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Abstract: The pathological manifestation of various diseases can be suppressed by the activation of
nuclear factor erythroid 2 p45-related factor 2 (Nrf2), a transcriptional regulator of the cellular redox
balance. Haberlea rhodopensis Friv. is a resurrection plant species endemic for Bulgaria, containing
biologically active phenylethanoid glycosides that might possess antioxidant or redox activity. This
study aimed to analyze the metabolic profile of in vitro cultured H. rhodopensis and to identify
molecules that increase Nrf2 expression in bone marrow neutrophils. Fractions B, D, and E containing
myconoside, or myconoside and calceolarioside E in ratios 1:0.6 and 0.25:1 were found to be the most
active ones. Fraction B (200 µg/mL) improved neutrophil survival and strongly increased the Nrf2
intracellular level, while D and E, as well as, myconoside and calceolarioside E at the same ratios had
a superior effect. Calceolarioside E (32 µg/mL) had stronger activity than myconoside, the effect of
which was very similar to that of 2-cyano-3,12-dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester
(CDDO-Me), used as a positive control. These data indicate that both molecules, used alone or in
combination have stimulatory activity on the endogenous Nrf2 level, indicating their therapeutic
potential to regulate the cellular redox homeostasis oxidative stress-associated pathologies.
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1. Introduction

Haberlea rhodopensis Friv. (family Gesneriaceae), commonly known as Rhodope
silivriak or Orpheus’ flower, is a rare resurrection plant of the northern hemisphere spread
all over Europe in the past and nowadays found only in the mountains of the Balkan Penin-
sula as a glacial relict from the Tertiary period. It is a native plant, endemic to Bulgaria
and Greece. In Bulgaria, H. rhodopensis is distributed in Central and Southern Bulgaria,
within Rhodope Mountain and some regions of Sredna Gora and Stara Planina Mountains.
North-facing shady rocky slopes with high humidity at altitudes between 100 and 1700 m
a.s.l. are the characteristic habitats of H. rhodopensis [1,2]. This plant species is included in
the Red Data Book of Bulgaria in three categories, such as Rare species, Balkan endemic
species, and Tertiary relicts, as well as, listed in the European Rare species category and
in Appendix I of the Bern Convention [3]. A collection of H. rhodopensis is forbidden,
as well as, its commercial exploitation [2]. Therefore, the development of H. rhodopensis
plant in vitro systems could be a suitable alternative for its cultivation throughout the
whole year in a controlled environment independently from climate changes, and for
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the biotechnological production of secondary metabolites, without further affecting plant
natural habitats [4]. Indeed, the metabolite profiling, based on nuclear magnetic resonance
(NMR) can be exploited as an effective approach to analyze H. rhodopensis extracts and
to distinguish possible active molecules and standardized biomarkers in herbal prepa-
rations [5]. In our previous research, NMR-based metabolite profiling has been used to
identify a specific group of molecules and compare their variations in different plant parts
in Sambucus ebulus L. [6], Rhodiola rosea L. [7], and commercial preparations [8].

Haberlea rhodopensis is a poikilohydric, homoiochlorophyllous resurrection plant species.
As a desiccation tolerant plant, it can survive long periods (up to 2 years) of extreme drought
or desiccation (even less than 5% relative water content) and quickly restore its normal growth
within hours of re-watering. During desiccation, it keeps approximately 80% of its chlorophyll
contents. All these properties have turned H. rhodopensis into a model system to investigate
its metabolic and photosynthetic processes, as well as, physiological stability when exposed
to drought or freezing stress [1,9]. The main biologically active molecules identified in H.
rhodopensis are the phenylethanoid glycosides myconoside and paucifloside, as well as, several
flavone 8-C-glycosides, including hispidulin 8-C-β-galactopyranoside, hispidulin 8-C-(2”-O-
syringoyl-β-glucopyranoside), hispidulin 8-C-(6-O-acetyl-β-glucopyranoside), and hispidulin
8-C-(6-O-acetyl-2”-O-syringoyl-β-glucopyranoside) [10,11]. Extracts or pure myconoside from
the Orpheus’ flower have revealed a remarkable antioxidant and anti-aging activity [12], as
well as, cytoprotective [13], radioprotective, anticlastogenic, and stimulatory effect on the
regeneration of human fibroblasts in vitro [1,14]. Our previous expertise with phenylethanoid
glucosides-rich extracts or pure molecules, such as verbascoside and forsythoside B, provided
evidence on their anti-inflammatory activity on interferon gamma (IFN-γ) stimulated primary
cultures of normal human keratinocytes [15]. In the last several years, two reports have shown
that phenylpropanoids can act as activators of Nrf2 affecting Nrf2-ARE luciferase reports cell
activity, Nrf2 protein level, and its downstream target genes expression [16,17].

Disrupted homeostasis, altered inflammatory response, apoptosis, proliferation, and
metabolism can contribute to detrimental processes leading to pathological conditions [18].
Reactive oxygen species (ROS) are key elements of immune response but often have tissue
deleterious effects when they are extensively generated and thus are found to be involved in
the etiology of various diseases. The key regulator of ROS homeostasis is the nuclear factor
erythroid 2 p45-related factor 2 (Nrf2) [19]. Structurally, Nrf2 possesses seven Neh domains
and is bound to Kelch-like ECH-associated protein 1 (KEAP1) through its N-terminus
Neh2 domain. At a normal cellular state, KEAP1 contributes to Nrf2 ubiquitination
causing continuous Nrf2 proteosomal degradation [20,21]. Electrophiles and oxidants
such as ROS can disrupt the KEAP1/Nrf2 interaction preventing Nrf2 ubiquitination and
degradation. In turn, Nrf2 is directed to the nucleus and together with Maf proteins
bind to the antioxidant responsible elements (ARE) regulating the transcription of various
genes and contributing to improved redox balance, alleviated mitochondrial dysfunction,
increased mitochondrial biogenesis, enhanced autophagy, and reduced inflammation.
Therefore, the modulation of KEAP1/Nrf2 interactions by KEAP1 inhibitors or by direct
Nrf2 activators can be used for therapy of ROS-related pathologies [22].

Herein, fractionation and isolation of myconoside and calceolarioside E from the
crude methanolic extract of H. rhodopensis have been performed. The obtained fractions
have been characterized and the pure molecules have been identified by NMR and further
quantified by high performance liquid chromatography (HPLC). The biological effect on
Nrf2 expression in primary bone marrow (BM) neutrophils of the fractions, containing
different ratios of myconoside and calceolarioside E, as well as, single or combinatorial
treatment of both molecules have been evaluated.

2. Results
2.1. Extraction and Isolation of Pure Compounds

Haberlea rhodopensis is known to contain the specific phenylethanoid glycosides my-
conoside and paucifloside, as well as, several flavone 8-C-glycosides [10,11]. During the
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development of the procedure for isolation of bioactive metabolites from H. rhodopensis
aerial parts, we have obtained several fractions. Both, fraction B (1.86 g) and fraction C
(0.39 g) contained predominantly the phenylethanoid glycoside myconoside along with
a negligible quantity of unidentified compounds (1), while fraction D (0.026 g) and frac-
tion E (0.134 g) were found to contain myconoside and the phenylpropanoid glycoside
calceolarioside E (2) in ratios 1:0.6 and 0.25:1, respectively. Part of fraction E was used to
isolate pure calceolarioside E (2). From fraction H (0.140 g), two flavone 8-C-glycosides
were isolated, namely hispidulin 8-C-(2-O-syringoyl-β-glucopyranoside) (3) and hispidulin
8-C-(6-O-acetyl-2-O-syringoyl-β-glucopyranoside) (4), shown in Figure 1. The structures of
the isolated compounds were determined by 1D and 2D NMR spectra.
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Figure 1. Structures of the compounds isolated from Haberlea rhodopensis aerial parts. (1) Myconoside;
(2) calceolarioside E; (3) hispidulin 8-C-(2-O-syringoyl-β-glucopyranoside; (4) hispidulin fsali8-C-(6-
O-acetyl-2-O-syringoyl-β-glucopyranoside).

2.2. Phytochemical Analysis

The phytochemical analyses of H. rhodopensis have been performed by NMR-based
metabolite profiling and further by quantitative HPLC determination.

Myconoside [β-(3,4-dihydroxyphenyl)-ethyl-3,6-di-O-β-D-apifuranosyl-4-O-α,β-
dihydrocaffeoyl-O-β-D-glucopyranoside] consists of 3,4-dihydroxyphenyl moiety attached
to the main sugar glucose, dihydrocaffeoyl structure linked to position C-4 of glucose and
two β-apiosyl moieties linked to position C-3 and C-6 of glucose [23,24]. Calceolarioside E
[1′-O-β-D-(3,4-dihydroxy-β-phenyl)-ethyl-4′-O-caffeoyl-β-D-apiosyl-(1′”3′)-glucopyranoside]
has a 3,4-dihydroxyphenylethyl structure also attached to the main sugar glucose, caffeoyl
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moiety linked to position C-4 of glucose, and one β-apiosyl structure linked to position
C-3 of glucose [25]. The presence of myconoside and calceolarioside E in the extracts were
confirmed first by their proton spectra. Additionally, the presence of both compounds was
unambiguously confirmed through the proton-carbon single bond correlations observed in the
heteronuclear single quantum coherence spectroscopy (HSQC) spectra (Figure 2), compared
with authentic samples, and previously reported data [23,24,26,27].
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Figure 2. Heteronuclear single quantum coherence spectroscopy (HSQC) spectra of Haberlea rhodopensis extract and the
characteristic signals of myconoside (M) and calceolarioside E (C).

The NMR signals corresponding to the structures of hispidulin 8-C-(2-O-syringoyl-β-
glucopyranoside) and hispidulin 8-C-(6-O-acetyl-2-O-syringoyl-β-glucopyranoside) were
in agreement with previously published data [10].

Furthermore, myconoside and calceolarioside E were quantified by HPLC in wild
grown and biotechnologically cultivated H. rhodopensis. The purity of both molecules was
estimated to be 94%. The content of myconoside and calceolarioside E in the wild grown
plant were 6.51 ± 1.58 and 2.06 ± 0.34 mg/g dry weight (DW), while their amounts in the
in vitro cultivated plant were 83.77 ± 5.09 and 62.22 ± 3.78 mg/g DW, respectively.

2.3. Studies for Biological Activity

Next, we studied the biological effect of Haberlea extract and fractions D and E on
Nrf2 expression in BM neutrophils. According to the available databases, murine myeloid
cells and mature neutrophils maintain a high overall steady-state activity of endogenous
Nrf2 and strongly express Nrf2 [28]. In our study, we have isolated and stimulated BM
neutrophils with phorbol 12-myristate 13-acetate (PMA) for 16 h in the presence of H.
rhodopensis extract (200 µg/mL), fractions (200 µg/mL), myconoside (5 µM), or 2-Cyano-
3,12-dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester (CDDO-Me 5 µM), known as Nrf2
activator. In the utilized gating protocol, we have determined Ly6G+ neutrophils within the
singlets gate (Figure 3A). Furthermore, we have analyzed the percentage of CD11b+ Nrf2+

positive cells within the gated Ly6G+ population (Figure 3A). We failed to detect CD11b
negative cells and we noticed high and low CD11b expression on the neutrophils. In the
control of dimethyl sulfoxide (DMSO)-treated unstimulated cells, we found the baseline
Nrf2 level in 12.1% of CD11b+ neutrophils (Figure 3B). Regarding the treatment, the base-
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line intracellular Nrf2 expression in CD11b+ neutrophils increased upon the myconoside
treatment. Indeed, this effect of myconoside on Ly6G+ CD11b+ Nrf2+ cells was stronger
than that of the known Nrf2 activator CDDO-Me (Figure 3B). Notably, the extract, fraction
B, D, and E, elevated the percentage of CD11b+ Nrf2+ neutrophils suggesting that they
may contain compounds, inducers of Nrf2 expression. The main substance in fraction B
was myconoside, while fractions D and E contain the phenylethanoid calceolarioside E at a
specific proportion to myconoside. The results suggested a synergistic action of mycono-
side and calceolarioside E on the Nrf2 pathway and at the intracellular level defined as a
2.5-fold higher increase in Nrf2 expression in comparison to CDDO-Me (Figure 3B).
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Figure 3. Flow cytometry analysis for the detection of endogenous nuclear factor erythroid 2 p45-
related factor 2 (Nrf2) in bone marrow neutrophils. (A) Gating strategy involving the elimination
of duplets. (B) Representative dot-plots showing the percentages of CD11b+ Nrf2+ neutrophils
unstimulated or stimulated with phorbol 12-myristate 13-acetate (PMA) for 16 h and the analysis of
collected 20,000 cells per sample. Dot-plot represents four quadrant images, Q1: CD11b− and Nrf2+,
Q2: CD11b+ and Nrf2+, Q3: CD11b− and Nrf2−, and Q4: CD11b+ and Nrf2−. The numbers on the
dot-plots indicate the frequencies of CD11b+ Nrf2+ cells/CD11b+ Nrf2− cells.

Neutrophil stimulation with PMA increased the percentage of CD11b+ Nrf2+ neu-
trophils in all the groups in comparison to the respective unstimulated groups. However,
following the stimulation with PMA, myconoside and fraction D elevated endogenous
Nrf2 to a greater extent than CDDO-Me (Figure 3B). Overall, the PMA stimulation of BM
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derived neutrophils can mask the compound action by triggering alternative pathways
leading to a strong cytoplasmic Nrf2 expression [28,29].

Herein, we observed that myconoside and fraction B both increased Nrf2 expres-
sion in BM neutrophils. Hence, fractions E and D showed a similar stimulatory effect
on endogenous Nrf2 despite the fact that they contain different proportions of the main
compounds myconoside and calceolarioside E. Therefore, we isolated and purified BM
neutrophils and incubated them for 16 h with fractions B, D, E, and the pure compounds,
both at concentrations corresponding to their proportion in the D and E fractions. The
controls contained cells which are cultured with a phosphate buffered saline (PBS), DMSO
(as myconoside is dissolved in DMSO), and methanol (as calceolarioside E is dissolved
in methanol). We found that the cells incubated with fraction B (200 µg/mL) improved
neutrophil survival and increased strongly the Nrf2 intracellular level (Figure 4). Pure
myconoside at a concentration of 32 µg/mL, which was over six times lower than the
content of myconoside in fraction B, failed to show such a strong effect on the percentage
of viable or Nrf2+ neutrophils. Indeed, its action was similar to that of the known Nrf2
activator CDDO-Me (Figure 4). The concentration of myconoside was much higher than
32 µg/mL in fraction B (used at a concentration of 200 µg/mL in the bioactivity assays)
indicating a dose-dependent increase in the percentage of Nrf2+ neutrophils by the com-
pound (Figure 4B). Correspondingly, the low dose of myconoside 8 µg/mL induced Nrf2
expression in only 16% of neutrophils. Considering that the presence of myconoside in
this fraction is 94%, the effect on the endogenous Nrf2 was not induced by the presence of
other minor components in fraction B.

The analysis of fraction D showed that it contained the two main compounds my-
conoside and calceolarioside E in proportion 1:0.6. We have observed a better survival of
neutrophils and increased percentages of Nrf2+ cells after 16 h of culture in the presence
of fraction D in comparison to the known Nrf2 activator CDDO-Me. Indeed, pure com-
pounds combined at the same proportion to that in fraction D affected the cell viability
and endogenous Nrf2 level in a similar manner. Accordingly, the obtained data indicated
that both myconoside and calceolarioside E have stimulatory action on Nrf2 intracellular
expression (Figure 4B). Interestingly, the percentage of Nrf2+ cells after the treatment with
fraction E, that contained calceolarioside E and myconoside at a ratio of 0.25:1, was similar
to that of the fraction D-treated group (Figure 4B). Further, purified calceolarioside E (at a
concentration of 32 µg/mL) was identified as a stronger inductor of endogenous Nrf2 in
neutrophils than myconoside (at a concentration of 32 µg/mL).

Our data revealed that fractions D and E, which contained myconoside and calceo-
larioside E, as well as the pure compounds, itself, elevated the intracellular level of Nrf2.
Biological consequences of high endogenous Nrf2 might be related to changes in ROS
production, redox state, and/or to neutrophil recruitment from the BM and migration to
the tissues. In two studies, the loss of Nrf2 was associated with an inability of neutrophils
to migrate towards the wound or injury sites [28,29] and to mount an inflammatory re-
sponse [30,31]. Considering these studies and our results, we suggest that the elevated
Nrf2 expression in neutrophils by both compounds might be used for pharmacological
modulation of several processes such as redox homeostasis, cell trafficking, and homing in
pathological conditions.
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Figure 4. The effect of myconoside and calceolarioside E in the fractions on the percentage of viable (A,B) Nrf2+ cells in
Ly6G+CD11b+ neutrophils. (A) The percentage of viable neutrophils was evaluated after 16 h of culturing in the presence of
the fractions or pure compounds present alone or together at a particular proportion; myconoside (M) and calceolarioside
E (C). The percentage of cell viability was calculated upon the Trypan blue exclusion of dead cells. (B) The percentage of
Nrf2+ cells in mature neutrophils evaluated by flow cytometry. The data represent the mean ± standard deviation (SD) run
in duplicates.
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3. Discussion

Myconoside is a phenylethanoid glycoside [10], distributed in several Gesneriaceae species,
including H. rhodopensis [10,14,24] Ramonda myconi (L). Rchb., and R. serbica Panc. [24]. Calceo-
larioside E is a phenylpropanoid glycoside, isolated for the first time from Lantana camara L.
leaves [32]. It is considered as a rare molecule, the presence of which is restricted to several
plant families [24]. This compound has been identified in family Episcieae (Episcia cupreata
(Hook.) Hemsl., Nautilocalyx forgettii (Spraque) Spraque, N. lychee (Hook. fil.) Sprague,
Alloplectus cristatus (L.) Mart, Columnea quercetin Oerst, Codonanthe carnosa (Gardn.) Hanst,
Nematanthus wettsteinii (Fritsch.) H. E. Moore [24] and family Verbenaceae (Lippia alba (Mill.)
N. E. Brown [25], L. radula Sw. and L. canescens Kunth [33], L. multiflora Moldenke [34],
C. adscendens, C. foliosa and C. polifolia) [35].

In the present study, the content of myconoside and calceolarioside E has been in-
creased more than 12- and 30-folds, respectively in the in vitro cultivated plant compared
to the wild grown H. rhodopensis. The ratio between myconoside and calceolarioside
E was 1:0.3 in the wild grown H. rhodopensis, while in the in vitro cultivated plant this
ratio changed to 1:0.7. The content of myconoside has been disclosed to greatly vary
from 9 to 33% according to previous reports [11,14]. The content of calceolarioside E in
Lippia spp., for example, has been estimated to be 0.08 mg/g DW [34]. Herein, we show
that the in vitro cultured H. rhodopensis might be a valuable source of biologically active
metabolites and that the expression of those metabolites was not compromised during
the in vitro culturing. Hence, the production of the main compound myconoside can be
further increased through genetic manipulation and/or upon changes in environmental
factors (culture media composition, temperature, light, etc.) during the in vitro cultivation
of H. rhodopensis.

Many plant-derived compounds can modulate the mechanisms of inflammation. To
confirm that the pure compounds and H. rhodopensis fractions induce Nrf2 expression,
we have utilized BM-derived neutrophils as an in vitro model system. Neutrophils are
the first-responsive innate immune cells, since they are directly involved in injuries and
inflammations [36] and therefore, are a potential target for the treatment of Nrf2-related
therapeutic interventions. In the past decades, the most studied and promising plant-
derived secondary metabolite with Nrf2-mediated anti-inflammatory activity was cur-
cumin [37–39]. Other reports demonstrated that sulforaphane affected inflammation and
neurodegenerative disease related to the Nrf2-KEAP1 axis. However, these compounds
bound non-specifically and can embarrass the treatment effectiveness [40–42]. Therefore,
the discovery of novel KEAP1 inhibitors or Nrf2 activators with improved selectivity is on
demand. Within the present investigation, we have identified two natural substances that
can modify the endogenous level of Nrf2, myconoside, and calceolarioside E. Their action
on Nrf2 expression was observed after their application alone and when they were com-
bined at particular ratios. Consequently, the selectivity of myconoside and calceolarioside E
to bind directly to the Nrf2 molecule is worth further in-depth investigation. However, we
provide clear evidence that the fractions and the purified compounds from in vitro cultured
H. rhodopensis might be valuable Nrf2-modifying agents with a therapeutic potential.

Numerous studies revealed that myconoside is a potent antioxidative modulator [13].
Extracts from H. rhodopensis have an immunomodulatory potential through ROS reduction
in radiation-exposed rabbits [43], and mimic the ROS-induced apoptotic effect in the
non-malignant HEK293 cell line and prostatic cancer cell line PC3 [44].

Calceolariosides, such as calceolarioside B have promising anti-respiratory syncytial
virus effects [45]. Calceolarioside attenuated doxorubicin-induced cardiotoxicity in H9c2 cells
via the upregulation of antioxidant enzymes and suppression of apoptosis [46]. Those studies
supported our interest towards investigating the biological activities of calceolariosides.

Here, we found that myconoside and calceolarioside E in ratio 1:0.6 can accelerate
Nrf2 expression in neutrophils. As a master regulator of cellular responses, Nrf2 is mod-
ulating the levels of oxidative stress and influencing the course of diseases caused by
oxidation. Additionally, the activation of Nrf2 can be essential for neutrophil recruitment
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and accumulation at the damaged sites as it has been demonstrated in skin during contact
hypersensitivity [29].

Myconoside possess an additional β-apiosyl moiety at the C-6 position of the glucose
ring compared to calceolarioside E. Apart from that, calceolarioside E at the C-4 position
is linked to the dihydrocaffeoyl structure, while myconoside possess caffeoyl moiety at
the same position. Our bioactivity data revealed that when used alone at the same con-
centration (32 µg/mL), myconoside and calceolarioside E induce different responses in
neutrophils on both cell viability and Nrf2 expression. Accordingly, we could speculate
that both the extra double bond in the calceolarioside E molecule and the additional apiosyl
ring in myconoside are important for the induced biological effects. Moreover, when
combined in the ratios identified in the isolated fractions D and E, the two phenylethanoids
induce greater Nrf2 abundance in neutrophils in a synergistic manner. This further sup-
ports the notion that despite their structural similarity, myconoside and calceolarioside
E induce Nrf2 activation to a varying degree and the underlying mechanisms are yet to
be clarified. Similarly, in our previous report, we provide evidence that regardless of
their close structural similarity, the two phenylethanoids verbascoside and isoverbasco-
side modulate inflammation through different pathways and to a different degree [47].
Several reports also demonstrated that phenylethanoid glycosides, such as salidroside,
verbascoside, isoverbascoside, and echinacoside activate Nrf2 expression at concentrations
between 0.1–10 µg/mL and hence, affect H2O2-induced apoptosis in PC12 cells and up to
400 µg/mL in a zebrafish model of Parkinson’s disease [48,49]. Forsythoside A was also
found to upregulate the expression of Nrf2 and heme oxygenase 1 in lipopolysaccharide-
stimulated BV2 microglia cells and primary microglia cells, as well as, in vivo in a liver
injury model [50,51]. More importantly, it has been suggested that the number of glucose
units in the phenylethanoid glycosides can correlate with the degree of Nrf2/ARE pathway
activation [50,52]. Therefore, the Nrf2 activity might be selectively manipulated by the
structural peculiarities of the molecules, their ratio, and is eventually associated with their
physicochemical properties, such as cell permeability.

Our findings suggest that myconoside and calceolarioside E might regulate Nrf2
expression in neutrophils. The mechanism that controls the enhanced expression of Nrf2
in neutrophils, caused by myconoside and calceolarioside E is a next question to be clari-
fied. However, the Nrf2-modulating activity of these compounds can be therapeutically
exploited to balance the antioxidant homeostasis, apoptosis, cell trafficking, and homing in
pathological conditions.

4. Conclusions

Several phenylethanoid glycosides-rich fractions have been obtained from the crude
methanolic extract of H. rhodopensis. Their contents were characterized by NMR analysis
and the two main molecules myconoside and calceolarioside E were found in different
ratios in the fractions. The effect on Nrf2 expression in primary BM neutrophils of the
fractions, containing specific ratios of myconoside and calceolarioside E, as well as, a single
or combinatorial treatment of both molecules have been evaluated. The most active
fractions were D and E, where myconoside and calceolarioside E were in ratios 1:0.6 and
0.25:1, respectively. Calceolarioside E (32 µg/mL) had a stronger activity than myconoside,
the effect of which was very similar to that of CDDO-Me.

The obtained data indicate that both molecules, used alone or in combination, have
a stimulatory activity on Nrf2 intracellular expression. The Nrf2 activation can be ma-
nipulated by changes in the structural peculiarities of the molecules, their ratio, and
physicochemical properties, such as intracellular permeability. We strongly believe that
further studies should be designed and performed to clarify the mechanism for enhanced
endogenous Nrf2 level caused by myconoside and calceolarioside E, as well as, to show
the compound’s selectivity towards the Nrf2 activity. Such investigations will support
the therapeutic use of either the isolated compounds or the H. rhodopensis fractions in
pathologies related to a failure/dysfunction in the Nrf2 activity or expression.
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5. Materials and Methods
5.1. Materials and Reagents

Deuterated methanol (purity 99.8%) and deuterium oxide (99.9%) were supplied
from Deutero GmbH (Kastellaun, Germany). Trimethyl silylpropionic acid sodium salt-d4
(TSPA-d4), acetonitrile, acetic, formic acids, methanol, and DMSO of the HPLC grade and
CDDO-Me were purchased from Merck KGaA (Darmstadt, Germany). Deionized water
was purified through Ultrapure Water Systems Arium® 611DI (Sartorius AG, Gottingen,
Germany). Myconoside and calceolarioside E were isolated and purified within the current
study. The CDDO-Me and myconoside were dissolved in DMSO, while calceolarioside
E was dissolved in methanol. The compounds were then diluted with PBS (pH 7.4) to a
concentration of 1 mg/mL, passed through a sterile 20 µm syringe filter (Corning GmbH,
Kaiserslautern, Germany), and stored at −20 ◦C.

Column chromatography (CC) on Polyamide 6 (Fluka, Germany), Sephadex LH-20
and Lobar chromatography (Lobar RP-18, Merck) were used for separation and purifica-
tion of the individual compounds. Preparative thin layer chromatography (PTLC) was
performed on pre-coated plates 60 F254, 0.25 mm and thin layer chromatography (TLC)
was performed on 60 F254 plates (Merck). Separation was visualized by spraying with 20%
(v/v) H2SO4 in an ethanol solution.

5.2. Plant Material Collection

Wild grown H. rhodopensis plants were kindly provided by the Center of Plant Systems
Biology and Biotechnology (CPSBB). The plants were collected near Bachkovo, Bulgaria
(latitude: 41◦59′18.0” N, longitude: 24◦52′37.4” E, 310 m a.s.l.) on 23 May 2020 with
permission from the Ministry of Environment and Water (no. 800/08.07.2019) issued to
CPSBB. The plant material was collected by Dr. Nikola Staykov from CPSBB.

5.3. In Vitro Cultivation of H. rhodopensis

In vitro plants of H. rhodopensis were grown on a plant growth regulator-free full-
strength McCown Woody Plant Medium (WPM) supplemented with 2.0% sucrose and
0.6% plant agar (w/v) at 20 ◦C, 80% humidity, under 16 h light (30–40 µM/m2/s)/8 h
dark regime, and were subcultured every 2 months. The medium pH was adjusted to 5.8
before autoclaving.

5.4. Extraction and Isolation of Pure Compounds

Air-dried and grounded plant material (13.8 g) was extracted with 500 mL MeOH
(2 × 48 h). Crude MeOH extracts were combined, filtrated and evaporated (4.5 g), dissolved
in 10 mL distilled H2O, and subjected to polyamide column chromatography eluting with
300 mL H2O and H2O–MeOH mixtures (25–100%) to give ten main fractions, A-J. Part
of fraction B (0.2 g) was dissolved in water and purified using LPLC (Lobar RP-18, size
A, eluents 50 mL H2O and 2.5–30% MeOH) followed by PTLC with CH3Cl:MeOH:H2O
(61:32:7, v/v/v) to obtain pure myconoside (30.0 mg). Part of fraction E (38.1 mg) was
subjected on PTLC similarly to afford pure calceolarioside E (6.6 mg). Fraction H (0.14 g)
was separated on a Sephadex-LH20 column eluting with MeOH and a subtraction (75.5 mg)
was further purified by LPLC (Lobar RP-18, size A, eluents 50 mL H2O and 25–60% MeOH)
to obtain hispidulin 8-C-(2-O-syringoyl-β-glucopyranoside (19.5 mg) and hispidulin 8-C-(6-
O-acetyl-2-O-syringoyl-β-glucopyranoside) (16.4 mg).

5.5. Plant Material Extraction for NMR and HPLC Analysis

The wild grown H. rhodopensis, as well as, 2-months-old in vitro plants were freeze-
dried and extracted with 50% aqueous methanol (1:20) under sonication for 20 min at
room temperature. The extracts were filtrated, concentrated under a vacuum at 40 ◦C,
lyophilized until dryness, and stored at −20 ◦C before use for NMR and HPLC analysis.
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5.6. Nuclear Magnetic Resonance (NMR) Analysis

The NMR analysis was performed according to the previously established protocol
from [6,47] according to which 10 mg of the plant extracts were thoroughly homogenized
in a 2 mL Eppendorf with equal amounts of 0.4 mL CD3OD and D2O, containing a KH2PO4
buffer with pH 6.0 and TSPA-d4 as an internal standard at a final concentration of 0.005%
(w/v). After vortexing (for 1 min), the sample was placed in an ultrasonic bath (35 kHz) for
20 min at room temperature. The samples were further centrifuged for 20 min (at 12,000
rpm, 4 ◦C) and 0.8 mL of the supernatant was transferred in a 5 mm NMR tube. The 1H
NMR and 2D NMR spectra (HSQC and COSY) were recorded at 25 ◦C on an AVII+ 600
spectrometer (Bruker, Karlsruhe, Germany) operating at a frequency of 600.01 MHz with
relaxation time of 4.07 s and CD3OD as an internal lock.

5.7. HPLC-UV Analysis

Prior to the analysis, myconoside and calceolarioside E were dissolved in methanol
and standard solutions from 10–200 µg/mL (for myconoside) and 5–100 µg/mL (for
calceolarioside E) were prepared and filtrated through a 0.45 µm syringe filter. The plant
extracts were prepared in 5 mg/mL solutions in 50% aqueous methanol.

The analyses were performed on the HPLC system, consisting of Waters binary pump,
Waters dual λ absorbance detector (Waters, Milford, MA, USA) controlled by the Breeze
3.30 software. The molecules were separated on a reverse-phase Kinetex® C18, 100 Å
(150 × 4.6 mm, 5 µm) core-shell column (Phenomenex, Torrance, CA, USA), operating at
26 ◦C.

The myconoside determination was based on an HPLC protocol previously used
by [25] with the following modifications. The mobile phases used were acetonitrile (phase
A) and 1% aqueous acetic acid (phase B) at a flow rate of 1.0 mL/min with the following
gradient: 5:95 (A:B) from 0–3 min, followed by an increase of A from 5 to 25 (3–10 min), in-
crease of A from 25 to 60 (10–23 min), and restoring to the initial ratio 5:95 (from 23–25 min).
The detection wavelength was 278 nm. Calceolarioside E was quantified at a wavelength
of 330 nm using acetonitrile (phase A) and 0.1% aqueous formic acid (phase B) at a flow
rate of 1.0 mL/min and gradient as follows: 5:95 (A:B) from 0–3 min, increase of A from
5 to 50 (from 3–6 min), followed by another increase from 50 to 65 (from 6–7 min) and then
decrease of A from 65 to 50 (from 7 to 12 min), 50 to 20 (from 12–20 min) and turning back
to the initial 5:95 (from 20–25 min).

5.8. Animals

BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA, USA).
The experiments were adapted from protocols previously described and approved by the
National Food Agency (Bulgaria) according to the National and European Guidelines (License
for Animal Housing no. 352/30.01.2012 (registration no. 11130005); License for Experimental
Procedures no. 105/10.07.2014). All the experiments were conducted in accordance with the
ARRIVE criteria (Animal Research: Reporting of In Vivo Experiments). Mice were kept under
standard conditions in the Experimental Animals Facility at the Institute of Microbiology
(Bulgarian Academy of Sciences, Sofia, Bulgaria), and the experiments were provided under
anesthesia and the control of a veterinarian.

5.9. Cell Isolation and Purification

Femur and tibia were collected from female or male BALB/c mice (at the 14th week
age, 17–19 g) and BM suspension was prepared following the previously described pro-
tocol [53]. Neutrophils were purified from BM suspension by immunomagnetic sorting
using a MojoSort™ Mouse Neutrophil Isolation Kit and according to the manufacturer’s
protocol (Biolegend, London, UK). Briefly, BM cells were counted and re-suspended at
a concentration of 1 × 107/mL in 100 µL of a selection buffer (5% Bovine serum albu-
min (BSA)/PBS containing 2 mM ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich,
Darmstadt, Germany)). The antibody cocktail containing biotin-labelled antibodies against
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CD4, CD5, B220, CD11c, CX3CR1, F4/80, CD117, CD244.2, TER-119/Erythroid was added
to the cell suspension at a volume of 10 µL. After incubation for 20 min at 4 ◦C, the cells
were washed with 10 mL cold PBS (centrifugation at 250× g for 10 min) and resuspended
in 100 µL of a selection buffer. Streptavidin Nanobeads at a volume of 10 µL were added to
the cell suspension and incubated for 20 min at 4 ◦C. The cells were washed with 10 mL PBS
and resuspended in a 2 mL selection buffer. The negative magnet selection was performed
twice for 5 min using an Affyimetrix magnet (Thermo Fisher Scientific, Waltham, CA, USA).
Purified murine neutrophils contained 77–80% Ly6G+CD11b+ cells (evaluated by flow
cytometry) and were with 95% vitality (evaluated by Trypan blue dye staining).

5.10. Cell Culture and Treatment

Purified neutrophils were counted on a Burker chamber and resuspended at a con-
centration of 2 × 106/mL in a sterile complete RPMI-1640 medium containing 10% Fetal
calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, and
supplemented with amino acids (all from Sigma-Aldrich, St. Louis, MO, USA). The cells at
a concentration of 1 × 106/mL were seeded on 24-well plates (Corning) in the presence
of 200 µg/mL of H. rhodopensis extract or 200 µg/mL of fractions (named B, D, and E) or
purified compounds myconoside and calceolarioside E (at concentrations corresponding
to their content in the D and E fractions). Pure myconoside was used at a concentration
of 32 µg/mL which was six times lower than the content of myconoside in fraction B
(200 µg/mL). Control cultures were treated with DMSO (0.02%), methanol (0.01%), or a
well-known Nrf2 activator—CDDO-Me (5 µM). Neutrophils were left unstimulated to
determine the endogenous Nrf2 level or were stimulated with 100 ng/mL PMA. After 16 h
of incubation at 37 ◦C, CO2 cells were collected, washed with 10 mL PBS, and used in the
flow cytometry analysis.

5.11. Measuring Cell Death by the Trypan Blue Uptake

The neutrophil cell death was measured by the uptake of Trypan Blue dye (0.4% solu-
tion in PBS (pH 7.4), Sigma-Aldrich, Munich, Germany) according to the protocol described
previously [50] and using light microscopy (Nikon, Amsterdam, The Netherlands). The
survived cells were calculated as follows:

% viable cells = [1.00 − (Number of Trypan blue positive cells ÷ Number of total cells)] × 100 (1)

5.12. Flow Cytometry for Evaluation of Intracellular Nrf2 Expression

Neutrophils (1 × 106/mL) were resuspended in a 5% BSA/PBS buffer and were
incubated for 20 min at 4 ◦C, in the dark, with validated concentrations of fluorochrome-
conjugated antibodies against mouse Ly6G (clone 1A8, Biolegend) and CD11b (clone
M1-70, Biolegend), and of the corresponding isotype rat control antibodies (Biolegend).
The Antibodies were conjugated with the following fluorophores: Peridinin chlorophyll
protein (PerCP) Cy5.5 and allophycocyanin (APC), respectively. The samples were washed
twice with PBS and fixed with 4% paraformaldehyde (PFA)/PBS for 10 min at room
temperature. After 2-folds of washing with PBS, cells were resuspended in 100 µL of a
permeabilizing/blocking buffer (Biolegend) and incubated for 15 min at room temperature.
Then, the cells were stained with a purified rabbit antibody against Nrf2 (1:500 diluted,
Cell Signaling Technology, Leiden, The Netherlands) for 1 h at 4 ◦C, in the dark. After
washing, the cells were stained with fluorescein isothiocyanate (FITC)-labeled anti-rabbit
IgG (diluted 1:1600, Sigma-Aldrich, Munich, Germany) for 1 h at 4 ◦C, in the dark, washed
twice, and subjected to the flow cytometry analysis.

5.13. Data Analysis

The obtained 1D and 2D NMR spectra were automatically reduced to ASCII files
using the AMIX software (version 3.7, Bruker), phase, base line corrected, and referenced
at 0.0 ppm to the internal standard TSPA using the MestReNova software (version 12.0.0,
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Mestrelab Research, Santiago de Compostela, Spain). All the signals were normalized in
relation to the peak of TSPA and scaled to 1.0.

The flowcytometry data were analyzed after the acquisition of at least 20,000 cell
counts/sample and singlet/doublet cell discrimination, run on a BSRII flow cytometer
using the BD FACSDiva v6.1.2 Software (Becton Dickinson GmbH, San Jose, CA, USA) at
the Department of Immunology’s Flow Cytometry Core, The Stephan Angeloff Institute
of Microbiology, Sofia, Bulgaria. The viability and flowcytometry data are expressed as
the mean± standard deviation (SD). The significant differences between the groups were
evaluated by the Student’s unpaired t-test. Statistical significance is displayed as: N.S., not
significant; p < 0.05.
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Abbreviations

ARE Antioxidant responsible elements
BM Bone marrow
CDDO-Me Cyano-3,12-dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester
DMSO Dimethyl sulfoxide
DW Dry weight
HSQC Heteronuclear single quantum coherence spectroscopy
HPLC High performance liquid chromatography
KEAP1 Kelch-like ECH-associated protein 1
NMR Nuclear magnetic resonance
Nrf2 Nuclear factor erythroid 2 p45-related factor 2
PBS Phosphate buffered saline
PMA Phorbol 12-myristate 13-acetate
ROS Reactive oxygen species

References
1. Benina, M.; Obata, T.; Mehterov, N.; Ivanov, I.; Petrov, V.; Toneva, V.; Fernie, A.; Gechev, T. Comparative metabolic profiling of

Haberlea rhodopensis, Thellungiella halophyla, and Arabidopsis thaliana exposed to low temperature. Front. Plant. Sci. 2013, 4, 499.
[CrossRef]

http://doi.org/10.3389/fpls.2013.00499


Int. J. Mol. Sci. 2021, 22, 1759 14 of 15

2. Daskalova, E.; Dontcheva, S.; Yahubyan, G.; Mikov, I.; Toneva, V. Ecological characteristics and conservation of the
protected resurrection species Haberlea rhodopensis Friv. As in vitro plants trough a modified micropropagation system.
Biotechnol. Biotechnol. Equip. 2010, 24, 213–217. [CrossRef]

3. Daskalova, E.; Dontcheva, S.; Yahoubian, G.; Minkov, I.; Toneva, V. A strategy for conservation and investigation of the protected
resurrection plant Haberlea rhodopensis Friv. BioRisk 2011, 6, 41–60. [CrossRef]

4. Gechev, T.; Benina, M.; Obata, T.; Tohge, T.; Sujeeth, N.; Minkov, I.; Toneva, V. Molecular mechanisms of desiccation tolerance in
the resurrection glacial relic Haberlea rhodopensis. Cell. Mol. Life Sci. 2013, 70, 689–709. [CrossRef]

5. Ebrahimi, S.; Gafner, F.; Dell’Acqua, G.; Schweikert, K.; Hamburger, M. Flavone 8-C-Glycosides from Haberlea rhodopensis Friv.
(Gesneriaceae). Helv. Chim. Acta 2011, 94, 38–45. [CrossRef]

6. Zheleva-Dimitrova, D.; Nedialkov, P.; Giresser, U. A validated HPLC method for simultaneous determination of caffeoyl
phenyalethanoid glucosides and flavone 8-C-glycosides in Haberlea rhodopensis. Nat. Prod. Commun. 2016, 11, 791–792. [PubMed]

7. Dell’Acqua, G.; Schweikert, K. Skin benefits of a myconoside-rich extract from resurrection plant Haberlea rhodopensis. Int. J.
Cosmet. Sci. 2011, 34, 132–139. [CrossRef]

8. Kondeva-Burdina, M.; Zheleva-Dimitrova, D.; Nedialkov, P.; Girreser, I.; Mitcheva, M. Cytoprotective and antioxidant effects of
phenolic compounds from Haberlea rhodopensis Friv. (Gesneriaceae). Pharmacogn. Mag. 2013, 9, 294–301.

9. Moyankova, D.; Lyubenova, A.; Slavov, S.; Djilianov, D. Extracts of the endemic resurrection plant Haberlea rhodopensis stimulate
in vitro growth of various Phytophthora spp. Pathogens. Eur. J. Plant Pathol. 2014, 138, 149–155. [CrossRef]

10. Georgiev, M.; Pastore, S.; Lulli, D.; Alipieva, K.; Kostyuk, V.; Potapovich, A.; Panetta, M.; Korkina, L. Verbascum xanthophoeniceum-
derived phenylethanoid glycosides are potent inhibitors of inflammatory chemokines in dormant and interferon-gamma-
stimulated human keratinocytes. J. Ethnopharmacol. 2012, 144, 754–760. [CrossRef] [PubMed]

11. Marchev, A.; Yordanova, Z.; Georgiev, M. Green (cell) factories for advanced production of plant secondary metabolites. Crit. Rev.
Biotechnol. 2020, 40, 443–458. [CrossRef] [PubMed]

12. Amirova, K.; Dimitrova, P.; Marchev, A.; Aneva, I.; Georgiev, M. Clinopodium vulgare L. (wild basil) extract and its active
constituents modulate cyclooxygenase-2 expression in neutrophils. Food Chem. Toxicol. 2019, 124, 1–9. [CrossRef]

13. Zahmanov, G.; Alipieva, K.; Simova, S.; Georgiev, M. Metabolic differentiations of dwarf elder by NMR-based metabolomics.
Phytochem. Lett. 2015, 11, 404–409. [CrossRef]

14. Marchev, A.; Aneva, Y.; Koycheva, I.; Georgiev, M. Phytochemical variations of Rhodiola rosea L. wild-grown in Bulgaria.
Phytochem. Lett. 2017, 20, 386–390. [CrossRef]

15. Marchev, A.; Koycheva, I.; Aneva, I.; Georgiev, M. Authenticity and quality evaluation of different Rhodiola species and commercial
products based on NMR-spectroscopy and HPLC. Phytochem. Anal. 2020, 31, 756–769. [CrossRef]

16. Schadich, E.; Hlavac, J.; Volna, T.; Varanasi, L.; Hajduch, M.; Dzubak, P. Effects of ginger phenylpropanoids and quercetin on
Nrf-ARE pathway in human BJ fibroblasts and HaCaT keratinocytes. Biomed Res. Int. 2016, 2016, 2173275. [CrossRef]

17. Zhang, H.; Xu, L.; Liu, X.; Fan, J.; Wang, X.; Shen, T.; Wang, S.; Ren, D. Dracomolphesin A-E, five 3,4-seco—phenylpropanoids
with Nrf2 inducing activity from Dracocephalum moldavica. Chin. Chem. Lett. 2020, 31, 1259–1262. [CrossRef]

18. Kalafati, L.; Kourtzelis, I.; Schulte-Schrepping, J.; Li, X.; Hatzioannou, A.; Grinenko, T.; Hagag, E.; Sinha, S.; Has, C.; Dietz, S.; et al.
Innate immune training of granulopoiesis promotes anti-tumor activity. Cell 2020, 183, 771–785. [CrossRef]

19. Wang, P.; Geng, J.; Gao, J.; Zhao, H.; Li, J.; Shi, Y.; Yang, B.; Xiao, C.; Lingu, Y.; Sun, X.; et al. Macrophage achieves self-protection
against oxidative stress-induced ageing through the Mst-Nrf2 axis. Nat. Commun. 2019, 10, 755. [CrossRef]

20. Baird, L.; Dinkova-Kostova, A. The cytoprotective role of the Keap1-Nrf2 pathway. Arch. Toxicol. 2011, 85, 241–272. [CrossRef]
[PubMed]

21. Hayes, J.; Dinkova-Kostova, A. The Nrf2 regulatory network provides an interface between redox and intermediary metabolism.
Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef]

22. Dinkova-Kostova, A.; Kostov, R.; Kazantsev, A. The role of Nrf2 signaling in counteracting neurodegenerative diseases. FEBS J.
2018, 285, 3576–3590. [CrossRef]

23. Caniguel, S.; Salvia, M.; Villa, R.; Iglesias, J. New polyphenol glycosides from Ramonda myconi. J. Nat. Prod. 1996, 59, 419–422.
[CrossRef]

24. Jensen, S. Caffeoyl phenylethanoid glycosides in Sanango racemosum and in the Gesneriaceae. Phytochemistry 1996, 43, 777–783.
[CrossRef]

25. Timoteo, P.; Karioti, A.; Leitao, S.; Vincieri, F.; Bilia, A. A validated HPLC method for the analysis of herbal teas from three
chemotypes of Brazilian Lippia alba. Food. Chem. 2015, 175, 366–373. [CrossRef] [PubMed]

26. Damtoft, S.; Franzyk, H.; Jensen, S.; Nielsen, B. Iridoids and verbascosides in Retzia. Phytochemistry 1993, 34, 239–243. [CrossRef]
27. Nicoletti, M.; Galeffi, C.; Multari, G.; Garbarino, J.; Gambaro, V. Polar constituents of Calceolaria ascendens. Planta Med. 1988,

54, 347–348. [CrossRef] [PubMed]
28. Joshi, N.; Werner, S. Nrf2 is highly expressed in neutrophils, but myeloid cell-derived Nrf2 is dispensable for wound healing in

mice. PLoS ONE 2017, 12, e0187162.
29. Helou, D.; Noël, B.; Gaudin, F.; Groux, H.; Ali, Z.; Pallardy, M.; Chollet-Martin, S.; Kerdine-Römer, S. Cutting Edge: Nrf2 regulates

neutrophil recruitment and accumulation in skin during contact hypersensitivity. J. Immunol. 2019, 202, 2189–2194. [CrossRef]
30. Thimmulappa, R.; Lee, H.; Rangasamy, T.; Reddy, S.; Yamamoto, M.; Kensler, T.; Biswal, S. Nrf2 is a cruel regulator of the innate

immune response and survival during experimental sepsis. J. Clin. Investig. 2006, 116, 984–995. [CrossRef] [PubMed]

http://doi.org/10.1080/13102818.2010.10817838
http://doi.org/10.3897/biorisk.6.1568
http://doi.org/10.1007/s00018-012-1155-6
http://doi.org/10.1002/hlca.201000378
http://www.ncbi.nlm.nih.gov/pubmed/27534117
http://doi.org/10.1111/j.1468-2494.2011.00692.x
http://doi.org/10.1007/s10658-013-0315-3
http://doi.org/10.1016/j.jep.2012.10.035
http://www.ncbi.nlm.nih.gov/pubmed/23117092
http://doi.org/10.1080/07388551.2020.1731414
http://www.ncbi.nlm.nih.gov/pubmed/32178548
http://doi.org/10.1016/j.fct.2018.11.054
http://doi.org/10.1016/j.phytol.2014.11.021
http://doi.org/10.1016/j.phytol.2016.12.030
http://doi.org/10.1002/pca.2940
http://doi.org/10.1155/2016/2173275
http://doi.org/10.1016/j.cclet.2019.09.036
http://doi.org/10.1016/j.cell.2020.09.058
http://doi.org/10.1038/s41467-019-08680-6
http://doi.org/10.1007/s00204-011-0674-5
http://www.ncbi.nlm.nih.gov/pubmed/21365312
http://doi.org/10.1016/j.tibs.2014.02.002
http://doi.org/10.1111/febs.14379
http://doi.org/10.1021/np960204m
http://doi.org/10.1016/0031-9422(96)00186-0
http://doi.org/10.1016/j.foodchem.2014.11.129
http://www.ncbi.nlm.nih.gov/pubmed/25577093
http://doi.org/10.1016/S0031-9422(00)90811-2
http://doi.org/10.1055/s-2006-962454
http://www.ncbi.nlm.nih.gov/pubmed/17265284
http://doi.org/10.4049/jimmunol.1801065
http://doi.org/10.1172/JCI25790
http://www.ncbi.nlm.nih.gov/pubmed/16585964


Int. J. Mol. Sci. 2021, 22, 1759 15 of 15

31. Ohl, K.; Fragoulis, A.; Klemm, P.; Baumeister, J.; Klock, W.; Verjans, E.; Böll, S.; Möllmann, J.; Lehrke, M.; Costa, I.; et al. Nrf2 is a
central regulator of metabolic reprogramming of myeloid-derived suppressor cells in steady state and sepsis. Front. Immunol.
2018, 9, 552. [CrossRef]

32. Taobi, K.; Fauvel, M.; Moulis, C.; Fouraste, I. Phenylpropanoid glycosides from Lantana camara and Lippis miltiflora. Planta Med.
1997, 63, 192–193. [CrossRef]

33. Filho, J.; Nimmo, S.; Xavier, H.; Barbosa-Filho, J.; Cichewicz, R. Phenylethanoid and lignan glycosides from polar extracts of
Lantana, a genus of verbenaceous plants widely used in traditional herbal therapies. J. Nat. Prod. 2009, 72, 1344–1347. [CrossRef]

34. Trevisan, M.; Marques, R.; Silva, M.; Scherer, D.; Haubner, R.; Ulrich, C.; Owen, R. Composition of essential oils and ethanol
extracts of the leaves of Lippia species: Identification, quantitation and antioxidant capacity. Rec. Nat. Prod. 2016, 10, 485–496.

35. Cespedes, L.; Salazar, J.; Alarcon, J. Chemistry and biological activities of Calceolaria spp. (Calceolariaceae: Scrophulariaceae).
Phytochem. Rev. 2013, 12, 733–749. [CrossRef]

36. Deryugina, E.; Carre, A.; Ardi, V.; Muramatsu, T.; Schmidt, J.; Pham, C.; Quigley, J. Neutrophil elastase facilitates tumor cell
intravasation and early metastatic events. Science 2020, 23, 101799.

37. Carroll, B.; Otten, E.G.; Manni, D.; Stefanatos, R.; Menzies, F.; Smith, G.; Jurk, D.; Kenneth, N.; Wilkinson, S.; Passos, J.; et al.
Oxidation of SQSTM1/p62 mediates the link between redox state and protein homeostasis. Nat. Commun. 2018, 9, 256. [CrossRef]
[PubMed]

38. Dehghan, E.; Zhang, Y.; Saremi, B.; Yadavali, S.; Hakimi, A.; Dehghani, M.; Goodazi, M.; Goodarzi, M.; Tu, X.; Robertson, S.;
et al. Hydralazine induces stress resistance and extends C. elegans lifespan by activating the NRF2/SKN-1 signalling pathway.
Nat. Commun. 2017, 8, 2223. [CrossRef] [PubMed]

39. Pae, O.; Jeong, G.; Jeong, S.; Jeong, S.; Kim, H.; Kim, S.; Kum, Y.; Yoo, S.; Kim, H.; Chung, H. Roles of heme oxygenase-1 in
curcumin-induced growth inhibition in rat smooth muscle cells. Exp. Mol. Med. 2007, 39, 267–277. [CrossRef] [PubMed]

40. Pearson, B.; Simon, J.; McCoy, E.; Salazar, G.; Fragola, G.; Zylka, M. Identification of chemicals that mimic transcriptional changes
associated with autism, brain aging and neurodegeneration. Nat. Commun. 2016, 7, 11173. [CrossRef] [PubMed]

41. Olagnier, D.; Brandtoft, A.; Gunderstofte, C.; Gunderstofte, C.; Villadsen, N.; Krapp, S.; Thielke, A.; Laustsen, A.; Peri, S.;
Hansen, A.L.; et al. Nrf2 negatively regulates STING indicating a link between antiviral sensing and metabolic reprogramming.
Nat. Commun. 2018, 9, 3506. [CrossRef]

42. Huppke, P.; Weissbach, S.; Church, J.; Schur, R.; Krusen, M.; Dreha-Kulaczewski, S.; Kuhn-Velten, N.; Wolf, A.; Huppke, B.;
Millan, F.; et al. Activating de novo mutations in NFE2L2encoding NRF2 cause a multisystem disorder. Nat. Commun. 2017, 8, 818.
[CrossRef] [PubMed]

43. Dobreva, Z.; Popov, B.; Georgieva, S.; Stanilova, S. Immunostimulatory activities of Haberlea rhodopensis leaf extract on the specific
antibody response: Protective effects against γ-radiation-induced immunosuppression. Food Agric. Immunol. 2014, 3, 381–393.

44. Hayrabedyan, S.; Todorova, K.; Zasheva, D.; Moyankova, D.; Georgieva, D.; Todorova, J.; Djilianov, D. Haberlea rhodopensis has
potential as a new drug source based on its broad biological modalities. Biotechnol. Biotechnol. Equip. 2014, 27, 3553–3560.

45. Yang, M.; Lu, Y.; Ma, Y.; Wu, G.; Beier, R.; Hou, X.; Wu, G. Inhibition of porcine reproductive and respiratory syndrome virus
in vitro by forsythoside A. Int. J. Pharmacol. 2015, 11, 394–399. [CrossRef]

46. Kim, D.; Kim, H.; Woo, E.; Kwon, D.; Kim, M.; Chae, S.; Chae, H. Protective effect of calceolarioside on adriamycin-induced
cardiomyocyte toxicity. Eur. J. Pharmacol. 2006, 541, 24–32. [CrossRef]

47. Dimitrova, P.; Alipieva, K.; Stojanov, K.; Milanova, V.; Georgiev, M. Plant-derived verbascoside and isoverbascoside regulate
Toll-like receptor 2 and 4-driven neutrophils priming and activation. Phytomedicine 2019, 55, 105–118. [CrossRef]

48. Li, M.; Xu, T.; Zhou, F.; Wang, M.; Song, H.; Xiao, X.; Lu, B. Neuroprotective effects of four phenylethanoid glycosides on
H2O2-induced apoptosis on PC12 cells via the Nrf2/ARE pathway. Int. J. Mol. Sci. 2018, 19, 1135. [CrossRef]

49. Li, M.; Zhou, F.; Xu, T.; Song, H.; Lu, B. Acteoside protects against 6-OHDA-induced dopaminergic neuron damage via Nrf2-ARE
signaling pathway. Food Chem. Toxicol. 2018, 119, 6–13. [CrossRef]

50. Wang, Y.; Zhao, H.; Lin, C.; Ren, J.; Zhang, S. Forsythoside A exhibits anti-inflammatory effects in LPS-stimulated BV2 microglia
cells through activation of Nrf2/HO-1 signaling pathway. Neurochem. Res. 2015, 41, 659–665. [CrossRef] [PubMed]

51. Pan, C.; Zhou, G.; Chen, W.; Zhuge, L.; Jin, L.; Zheng, Y.; Lin, W.; Pan, Z. Protective effect of forsythiaside A on
lipopolysaccharide/D-galactosamine-induced liver injury. Int. Immunopharmacol. 2015, 26, 80–85. [CrossRef] [PubMed]

52. Wu, L.; Georgiev, M.I.; Cao, H.; Nahar, L.; El-Seedi, H.R.; Sarker, S.D.; Xiao, J.; Lu, B. Therapeutic potential of phenylethanoid
glycosides: A systematic review. Med. Res. Rev. 2020, 40, 2605–2649. [CrossRef] [PubMed]

53. Georgiev, M.; Ali, K.; Alipieva, K.; Verpoorte, R.; Choi, Y. Metabolic differentiations and classification of Verbascum species by
NMR-based metabolomics. Phytochemistry 2011, 72, 2045–2051. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.01552
http://doi.org/10.1055/s-2006-957647
http://doi.org/10.1021/np900086y
http://doi.org/10.1007/s11101-013-9276-6
http://doi.org/10.1038/s41467-017-02746-z
http://www.ncbi.nlm.nih.gov/pubmed/29343728
http://doi.org/10.1038/s41467-017-02394-3
http://www.ncbi.nlm.nih.gov/pubmed/29263362
http://doi.org/10.1038/emm.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/17603281
http://doi.org/10.1038/ncomms11173
http://www.ncbi.nlm.nih.gov/pubmed/27029645
http://doi.org/10.1038/s41467-018-05861-7
http://doi.org/10.1038/s41467-017-00932-7
http://www.ncbi.nlm.nih.gov/pubmed/29018201
http://doi.org/10.3923/ijp.2015.394.399
http://doi.org/10.1016/j.ejphar.2006.04.045
http://doi.org/10.1016/j.phymed.2018.07.013
http://doi.org/10.3390/ijms19041135
http://doi.org/10.1016/j.fct.2018.06.018
http://doi.org/10.1007/s11064-015-1731-x
http://www.ncbi.nlm.nih.gov/pubmed/26498935
http://doi.org/10.1016/j.intimp.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25797347
http://doi.org/10.1002/med.21717
http://www.ncbi.nlm.nih.gov/pubmed/32779240
http://doi.org/10.1016/j.phytochem.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21807390

	Introduction 
	Results 
	Extraction and Isolation of Pure Compounds 
	Phytochemical Analysis 
	Studies for Biological Activity 

	Discussion 
	Conclusions 
	Materials and Methods 
	Materials and Reagents 
	Plant Material Collection 
	In Vitro Cultivation of H. rhodopensis 
	Extraction and Isolation of Pure Compounds 
	Plant Material Extraction for NMR and HPLC Analysis 
	Nuclear Magnetic Resonance (NMR) Analysis 
	HPLC-UV Analysis 
	Animals 
	Cell Isolation and Purification 
	Cell Culture and Treatment 
	Measuring Cell Death by the Trypan Blue Uptake 
	Flow Cytometry for Evaluation of Intracellular Nrf2 Expression 
	Data Analysis 

	References

