was assisted by ultrasonic treatment (6× 10 min.). After filtration, the methanol extracts were
defatted with n-hexane. The defatted extract was concentrated under reduced pressure, the residue
was resuspended in Milli-Q water, acidified with formic acid and subjected to n-butanol extraction.
The butanol extracts obtained were rotary evaporated, and the residue was suspended in Milli-Q
water and freeze-dried. Their composition was determined by reverse-phase ultra high-performance
liquid chromatography–mass spectrometry (UHPLC–MS), using the ACQUITY UPLCTM system
(Waters, Milford, MA, USA), coupled with and ACQUITY TQD (Waters) triple quadrupole mass
detector. Samples were chromatographed using an ACQUITY BEH C18 (100 mm × 2.1 mm, 1.7 µm;
Waters) column. MS analyses were performed using negative and positive ion mode. More details
of the applied analytical method are presented elsewhere [26]. Constituents of the extracts were
classified and identified on the basis of their ultraviolet (UV) and MS spectra (including in-source
fragmentation), authentic standards, as well as literature data [44–47]. UV-DAD detection (range: from
190 to 480 nm) was used for semi-quantitation of phenolic compounds. The content of individual
hydrolysable tannins, flavonoids and proanthocyanidins was expressed as gallic acid, rutin and
epicatechin equivalents, respectively, and was determined on the basis of calibration curves. The peak
integration of hydrolysable tannins was performed at 270 nm, flavonoids were determined at 350 nm,
and proanthocyanidins at 280 nm. Shown results are means ± SD of three replications.

The principal constituents of sea buckthorn leaf extract were ellagitannins (259.6 ± 3.1 mg/g).
The total flavonoid content was 74.7 ± 0.7 mg/g. Catechin and proanthocyanidins were also detected,
their total content was 7.2 ± 0.2 mg/g The sea buckthorn twig extract consisted mainly of B–type
proanthocyanidins and catechin (total content 597.1 ± 10.2 mg/g). Ellagic acid and its glycosides were
also present (the total content 22.4 ± 0.11 mg/g). Flavonoids were present in trace amounts (the total
content was 1.7 ± 0.4 mg/g). Major phenolic constituents of the sea buckthorn leaf extract and the
twig extract are shown in Tables 2 and 3, respectively. More details on the composition can be found
elsewhere [26].

Table 2. Major phenolic compounds (above 5 µg/mg) of the sea buckthorn leaf extract.

No. Compounds (Tentative
Identification)

tR (min) λ max (nm) [M − H]− Fragment Ions
(+) (m/z)

Concentration
(µg/mg)[M + H]+

1 strictinin/isomer 13.92 220, 270 633 153, 277, 303, 447 6.6 ± 0.3 a
635

2 strictinin/isomer 14.12 220, 270 633 153, 277, 303, 447 7.4 ± 0.3 a
635

3 stachyurin/isomer 14.61 222, 270 935 153, 277, 345, 617 14.2 ± 0.5 a
937

4 casuarinin/isomer 15.13 227, 270 935 153, 255, 345, 617 24.5 ± 0.5 a
937

5 casuarinin/isomer 15.34 230, 270 935 153, 255, 345, 617 39.4 ± 0.5 a
937

6 hippophaenin B/isomer 17.17 224, 270 1103 153, 345, 471, 617 8.8 ± 0.2 a
1105
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Table 2. Cont.

No. Compounds (Tentative
Identification)

tR (min) λ max (nm) [M − H]− Fragment Ions
(+) (m/z)

Concentration
(µg/mg)[M + H]+

7 hippophaenin B/isomer 17.30 224, 270 1103 153, 345, 471, 617 19.6 ± 1.0 a
1105

8 ellagic acid-Hex 19.30 253, 261 463 153, 303 7.4 ± 0.2 a
465

9 casuarictin/isomer 21.56 224, 270sh 935 153, 277, 303,
447, 785 21.7 ± 0.2 a

937

10 Q-Hex-dHex 23.31 255, 352 609 303, 449 5.9 ± 0.0 b
611

11 ellagic acid-Pen 24.02 253, 361 433
303 8.0 ± 0.2 a

435

12 ellagic acid 24.37 253, 366 301
14.0 ± 0.3 a

303

13 I-3-O-Hex-7-O-dHex 26.31 255, 350 623 317, 463 8.4 ± 0.0 b
625

14 I-3-O-Glc-7-O-Rha 27.33 255, 352 623 317, 463 15.9 ± 0.1 b
625

15 K-Hex-pCouA 43.85 266, 314 593 147, 287 5.4 ± 0.1 b
595

Hex—hexose; dHex—deoxyhexose; Glc—glucose; I—isorhamnetin; K—kaempferol; pCouA—p-coumaric acid;
Q—quercetin; Pen—pentose; Rha—rhamnose; a gallic acid equivalent; b rutin equivalent. The presented data is an
updated version of a table published in the supplementary materials of the article by Sadowska et al. (2017).

Table 3. Major phenolic compounds (above 5 µg/mg) of the butanol extract of sea buckthorn twigs.

No. Compounds (Tentative
Identification)

tR (min) λ max (nm) [M − H]− Fragment Ions
(+) (m/z)

Concentration
(µg/mg)[M + H]+

1 gallocatechin-catechin 5.38 270, 300sh 593 259, 305, 465 9.2 ± 0.4 b
595

2 gallocatechin-catechin 5.85 270, 300sh 593 259, 305, 465 8.0 ± 0.4 b
595

3
dimeric

proanthocyanidin 9.71 200, 279 577
289 58.4 ± 0.7 b

579

4 catechin 10.86 200, 278 289
139 76.1 ± 0.8 b

291

5
trimeric

proanthocyanidin 11.37 200, 279 865 139, 289, 579 23.3 ± 0.6 b
867

6
tetrameric

proanthocyanidin 14.90 200, 278 1153 289, 577, 865 12.3 ± 0.2 b
1155

7
trimeric

proanthocyanidin 16.14 200, 278 865 289, 577 13.8 ± 0.3 b
867

8
dimeric

proanthocyanidin 16.77 200, 278 577
291 7.4 ± 0.2 b

579

9
tetrameric

proanthocyanidin 19.23 200, 279 1153 289, 577, 865 11.8 ± 0.2 b
1155

10 ellagic acid 24.46 253, 366 301
7.5 ± 0.1 a

303
a gallic acid equivalent; b epicatechin equivalent; The presented data is an updated version of a table published in
the supplementary materials of the article by Sadowska et al. (2017).

Stock solutions of the twig extract and leaf extract were made in 50% DMSO. The final concentration
of DMSO in samples was lower than 0.05% and its effect was determined in all experiments. A stock
solution of aronia berry extract was made in H2O.
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4.4. Blood Platelet Isolation

Fresh human blood was obtained from 9 healthy volunteers (non-smokers and non-drugs,
including supplements with anti-platelet and antioxidative properties; median age = 27) in the Lodz
Medical Center (Lodz, Poland); the samples were collected in CPD solution (citrate/phosphate/dextrose;
9:1; v/v blood/CPD). The samples were not pooled. To obtain platelet-rich plasma, whole blood was
centrifuged (1200 rpm, 15 min, 25 ◦C). The platelet titer was determined spectrophotometrically
using a Helios α spectrophotometer at a wavelength λ = 800 nm [48]. The suspension obtained was
diluted with Barber buffer (0.14 M NaCl, 0.014 M Tris, 5 mM glucose, pH 7.4) to final concentration of
2 × 108 cells/mL. Analysis of the blood samples was performed under the guidelines of the Helsinki
Declaration for Human Research, and approved by the Committee on the Ethics of Research in Human
Experimentation of the University of Lodz (resolution No. 3/KBBN-UŁ/II/2016). The first, participants
provided verbal consent to the researchers, and later participants provided written the documents.

The platelet suspension was incubated for 30 min at 37 ◦C with extracts from individual parts of
sea buckthorn at final concentrations of 0.5, 1.0, 5.0, 10 and 50 µg/mL. Moreover, blood platelets were
incubated for 30 min at 37 ◦C with aronia extract at the final concentration of 10 µg/mL.

4.5. Platelet Adhesion

Platelet adhesion was evaluated by measuring the activity of the platelet exoenzyme (acid
phosphatase). Platelets were dissolved with Triton X-100. The formation of p-nitrophenol was
measured at λ = 405 nm using a SPECTROstar Nano Microplate Reader (BMG LABTECH, Germany)
following the addition of p-nitrophenylphosphate, the phosphatase substrate. The color reaction
is created by the addition of 2 M NaOH. The absorbance of control blood platelets (without tested
extracts) was expressed as 100% [16,49].

4.6. Platelet Aggregation

Platelet aggregation was measured by turbidimetry in platelet-rich plasma or in a platelet
suspended in Barber’s buffer using the optical Chrono-Log aggregometer (Chrono-Log, Havertown,
PA, USA) [50].

Samples were prepared with 594 µL platelet-rich plasma (PRP) plus 6 µL extracts, or platelets
suspended in Barber buffer and 6 µL tested extracts. In addition, a control sample without extract
was prepared. Such prepared samples (with extract and without extract) were incubated at 37 ◦C for
30 min.

After incubation, 5µL ADP (final concentrations 10µM) or 5µL collagen (final concentration–2µg/mL)
was added to the platelet rich plasma (PRP) for 10 min. The aggregometer was calibrated against the
poor platelet plasma (100% aggregation).

After incubation, 5 µL thrombin (final concentration 1 Unit/mL) was added for 10 min to the
platelets suspended in Barber’s buffer. The aggregometer was calibrated against Barber’s buffer (100%
aggregation).

In these experiments, the blood platelets or PRP not treated with plant extract were used as control
samples (positive control), and the rate of agonist-induced aggregation for the control sample (in the
absence of plant extract) was 100%.

4.7. Glutathione and Thiol Group Measurement

The concentrations of thiol groups in platelet proteins and the glutathione concentration
was measured spectrophotometrically using a SPECTROstar Nano Microplate Reader (BMG
LABTECH, Germany) at λ = 412 nm with Ellman’s reagent: 5,5′-dithio-bis-(2-nitrobenzoic acid.
The thionitrobenzoate protein derivative and the yellow thionitrobenzoic anion were formed as a result
of the reaction of Ellaman’s digestion with ionised thiol groups. The concentration of thiol groups was
calculated using a molar absorption coefficient (ε = 13,600 M−1cm−1) [51,52].
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4.8. Lipid Peroxidation Measurement

Lipid peroxidation was determined by measuring TBARS concentration. First, 15% trichloroacetic
acid and 0.37% thiobarbituric acid were added to the test samples. The samples were heated in a
heating block at 100 ◦C for 10 min. After cooling, the test samples were centrifuged (10,000 rpm, 15 min,
18 ◦C). The absorbance of the supernatant was measured at λ = 535 nm using a SPECTROstar Nano
Microplate Reader (BMG LABTECH, Germany) [17,18,53,54].

4.9. Superoxide Anion Measurement

The superoxide anion level in blood platelets was determined by spectrophotometric measurement
of the reduction of ferricytochrome c to ferrocytochrome. Cytochrome c (160 µM) was added to two
platelet suspensions: one stimulated by thrombin and another that was unstimulated (resting). The
samples were centrifuged (2000× g). The absorbance of the supernatant was measured at λ = 550 nm
using a SPECTROstar Nano Microplate Reader (BMG LABTECH, Germany). The O2

− determination
uses the molar absorption coefficient for cytochrome C, which is 18,700 M−1cm−1 [22,55].

4.10. Lactate Dehydrogenase (LDH) Activity Measurement

Determination of the activity of lactate dehydrogenase (LDH) released from platelets is a measure
of the toxicity of the tested extracts against platelets. The test samples were centrifuged (15 min, 25 ◦C,
2500 rpm). The microtiter plate was loaded with 270 µL of 0.1 M phosphate buffer, 10 µL of supernatant
and 10 µL of NADH. After a 20-min incubation at room temperature, 10 µL of pyruvate (5 mg) was
added and the absorbance was measured. The reading was repeated for 10 min in every minute using
a SPECTROstar Nano Microplate Reader (BMG LABTECH, Germany) at λ = 340 nm [56].

4.11. Data Analysis

Several tests were used to perform the statistical analysis. In order to eliminate uncertain data,
the Q-Dixon test was performed. All the values in this study were expressed as mean ± SE; n–number
of blood donors. Statistical analysis was performed with one-way analysis of variance (ANOVA) for
repeated measurements.
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Phenolic and nonpolar fractions of Elaeagnus rhamnoides (L.) Nelson extracts as virulence modulators—In vitro
study on bacteria, fungi, and epithelial cells. Molecules 2018, 23, 1498. [CrossRef]

29. Essex, D.W.; Li, N. Redox control of platelet aggregation. Biochemistry 2003, 42, 129–136. [CrossRef]
30. Karolczak, K.; Olas, B.; Kołodziejczyk, J. The role of thiols in blood platelet activation. Adv. Cell Biol. 2009, 1,

101–120.
31. Hirano, I.; Mori, H.; Kato, T.; Haga, M. Safety examination of some edible plants. Part 2. J. Environ. Pathol.

Toxicol. 1978, 1, 71–74.
32. Manach, C.; Scalbert, A.; Morand, C.; Remsey, C.; Jimenez, L. Polyphenols: Food sources and bioavailability.

Am. J. Clin. Nutr. 2004, 79, 727–747. [CrossRef] [PubMed]
33. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remsey, C. Bioavailability and bioafficacy of polyphenols

in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230–242. [CrossRef] [PubMed]
34. Gupta, A.; Kumar, R.; Pal, K.; Banerjee, P.K.; Sawhney, R.C. A preclinical study of the effects of sea buckthorn

(Hippophae rhamnoides L.) leaf extract on cutaneous wound healing in albino rats. Int. J. Low. Extrem. Wounds.
2005, 4, 88–92. [CrossRef] [PubMed]

35. Yang, M.; Koo, S.I.; Song, W.O.; Chun, O.K. Food matrix affecting anthocynanin bioavailability: Review. Curr.
Med. Chem. 2011, 18, 291–300. [CrossRef] [PubMed]

36. Toromanovic, J.; Kovac-Besovic, E.; Sapcainin, A.; Tahirovic, I.; Rimpapa, Z.; Kroyer, G.; Sofic, E. Urinary
hippuric acid after ingestion of edible fruits. Bosn. J. Basic Med. Sci. 2008, 8, 38–43. [CrossRef] [PubMed]

37. Santhakumar, A.B.; Stanley, R.; Singh, I. The ex vivo antiplatelet activation potential of fruit phenolic
metabolite hippuric acid. Food Funct. 2015, 6, 2679–2683. [CrossRef] [PubMed]

38. Chong, M.F.F.; Macdonald, R.; Lovegrove, J.A. Fruit polyphenols and CDV risk: A review of human
intervention studies. B. J. Nutr. 2010, 104, S28–S39. [CrossRef] [PubMed]

39. Reis, J.F.; Monteiro, V.V.S.; de Souza Gomes, R.; do Carmo, M.M.; da Costa, G.V.; Ribera, P.C.; Monteiro, M.C.
Action mechanism and cardiovascular effect of anthocyanins: A systematic review of animal and human
studies. J. Transl. Med. 2016, 14, 315. [CrossRef] [PubMed]

40. Sikora, J.; Broncel, M.; Markowicz, M.; Chalubinski, M.; Wojdan, K.; Mikiciuk-Olasik, E. Short-term
supplementation with Aronia melanocarpa extract improves platelet aggregation, clotting, and fibrinolytsis in
patients with metabolic syndrome. Eur. J. Nutr. 2012, 51, 549–556. [CrossRef] [PubMed]

41. Sikora, J.; Markowicz-Piasecka, M.; Broncel, M.; Mikiciuk-Olasik, E. Extract of Aronia melanocarpa-medified
hemostasis: In vitro studies. Eur. J. Nutr. 2014, 53, 1493–1502. [CrossRef] [PubMed]

42. Dong, H.; Chen, S.X.; Kini, R.M.; Xu, H.X. Effects of tannins from Geum japonicum on the catalytic activity of
thrombin and factor Xa of blood coagulation cascade. J. Nat. Prod. 1998, 61, 1356–1360. [CrossRef] [PubMed]

43. Doolittle, R.F.; Schubert, D.; Schwartz, S.A. Amino acid sequence studies on artiodactyl fibrinopeptides I
Dromedary camel, mule deer, and cape buffalo. Arch. Biochem. Biophys. 1967, 118, 456–467. [CrossRef]

44. Moilanen, J.; Sinkkonen, J.; Salminen, J.P. Characterization of bioactive plant ellagitannins by chromatographic,
spectroscopic and mass spectrometric methods. Chemoecology 2013, 23, 165–179. [CrossRef]

http://dx.doi.org/10.1016/j.fct.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19425187
http://dx.doi.org/10.1016/j.fct.2011.06.061
http://www.ncbi.nlm.nih.gov/pubmed/21723907
http://dx.doi.org/10.1016/j.micpath.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28428132
http://dx.doi.org/10.1016/j.foodchem.2016.09.145
http://www.ncbi.nlm.nih.gov/pubmed/27855899
http://dx.doi.org/10.3390/molecules23071498
http://dx.doi.org/10.1021/bi0205045
http://dx.doi.org/10.1093/ajcn/79.5.727
http://www.ncbi.nlm.nih.gov/pubmed/15113710
http://dx.doi.org/10.1093/ajcn/81.1.230S
http://www.ncbi.nlm.nih.gov/pubmed/15640486
http://dx.doi.org/10.1177/1534734605277401
http://www.ncbi.nlm.nih.gov/pubmed/15911921
http://dx.doi.org/10.2174/092986711794088380
http://www.ncbi.nlm.nih.gov/pubmed/21110799
http://dx.doi.org/10.17305/bjbms.2008.2994
http://www.ncbi.nlm.nih.gov/pubmed/18318670
http://dx.doi.org/10.1039/C5FO00715A
http://www.ncbi.nlm.nih.gov/pubmed/26137920
http://dx.doi.org/10.1017/S0007114510003922
http://www.ncbi.nlm.nih.gov/pubmed/20955648
http://dx.doi.org/10.1186/s12967-016-1076-5
http://www.ncbi.nlm.nih.gov/pubmed/27846846
http://dx.doi.org/10.1007/s00394-011-0238-8
http://www.ncbi.nlm.nih.gov/pubmed/21850495
http://dx.doi.org/10.1007/s00394-014-0653-8
http://www.ncbi.nlm.nih.gov/pubmed/24452534
http://dx.doi.org/10.1021/np9801458
http://www.ncbi.nlm.nih.gov/pubmed/9834152
http://dx.doi.org/10.1016/0003-9861(67)90374-8
http://dx.doi.org/10.1007/s00049-013-0132-3


Molecules 2019, 24, 3620 17 of 17

45. Pop, R.M.; Socaciu, C.; Pintea, A.; Buzoianu, A.D.; Sanders, M.G.; Gruppen, H.; Vincken, J.P.
UHPLC/PDA–ESI/MS analysis of the main berry and leaf flavonol glycosides from different Carpathian
Hippophaë rhamnoides L. varieties. Phytochem. Anal. 2013, 24, 484–492. [CrossRef] [PubMed]

46. Yang, Z.G.; Wen, X.F.; Li, Y.H.; Matsuzaki, K.; Kitanaka, S. Inhibitory effects of the constituents of Hippophae
rhamnoides on 3T3-L1 cell differentiation and nitric oxide production in RAW264. 7 cells. Chem. Pharm. Bull.
2013, 61, 279–285. [CrossRef] [PubMed]

47. Ge, Y.W.; Zhu, S.; Kazuma, K.; Wei, S.L.; Yoshimatsu, K.; Komatsu, K. Molecular ion index assisted
comprehensive profiling of B-type oligomeric proanthocyanidins in rhubarb by high performance liquid
chromatography-tandem mass spectrometry. Anal. Bioanal. Chem. 2016, 408, 3555–3570. [CrossRef]
[PubMed]

48. Walkowiak, B.; Kesy, A.; Michalec, L. Microplate leader—A convenient tool in studies of blood coagulation.
Thromb. Res. 1997, 87, 95–103. [CrossRef]

49. Bellavite, P.; Andrioli, G.; Guzzo, P.; Arigliano, P.; Chirumbolo, S.; Manzato, F.; Santonastaso, C. A colorimetric
method for the measurement of platelet adhesion in microtiter plates. Anal. Biochem. 1994, 216, 444–450.
[CrossRef] [PubMed]

50. Born, G.V.R. Aggregation of blood platelets by adenosine diphosphate and its reversal. Nature. 1962, 194,
927–928. [CrossRef]

51. Ando, Y.; Steiner, M. Sulphydryl and disulphide groups of platelet membranes: Determination of disulphide
groups. Biochim. Biophys. Acta 1973, 311, 26–37. [CrossRef]

52. Ando, Y.; Steiner, M. Sulphydryl and disulphide groups of platelet membranes: Determination of sulphydryl
groups. Biochim. Biophys. Acta 1973, 311, 38–44. [CrossRef]

53. Wachowicz, B. Adenine nucleotides in thrombocytes of birds. Cell Biochem. Funct. 1984, 2, 167–170. [CrossRef]
[PubMed]

54. Bartosz, G. Druga Twarz Tlenu; Naukowe PWN: Warszawa, Poland, 1995; pp. 310–315.
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