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Abstract

Rosavin, a glycoside isolated from Rhodiola rosea, exhibits various biological activities,
including potential modulation of metabolic pathways. Despite promising findings in
animal models, its effects on many human bone cells remain unexplored. This study aimed
to investigate, for the first time, the in vitro effects of rosavin on human osteoblasts (HOBs),
focusing on BMP-2 expression, cell morphology, and culture confluence as indicators of
osteogenic activity. HOB cultures were treated with 50 uM or 100 pM rosavin for 21 days.
BMP-2 expression was measured by ELISA, collagen production was assessed via Sirius
Red staining, and cell morphology and confluence were evaluated using phase-contrast
microscopy. A significant increase in BMP-2 expression was observed in the 100 uM rosavin
group compared to the mineralization control (p < 0.05), particularly on days 14 and 21.
Both rosavin-treated groups exhibited higher confluence than controls, with the 50 pM
group showing unexpectedly greater confluence than the 100 uM group. Rosavin at 50 uM
also promoted a cuboidal morphology characteristic of active HOBs. The presence of
collagen validated both the successful progression of the mineralization process and the
correct implementation of the experimental protocol. Rosavin enhances BMP-2 expression
and supports HOB proliferation and morphological maturation in vitro. These findings
suggest its potential as a supportive agent in the prevention or treatment of metabolic bone
diseases. Further research is necessary to determine its bioavailability, safety profile, and
therapeutic relevance in clinical settings.

Keywords: rosavin; human osteoblasts; osteoporosis; adaptogens; golden root; bone
morphogenetic protein 2; cell cultures; phyto-compounds; nutrition

1. Introduction

Rosavin is a plant-derived glycoside primarily isolated from Rhodiola rosea (golden
root), a member of the Crassulaceae family. Its chemical formula is CyoHpgO19, with a
molecular mass of 428.43 g/mol. Compounds of this class have long attracted scientific
interest due to their potential pharmacological properties, including anti-inflammatory,
anticancer, neuroprotective, and adaptogenic effects [1,2]. Extracts of Rhodiola rosea are
widely used as dietary supplements to support the body under conditions of stress, fatigue,
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cognitive impairment, weakened immunity, and to enhance both physical and mental
performance [3,4]. In several countries, rosavin is administered orally in extract form, and
in Sweden, it is utilized in children to improve concentration and reduce fatigue [5]. Con-
temporary research on the pharmacological potential of rosavin suggests its significant role
in modulating metabolic processes, including those related to bone tissue homeostasis [6,7].

Bone tissue, in addition to its structural functions, constitutes a dynamic system
involved in metabolic and homeostatic processes. Specifically, the regulation of bone forma-
tion and resorption occurs through the coordinated activity of osteoblasts and osteoclasts,
with cytokines and growth factors playing a crucial role in these mechanisms [8]. One of
the most important regulators of osteogenesis is bone morphogenetic protein 2 (BMP-2),
which participates in the differentiation of progenitor cells into osteoblasts, supports matrix
mineralization and facilitates reparative processes [9,10]. BMP-2 is of critical importance
in regenerative therapy and in the treatment of bone disorders, including osteoporosis
and non-healing fractures [11]. Osteoporosis, a disease characterized by progressive loss
of bone mass and increased fracture risk, represents a significant global health issue. It
is estimated that over 200 million individuals worldwide suffer from osteoporosis, with
approximately 10 million cases in the United States alone [12,13]. Growing awareness of
the significance of bone metabolism and its molecular regulation encourages the search
for novel, effective therapeutic strategies to support bone tissue regeneration and prevent
its degradation. In this context, the hypothesis emerges that rosavin may influence BMP-2
expression in human osteoblasts (HOBs), thereby opening new therapeutic possibilities for
the treatment of osteoporosis and other metabolic bone diseases [14-16].

The aim of this study is to conduct the first-ever assessment of the effects of rosavin
on BMP-2 expression in HOB cultures in vitro. Additionally, the assessment will include
the estimation of cultures morphology and density following rosavin treatment.

Although previous studies in animal models have suggested that rosavin may in-
fluence bone tissue metabolism, its direct effects on HOBs have not been sufficiently
investigated. Therefore, the aim of the present study was to determine whether rosavin
exerts a direct effect on human osteogenic cells and to identify the potential molecular
mechanisms underlying this action. The outcomes of this study may serve as a basis
for further exploration of rosavin’s therapeutic utility, especially regarding osteoporosis
and related bone metabolic disorders. Moreover, they may support the advancement of
innovative approaches in regenerative medicine aimed at bone tissue regeneration.

2. Results
2.1. Assessment of BMP-2 Expression in Osteoblast Cultures

The graphical representation of BMP-2 expression changes in HOBs across all groups
throughout the experiment is presented in Figure 1. At the beginning of the experiment
(day 0), no difference in BMP-2 expression was observed between the DMEM m and DMEM
g groups. As the study progresses, an increase in BMP-2 presence can be observed in the
R100 group compared to other cell cultures.

Figure 2, utilizing a line graph for visualization, further emphasizes the differences
in BMP-2 expression among the DMEM m, R50, and R100 groups across the selected
experimental days. Notably, treatment with 100 uM rosavin (R100) significantly increased
BMP-2 expression on days 14 and 21 compared to the mineralization medium control
(DMEM m) (p < 0.05). In contrast, 50 uM rosavin (R50) did not exhibit significant differences
in BMP-2 expression relative to DMEM m. Comparing the 14th and 21st day of the effect of
100 pM rosavin on the osteoblast culture, a 37% increase in BMP-2 presence was observed
in the osteoblast culture on day 21 compared to day 14. In summary, 100 uM rosavin
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effectively enhances BMP-2 expression in human osteoblast cultures in vitro, with effects
becoming evident from day 14 and intensifying by day 21.
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Figure 1. The graph illustrates the changes in mean BMP-2 expression, measured by absorbance
according to ELISA assay guidelines (Abcam, ab277085), throughout the experiment at different
time points (0, 14 and 21 days), depending on the applied cell culture conditions and rosavin
supplementation. The groups are color-coded as follows: () gray represents DMEM g, (#) orange
represents DMEM m, () yellow represents R50, and () red represents R100. Data are presented as
mean =+ standard deviation (SD). Asterisks (*) indicate statistical significance at p < 0.05.
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Figure 2. Time points of 0, 14, and 21 days in relation to BMP-2 expression, comparing DMEM m (),
R50 () and R100 (e), are presented in a line graph. Data are expressed as mean =+ standard deviation
(SD). Asterisks (*) indicate statistical significance at p < 0.05.

2.2. Evaluation of Collagen Production in Osteoblast Cultures

Sirius Red staining revealed the presence of collagen as early as day 14 in DMEM m
(Figure 3), indicating the initiation of mineralization and osteoblast maturation, which is
consistent with previous studies [17-19]. The collagen content remained stable up to day
21 of observation.

2.3. Analysis of Osteoblast Confluence in Culture

Microscopic evaluations demonstrated that on days 14 and 21, rosavin-treated groups
(R50 and R100) exhibited higher osteoblast confluence compared to DMEM g and DMEM
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m. The highest confluence was observed on day 21 in the R50 group, followed by the
R100 group, DMEM m, and the lowest in DMEM g (Figures 4 and 5). In control cultures
without rosavin treatment, osteoblasts showed an elongated fibroblast-like shape both on
day 14 and 21 of culture. In the DMEM groups, the cell shape became less cuboidal, and
the cells appeared more flattened and larger. The confluence compared to 50 uM rosavin is

lower in the culture in the differentiation medium without rosavin treatment.

) ’ o ®)

Figure 3. Localization of collagen during differentiation of HOBs on days 14 (A) and 21 (B). Purple
staining was observed in collagen, an extracellular matrix protein that provides a substrate for the
mineralization process. Independent experiments were performed, and representative images are
shown. Scale bar: 50 um (day 14); 20 um (day 21).

© | ' D)

Figure 4. Morphological changes and confluence of the HOBs during their in vitro differentiation
treated with 50 uM (A,B) or 100 uM (C,D) rosavin. Phase contrast images were taken on day 14 (A,C),
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and 21 (B,D) of culture. In HOB cultures treated with 50 1M rosavin, all cells are cuboidal, larger, and
the confluence reaches 100% (A). Similar observations were made on day 21 of cultures treated with
50 uM rosavin (B). In cultures treated with 100 M rosavin, most cells had an elongated fibroblast-like
morphology on day 14 of culture. Areas of dense cells with a cuboid shape were observed (C). The
morphology of the cells on day 21 of culture was similar to that on day 14 of culture, HOB cells with a
fibroblast-like shape and larger areas of cells with a cuboid shape in high density (D). It was observed
that the confluence of the HOB cells treated with 100 uM (C,D) was lower than that of those treated
with 50 uM (A,B). Independent experiments were performed, and representative images are shown.
Scale bar: 50 um (day 14); 20 pm (day 21).

© | (D)

Figure 5. Morphological changes of the HOBs during their in vitro proliferation and differentiation.
The cells were cultured in growth (A,B) or mineralization medium (C,D). Phase contrast images
were taken on day 14 (A,C), and 21 (B,D) of culture. The morphology of the HOBs changed from a
fibroblastic-like cultured with growth medium compared to a more cuboidal shape cultured with
mineralization medium. An increase in confluency was observed in HOB cultures on day 21 compared
to day 14 of culture. Independent experiments were performed, and representative images are shown.
Scale bar: 50 um (day 14); 20 pm (day 21).

3. Discussion

To the best of the authors” knowledge, this is the first study to investigate the effects
of rosavin on HOBs in vitro, with the aim of evaluating its potential in the treatment or
prevention of metabolic bone diseases. This research is highly relevant given the global
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rise in such conditions, particularly osteoporosis, driven by aging populations, unhealthy
lifestyles, environmental stressors, and side effects of treatments for unrelated diseases
such as COPD, asthma, and autoimmune disorders [20-23].

The increasing prevalence of metabolic bone diseases poses a significant burden on
healthcare systems due to prolonged work incapacity, disability, and mortality. Thus,
identifying new therapeutic strategies is essential not only from a biological and ethical
standpoint but also from a socioeconomic perspective. This study introduces a novel
approach, focusing on rosavin—a compound already marketed as a dietary supplement in
several countries—for individuals under environmental or psychological stress, intense
physical exertion, or seeking metabolic support [24-26].

Rosavin, alongside salidroside, is one of the primary bioactive constituents of Rhodiola
rosea, known for its health-promoting properties [27-29]. Although various studies have
explored rosavin’s effects on different physiological systems—primarily in rodent models—
limited data exist on its impact on the musculoskeletal system, particularly regarding bone
regeneration, mineralization, and resorption [30-33]. To date, no studies have examined its
effects on human bone cells, even under controlled in vitro conditions.

In response to this gap, the present study investigates rosavin’s influence on human
osteoblast metabolism in vitro, specifically examining BMP-2 expression and the confluence
of HOB cultures.

According to the authors, evaluating the presence of BMP-2—a protein known to stim-
ulate osteoblast proliferation and promote bone mineralization (with an anti-osteoporotic
effect) [34-37]—and assessing the confluence of cultures treated with rosavin represents a
small yet significant initial step in determining the potential therapeutic relevance of this
compound for metabolic bone diseases.

The results indicate that rosavin, at a concentration of 100 uM, when added to a
medium stimulating osteoblast mineralization and differentiation (R100 group), signifi-
cantly increases BMP-2 expression compared to the corresponding control group (DMEM
m). This effect was evident on both day 14 and day 21, the final day of the experiment
(Figures 1 and 2). Interestingly, the lower concentration of 50 uM (R50 group) did not result
in statistically significant differences relative to the DMEM m group.

It is important to emphasize that the choice of 50 uM and 100 uM concentrations in
this study was based on an informed yet ultimately arbitrary decision by the researchers.
This approach stemmed from prior preliminary trials, in which considerably lower con-
centrations of rosavin—such as 1 uM, 5 uM, and 10 uM—had been tested. Those lower
doses failed to produce any measurable changes in BMP-2 expression or cell confluence
in HOB cultures.

As a result, the rosavin concentration was increased by approximately 5- to 10-fold
relative to doses previously used in rodent studies [31,32]. This adjustment yielded a
favorable outcome, though only at the higher concentration of 100 uM (R100). The findings
suggest that this dose may represent a critical threshold capable of enhancing BMP-2
synthesis in HOBs. This observation is of particular importance for future investigations,
especially in the context of determining an effective therapeutic dose that could achieve
sufficient bioavailability within bone tissue.

Data from the first day of the experiment (day 0) (Figure 1) allowed the assessment of
whether both cultures started with similar levels of BMP-2 expression after the introduction
of the new medium for the DMEM m group. In this context, the DMEM g group acted as a
reference control for the DMEM m group. The absorbance values for BMP-2 in DMEM g
were expected to be comparable to those in DMEM m. Based on the available experimental
data, it can be concluded that the differences in BMP-2 expression between DMEM g and
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DMEM m on day 0 are small, which was an expected result justifying the continuation of
further analyses.

Another important finding in this study was the presence of collagen in the DMEM
m cell cultures, which was crucial for self-validation of the accuracy of laboratory pro-
cedures and the proper functioning of the applied differentiation media. To ensure that
the mineralization medium used in the DMEM m group, as well as in the R50 and R100
groups, functioned correctly according to its intended purpose and that the purchased HOB
cultures responded predictably and in line with their expected physiological maturation,
photographic documentation was used to confirm the presence of collagen on days 14 and
21 (Figure 3). Collagen, directly associated with bone tissue mineralization, serves as a key
indicator of the completion of this process [38—40]. The results confirmed that mineraliza-
tion had already occurred in the DMEM m group by day 14, which was consistent with
findings reported by other researchers [17-19]. Furthermore, on day 21, the mineralization
process remained evident and had progressed as expected. These findings confirmed that
the purchased HOB cultures, as well as the mineralization and differentiation media (used
not only in the DMEM m group but also in the experimental R50 and R100 groups), were
functioning correctly, responded predictably, did not exhibit any pathological or adverse ef-
fects on days 14 and 21, and that laboratory procedures were carried out with the necessary
diligence and professionalism.

In addition to the effect of rosavin on BMP-2 secretion by HOBs, its influence on
cell morphology was also investigated to assess whether visible changes accompanied
the cytochemical response. As shown in Figures 4 and 5, HOB cultures from all four
experimental groups (DMEM g, DMEM m, R50, and R100) were evaluated on days 14 and
21 with respect to confluence and cell shape. Both rosavin-treated groups (R50 and R100)
exhibited markedly higher confluence than the control groups, with the R50 group showing
the highest density—despite its lower rosavin concentration.

These findings suggest that rosavin enhances HOB proliferation, which may be of
particular relevance in the context of osteoblast deficiency and unbalanced bone remod-
eling. The increased confluence observed in R50, and to a lesser degree in R100, ap-
pears to result from complex, multifactorial actions of rosavin rather than a simple dose-
dependent relationship with BMP-2 expression. While BMP-2 absorbance was highest in
the R100 group, this did not translate into greater confluence, suggesting other regulatory
mechanisms are involved.

It is possible that higher concentrations of rosavin induce feedback inhibition or
downregulation of key mitogenic pathways [41-43], leading to reduced cell division. Such
mechanisms, if dysregulated, might even carry carcinogenic potential under pathological
conditions.

Microscopic images also revealed morphological differences. In the DMEM g group,
cells exhibited predominantly fibroblast-like shapes, while those in the DMEM m and
R50 groups showed a more cuboidal morphology, characteristic of actively differentiating
osteoblasts [44]. The R100 group displayed a mixed morphology, including fibroblast-like
cells, which are typically associated with lower metabolic activity and structural support
functions [45]. This morphological pattern aligns with the reduced confluence observed
in R100 and supports the hypothesis of a concentration-dependent inhibitory feedback at
higher rosavin doses.

It should be remembered that the current experiment focused solely on selected
bone tissue cells—HOBs—and not on whole bone tissue. Although, on one hand, the
observed confluence and morphology in the R100 group may seem somewhat disappointing
(since the R50 group exhibited greater and more expected responsiveness in terms of both
proliferation and morphology), it should be noted that healthy bone tissue also contains
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osteoclasts and immune cells. Therefore, the occurrence of a self-limiting effect of rosavin at
concentrations above 100 uM might, in the long term, be more beneficial, as it may reduce
the risk of undesired activation or overdevelopment of the osteoclastic lineage, as observed
with other compounds [46,47].

This finding underscores the need for further research into the specific cellular path-
ways and transcription factors modulated by rosavin that may contribute to the accel-
eration of osteoblast proliferation. Although increased confluence—particularly in the
R50 group—may suggest therapeutic potential for metabolic bone disorders, its relevance
and safety in oncological settings warrant careful consideration. Increased cell proliferation
is not necessarily a favorable outcome in cancer-related scenarios. Therefore, it is crucial to
continue research on rosavin’s effects on cell division to determine whether this stimulation
is regulated by environmental and intracellular mechanisms or whether it may lead to
uncontrolled cell proliferation and potential tumorigenesis. Considering current scientific
reports, it is worth to mention that phytochemicals are most commonly associated with
carcinoprotective activity [48,49].

As previously noted, the current findings represent an initial step in evaluating
rosavin’s potential therapeutic benefits in the prevention and treatment of metabolic bone
diseases. Further comprehensive studies are required to validate and expand upon these
results. Future experiments could be enhanced by directly assessing mineralization pro-
gression and collagen deposition in the R50 and R100 groups. Additionally, employing
complementary techniques—such as alkaline phosphatase (ALP) activity assays—may
provide deeper insights into osteoblast function.

To better understand rosavin’s impact on cell proliferation, future studies should also
include direct cell counting in stained HOB cultures, accompanied by appropriate statistical
analysis. Despite its preliminary nature, this study is the first to investigate rosavin’s effects
on HOBs and lays a valuable foundation for future work.

Given rosavin’s status as a well-tolerated phytopharmaceutical with documented
systemic benefits [25,26], its potential role in bone health warrants continued investigation.
Its oral administration offers practical advantages [50-52] but also highlights the need
for pharmacokinetic studies to determine its bioavailability, metabolic stability, and safe,
effective dosing in the context of bone metabolism.

Importantly, this study was conducted using HOBs derived from a healthy donor.
Future research should extend to osteoblasts from patients with metabolic bone diseases
such as osteoporosis, rheumatoid arthritis, Paget’s disease, osteogenesis imperfecta, or
steroid-induced bone loss. Rosavin’s effects in these pathological contexts may differ and
remain unpredictable. Nevertheless, the promising results presented here strongly support
continued research into rosavin as a potential adjunct in bone health strategies, particularly
given the ongoing lack of novel and broadly effective therapies for skeletal disorders.

4. Materials and Methods
4.1. Culture of Human Osteoblasts Line

HOBs were derived from primary human osteoblasts isolated from trabecular bone
tissue of the femur around the knee or hip joint (C-12720). Cultures of HOBs were placed
in a 25 cm? cell culture flasks, containing the standard culture growth medium, including
Basal Medium (PromoCell, Heidelberg, Germany, C-27001) and SupplementMix (C-39615),
which was supplemented with a 1% antibiotic-antimycotic mixture consisting of 10.000 U
of penicillin and 10 mg of streptomycin (Sigma-Aldrich, St. Louis, MO, USA, P0781). The
cultures were cultured in an incubator at 37 °C in 5% CO, and 95% humidified atmosphere.
The medium was changed every 3 days. After confluence, the HOBs were detached
using the DetachKit (PromoCell, C-41200), which consists of three components: HEPES
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BSS (HEPES buffered Balanced Salt Solution), Trypsin/EDTA Solution and TNS (Trypsin
Neutralization Solution). The DetachKit comes with a Trypsin/EDTA ratio of 0.04%/0.03%.
The cells from the sixth passage were used in all of the experiments. Cells were seeded
in 24-well dishes at a density of 44 x 103 cells per well (1.9 cm?) in a growth medium.
The culture medium was changed every 3 days until the cells reached 70-80% confluence.
When confluence was achieved, four experimental groups were formed:

1.  HOBs containing the osteoblast growth medium, including Basal Medium and Sup-
plementMix (DMEM g).

2. HOBs containing the osteoblast mineralization medium (PromoCell, C-27020) and
SupplementMix (C-39616) (DMEM m).

3. HOBs containing the osteoblast mineralization medium, SupplementMix, and 50 uM
rosavin in final dilution (R50).

4. HOBs containing the osteoblast mineralization medium, SupplementMix, and 100 pM
rosavin in final dilution (R100).

Cell cultures were performed for 21 days, and the medium appropriate for the research
groups was changed every 3 days.

The morphology of the cells was analyzed using an inverted, phase-contrast micro-
scope (Zeiss Primovert, Jena, Germany) on days 14 and 21 of culture. Images were recorded
with a Zeiss Axiocam ERc 5s camera for all cell culture variants.

4.2. Preparation of Rosavin Solution

Rosavin (Sigma-Aldrich, SML0336), in powder form, was dissolved in sterile PBS
(ThermoFisher, San Diego, CA, USA, 14190169) to obtain a stock concentration of 10 mM.
Appropriate volumes of the solution were then added to the cell cultures to obtain final
rosavin concentrations of 50 uM or 100 uM.

4.3. Enzyme-Linked Immunosorbent Assay

Cells were seeded in 24-well plates and cultured for 21 h. Supernatants were collected
72 h after rosavin treatment of the cultures (R50 and R100) at three time points, 0, 14
and 21 days of culture. Both rosavin-treated and nontreated supernatants were stored at
—20 °C. Commercial Enzyme-linked immunosorbent assay (ELISA) kits (Abcam, Waltham,
MA, USA, ab277085) were used for the detection of the BMP-2 level in the cell super-
natants. Enzyme plates were prepared with standard, blank, and sample wells. Then
50 pL of standard or sample was added to the appropriate wells. After adding 50 pL
of Antibody Cocktail to all wells, the wells were incubated at room temperature for 1 h.
After this time, each well was washed three times with 350 uL. of 1X Wash Buffer. A
total of 100 puL of TMB Development Solution was added to each well and incubated for
10 min. Finally, 100 pL of Stop Solution was added and the change in OD at 450 nm
was analyzed using a microplate spectrophotometer (ASYS UVM 340 Microplate Reader,
Biocompare, San Francisco, CA, USA).

4.4. Determination of Collagen Production and Cell Confluence in Cell Cultures

The collagen assay is based on the binding of Sirius red dye to the collagen triple helix.
Sirius red staining was performed in cell cultures containing osteoblast mineralization
medium and SupplementMix (DMEM m). On day 14 and 21 of culture, cells were washed
three times with PBS calcium magnesium (ThermoFisher, 14040174), then 0.1% Sirius
red (Sigma-Aldrich, 365548) was added and incubated for 60 min at room temperature.
Next, the plates were washed three times with 10 mM HCI. The presence of collagen was
observed under an inverted microscope (Primovert). A similar approximate assessment
and comparative analysis were performed to evaluate the confluency of cell cultures in the
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DMEM m, R50, and R100 groups on days 14 and 21. This analysis aimed to determine the
potential impact of rosavin on HOB cell proliferation.

4.5. Bioethical Issues

The research was conducted on purchased, commercialized HOBs and does not require
the consent of the Bioethics Committee in accordance with the international guidelines
of the Helsinki Declaration [53] and the International Society for Stem Cell Research
(ISSCR) [54], because it does not include biological material obtained from living human
donors or any procedures affecting human subjects.

4.6. Statistical Analysis

Differences in BMP-2 expression levels between the studied cell culture groups were
analyzed to produce descriptive statistics for all experimental groups. The normality of the
distribution of experimental results was assessed by the Shapiro-Wilk test. The homogene-
ity of variances was evaluated by the Brown—Forsythe test. On this basis, the Kruskal-Wallis
test was used to investigate the significance of differences between the tested groups. The
results were considered to be statistically significant when p values were < 0.05.

5. Conclusions

This study is the first to demonstrate the effects of rosavin on HOBs in vitro, showing
that a 100 uM concentration significantly increases BMP-2 expression, while both 50 uM
and 100 uM concentrations enhance cell confluence. Notably, the lower dose yielded
greater confluence, suggesting a possible self-regulatory mechanism at higher concentra-
tions. Rosavin (R50) also promoted a cuboidal osteoblast morphology, consistent with
active, differentiating cells. These findings indicate that rosavin may support osteoblast
proliferation and bone-forming activity, highlighting its potential as a complementary agent
in managing various metabolic bone diseases, such as osteoporosis, as well as complica-
tions of bone injury treatment, including delayed union and nonunion. However, further
research is warranted to assess its bioavailability, optimal dosing, long-term safety, and
efficacy in diseased HOB models.

Author Contributions: Conceptualization, PW.; methodology, PW., EW., K.S.,, AM. and D.S;;
software, PW., EW,, K.S. and A.M,; validation, PW., EW.,, K.S. and E.U.S.; formal analysis, PW.,
K.S.,, E.US. and D.S.; investigation, PW., EW. and K.S ; resources, PW., A M. and D.S.; data curation,
PW.,, EW. and A .M.; writing—original draft preparation, PW., EW.,, K.S. and E.U.S.; writing—review
and editing, PW., EW.,, K.S. and E.U.S,; visualization, PW., E-W. and K.S.; supervision, PW.; project
administration, PW.; and funding acquisition, PW. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Medical University of Warsaw, grant number
NZME/1/Z/GW/N/23.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated in this study are available from the correspond-
ing author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2025, 26, 6075 11 0f 13

References

1. Ivanova Stojcheva, E.; Quintela, J.C. The Effectiveness of Rhodiola rosea L. Preparations in Alleviating Various Aspects of Life-Stress
Symptoms and Stress-Induced Conditions-Encouraging Clinical Evidence. Molecules 2022, 27, 3902. [CrossRef] [PubMed]

2. Panossian, A.; Wikman, G. Effects of adaptogens on the central nervous system and the molecular mechanisms associated with
their stress-protective activity. Pharmaceuticals 2010, 3, 188-224. [CrossRef] [PubMed]

3. Perfumi, M.; Mattioli, L. Adaptogenic and central nervous system effects of Rhodiola rosea extract. Phytomedicine 2007, 14, 106-115.

4. Marcos-Frutos, D.; Leban, Z.; Li, Z.; Zhang, X.; Lara, PM.; Alix-Fages, C.; Jiménez-Martinez, P.; Zebboudji, N.; Caillet, A;
Redondo, B.; et al. The Impact of Rhodiola Rosea Extract on Strength Performance in Alternative Bench-Press and Bench-Pull
Exercises Under Resting and Mental Fatigue Conditions: A Randomized, Triple-Blinded, Placebo-Controlled, Crossover Trial.
Nutrients 2025, 17, 940. [CrossRef]

5. Linde, K,; Berner, M.M.; Kriston, L. The effectiveness of Rhodiola rosea in pediatric use in Sweden. BMC Complement. Altern. Med.
2009, 9, 26.

6. Tinsley, G.M.; Jagim, A.R;; Potter, G.D.M.; Garner, D.; Galpin, A.J. Rhodiola rosea as an Adaptogen to Enhance Exercise Performance:
A Review of the Literature. Br. . Nutr. 2024, 131, 461-473. [CrossRef]

7. Zhang, L.; Li, Y;; Zhang, Y,; Tong, Y;; Yuan, H.; Pang, H. Mechanism of low-intensity pulse ultrasound combined with Rhodiola to
promote bone formation in spinal fusion. Cell. Mol. Biol. 2024, 70, 136-141. [CrossRef]

8. Dalle Carbonare, L.; Cominacini, M.; Trabetti, E.; Bombieri, C.; Pessoa, J.; Romanelli, M.G.; Valenti, M.T. The bone microenviron-
ment: New insights into the role of stem cells and cell communication in bone regeneration. Stem Cell Res. Ther. 2025, 16, 169.
[CrossRef]

9.  Salazar, V.S.; Gamer, L.W.; Rosen, V. BMP signalling in skeletal development, disease and repair. Nat. Rev. Endocrinol. 2016, 12,
203-221. [CrossRef]

10. Kalal, A.A.; Mohapatra, S. A Comprehensive Review Exploring the Role of Bone Morphogenetic Proteins [BMP]: Biological
Mechanisms. Curr. Issues Mol. Biol. 2025, 47, 156. [CrossRef]

11.  Kanis, J.A.; McCloskey, E.V.; Johansson, H.; Cooper, C.; Rizzoli, R.; Reginster, J.-Y. European guidance for the diagnosis and
management of osteoporosis in postmenopausal women. Osteoporos. Int. 2013, 24, 23-57. [CrossRef] [PubMed]

12.  Tian, C.; Shi, L.; Wang, J.; Zhou, J.; Rui, C,; Yin, Y.; Du, W,; Chang, S.; Rui, Y. Global, regional, and national burdens of hip fractures
in elderly individuals from 1990 to 2021 and predictions up to 2050: A systematic analysis of the Global Burden of Disease Study
2021. Arch. Gerontol. Geriatr. 2025, 133, 105832. [CrossRef] [PubMed]

13.  Watts, N.B.; Bilezikian, ].P.; Camacho, PM.; Greenspan, S.L.; Harris, S.T.; Hodgson, S.E,; Kleerekoper, M.; Luckey, M.M.; McClung,
M.R;; Pollack, R.P. American Association of Clinical Endocrinologists medical guidelines for clinical practice for the prevention
and treatment of postmenopausal osteoporosis. Endocr. Pract. 2010, 16 (Suppl. 3), 1-37. [CrossRef] [PubMed]

14.  Wright, N.C.; Looker, A.C.; Saag, K.G.; Curtis, J.R.; Delzell, E.S.; Randall, S.; Dawson-Hughes, B. The Recent Prevalence of
Osteoporosis and Low Bone Mass in the United States Based on Bone Mineral Density at the Femoral Neck or Lumbar Spine. J.
Bone Miner. Res. 2014, 29, 2520-2526. [CrossRef]

15. Compston, J.; Cooper, A.; Cooper, C.; Gittoes, N.; Gregson, C.; Harvey, N.; Hope, S.; Kanis, ].A.; McCloskey, E.V.; Poole, KE.S;
et al. UK clinical guideline for the prevention and treatment of osteoporosis. Arch. Osteoporos. 2017, 12, 43. [CrossRef]

16. Surisaeng, T.; Wisitrasameewong, W.; Champaiboon, C.; Sa-Ard-lam, N.; Chanamuangkon, T.; Thongnuek, P.; Tam, Y.K,;
Muramatsu, H.; Weissman, D.; Pardi, N.; et al. BMP-2 mRNA-transfected BMSCs promote superior calvarial bone regeneration.
Sci. Rep. 2025, 15, 15022. [CrossRef]

17.  Lépez De Padilla, C.M.; Coenen, M.].; Tovar, A.; De la Vega, R.E.; Evans, C.H.; Miiller, S.A. Picrosirius Red Staining: Revisiting Its
Application to the Qualitative and Quantitative Assessment of Collagen Type I and Type III in Tendon. J. Histochem. Cytochem.
2021, 69, 633-643. [CrossRef]

18. Koblenzer, M.; Weiler, M.; Fragoulis, A ; Riitten, S.; Pufe, T.; Jahr, H. Physiological Mineralization during In Vitro Osteogenesis in
a Biomimetic Spheroid Culture Model. Cells 2022, 11, 2702. [CrossRef]

19. Szasz, C.; Pap, D.; Szebeni, B.; Bokrossy, P; Orfi, L.; Szabo, AJ.; Vannay, A Veres-Székely, A. Optimization of Sirius Red-Based
Microplate Assay to Investigate Collagen Production In Vitro. Int. . Mol. Sci. 2023, 24, 17435. [CrossRef]

20. Johnston, C.B.; Dagar, M. Osteoporosis in Older Adults. Med. Clin. N. Am. 2020, 104, 873-884. [CrossRef]

21.  Arceo-Mendoza, R.M.; Camacho, PM. Postmenopausal Osteoporosis: Latest Guidelines. Endocrinol. Metab. Clin. N. Am. 2021, 50,
167-178. [CrossRef] [PubMed]

22. Mufioz, M.; Robinson, K.; Shibli-Rahhal, A. Bone Health and Osteoporosis Prevention and Treatment. Clin. Obstet. Gynecol. 2020,
63,770-787. [CrossRef] [PubMed]

23. Rahman, A.; Haider, M.F. A comprehensive review on glucocorticoids induced osteoporosis: A medication caused disease.

Steroids 2024, 207, 109440. [CrossRef]


https://doi.org/10.3390/molecules27123902
https://www.ncbi.nlm.nih.gov/pubmed/35745023
https://doi.org/10.3390/ph3010188
https://www.ncbi.nlm.nih.gov/pubmed/27713248
https://doi.org/10.3390/nu17060940
https://doi.org/10.1017/S0007114523001988
https://doi.org/10.14715/cmb/2024.70.9.19
https://doi.org/10.1186/s13287-025-04288-4
https://doi.org/10.1038/nrendo.2016.12
https://doi.org/10.3390/cimb47030156
https://doi.org/10.1007/s00198-012-2074-y
https://www.ncbi.nlm.nih.gov/pubmed/23079689
https://doi.org/10.1016/j.archger.2025.105832
https://www.ncbi.nlm.nih.gov/pubmed/40112671
https://doi.org/10.4158/EP.16.S3.1
https://www.ncbi.nlm.nih.gov/pubmed/21224201
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1007/s11657-017-0324-5
https://doi.org/10.1038/s41598-025-99979-6
https://doi.org/10.1369/00221554211046777
https://doi.org/10.3390/cells11172702
https://doi.org/10.3390/ijms242417435
https://doi.org/10.1016/j.mcna.2020.06.004
https://doi.org/10.1016/j.ecl.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/34023036
https://doi.org/10.1097/GRF.0000000000000572
https://www.ncbi.nlm.nih.gov/pubmed/33017332
https://doi.org/10.1016/j.steroids.2024.109440

Int. J. Mol. Sci. 2025, 26, 6075 12 0f 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang, S.; Feng, Y.; Zheng, L.; He, P.; Tan, J.; Cai, J.; Wu, M.,; Ye, X. Rosavin: Research Advances in Extraction and Synthesis,
Pharmacological Activities and Therapeutic Effects on Diseases of the Characteristic Active Ingredients of Rhodiola rosea L.
Molecules 2023, 28, 7412. [CrossRef]

Bernatonieng, J.; Jakstas, V.; Kopustinskiené, D.M. Phenolic Compounds of Rhodiola rosea L. as the Potential Alternative Therapy
in the Treatment of Chronic Diseases. Int. J. Mol. Sci. 2023, 24, 12293. [CrossRef]

Hung, S.K,; Perry, R.; Ernst, E. The effectiveness and efficacy of Rhodiola rosea L.: A systematic review of randomized clinical trials.
Phytomedicine 2011, 18, 235-244. [CrossRef]

Evstatieva, L.; Todorova, M.; Antonova, D.; Staneva, J. Chemical composition of the essential oils of Rhodiola rosea L. of three
different origins. Pharmacogn. Mag. 2010, 6, 256-258.

Mao, Y,; Li, Y; Yao, N. Simultaneous determination of salidroside and tyrosol in extracts of Rhodiola L. by microwave assisted
extraction and high-performance liquid chromatography. J. Pharm. Biomed. Anal. 2007, 45, 510-515. [CrossRef]

Liang, K.; Ma, S.; Luo, K.; Wang, R.; Xiao, C.; Zhang, X.; Gao, Y.; Li, M. Salidroside: An Overview of Its Promising Potential and
Diverse Applications. Pharmaceuticals 2024, 17, 1703. [CrossRef]

Aktar, A.; Bhuia, M.S.; Chowdhury, R.; Hasan, R.; Rakib, A.I.; Al Hasan, S.; Sonia, F.A.; Islam, M.T. Therapeutic promises of
bioactive rosavin: A comprehensive review with mechanistic insight. Chem. Biodivers. 2024, 21, €202400286. [CrossRef]
Wojdasiewicz, P; Turczyn, P.; Lach-Gruba, A.; Poniatowski, L.A.; Purrahman, D.; Mahmoudian-Sani, M.-R.; Szukiewicz, D. The
Role of Rosavin in the Pathophysiology of Bone Metabolism. Int. ]. Mol. Sci. 2024, 25, 2117. [CrossRef] [PubMed]

Zhang, W.; Zhang, W.; Huo, L.; Chai, Y.; Liu, Z.; Ren, Z.; Yu, C. Rosavin suppresses osteoclastogenesis in vivo and in vitro by
blocking the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) and mitogen-activated protein kinase (MAPK)
signaling pathways. Ann. Transl. Med. 2021, 9, 383. [CrossRef] [PubMed]

Zhang, W,; Yu, L.; Wang, E; Chen, M.; Li, H. Rosavin regulates bone homeostasis through HDAC1-induced epigenetic regulation
of EEF2. Chem.-Biol. Interact. 2023, 384, 110696. [CrossRef] [PubMed]

Hay, E.; Lemonnier, J.; Fromigué, O.; Marie, P.J. Bone Morphogenetic Protein-2 Promotes Osteoblast Apoptosis through a
Smad-Independent, Protein Kinase C-Dependent Signaling Pathway. J. Biol. Chem. 2001, 276, 29028-29036. [CrossRef]
Bordukalo-Niksi¢, T.; Kufner, V.; Vuki¢evi¢, S. The Role of BMPs in the Regulation of Osteoclasts Resorption and Bone Remodeling:
From Experimental Models to Clinical Applications. Front. Immunol. 2022, 13, 869422. [CrossRef]

DeConde, A.S,; Sidell, D.; Lee, M.; Bezouglaia, O.; Low, K,; Elashoff, D.; Grogan, T.; Tetradis, S.; Aghaloo, T.; St John, M. Bone
Morphogenetic Protein-2-Impregnated Biomimetic Scaffolds Successfully Induce Bone Healing in a Marginal Mandibular Defect.
Laryngoscope 2013, 123, 1149-1155. [CrossRef]

Matsubara, H.; Hogan, D.E.; Morgan, E.F,; Mortlock, D.P; Einhorn, T.A.; Gerstenfeld, L.C. Vascular Tissues Are a Primary Source
of BMP2 Expression during Bone Formation Induced by Distraction Osteogenesis. Bone 2012, 51, 168-180. [CrossRef]
Nudelman, F,; Lausch, A.J.; Sommerdijk, N.A.; Sone, E.D. In vitro models of collagen biomineralization. J. Struct. Biol. 2013, 183,
258-269. [CrossRef]

Oosterlaken, B.M.; Vena, M.P.; de With, G. In Vitro Mineralization of Collagen. Adv. Mater. 2020, 32, €2004418. [CrossRef]
Reznikov, N.; Bilton, M,; Lari, L.; Stevens, M.M.; Kroger, R. Fractal-like hierarchical organization of bone begins at the nanoscale.
Science 2018, 360, eaa02189. [CrossRef]

Liu, D.; Chen, Z. The effect of curcumin on breast cancer cells. J. Breast Cancer 2013, 16, 133-137. [CrossRef] [PubMed]

Joo, S.Y.; Song, Y.A.; Park, Y.L.; Myung, E.; Chung, C.-Y.; Park, K.-J.; Cho, S.-B.; Lee, W.-S.; Kim, H.-S.; Rew, ].-S.; et al.
Epigallocatechin-3-gallate Inhibits LPS-Induced NF-kB and MAPK Signaling Pathways in Bone Marrow-Derived Macrophages.
Gut Liver 2012, 6, 188-196. [CrossRef] [PubMed]

Zhu, S.; Chen, W.; Masson, A.; Li, Y.P. Cell signaling and transcriptional regulation of osteoblast lineage commitment, differentia-
tion, bone formation, and homeostasis. Cell Discov. 2024, 10, 71. [CrossRef] [PubMed]

Mohamed, A.M. An Overview of Bone Cells and their Regulating Factors of Differentiation. Malays. ]. Med. Sci. 2008, 15, 4-12.
[PubMed Central]

Naoki, T.; Sakamoto, T.; Hoshi, K.; Hikita, A. Spatiotemporal analysis of osteoblast morphology and Wnt signal induced osteoblast
reactivation during bone modeling in vitro. JBMR Plus 2022, 6, €10689. [CrossRef]

Wang, L.; Zhao, R.; Shi, X.; Wei, T.; Halloran, B.P,; Clark, D.J.; Jacobs, C.R.; Kingery, W.S. Substance P Stimulates Bone Marrow
Stromal Cell Osteogenic Activity, Osteoclast Differentiation, and Resorption Activity In Vitro. Bone 2009, 45, 309-320. [CrossRef]
Weinstein, R.S. Glucocorticoid-induced osteoporosis and osteonecrosis. Endocrinol. Metab. Clin. N. Am. 2012, 41, 595-611.
[CrossRef]

Park, H.; Bergeron, E.; Senta, H.; Guillemette, K.; Beauvais, S.; Blouin, R ; Sirois, J.; Faucheux, N. Sanguinarine induces apoptosis
of human osteosarcoma cells through the extrinsic and intrinsic pathways. Biochem. Biophys. Res. Commun. 2010, 399, 446—451.
[CrossRef]

Rudziniska, A.; Juchaniuk, P.; Oberda, ].; Wisniewska, J.; Wojdan, W.; Szklener, K.; Mandziuk, S. Phytochemicals in cancer
treatment and cancer prevention—Review on epidemiological data and clinical trials. Nutrients 2023, 15, 1896. [CrossRef]


https://doi.org/10.3390/molecules28217412
https://doi.org/10.3390/ijms241512293
https://doi.org/10.1016/j.phymed.2010.08.014
https://doi.org/10.1016/j.jpba.2007.05.031
https://doi.org/10.3390/ph17121703
https://doi.org/10.1002/cbdv.202400286
https://doi.org/10.3390/ijms25042117
https://www.ncbi.nlm.nih.gov/pubmed/38396794
https://doi.org/10.21037/atm-20-4255
https://www.ncbi.nlm.nih.gov/pubmed/33842604
https://doi.org/10.1016/j.cbi.2023.110696
https://www.ncbi.nlm.nih.gov/pubmed/37689331
https://doi.org/10.1074/jbc.M011265200
https://doi.org/10.3389/fimmu.2022.869422
https://doi.org/10.1002/lary.23782
https://doi.org/10.1016/j.bone.2012.02.017
https://doi.org/10.1016/j.jsb.2013.04.003
https://doi.org/10.1002/adma.202004418
https://doi.org/10.1126/science.aao2189
https://doi.org/10.4048/jbc.2013.16.2.133
https://www.ncbi.nlm.nih.gov/pubmed/23843843
https://doi.org/10.5009/gnl.2012.6.2.188
https://www.ncbi.nlm.nih.gov/pubmed/22570747
https://doi.org/10.1038/s41421-024-00689-6
https://www.ncbi.nlm.nih.gov/pubmed/38956429
https://pmc.ncbi.nlm.nih.gov/articles/PMC3341892
https://doi.org/10.1002/jbm4.10689
https://doi.org/10.1016/j.bone.2009.04.203
https://doi.org/10.1016/j.ecl.2012.04.004
https://doi.org/10.1016/j.bbrc.2010.07.114
https://doi.org/10.3390/nu15081896

Int. J. Mol. Sci. 2025, 26, 6075 13 of 13

50.

51.

52.

53.

54.

Panossian, A.; Wikman, G.; Sarris, J. Rosenroot (Rhodiola rosea): Traditional use, chemical composition, pharmacology and clinical
efficacy. Phytomedicine 2010, 17, 481-493. [CrossRef]

Olsson, E.M.; von Schéele, B.; Panossian, A.G. A randomized, double-blind, placebo-controlled, parallel-group study of the
standardized extract SHR-5 of the roots of Rhodiola rosea in the treatment of subjects with stress-related fatigue. Planta Med. 2009,
75,105-112. [CrossRef]

Spasov, A.A.; Wikman, G.K.; Mandrikov, V.B.; Mironova, I.A.; Neumoin, V.V. A double-blind, placebo-controlled pilot study
of the stimulating and adaptogenic effect of Rhodiola rosea SHR-5 extract on the fatigue of students caused by stress during an
examination period with a repeated low-dose regimen. Phytomedicine 2000, 7, 85-89. [CrossRef]

World Medical Association. Declaration of Helsinki—Ethical Principles for Medical Research Involving Human Subjects. In
Proceedings of the 64th WMA General Assembly, Fortaleza, Brazil, 16-19 October 2013.

International Society for Stem Cell Research (ISSCR). Guidelines for Stem Cell Research and Clinical Translation. In Proceedings
of the ISSCR, Virtual, 21-26 June 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.phymed.2010.02.002
https://doi.org/10.1055/s-0028-1088346
https://doi.org/10.1016/S0944-7113(00)80078-1

	Introduction 
	Results 
	Assessment of BMP-2 Expression in Osteoblast Cultures 
	Evaluation of Collagen Production in Osteoblast Cultures 
	Analysis of Osteoblast Confluence in Culture 

	Discussion 
	Materials and Methods 
	Culture of Human Osteoblasts Line 
	Preparation of Rosavin Solution 
	Enzyme-Linked Immunosorbent Assay 
	Determination of Collagen Production and Cell Confluence in Cell Cultures 
	Bioethical Issues 
	Statistical Analysis 

	Conclusions 
	References

