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Abstract: Sea buckthorn and Japanese knotweed are known in many traditional medicine systems
to be a great source of bioactive substances. This research aims to compare the bioactivity and
protective effects of the phenolic extracts of leaves from sea buckthorn and roots and leaves from the
Japanese knotweed on erythrocytes. The polyphenol composition of the extract was analyzed using
UPLC-PDA-ESI-MS/MS. The extracts’ toxicity and impact on the erythrocytes’ osmotic fragility were
measured spectrophotometrically. The antioxidant activity was determined based on the inhibition
of oxidation of erythrocytes and their membrane induced by 2,2′-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH),measured spectrophotometrically and using fluorimetry. To find the possi-
ble mechanism of the extracts’ action, extract-modified cells were observed under a microscope, and
the potential localization of the extract’s phytochemical composition was checked using fluorescent
probes. The results showed that the used extracts are not toxic to erythrocytes, increase their osmotic
resistance, and successfully protect them against free radicals. Extract components localize on the
outer part of the membrane, where they can scavenge the free radicals from the environment. Alto-
gether, the presented extracts can greatly protect living organisms against free radicals and can be
used to support the treatment of diseases caused by excess free radicals.

Keywords: plant extracts; erythrocytes; sea buckthorn; Japanese knotweed; antioxidant activity;
hemolysis; fluorimetry; spectrophotometry; UPLC-PDA-ESI-MS/MS

1. Introduction

Along with technological progress in the world, we observe a tremendous increase in
the number of people with non-communicable diseases (NCDs), known as civilizational
or chronic illnesses, e.g., diabetes, cardiovascular and lung diseases, and cancer. Many
environmental factors such as high-processed food, air and water pollution, high stress,
no body movement, and addictions lead to the disruption of the organism’s homeostasis
and, eventually, to illness. According to the World Health Organization, 74% of the yearly
global deaths are caused by NCDs, of which cardiovascular diseases constitute the largest
percentage [1]. To reduce such a negative increase, many studies have focused on the
development of preventative substances. However, synthetical drugs may also harm the
organism, so people are looking into more conventional solutions.

Together with the discovery of new synthetic drugs, there is an increasing trend of
finding medicinal substances derived from natural sources. Many medical plants that
have been known for centuries are a great source of biologically active substances with
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health benefits and have been used in many traditional medicine systems around the
world, including Chinese Medicine. Plants are packed with easily bioavailable nutrients,
such as minerals and vitamins, and contain lots of antioxidants, anti-inflammatory, and
antimicrobial substances, of which polyphenols constitute the largest group [2]. Many
substances are directly derived and purified from plants. There is also a huge trend of using
extracts, which contain lots of healthy substances. Although extracts from the same plants
have similar health potentials, they may vary in composition according to the cultivation
method and the extraction procedure [3].

In this work, two plant extracts, sea buckthorn (Hippophae rhamnoides L.) and Japanese
knotweed (Reynoutria japonica Houtt.) were tested. Both of these plants are used in Chinese
medicine in the treatment of several diseases [4,5]. Sea buckthorn is a bush naturally
distributed in Asia and Europe. It belongs to the Eleagnaceae family, consisting of several
species, of which Hippophae rhamnoides L. is the most common [6,7]. This plant grows
orange berries, which are packed with lots of healthy substances, mainly fatty acids,
β-carotene, and flavonoids [6–8]. However, it was found that the leaves of H. rhamnoides
L. contain more biologically active substances than the berries [8–10]. Sea buckthorn is
used in the treatment of cardiovascular diseases [5,10,11], stomach ulcers [5,12], and skin
diseases [13,14]. Japanese knotweed is a native plant in the Far East. It belongs to the
family of Polygonaceae [4,14]. Leaves and roots of knotweed are the most common and
richest sources of biologically active compounds [4]. R. japonica Houtt. is rich in stilbenes,
flavonoids, anthraquinones, coumarins, and essential oils, which possess high antioxidant
activity [3,4]. Extracts of Japanese knotweed are used to treat several illnesses, such as
cardiovascular diseases [15,16], cancer [17,18], and neuronal diseases [19,20].

Oxidative stress is the main reason for the development of chronic diseases [21]. Any
substance, before getting into the cell, first interacts with the biological membrane [22].
Erythrocytes are the most exposed to the environment, especially oxidants because their
main function is to transport oxygen within organisms. Moreover, they interact with other
substances in the blood vessels, including those with health benefits.

This research aims to investigate the composition of leaf extract from the sea buckthorn
(Hippophae rhamnoides L.) (BE), as well as root (RE) and leaf (LE) extracts from the Japanese
knotweed (Reynoutria japonica Houtt.). Extracts were tested for their protective effects on
red blood cells and their isolated membranes against environment-induced oxidative stress.
Finally, we tried to rule out the possible mechanism of extract action on the cell membrane.
Results from tests are a great comparison of the difference between extracts’ composition
and their impact on the protection of red blood cells against oxidation.

Both plants are known for their invasive character [23–25]. Buckthorn is used mostly
in the production of seed oil and fruit juice [7], and knotweed’s roots have been used for
centuries in Japanese cuisine (known as itadori) [25]. The conducted research aimed to
expand the current knowledge about the health benefits of their polyphenolic extracts.

2. Results
2.1. Analysis of Extracts’ Total Phenolic Content (TPC) and Polyphenolic Composition

The total phenolic content (TPC) of the extract was determined, and it was shown
that each of the extracts is a rich source of phenolic compounds. Sea buckthorn leaf
extract (BE) is the richest source of polyphenols out of all of the used extracts and contains
them in the amount of 879.84 ± 3.54 mgGAE/g. Extracts of root (RE) and leaves (LE) of
Japanese knotweed also contain lots of phenols, and their content is 445.64 ± 71.74 and
436.55 ± 27.39 mgGAE/g, respectively.

The chromatograms of the prepared extracts, as well as the UV and MS spectra data of
polyphenols in all extracts, are presented in Supplementary Materials (Tables S1 and S2,
Figures S1 and S2). Chromatograms of extracts vary between plants. It can be seen that sea
buckthorn extract (BE) consists of mostly high-molecular compounds, which were eluted
from the column very fastly. However, both extracts of the Japanese knotweed (RE and LE)
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consist of mostly lower molecular substances, which were eluted slower from the column
than substances in the BE.

Hippophae rhamnoides L. leaf extract (BE) contains 58.26% polyphenols, out of which
the largest group are tannins and their derivatives (Table S1). Tannins, such as ellagitan-
nins and hydrolyzable tannins, consist of approx. 48.85% of all polyphenols in extract.
In the chromatogram, the highest peaks were obtained for the tannins: chebulagic acid
(Rt = 4.32 min; m/z = 953), ellagitannin (Rt = 5.68, 6.01, 6.31 min; m/z = 1085), and
casuarinin (Rt = 4.32 min; m/z = 935) (Figure S1). Next, according to the contents,
are: flavonols (4.33%) with the highest peak corresponding to isorhamnetin–dihexoside
(Rt = 6.90 min, m/z = 693), phenolic acids (2.4%, e.g., galloyl-bis-HHDP-glucose III,
Rt = 5.24 min; m/z = 935), catechins (1.36%, e.g., catechin–gallocatechin, Rt = 3.70 min;
m/z = 593), different flavonoids (0.82%), and one procyanidin (0.5%)—procyanidin dimmer
type B with the Rt = 5.93, m/z = 577 (Figure S1). The composition of Reynoutria japonica
Houtt. roots (RE) and leaves (LE) extracts vary significantly (Table S2). However, both
contain many polyphenolic compounds, of which RE extract has 40.9% and LE 70.28%.
Procyanidins are the largest group of compounds in extracts, accounting for 31.37% in RE
and 63.04% in LE. The highest peaks on the RE chromatogram (Figure S2a) correspond
to the trans-piceid (Rt = 7.92 min; m/z = 389) and trans-resveratroloside (Rt = 7.19 min;
m/z = 449), which belong to the stilbenes group. All stilbenes and stilbenoids consist
of 6.01% of the RE, but LE contains only 0.09% of them. Furthermore, catechins consist
of 3.37% of the RE and only 0.83% of the LE. (−)-Epicatechin corresponds to 2.64% in
RE and 0.84% in LE (Rt = 5.61 min; m/z = 289). Phenolic acids consist of 0.15% RE and
2.23% of LE polyphenols. Only leaf extract contains polyphenols from flavonols (4.09%)
(Table S2). The highest peak for LE was quercetin rhamnoside, which belongs to the
flavonols (Rt = 9.34 min; m/z = 447) (Figure S2b).

2.2. Determination of the Anti-Radical Activity of the Extracts

The anti-radical activity of the extracts was investigated based on their ability to
reduce DPPH radicals. The results are shown in Table 1.

Table 1. EC50 values (µg/mL) for BE, RE, and LE extracts and standard antioxidant–L (+)-ascorbic
acid that caused 50% reduction of the DPPH radical. Statistically significant differences are marked
as * with p < 0.05.

Extract/Substance EC50 [µg/mL ± SD]

BE 6.28 ± 0.06 *
RE 5.89 ± 0.47 *
LE 6.03 ± 0.65 *

L (+)-ascorbic acid 11.59 ± 0.27

The results showed that the extract causes a significant reduction in DPPH radicals
in comparison to the L (+)-ascorbic acid, treated as a standard antioxidant. The best
anti-radical activity was exhibited by the root extract of Japanese knotweed (RE) (Table 1).

2.3. Hemolytic Activity of Extracts and Their Impact on Osmotic Fragility of Erythrocytes

Hemolytic activity of the extracts and their impact on erythrocytes’ osmotic fragility
was determined using a spectrophotometrically measured release of the hemoglobin. The
results show that both the sea buckthorn and the Japanese knotweed extracts do not
have destructive activity on the erythrocyte membrane in the concentrations used in
the experiment.

However, extracts change the osmotic fragility of the erythrocytes. C50 values for each of
the extracts were as follows: for control cells—0.65 ± 0.01%NaCl; for BE—0.63 ± 0.1%NaCl; for
RE—0.60 ± 0.01%NaCl*; for LE—0.67 ± 0.01%NaCl* (*statistically different values in relation
to control, p < 0.05). The C50 values indicate that the used extracts make erythrocytes more
resistant and intact to osmotic pressure than was observed in the control group. Figure 1 shows
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the hemolytic curves for the control cells modified with 50 µg/mL of RE. The root extract of
Japanese knotweed significantly shifts the hemolytic curve towards lower NaCl concentrations
compared to the control. The effect was observed only for the higher concentration of the
extracts; therefore, a 50 µg/mL concentration was used in this experiment.
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Figure 1. The hemolytic curve for the control cells and cells modified with root extract of Japanese
knotweed (RE) in a concentration of 50 µg/mL. Statistically significant differences are marked as
* with p < 0.05.

2.4. Antioxidant Properties of Extracts against Erythrocytes

A series of experiments with oxidation inducer 2,2′-Azobis(2-methylpropionamidine)
dihydrochloride (AAPH) were performed to examine the potential antioxidant activity of
extracts on erythrocytes and erythrocyte membranes.

Firstly, the antioxidant activity of extracts was checked based on their ability to
inhibit AAPH-induced hemolysis of erythrocytes. The results are shown in Table 2 and
Figure S3a–c. The ability of the extracts to protect the erythrocyte membranes (ghosts)
against oxidative stress was also checked based on the inhibition of oxidation with AAPH.
The comparison of the IC50 of extracts that caused 50% oxidation inhibition is listed in
Table 2.

Table 2. IC50 values (µg/mL) for BE, RE, LE extracts, and Trolox® that caused 50% inhibition of the
AAPH-induced oxidation of erythrocytes and erythrocyte membranes (ghosts) after 90 min.

IC50 [µg/mL] ± SD

Extract/Object Erythrocytes Erythrocytes Membrane

BE 13.7 ± 3.07 6.57 ± 1.12

RE 15.7 ± 1.34 6.42 ± 0.68

LE 6.00 ± 3.02 7.55 ± 2.90

AA/Trolox® 32.5 ± 4.2 * 3.90 ± 0.60 **

* Results for AA were published before in [26]. ** Results for Trolox® were published before in [27].

All the extracts protect red blood cells from oxidative hemolysis. The IC50 of all extracts
that inhibit hemolysis are as follows: 13.77 ± 3.07 µg/mL (BE), 15.7 ± 1.34 µg/mL (RE),
and 6.00 ± 3.02 µg/mL (LE) (Table 2). All results of inhibition varied significantly from
the control sample values. The leaf extract of Japanese knotweed has the best protective
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effect on the whole erythrocyte against AAPH oxidation. All extracts protected the cells in
a much better way than the standard antioxidant ascorbic acid (AA) (Table 2).

The results for the antioxidant abilities of extracts on erythrocyte membranes (ghosts)
show that all the extracts are successful in the means of oxidation inhibition induced by
AAPH. RE showed the best antioxidant activity against AAPH out of all used extracts,
with the lowest IC50 value (Table 2). In the mean of AAPH-induced oxidation, all extracts
had slightly lower antioxidant activity than Trolox®, but they still have very comparable
activity (Table 2).

2.5. Microscopic Observations

To study the ability of extracts to induce erythrocyte shape change, different amounts
of the extracts were incubated with erythrocytes and then the cells were observed under
a microscope. The percentage content of each of the erythrocyte shapes, according to the
morphological indexes of the Bessis scale [28] for control erythrocytes and cells treated
with 50 µg/mL of extracts (concentration that showed significant results) is shown in
Figure 2. The microscopic images of the control sample and modified erythrocytes are
presented in Figure S4 (Supplementary Materials). All the extracts induced the echinocyte
shape formation.
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Figure 2. The percentage content of the erythrocyte shapes induced with 50 µg/mL of BE, RE, and
LE extracts. The names of shapes and their morphological indexes, written in parentheses, are as
follows: spherostomatocytes (SphSt(-4)), second-order stomatocytes (StII(-3)), first-order stomatocytes
(StI(-2)), discostomatocytes (DSt(-1)), discocytes (D(0)), discoechinocytes (DE(1)), echinocytes (E(2)),
spheroechinocytes (SfE(3)), spherocytes (Sf(4)). Statistically significant differences are marked as
* with p < 0.05.

2.6. Impact of Extracts on the Fluidity of the Erythrocyte Membrane

To test the impact of the extracts on the fluidity of the isolated membrane of ery-
throcytes, measurements with fluorescent probes DPH and TMA-DPH were performed.
The comparison of the anisotropy changes of the DPH (a) and TMA-DPH (b) probes with
different concentrations of the extracts is shown in Figure 3.

For the DPH anisotropy, there were no significant differences between the used con-
centrations for all the extracts. The anisotropy of the DPH probe with extract-modified
samples was at a similar level as control cells (Figure 3a). However, there were small
changes in the anisotropy of the TMA-DPH probe for the RE. The highest concentration
of RE (50 µg/mL) was statistically significantly lower than the control sample (Figure 3b).
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This indicates that root extract of Japanese knotweed in higher concentrations contributes
to the changes in the membrane fluidity on the level of the TMA-DPH probe localization in
the erythrocyte membrane.
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3. Discussion

Plant extracts are a great and easily available source of bioactive substances that can
possess healthy benefits for living organisms. However, to fully comprehend their thera-
peutic potential, it is crucial to understand their diverse composition and corresponding
biological activities. In this research, we prepared and analyzed three polyphenolic extracts
derived from the leaves of the sea buckthorn (Hippophae rhamnoides L.) as well as the leaves
and roots of the Japanese knotweed (Reynoutria japonica Houtt.) and tested their bioactivity.
Protective effects, such as the antioxidant properties of extracts, were tested on the erythro-
cytes, as they are mostly exposed to oxidative stress. This study compares the composition
and bioactive and protective properties of these extracts.

The extraction was processed to obtain extracts rich in polyphenolic compounds. This
was confirmed by results from the UPLC-PDA-ESI-MS/MS and total phenolic content
(TPC) analyses. Sea buckthorn extract (BE) is rich in polyphenols, mainly from the group
of tannins and their derivatives: hydrolyzable tannins or ellagitannins (Table S1). Tannins
are non-flavonoid compounds that are the secondary metabolites of plants and are known
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for their bitter taste [29]. Although tannins are known to have toxic effects [30,31], they
still possess a lot of health benefits, which contribute to their large interest in research
areas. Tannins, especially galloyl ones, have antimicrobial activity. They can either bind
with the proteins on the bacterial cell wall [32], interact with bacterial enzymes, or directly
damage the outer wall and bacterial membrane [33–35]. Moreover, tannins have antiox-
idant properties. Researchers found that they can possess better antioxidant properties
than monomeric polyphenols [36]. Our results of polyphenolic composition correspond
to some other research. We have found some flavonoid compounds (isorhamnetin iso-
mers, quercetin) in sea buckthorn extract besides tannins (Table S1). This has been also
found in another study [37]. Catechin and its derivatives were also detected by other
researchers, as described in [38]. Most of the published research mentions the fact that
leaves of sea buckthorn contain lots of gallic acid [39]. Our research did not show the
presence of gallic acid in the chromatogram (Figure S1). A study conducted by Heinäaho,
Pusenius, and Julkunen-Tiitto also mention that leaves of H. rhamnoides L. contain a large
number of tannins, which is in accordance with our obtained results [40]. Extracts from
the Japanese knotweed vary drastically in order of their composition (Table S2). How-
ever, procyanidins constitute the largest percentage of the content of both leaf and root
extracts (Table S2). Procyanidins are the polymers of catechins [41]. They can scavenge free
radicals [42,43], regenerate antioxidants such as ascorbic acid [44], chelate pro-oxidant tran-
sition metals [4,7,45,46], and protect organisms against UV radiation [45,47]. RE contains
stilbenes in a much higher percentage than LE (Table S2). Stilbenes, such as resveratrol and
piceid, are non-flavonoid compounds that have many of the healthy properties, including
anticancer activities [17,18]. Our results also showed that the root of Japanese knotweed
contains some catechins, particularly (−)-epicatechin, which has also been shown in another
work [3,48] (Table S2). Another work also showed that roots of R. japonica Houtt. contain
stilbenoids, such as resveratrol [49], which corresponds to our research. The other study
showed that the roots and leaves of Japanese knotweed are rich in proanthocyanidins [50].
We have also shown that both roots and leaves of this plant contain lots of polymeric
proanthocyanidins—protoanthocyanidins. In RE, they consist of 31.37% and in leaves—
63.04% (Table S2). The other compounds that were not mentioned in the analysis belong to
the high-weight polyphenols, which have antioxidant and health benefits and contribute to
the extracts’ bioactivity.

The Folin-Ciocâlteu (F-C) assay is a common and simple method used in the many
fields of science and industry. It can be used to measure not only the total phenolic
composition (TPC) but also the reducing power of the extracts and beverages [51]. It is
based on the reaction of an electron transfer between an antioxidant (polyphenol) and
F-C reagent [52]. The reduction of the acids by antioxidant reagents produces a change
in the solutions’ color, which has maximum absorbance at 765 nm [51–53]. It is worth
mentioning that assays based on single electron transfer (SET), such as F-C, DPPH, or
FRAP assays, strongly correlate with the structure of the compounds [51,52]. Bors pro-
posed criteria for the antioxidant properties of the phenolic compounds: (1) the presence of
the catechol group in the B-ring, (2) a double bond between the second and third atoms
combined with the 4-oxo group in the C-ring, and (3) the presence of hydroxyl groups
at positions 3 and 5 combined with 4-oxo groups [54,55]. F-C assay results can be eas-
ily affected by other reducing components such as sugars and ascorbic acid [56–58]. In
this investigation, the other components, besides polyphenols, were eliminated from the
extracts during the purification process. Therefore, the F-C assay shows the real polyphe-
nolic content and the reducing power of the phenolic compounds. According to the re-
search, sea buckthorn extract (BE) contains the highest number of polyphenolic compounds
(879.84 ± 3.54 mgGAE/g). It might be attributed to the high concentration of tannins
(Tables S1 and S2), which have many hydroxyl groups in their structure [43]. Consequently,
it might be concluded that this extract possesses the highest antioxidant activity out of all
extracts in this research. However, the antioxidant properties of compounds are not only
based on the electron transfer between a substance and radicals. Many other mechanisms,
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including their role in the antioxidant cellular mechanisms, are important and mentioned
further in the discussion.

In order to expand the possibility of finding the extracts’ mechanisms of action, ad-
ditional research using the DPPH radical was conducted. 2,2-diphenyl-1-picrylhydrazyl
(DPPH) is a stable chromogenic radical, and after a reduction by the electron transfer from
another substance (antioxidant) to the impaired electron in the molecule, a decrease in
its absorption at 517 nm is observed [59]. The reaction mechanisms are a single electron
transfer (SET) and hydrogen atom transfer (HAT) [59]. Here, the results showed that
all the extracts significantly reduced DPPH radicals by 50% with the concentrations of
6.28 ± 0.06 µg/mL (BE), 5.89 ± 0.47 µg/mL (RE), and 6.03 ± 0.65 µg/mL (LE) (Table 1).
The best anti-radical activity was found with the root extract of the Japanese knotweed, but
it had statistically comparable effectiveness to the leaf extract. The comparable effect of
Japanese knotweed extracts can be attributed to their very similar TFC and high content
of procyanidins. However, RE contains a bit more catechins (Table S2), which are known
for their great ability to reduce the DPPH radical, confirmed by other researchers [60,61].
However, we found that extract of the sea buckthorn leaves reduced the DPPH radi-
cal in the lowest concentration of 15 µg/mL by 94.44 ± 0.55% in comparison to the RE
(92.70 ± 0.71%) and LE (88.09 ± 0.63%). Therefore, because of the highest content of tannins
(Table S1), they reduced the DPPH radicals more efficiently in the lower concentrations.
Overall, extracts have shown much better anti-radical activity than standard antioxidant L
(+)-ascorbic acid, which has less anti-radical activity [62]. Other researchers also confirmed
that extracts have high anti-radical activity based on DPPH reduction activity [3,48,63,64].

It is important to know that even if the extract contains lots of compounds with
health benefits, it may possess some toxicity toward the cells. Therefore, the toxicity
effects of BE, RE, and LE were studied on the erythrocytes. The results show that all
the extracts in concentrations between 1 and 100 µg/mL do not act destructively on the
erythrocyte membrane. Consequently, there are no contraindications to the use of extracts
for the next tests in higher concentrations as they are safe. It was found that crude extract
from the leaves of sea buckthorn did not induce erythrocyte hemolysis, even in higher
concentrations [63]. Japanese knotweed root extract has been shown to have anticancer
properties, as it was cytotoxic to the cancer cells but also inhibited the growth of some
infectious bacteria and yeasts [3]. There are a scarce number of publications that mention
the effect of Japanese knotweed extracts on erythrocytes in vitro. However, Kovářová et al.
showed that the supplementation of Japanese knotweed in the horse diet significantly
improves the quality of blood in horses, i.e., decreases the level of cholesterol [65].

The interaction of extracts with the erythrocyte membrane components, such as mem-
brane proteins, contributes to the shape and stability of change in the sensitivity of ery-
throcytes to the external environment [66,67]. It was found that erythrocytes in pathogenic
stages, observed, for example, in anemia or cancer, are more fragile than normal healthy
cells [9,66,68]. Therefore, it is important to find a medicinal substance that does not decrease
the resistance of the erythrocyte membrane. The impact of the extracts on the erythrocytes’
osmotic fragility in the hypotonic solution was checked. Hemolytic curves for BE and RE in
concentrations of 50 µg/mL are shifted toward lower NaCl concentrations in comparison
to the control cells. However, only RE in the highest concentration gives a statistically
significant change in C50 following the control cells (Figure 1). These results confirm that
extracts, especially RE, modify erythrocytes to be more resistant to the hemolysis induced
by the hypotonic environments. For BE, it can be concluded that the higher concentrations
of tannins may be responsible for this effect, as confirmed by other researchers who studied
the osmotic fragility effects of the sumac extracts rich in tannins [69]. The results for the
resistant effect of RE on erythrocytes do not have any comparisons in the literature to this
day. However, it was found that grape extract, rich in procyanidins, possessed a healthy
impact on the erythrocytes and had an anti-hemolytic effect [70].

Extracts used in this research are a great source of polyphenolic compounds that have
documented antioxidant activities alone. However, there is a scarce amount of research
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on the extracts in accord with the protection from the environmental stress of red blood
cells. Therefore, we conducted experiments to check if BE, RE, and LE have antioxidant
properties and can protect the erythrocytes against environmental stress.

2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH) is a commonly used oxidant.
It induces the formation of free radicals through spontaneous decomposition at 37 ◦C [71].
Then, the radicals react with oxygen and cause oxidation of the lipids [63]. We used AAPH
to check the ability of the extracts to protect the erythrocytes from the generated free
radicals, measured by the inhibition of induced hemolysis. The results showed that all the
extracts protect red blood cells against AAPH-induced hemolysis (Figure S3a–c). All the
results are comparable; however, the leaf extract of Japanese knotweed (LE) had a slightly
better effect than the other, as its IC50 was 6.00 ± 3.02 µM (Table 2). The great ability of this
extract to inhibit the oxidation of erythrocytes is due to the high phenolic content and the
polyphenols consisting of 70.28% of the extract (Table S2). Procyanidins, which consist of
63.04% of all extract, contribute to the high antioxidant activity and protect the erythrocytes
against induced oxidative stress. However, it inhibited induced hemolysis in the lower
concentration, but the highest inhibition was 55.80 ± 8.87% (15 µg/mL) (Figure S3c). On the
other hand, sea buckthorn extract (BE) had IC50 13.77 ± 3.07 µg/mL, but the inhibition went
to 74.43 ± 8.00% for 15 µg/mL and even 96.12 ± 1.08% for the concentration of 50 µg/mL
(Figure S3a). These results show that BE, with the highest TFC of 879.84 ± 3.54 mgGAE/g
and the highest percentage of tannins, protects erythrocytes much better than RE and LE
against AAPH-induced hemolysis. This might correspond to the Bors criteria and high level
of tannins in the extract [52,54], but also the impact on the cellular antioxidant systems. The
extracts protected the cells much better than the standard antioxidant—ascorbic acid (AA)
(Table 2). Therefore, it can be concluded that they are safer and much better antioxidants
against AAPH-induced hemolysis.

To investigate the protective effect of extracts on the erythrocyte membrane, oxidation
inhibition tests on the isolated ghosts were performed using AAPH oxidant. The best
results for the inhibition of the AAPH-induced oxidation of the erythrocyte membrane
were the root extract of Japanese knotweed (RE), which had IC50 of 6.42 ± 0.68 µg/mL
(Table 2). That is a surprising result because, as stated above, it protected the erythrocytes
from the AAPH-induced hemolysis at the lowest level of all extracts. The highest protective
effect of this extract can be attributed to the certain amount of catechins, stilbenes, and
procyanidins (Table S2). They all possess antioxidant effects, which can work synergically
to give the best outcome. Moreover, it was found that grape extract rich in procyanidins
such as RE can contribute to the increase in Cu/Zn-superoxide activity [72]. According
to that, it could be concluded that extracts can not only possess an antioxidant activity of
free radical scavenging but may also induce many of the cellular mechanisms that combat
oxidative stress. BE and LE extracts had comparable protective activity against two of the
inductors. All in all, extracts inhibited the oxidation of the erythrocyte membrane at a very
high level, as is seen by the very low IC50 values (Table 2).

The protective effect of BE, RE, and LE can be attributed to their interactions with
the cell membrane. Thus, the changes in the erythrocyte shapes after modifications with
extracts were observed under the microscope. Polyphenols possess an amphipathic nature,
and they can localize in the different parts of cell membranes, where they can change
in shape [28,73]. Erythrocytes, modified with extracts, are more echinocytic, following
the Bessis scale (Figure 2 and Figure S4) [28]. This confirms that extracts have a better
ability to localize on the erythrocyte’s surface rather than in the inner parts of the lipid
membrane [73–75]. Another argument that confirms it is that extracts have more hy-
drophilic features, and they can mostly interact with the outer layer of the cell membrane.
The reason BE induces the slight spherocyte formation (Figure 2) is due to the high interac-
tions with the surface of the erythrocyte, causing the echinocytes to lose their spikes [73].
However, it was confirmed that hydrolyzable tannins and ellagitannins, which consist of
a higher percentage of BE content, are more hydrophobic, especially with the additional
galloyl or HHDP groups (Table S1) [76]. On the other hand, Japanese knotweed extracts
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contributed to the formation of echinocytes and slight spherocytes (Figure 2). These results
show that RE and LE are more hydrophilic and interact mostly with the outer layer of
the membrane. Procyanidins, which are the main components of the knotweed extracts
(Table S2), are characterized by the higher number of hydroxyl groups in the structures,
and their isolation from the extracts is mostly by hydrophilic interaction chromatography
(HILIC) [77]. Thus, it can be speculated that the induction of the echinocyte shapes by those
extracts is attributed to the hydrophilic character of these compounds.

To check and confirm the influence of the extracts on the outer layer of the erythrocyte
membrane, fluorimetric measurements using fluorescent probes that localize on different
levels of the lipid membrane were conducted. The DPH probe localizes deep in the lipid
membrane on the level of carbohydrate chains [78]. The results show that the extracts
did not change the anisotropy of the DPH probe in comparison with the control sample
(Figure 3a). Therefore, it can be concluded that the three extracts do not interact with
the hydrophobic parts of the erythrocytes’ lipid membrane and that they do not change
their fluidity. The next probe that was used in the experiment was TMA-DPH, which
localizes at the level of the fourth carbon atom in the fatty acid chain. Neither BE nor LE
changes the anisotropy of the TMA-DPH probe (Figure 3b). However, RE in the highest
concentration significantly decreased the anisotropy of TMA-DPH relative to the control
sample (Figure 3b). Changes in the anisotropy of TMA-DPH, caused by the RE, contribute
to the possible intercalation of this probe into this part of the membrane. The decrease in the
anisotropy causes this part of the membrane to be more fluid than in control cells [79]. These
results can be compared with another study, which found that procyanidin B3 interacts
with both hydrophobic and hydrophilic parts of the membrane [80].

All the extracts possessed high antioxidant activity. They protected the erythrocyte
membrane against AAPH-induced oxidation. The possible mechanism of the protection of
the membrane is that BE, RE, and LE localize to the hydrophilic part of the cell membrane.
In this area, they protect the cells from environmental stress, such as free radicals, and
induce other cellular or serum mechanisms, which combat oxidative stress. More studies
will be conducted to dive more into interactions of the extracts with other blood cells in
order to find their mechanisms of action and prevention of diseases.

4. Materials and Methods
4.1. Materials

Heparin was bought in Polfa Warszawa (Warszawa, Poland). Substances used for
the preparation of buffers were NaCl (Avantor Performance Materials, Gliwice, Poland),
Na2HPO4·H2O, NaH2PO4·H2O, EDTA, Tris (Chempur, Piekary Śląskie, Poland). 2,2′-
Azobis(2-methylpropionamidine) dihydrochloride (AAPH), fluorescent probes (DPH, TMA-
DPH), dimethylformamide (DMF) for dissolving probes, Follin–Ciocâlteu reagent, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), L (+)-ascorbic acid, glutaraldehyde, formic acid, ace-
tonitrile, leucine enkephalin were bought in Merck (Dramstadt, Germany). Ethanol
was bought from Avantor Performance Materials, Gliwice, Poland. Thiobarbituric acid
(TBA) and immersion oil were bought in Honeywell Fluka (Charlotte, NC, USA), and
trichloroacetic acid (TCA) was bought in Eurochem BGD (Tarnów, Poland).

4.2. Preparation of Plant Material

The Reynoutria japonica Houtt. roots and leaves (each 100 g) and Hippophae rhamnoides
L. leaves (100 g) were harvested from the Garden of Medicinal Plants herbarium of the
Medical University in Wrocław, Poland, by cultivation in the University’s experimental
field. Following the harvest, the specimens were promptly subjected to cryopreservation in
liquid nitrogen and subsequently freeze-dried for a duration of 24 h (Labconco Corporation
freeze dryer, Kansas City, MO, USA). Homogeneous powdered samples were then obtained
by pulverizing the desiccated tissues within a closed laboratory mill to prevent hydra-
tion. These powders were stored in a refrigerator at a temperature of −80 ◦C until they
were utilized for extract preparation. The polyphenol extraction protocol was previously
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detailed [81]. Polyphenols were extracted using water containing 200 ppm SO2, with a
solvent-to-leaves ratio of 3:1 (v/v). Subsequently, the extract was adsorbed onto Purolite
AP 400 resin (Purolite™, Ecolab, King of Prussia, PA, USA) for additional purification. The
isolated polyphenols were then eluted with 80% ethanol, concentrated, and subjected to
freeze-drying.

4.3. Analysis of Extracts by UPLC-PDA-ESI-MS/MS

Polyphenols within the extracts were characterized utilizing an ACQUITY Ultra Per-
formance LCTM system (UPLC) featuring a binary solvent manager (Waters, Milford, MA,
USA) coupled with a Micromass Q-Tof micro–mass spectrometer (Waters, Manchester, UK),
equipped with an electrospray ionization (ESI) source capable of operating in both negative
and positive ionization modes. MassLynxTM software (version 4.1; Waters, Milford, MA,
USA) facilitated instrument control, data acquisition, and processing. Individual polyphe-
nols underwent separation employing a UPLC BEH C18 column (1.7 µm, 2.1 × 50 mm;
Waters, Milford, MA, USA) maintained at 30 ◦C. A sample volume of 10 µL was injected,
and elution was accomplished over 15 min utilizing a combination of linear gradients and
isocratic flow rates set at 0.45 mL/min. The mobile phase consisted of solvent A (1.5%
formic acid, v/v) and solvent B (100% acetonitrile). The elution program commenced with
an isocratic phase of 99% A (0–1 min), followed by a linear gradient reaching 0% A over
12 min; from 12.5 to 13.5 min, the system reverted to the initial composition (99% A) and
was subsequently held constant for column re-equilibration. Full-scan, data-dependent MS
scanning spanning 100 to 1500 m/z was employed for analysis, with a mass tolerance of
0.001 Daltons and a resolution of 5000. Leucine enkephalin served as the internal reference
compound for ESI-MS accurate mass experiments, introduced via the LockSpray channel
using a Hamilton pump. The lock mass correction was set at ±1000 for Mass Window.
Time-of-flight MS chromatograms were presented as base peak intensity chromatograms
and normalized to 12,400 counts per second (=100%). The effluent was directed to the elec-
trospray source, featuring a source block temperature of 130 ◦C, a desolvation temperature
of 350 ◦C, a capillary voltage of 2.5 kV, and a cone voltage of 30 V. Nitrogen gas served
as the desolvation gas at a flow rate of 300 L/h. Subsequent to retention time alignment
and accurate molecular mass determination, individual components were optimized to
their estimated molecular mass [M-H] in both negative and positive ionization modes pre-
and post-fragmentation. UPLC-MS data were then imported into MassLynx 4.0 ChromaL-
ynxTM Application Manager software for further analysis, allowing for the identification
of characterized substances across different samples.

4.4. Determination of Total Phenolic Content (TPC) in Extracts

Extracts were dissolved in the phosphate buffer (100 mL of 0.103 M Na2HPO4·H2O and
12 mL of 0.154 M NaH2PO4·H2O) to obtain concentrations between 1 and 10 mg/mL. Total
phenolic content (TPC) in extracts was determined by the method using Follin–Ciocâlteu
reagent [53,82]. The standard curve was determined based on gallic acid. The results were
expressed as mg gallic acid equivalents (GAE) per 1 g of dry sample (mgGAE/g).

4.5. Investigation of the Anti-Radical Activity of Extracts

To determine the ability of extract to reduce free radicals, the assay using 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical was used. The research was conducted based on the
previous research posted by Gerçek et al. after modifications [83]. The procedure was
conducted using a 96-well microplate. Briefly, DPPH was dissolved in ethanol to obtain
a concentration of 200 µM; therefore, after the addition of 200 µL of the DPPH solution
to the well, the absorbance was around 1. To each well, the extracts dissolved in the
water were added in concentrations ranging from 1 to 100 µg/mL. Next, DPPH was
added, and the plate was incubated while constantly mixing for 30 min in a dark place.
Instantly, the absorption of the solution in each well was measured using Epoch Microplate
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Spectrophotometer (BioTek Instruments, Winooski, VT, USA). The wavelength was set at
517 nm. The blank sample constituted pure ethanol.

The percentage of the DPPH radical reduction by concentration of each extract was
calculated using the Formula (1):

% reduction =
AC − AS

AC
× 100% (1)

where AC—absorbance of the control (DPPH), AS—absorbance of the sample (DPPH with
extracts). Consequently, based on the slope, the effective concentrations of the extract that
caused 50% of the reduction of the DPPH radical (EC50) were counted. The results were
compared with the standard antioxidant–L (+)-ascorbic acid.

4.6. Preparation of Erythrocytes

Experiments were performed using fresh, heparinized pig blood. The choice of pig
blood resulted from the fact that the lipid composition of pig erythrocyte membranes
is similar to human erythrocytes [74], and the blood itself is very easily accessible. Pig
blood was bought in the slaughterhouse. According to Polish law, permission from the
ethics committee to use pig blood for the experiments is not necessary. Blood was pre-
pared according to the procedure described previously by Cyboran-Mikołajczyk et al. [84]
after modification. Briefly, after the removal of the plasma by centrifugation at 4 ◦C,
2500 rpm, erythrocytes were washed a minimum 3 times with PBS 310 mOsm pH 7.4
(100 mL phosphate buffer, 1 L 0.9% NaCl and 0.1 M EDTA) to obtain clear supernatant. The
next steps of the blood preparation were conducted according to the following procedures.

4.7. Preparation of Erythrocyte Membranes (Ghosts)

To obtain erythrocyte membranes from pig blood, the Dodge method was used [85].
The method uses the osmosis effect, by which hemoglobin is removed from the erythro-
cytes, leaving only the outer membrane of the cell. To each 1 mL of blood, 14 mL of
hemolytic buffer PBS 20 mOsm (100 mL phosphate buffer, 1434.5 mL distilled water, and
15.5 mL 0.1 M EDTA) was added, and the mixture was incubated for 1 h in 4 ◦C and then
centrifuged in 4 ◦C, 12,000 rpm. After that, the supernatant was removed, and membranes
were washed at least 3 times with PBS 20 mOsm to obtain clear membrane suspension.
Membranes were suspended in PBS 20 mOsm to obtain a protein concentration of around
100 mg/mL, measured using the Bradford method [86].

4.8. Hemolytic Activity of Extracts and Their Impact on the Erythrocytes’ Osmotic Resistance

To obtain information about the toxicity of each extract, hemolytic tests were run [79]
on fresh blood modified with different concentrations of BE, RE, and LE (1–100 µg/mL).
The absorbance of released hemoglobin from the blood cells was measured in λ = 540 nm,
using a Cary 300 Bio UV-Visible Spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA). The % of hemolysis was the feature of the extract’s cytotoxicity. The osmotic
resistance test was prepared using a similar spectroscopic method [79]. The concentration
of extracts used was 50 µg/mL. The percentages of hemolysis vs. NaCl concentrations
were used to prepare the hemolytic curve. Then, C50, the NaCl concentration that causes
50% of erythrocyte hemolysis, was determined.

4.9. Antioxidant Activity of Extracts
4.9.1. Protection of Erythrocytes against AAPH

The method to check the protection of erythrocytes against AAPH oxidizing agents
was developed previously by Męczarska et al. [87]. Blood samples were incubated
with different concentrations of extracts from 5 to 25 µg/mL for 1 h at 37 ◦C. Next,
120 µL 1 M AAPH (dissolved in distilled water at 37 ◦C to obtain a clear solution) was
added, and samples were incubated for 1 h. To the samples, 2 mL phosphate buffer was
added, and samples were centrifuged for 15 min, 2500 rpm. Finally, the absorbance



Molecules 2024, 29, 3090 13 of 18

of the released hemoglobin was measured in λ = 540 nm, and the % of inhibition was
counted using the following formula:

%inhibition =
%Hc − %Hs

%Hc
× 100% (2)

where %Hc is the percent of hemolysis for the control sample, and %Hs is the percent of
hemolysis of the extract-modified sample.

Based on the percentage of inhibition, IC50 for each extract was determined.

4.9.2. Protection of Erythrocyte Membranes against AAPH

The method using the changes in the fluorescence of the TMA-DPH probe in the
ghosts modified with extracts was developed previously in [27,88]. The fluorescence of the
TMA-DPH probe in the ghosts incubated with different concentrations of the extracts was
measured for 30 min at 37 ◦C, using the Varian Cary Eclipse Spectrofluorometer with the
addition of thermal block Varian SPVF. The excitation and emission wavelengths of the
TMA-DPH probe were 360 and 430 nm, respectively.

Oxidation of the lipids in erythrocyte membranes was calculated using relative fluo-
rescence as the rate of fluorescence of the TMA-DPH probe oxidized with AAPH to the
beginning fluorescence of the probe. The percent of oxidizing inhibition by extracts was
counted based on the following equation:

%inhibition =
Fs − Fc

Fr − Fc
× 100% (3)

where Fs—is the fluorescence intensity of the sample with extract and AAPH after 30 min,
Fc—is the fluorescence intensity of the control sample with AAPH after 30 min, and Fr—the
relative fluorescence intensity of the reference sample after 30 min.

4.10. Microscopic Preparations

Microscopic observations were used to check the ability of extracts to modify the
membrane of erythrocytes [73–75]. Blood samples, suspended in NaCl and with 10 and
50 µg/mL of extracts, were incubated for 1 h at 37 ◦C. Next, to preserve erythrocyte shapes,
2 µL 2.5% glutaraldehyde was added to each sample, and they were incubated for 30 min
at room temperature. Microscopic observations were conducted on the Nikon ECLIPSE
E200 (Nikon Europe B.V., Amstelveen, The Netherlands) with the camera attached to the
microscope (MOTICAM S6) (magnification 1000×) [27].

4.11. Changes in the Fluidity of the Membrane

In this experiment, two fluorescent probes: 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-
(4-Trimethylammoniumphenyl)-6-Phenyl-1,3,5-Hexatriene p-toluenesulfonate (TMA-DPH)
were used. They all localize in different parts of the membrane. Changes in the fluorescence
of each probe can determine the changes in the fluidity of a particular membrane area and
can give information on the potential localization of extract components.

Probes and samples were prepared similarly as in Section 4.9.2, without the addition
of AAPH. Concentrations of extracts ranged from 10 to 50 µg/mL. Measurements were
made on the Cary Varian Eclipse spectrofluorometer at 37 ◦C. For DPH and TMA-DPH
probes, fluorescence anisotropy (r) was measured based on the following Equation (4). The
excitation wavelength was 360 nm, and the emission wavelength was 430 nm [78,88].

r =
I∥ − GI⊥

I∥ + 2GI⊥
(4)

where I∥—the intensity of the probe fluorescence is measured vertically, I⊥—the intensity
of the probe fluorescence is measured horizontally, and G—correction factor.
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4.12. Statistical Analysis

Statistical analysis was performed in Excel 2019 (Microsoft, Washington, DC, USA) and
Past 4.16c [89] Significant differences were calculated using one-way analysis of variance
(ANOVA) with Tukey’s pairwise test marked as * with p < 0.05 to the control group. Graphs
were prepared in OriginPro 2024 (64-bit) (Northampton, MA, USA).

5. Conclusions

Organisms are constantly exposed to stress from the environment such as free radicals.
Irregular oxidative homeostasis leads to abnormalities and causes illness. Organisms de-
velop mechanisms that cope with oxidative stress and regulate their homeostasis. However,
it is important to know that the membrane of the cells is the first barrier that interacts
with the environment, and its abnormalities lead to the death of the cells. Erythrocytes
are the cells that are mostly exposed to oxidative stress and are necessary for the normal
function of the body. Therefore, it is important to find additional substances that will help
organisms combat oxidative stress. Extracts are a great source of polyphenolic compounds
that possess antioxidant activities. In this research, we tested and compared the bioactivity
of three extracts derived from the leaves of sea buckthorn (BE) as well as the leaves (LE)
and roots (RE) of Japanese knotweed. Analyses showed that all the extracts contain a
large number of polyphenols, mainly from the group of tannins in BE and a group of
procyanidins in RE and LE. Extracts that had high antioxidant activities showed that they
protected erythrocytes against oxidative-inductor AAPH. The possible mechanism of their
action is that they are mostly localized in the outer part of the membrane, where they can
directly protect the cells from the free radicals coming from the environment. Our results
showed that sea buckthorn and Japanese knotweed are great plant sources of bioactive and
antioxidant compounds. They are not toxic to the erythrocytes and also protect them at
a great level from oxidation. Our in vitro studies provide a basis for further research on
blood cells and other cells of the circulatory system in the context of the use of extracts as
substances against many cardiovascular diseases. In addition, the research can be used for
studies on living organisms. Thus, in the future, sea buckthorn and Japanese knotweed
extracts could be used as dietary supplements or medicines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29133090/s1, Table S1. UV and MS spectra data
of polyphenols and their derivatives in sea buckthorn (Hippophae rhamnoides L.) leaves extracts.
Figure S1. UPLC-MS chromatogram profile of the sea buckthorn (Hippophae rhamnoides L.) leaves at
280 nm. Peak number identification is displayed in Table S1. Table S2. UV and MS spectra data of
polyphenols and their derivatives in Japanese knotweed (Reynoutria japonica Houtt.) roots and leaves
extracts *Rt—retention time, nd—non-identified. Figure S2. UPLC-MS chromatogram profile of the
Reynoutria japonica Houtt. roots (a) and leaves (b) extracts at 280 nm. Peak number identification
is displayed in Table S2. Figure S3. Inhibition of AAPH-induced hemolysis by the sea buckthorn
(Hippophae rhamnoides L.) (BE) (a), and Japanese knotweed (Reynoutria japonica Houtt.) roots (RE)
(b) and leaves (LE) (c) extracts. Figure S4. Shapes of unmodified erythrocytes (a), modified with BE
(b), RE (c), and LE (d) extracts were observed under optical microscope at 50 µg/mL concentration.
Magnifications were 1000×.
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3. Pogačnik, L.; Bergant, T.; Skrt, M.; Ulrih, N.P.; Viktorová, J.; Ruml, T. In Vitro Comparison of the Bioactivities of Japanese and
Bohemian Knotweed Ethanol Extracts. Foods 2020, 9, 544. [CrossRef] [PubMed]
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