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Breast cancer cells have the propensity to metastasize to bone, resulting in altered growth, 
chemoresistance, and causing skeletal failures, often leading to death in patients. There is a scarcity of 
effective therapeutics for bone metastasized breast cancer due to the lack of accurate drug screening 
metastasis models. We utilize a unique 3D in vitro nano clay-based scaffold model as a testbed for 
bone metastatic breast cancer for drug screening applications. Rhodiola crenulata, a Tibetan plant-
based extract, has been previously explored for primary-site breast cancer. However, its effect on bone 
metastasized breast cancer cells is unknown. In the present study, we evaluated the cytotoxicity of R. 
crenulata extract on bone metastatic breast cancer using testbeds and compared the results with 2D 
cultured cells. We observed that R. crenulata induced apoptosis in bone metastasized breast cancer 
cells grown on a 3D in vitro testbed by upregulating pro-apoptotic proteins, p53, and caspase-9. 
Alternatively, we observed that bone cells remain unaffected by the treatment of R. crenulata. For 
the first time, we demonstrated the anticancer capabilities of R. crenulata against bone metastasis 
of breast cancer. R. crenulata is a robust therapeutic candidate for bone metastasis, shown to induce 
death in bone metastatic breast cancer while unaffecting healthy bone.

Keywords  Breast cancer, Bone metastasis, 3D testbeds, Rhodiola crenulata, Apoptosis, Anticancer therapy

Abbreviations
Bax	� Bcl-2-associated X protein
Bak	� Bcl-2 homologous antagonist/killer
Bcl-2	� B-cell lymphoma 2
DAPI	� 4ʹ,6-Diamidino-2-phenylindole
DMEM	� Dulbecco’s modified eagle medium
E.R.	� Estrogen receptor
EMEM	� Eagle’s minimal essential medium
FBS	� Fetal bovine serum
HAP	� Hydroxyapatite
HER2	� Human epidermal growth factor receptor 2
hMSCs	� Human mesenchymal stem cells
IC-50	� Half-maximal inhibitory concentration
MCF-7	� Michigan Cancer Foundation-7
MDA-MB-231/MM 231	� Monroe Dunaway Anderson-Mammary Luminal B-231
p53	� Tumor suppressor protein p53
PCL	� Polycaprolactone
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ROS	� Reactive oxygen species
FITC	� Fluorescein isothiocyanate
PBS	� Phosphate buffered saline
Caspase	� Cysteine-aspartic acid protease

According to the National Cancer Institute, cancer is one of the leading causes of death worldwide. New cancer 
cases are predicted to rise to over 23 million by 2030. The WHO reports 2.26 M cases of breast cancer each year 
and 684,996 deaths. Nearly 12.4% of all women in the United States will be diagnosed with breast cancer during 
their lifetime. Roughly 287,000 cases of breast cancer were diagnosed in 2022 among women1. In 2022, over 
43,000 breast cancer-related deaths were reported. The majority of the deaths occur due to metastasis of breast 
cancer. Nearly 6% of breast cancer tends to metastasize to secondary organs, such as bone, lungs, liver, and 
brain. Breast cancer metastasizes to the bone, resulting in the death of 70% of the patients within five years due 
to various bone-related complications such as hypercalcemia, bone fractures, cancer cachexia, and spinal cord 
compression1,2. Currently, chemotherapy and invasive surgery are the primary therapeutic options. Aromatase 
inhibitors and drugs like Trastuzumab have also been used to reduce tumor formation in breast cancer patients 
that are hormone-receptor-positive or HER2-positive, respectively1. However, due to the lack of curative 
treatment for advanced-stage breast cancer, there is a need for new therapeutics that should be more effective 
and possess fewer side effects. Recently, plant-based therapeutics, such as phytochemically-enriched plant 
extracts, have shown strong anticancer effects3,4 and are proving to be viable chemo-preventative alternatives 
due to their ability to scavenge free radicals and neutralize free radical-cytotoxicity.

In cancer cells, inefficient oxidative phosphorylation leads to the uncontrollable formation of free radicals 
or ROS production5,6. Cancer cells promote the functioning of anti-apoptotic factors such as Bcl-2 and p53 
that lead to chemoresistance7. Biomarker p53 is related to the development/progression of cancer by regulating 
the cell cycle when cancer suppression-associated DNA is damaged. The dysregulation of p53 can be linked 
to chemoresistance in cancer. Alternatively, the Bcl-2 protein is a part of the anti-apoptotic family linked 
to chemoresistance. This family of proteins can be found to be upregulated in chemo-resistant cancer8. The 
inhibition of Bcl-2 and activation of Bax and Bak lead to tumor apoptosis9. Additionally, the activation of caspase 
proteins is responsible for executing apoptosis10.

Rhodiola crenulata (R. crenulata) is a plant species commonly used in traditional oriental medicine. Plant 
extracts of the Rhodiola species are rich sources of phenolic antioxidants and have exhibited anti-inflammatory 
properties11–13. Rhodiola species, also known as the "golden root," is a medicinal herb grown in northern 
Asia, the cold regions of Europe, and North America14. Extracts from the Rhodiola species are characterized 
as "adaptogens," which is a term referencing the compound’s innate ability to maintain physiological well-
being while being exposed to stress15,16. Rhodiola extracts can prevent mutagen-DNA reactions, resulting in 
cellular repair mechanisms. A recent study reports its anti-proliferative properties against multiple cancer 
types: B16-B10 melanoma, NB-1691 neuroblastoma, MDA-MB-231, V14-tumors in mice, and MCF-7 cell 
lines15,17–21. Specifically, effects were observed in both in vitro and in vivo conditions22–25. Previous studies 
report the effectiveness of R. crenulata on breast cancer cells grown in 2D in vitro cultures, in vivo cultures, and 
tumorsphere culture assays. However, their efficacy in treating bone metastatic cancer has yet to be investigated.

The development of effective therapeutics for late-stage breast cancer metastasis to bone is dependent on the 
understanding of metastatic transition. Researchers have previously utilized two-dimensional (2D) monolayer 
systems to study signaling pathways and cellular responses to traditional therapeutics. However, the 2D monolayer 
fails to recapitulate the 3D microenvironment of human biology. Cell–matrix and cell–cell interactions govern 
cell behavior in a three-dimensional (3D) environment, including cancer cells26. Traditionally, 3D environments 
have been simulated through animal models. Human cancer cells are injected into the animal models (typically 
mice models) to form metastatic xenografts. Unfortunately, the major flaw of in vivo models is the inconsistency 
of cells that survive and metastasize. Furthermore, the correlation between clinical trials and animal studies 
is complex because of the species difference and immuno-deficiency in animal models27–30. Therefore, there 
is a need for effective 3D in vitro models that accurately mimic the natural tumor microenvironment and are 
relevant to human physiology. These 3D in vitro models are extremely useful in drug development by getting 
precise drug responses for specific targets. In the past couple of years, biomimetic 3D in vitro models have been 
explored extensively, capable of imitating in vivo tissue microenvironments31–33. These 3D microenvironments 
have been shown to modify cellular adhesion, metabolic and cytokine activity, cellular morphology, and gene 
expression. Various 3D cancer models have recently been employed in screening different anticancer drugs34 
Another study used a 3D bioprinting approach to fabricate drug-resistant breast cancer spheroids and evaluate 
their response against anti-tumor agents35. 3D bioprinting tumor microenvironments have also been shown 
to help replicate primary tumor environments that may be screened for drugs36. A unique nano clay-based 
polymer–clay nanocomposite 3D in vitro bone metastatic breast cancer model37–44 has also been demonstrated 
for screening of new therapeutics45 that shows the formation of mineralized bone-tissue on nano clay-based 
polycaprolactone (PCL) scaffolds by vesicular delivery by osteogenically differentiated human mesenchymal 
stem cells (MSCs), without the need of osteogenic supplements46–48. Further, using osteogenically differentiated 
hMSCs with human breast cancer cells (commercial and patient-derived) and commercialized-prostate cancer 
cells, late-stage pathogenesis to bone has been reported (in static and dynamic culture conditions)49–55 with 
the impact of breast cancer on osteogenesis found to be mediated by Wnt/beta-catenin signaling, at bone 
metastasis56.

In the present study, for the first time, we investigated the cytotoxicity of phytochemical-enriched R. crenulata 
extracts on bone metastatic breast cancer. In addition, we report the effects of R. crenulata on bone health, which 
has yet to be explored.
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Materials and methods
Materials
R. crenulata extract was purchased from One World Products, Las Vegas, NV. Human breast cancer cell lines 
and media: MDA-MB-231 and MCF-7 cell lines, Dulbecco’s Modified Eagle Medium (DMEM) and Eagle’s 
Minimum Essential Medium (EMEM), Fetal Bovine Serum, and Penicillin/Streptomycin were purchased 
from ATCC (Manassas, Virginia, USA). Polycaprolactone (PCL) (average Mn 80,000), 5‐aminovaleric acid, 
calcium chloride (CaCl2), sodium phosphate (Na2HPO4), fish skin gelatin (FSG), TritonX-100, Tween20, and 
1,4-dioxane were purchased from Sigma Aldrich (St. Louis, MO, USA). Na-MMT clay was obtained from Clay 
Minerals Respiratory at the University of Missouri. Human mesenchymal stem cells (hMSCs) and MSCGM 
bullet kit medium were purchased from Lonza (Walkersville, MD, USA). Gibco™ human recombinant insulin, 
Applied Biosystems™ Fast SYBR Green, Rhodamine Phalloidin, and 4′,6-diamidino-2-phenylindole (DAPI), 
Alamar blue cell viability reagent were purchased from Invitrogen (Waltham, MA, USA). ApoScreen® Annexin 
V-FITC kits were purchased from SouthernBiotech (Birmingham, AL, USA). Direct-zol RNA MiniPrep kit was 
purchased from Zymo Research (Irvine, CA, USA).

Preparation of PCL/in situ HAPclay 3D scaffolds
As reported earlier, freeze-drying methods were utilized to prepare PCL/in situ HAPclay scaffolds. Briefly, the 
procedure includes Na-MMT clay modification with 5-amino valeric acid to increase the d-spacing of the clay. 
Further, hydroxyapatite (HAP) was biomineralized in the intercalated nano-clay galleries, generating in situ HAP 
clay. Lastly, the PCL and 10% in situ HAPclay were dissolved in 1,4-dioxane, and employing the freeze-drying 
method, PCL/ in situ HAP clay scaffolds were prepared. The dimensions of the scaffolds used for experiments 
were 12 mm in diameter and 3 mm in thickness. For cell culture experiments, scaffolds were sterilized under 
ultraviolet light for 45 min, followed by immersion in 70% ethanol for 24 h. Next, scaffolds were washed in PBS 
twice, placed in 24-well plates containing culture medium, and stored in a humidified 5% CO2  incubator at 
37 °C. Incubation time was 12 h before cells were seeded.

Preparation of Rhodiola crenulata solution
A 1000 ppm stock solution of R. crenulata was prepared by dissolving 0.01 g of R. crenulata in 100 mL of 10% 
ethanol. This targeted phenolic phytochemicals-rich therapeutic solution was passed through a 0.22 µm filter for 
sterilization. The stock solution was further diluted in serial dilutions using serum-free DMEM media (ATCC). 
The controlled treatment defined DMEM with 8% ethanol.

Cell culture and cell seeding
MDA-MB 231 (MM 231) cells were cultured in 90% DMEM, 10% FBS, and 1% Penicillin–Streptomycin (P/S). 
MCF-7 cells were grown in 90% Eagle’s Minimum Essential Medium (EMEM), 10% FBS, 0.01 mg/mL human 
recombinant insulin, and 1% P/S. Cell line passages used in experiments were between 5 to 10. In addition, 
cells were not utilized directly from cryopreservation. All cell cultures were maintained at 37 °C and 5% CO2 in 
a humidified incubator. For 2D cultures, 1 × 105 breast cancer cells (MM 231/MCF-7) were cultured on tissue 
culture polystyrene (TCPS) for 10 days (cells grown for 8 days, serum-free on day 9, and treated on day 10).

The sequential cell culture method was employed for 3D Bone-metastatic (BM) cultures. First, scaffolds 
immersed in hMSC media were seeded with 1 × 105  MSCs (per scaffold) and kept for four hours for cell 
adherence. Next, media was added, and cells were cultured for 23 days to obtain bone-like extracellular matrix 
(ECM) formation. Cell-seeding steps have been illustrated in Fig. 1A. After 23 days, 1 × 105 human breast cancer 
cells (MM 231/MCF-7) were seeded on the bone-ECM scaffolds and cultured for 10 days in breast cancer media. 
Before seeding breast cancer cells, hMSC/bone cells were cell cycle arrested using mitomycin C at 10 µg/mL.

Cell viability assay
2D cultures of breast cancer cells (at day 10) and 3D cultures of breast cancer cells on bone ECM were serum-
starved for 24 h and treated with different Rhodiola crenulata concentrations (0,100, 200, 400, 800 PPM) for 24 h. 
Cell viability of treated and untreated (control) samples was determined using Alamar blue cell viability reagent, 
using the manufacturer’s protocol. Half maximal inhibitory concentration (IC50) values for 2D and 3D-BM 
cultures were calculated using nonlinear regression analysis with Graph Pad Prism (v7.04). Raw fluorescence 
data is included in supplementary documentation, Fig. S3.

Live/dead assay
Live/dead assay was performed on 33-day 3D bone cultures, untreated and treated with 800 ppm concentration 
with R. crenulata (Rhodiola crenulata). According to the manufacturer’s protocol, cells were stained with a live/
dead™ Cell Imaging Kit (Thermofisher Scientific, Germany). Live/dead solution was prepared by mixing the 
Calcein AM solution and BOBO-3 iodide. Samples were washed with PBS twice. Next, treated and untreated 
3D BM samples were introduced with both live stain (Calcein AM) and dead stain (BOBO-3 iodide)). Before 
imaging, samples were incubated for 15 min at room temperature. Samples were imaged using a JPK Nanowizard 
Bio-AFM confocal system with a 10 × objective lens and FITC and TRITC wavelengths.

Flow cytometric analysis of apoptosis
After treating 2D cultures of breast cancer cells and 3D-BM breast cancer cells for 12 h with their respective 
IC50 concentrations, cells were harvested and washed in cold PBS 3X times. Further, the cells were resuspended 
in a cold Annexin Binding Buffer to a concentration of 1 × 106 cells/mL, then labeled with Propidium Iodide 
(P.I.) and Fluorescein isothiocyanate (FITC)- conjugated Annexin V and analyzed using BD Accuri C6 Flow 
cytometer and FlowJo software.
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Gene expression studies
Prior to the cancer cells seeding step, hMSCs were cell cycle-arrested with 10 μg/mL of Mitomycin B. Cancer 
cells were grown for 10 days in both 2D and 3D-BM cultures and treated with IC50 drug concentration. After 
24 h of treatment, total RNA was isolated from cell-seeded scaffolds and 2D cultures using the Direct-zol RNA 
MiniPrep kit. Isolated RNA was reverse transcribed to synthesize cDNA using M‐MLV reverse transcriptase 
(Promega), random primers, and thermal cycler (Applied Biosystems). Finally, Real-Time Polymerase Chain 
Reaction (RT-PCR) was performed using a thermal profile with a holding stage (2  min at 50  °C, 10  min at 
95  °C) and a cycling stage (40 cycles of 15  s at 95  °C, and 1  min at 60  °C) on 7500 Fast Real-Time System 
(Applied Biosystems). The mRNA expression of p53, Bcl-2, caspase-3, and caspase-9 were evaluated. All the 
mRNA expressions were normalized to the housekeeping gene β-actin. Target gene expressions were calculated 
using the comparative Ct method (2−ΔΔCt). The primer sequence is provided in Table S1. Raw data is included in 
supplementary file, Fig. S4.

Immunofluorescence staining
3D bone-metastatic cultures were fixed in 4% paraformaldehyde in PBS for 45 min, permeabilized with 0.2% 
TritonX-100 in PBS for 5  min, and blocked with 0.2% blocking buffer (0.2% FSG in PBS containing 0.02% 
Tween20) for 45  min. The actin cytoskeleton and nuclei of cells were stained with Rhodamine Phalloidin 
(Abcam ab235138) and DAPI (ThermoFisher Scientific 62,247), respectively. The dilution factor for rhodamine 
phalloidin was 1:1000. Bcl-2 and p53 antibodiesThe DAPI concentration was diluted to a working concentration 
of 0.1 µg/mL. The samples were observed using the JPK Nanowizard Bio-AFM confocal system. Samples were 
observed in a 60 × objective. Fluorescent staining of p53 and bcl-2 samples was quantified using ImageJ software.

Reactive oxygen species (ROS) assay
MM231 and MCF-7 3D bone metastatic cultures, treated and untreated, were stained following the manufacturer’s 
protocols (Abcam, ab113851). Briefly, samples were treated with IC50 dosages of R. crenulata for 12 h and then 
washed with PBS. Next, the DCFDA solution was diluted and added to samples in the dark for 45 min at 37 °C. 
Lastly, all samples were rinsed with buffer before imaging. Imaging was performed using a JPK nanowizard bio-
AFM confocal with a FITC filter. A 10 × objective was used to image these samples.

Mitochondrial membrane potential (MtMP) assay
Manufacturer’s protocols (Cell Signaling, 13,296) were followed to perform live cell imaging. MM231 and MCF-
7 3D bone metastatic cultures were treated with IC50 dosages of R. crenulata for 12 h and then washed with PBS 
twice. Next, 200 nM of TMRE labeling solution was added to all live samples. Then, samples were placed in a 

Fig. 1.  (A) Schematic showing steps of sequential culture of human mesenchymal stem cells (hMSCs) and 
breast cancer cells (MM 231 and MCF-7) (B) The tumor morphology of 3D-BM cultures was determined 
by immunofluorescence staining the actin cytoskeleton with rhodamine-phalloidin and nuclei with DAPI. 
Mesenchymal stem cells were cultured on the testbed for 23 days. Breast cancer cells were cultured for 10 days. 
Scale bars, 20 µm.
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CO2 incubator for 20 min. Live cell imaging was performed using a JPK nanowizard bio-AFM confocal system 
using the orange-red filter. Samples were imaged using a 10 × objective lens.

Statistical analysis
The data presented is calculated as mean ± standard deviation (n = 3; three technical replicates). The statistical 
significance or p-values among multiple comparisons were determined using one-way ANOVA, followed by the 
post hoc Tukey test. Statistical differences between untreated cultures and cultures treated with R. crenulata were 
determined to be significant utilizing an unpaired Student’s t-test, using GraphPad Prism v7.04. and at a 95% 
probability level (p < 0.05).

Results
Breast cancer cells grown on bone-mimetic 3D testbed form in-vivo-like tumoroids
We investigated the morphology of human breast cancer cells on the 3D bone mimetic testbed through 
immunostaining via confocal imaging. We stained the actin cytoskeleton with rhodamine-phalloidin and 
nuclei with DAPI. The breast cancer cells grown in 3D BM culture experienced different morphologies. MM-
231 formed disorganized clusters, whereas MCF-7 formed clustered-compact tumoroids (Fig. 1). Overall, the 
immunostaining results show that the breast cancer cells experience strong cellular growth on the 3D BM 
testbed (Fig. 1B).

Breast cancer cells grown on 3D bone metastatic testbed require higher drug concentrations 
to achieve comparable cell viability reduction compared to 2D cultures
A cell viability assay was used to evaluate the cytotoxic effects of R. crenulata on 2D and 3D BM cultures. 
Cells were treated with 100, 200, 400, and 800 ppm of R. crenulata (ethanolic extracts) for 24 h, and the dose-
dependent cytotoxic effects were observed in MM 231 and MCF-7 cell cultures. The IC50 was calculated from 
the dose–response study (Fig. S1 and S2) using curve fitting. The results indicated that R. crenulata reduced the 
proliferation of BM MCF-7 and BM MM-231, with IC50 concentrations of 316.2 ppm and 524.7 ppm, respectively 
(Fig. 2A,B). In contrast, the proliferation of MCF-7 and MM231 cancer cells in 2D cell cultures were reduced by 
treating cells with IC50 drug concentrations of 100.2 ppm and 291.4 ppm, respectively (Fig. 2A,B). Overall, the 
data indicated that 3D BM cultured breast cancer cells required higher concentrations of R. crenulata than 2D 
cultured breast cancer cells to inhibit the growth of 50% cell population. Furthermore, MM-231 BM required 
higher dosages compared to MCF-7 BM.

Bone cells experienced no cytotoxic effects with the treatment of R. crenulata
We evaluated the cytotoxic response of R. crenulata on hMSCs grown on a 3D testbed for 33 days. Bone cells 
were treated for 24 h with the same concentrations used for breast cancer cultures. We found no reduction in cell 
proliferation in all concentrations (Fig. 3). Furthermore, cell proliferation increased when treated with 400 ppm 
and 800 ppm concentrations. Additionally, live/dead staining confirmed that bone cells were unaffected by the 
treatment of 800 ppm R. crenulata (Fig. 3B). The data suggests that higher concentrations of R. crenulata can 
promote cell proliferation in bone cells at higher concentrations.

Fig. 2.  The cytotoxic effects of R. crenulata were observed in 2D cultures of breast cancer cells (MM-231 and 
MCF-7) and 3D BM cultures of breast cancer cells in (A) MM-231 and (B) MCF-7 cells. The concentration 
dosages of 100, 200, 400, and 800 ppm of R. crenulata were used. Treatments were for 24 h. Alamar blue assay 
was used to evaluate the cell viability. The asterisk symbol (*) indicates a statistically significant difference 
between drug-treated and non-treated samples. *p < 0.05 **p < 0.01 ***p < 0.001.
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R. crenulata induces apoptosis in 2D and 3D BM culture of breast cancer cells
Breast cancer cells were subjected to their respective IC50 concentrations for 12 h, followed by flow cytometric 
analysis using Annexin V-FITC apoptosis assay. We found that treated samples had a higher apoptosis rate than 
non-treated samples in 2D and 3D BM cultures. Furthermore, the data showed differences between 2 and 3D 
BM cultures regarding the rate of apoptosis induction (Fig. 4).

We observed a slight increase in resistance to apoptosis in 3D BM breast cancer cells compared to 2D 
cultures. As indicated in (Fig. 4), the apoptosis assay showed a substantial difference between control and treated 

Fig. 3.  The effects of R. crenulata on bone (33-day hMSC). (A) The concentration dosages used were 100, 
200, 400, and 800 ppm of R. crenulata. Treatment was for 24 h. Alamar blue assay was used to evaluate the cell 
proliferation. (B) Live/dead imaging was performed for bone after 33 days, untreated, and treated for 24 h. The 
asterisk symbol (*) indicates a statistically significant difference between drug-treated and non-treated samples. 
Scale bar: 150 µm. *p < 0.05 **p < 0.01 ***p < 0.001.
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samples for both 2D and 3D BM cultures. The percentage cell population of early-stage apoptosis induced by 
R. crenulata was ~ 8.46% and ~ 5.67% in 2D MM231 and 3D BM MM-231, respectively. Furthermore, the early-
stage percentage of apoptosis was ~ 17.3% and ~ 8.00% in 2D MCF-7 and 3D BM MCF-7, respectively, indicating 
significant resistance to apoptosis in response to R. crenulata in 3D BM cultures versus 2D cultures.

3D bone-metastatic cultures experience increased resistance to R. crenulata compared to 2D 
cultures
In order to confirm the apoptotic activation by R. crenulata, we analyzed the expression of anti-apoptotic Bcl-
2 and tumor suppressor p53 biomarkers in treated cultures. We specifically compared the change in mRNA 
expression levels between 2D cultures and 3D BM cultures after 24  h of R. crenulata treatment. In MCF-7 
breast cancer cells, we observed that MCF-7 BM cultures experienced a ~ 2.29-fold decrease in p53 expression 
compared to 2D MCF-7 cultures (Fig. 5). Concomitantly, MCF-7 BM cultures experienced ~ 1.73-fold increase 

Fig. 4.  (A) The cytotoxic effects of R. crenulata were observed in 2D cultures of breast cancer cells (MCF-
7 and MM231) and 3D sequential culture of breast cancer cells (MCF-7 and MM231) by flow cytometric 
analysis. Apoptosis assay was performed on breast cancer cells after 12 h of treatment. Samples were treated 
with respective IC50 dosages. (B) Bar plots represent apoptotic cell percentages for 2D and 3D BM cultures of 
breast cancer cells MCF-7. (C) Bar plots represent apoptotic cell percentages for 2D and 3D BM breast cancer 
cell cultures MM 231. The asterisk symbol (*) indicates a significant difference in apoptotic percentage between 
drug-treated and non-treated samples in 2D and 3D cultures. *p < 0.05 **p < 0.01 ***p < 0.001.
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in Bcl-2 expression compared to 2D MCF-7 cultures. A similar trend was observed with MM-231 BM and 2D 
MM-231 cultures. MM-231 BM cultures experienced ~ 1.36-fold downregulation of p53 expression compared to 
2D MM-231. In addition, MM-231 BM cultures had a ~ 1.91-fold increase in bcl-2 expression compared to 2D 
MM-231 cultures. Overall, breast cancer cells in bone metastatic conditions experience increased resistance to 
apoptosis after treatment of R. crenulata.

To confirm p53 activation and bcl-2 inhibition on the protein level, we performed immunofluorescence 
imaging. In Fig. 5E, we observed an increase in p53 staining in treated BM cultures of MM231 and MCF7, 
compared to non-treated cultures. Alternatively, in Fig. 5F, we observed bcl-2 staining decreased in both treated 
cultures. Treatments of R. crenulata were IC50 dosages associated with specific samples. Figure 5G,H, confirms 
the observations by quantification of fluorescence.

Bone cells experience no significant changes in pro-apoptotic and anti-apoptotic markers in 
treated and non-treated conditions
We evaluated the apoptotic response of bone cells when treated with R. crenulata for 24 h and compared the 
relative fold change of treated and non-treated samples for bone and 3D BM culture of breast cancer cells (MM 
231 and MCF-7). We analyzed the Bcl-2 expression between bone and 3D culture of breast cancer cells. In 

Fig. 5.  Pro-and anti-apoptotic markers p53 and bcl-2 were analyzed using RT-PCR. Breast cancer samples 
used in these experiments were treated with IC50 dosages of R. crenulata for 24 h. (A) Analysis of p53 
expression in 2D and 3D BM cultures of MCF-7breast cancer cells. (B) Analysis of Bcl-2 expression in 2D and 
3D BM culture of MCF-7 breast cancer cells. (C) Analysis of p53 expression in 2D and 3D BM cultures of MM-
231 breast cancer cells. (D) Analysis of Bcl-2 expression in 2D and 3D BM cultures of MM-231 breast cancer 
cells. As seen, there is a significant difference in relative expression for p53 and bcl-2 expression between 2D 
and Bone-metastatic (BM) treated cultures of breast cancer, indicated by *p < 0.05, **p < 0.01 ***p < 0.001. 
(E,F) Immunofluorescent images of 3D BM breast cancer cells stained with DAPI and P53/BCL-2 antibody. 
Images on the left are untreated samples, and images on the right are samples treated with IC50 dosages of R. 
crenulata for 24 h. Scale bar set to 150 µM. (G,H) Immunofluorescent p53 and bcl-2 staining was quantified 
using ImageJ NIH software. The asterisk symbol (*) indicates a significant difference between drug-treated and 
non-treated 3D BM cultures. *p < 0.05 **p < 0.01 ***p < 0.001.
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healthy bone, we observed no significant change in treated versus non-treated samples (Fig. 6A). Further, we 
observed significant upregulation of p53 expression in treated samples on 3D BM culture of breast cancer cells. 
However, no significant change in treated versus non-treated bone cells was observed (Fig. 6B). A schematic 
representation of the intrinsic apoptosis pathway being activated and the role of caspase-9 in activating apoptosis 
is shown in Fig. 6C.

R. crenulata treatment activates Caspase-9 and decreases MtMP activity in bone metastatic 
breast cancer
Consecutively, we confirmed the initiation of apoptosis by evaluating the expression of caspase-9. Our results 
demonstrate that when 3D BM cultures were treated with R. crenulata, caspase-9 expression levels were 
upregulated significantly in treated samples compared to non-treated samples (Fig. 7A). Furthermore, MCF-7 
cells experienced higher fold expression compared to MM-231 cells. Specifically, MCF-7 BM cells experienced 
nearly ~ 6 to 7 times upregulation in caspase-9 levels compared to untreated cultures. Compared to untreated 
cultures, the MM-231 BM cells experienced nearly a 5–6 times-fold activation in caspase-9 levels.

In addition to observing the changes in caspase levels, we performed live cell ROS and MtMP imaging of bone 
metastatic cultures. Samples were treated with IC50 dosages for 12 h. We observed a decrease in mitochondrial 
membrane potential intensity after treatment of R. crenulata for both MCF-7 BM and MM231 BM (Fig. 7B). 
Concurrently, ROS levels decreased in both bone metastatic cultures (Fig. 7C). However, treated MCF-7 BM 
expressed more ROS levels compared to treated MM231 BM.

Discussion
This study aimed to investigate the chemoresistance of bone metastasized breast cancer when treated with 
phenolic phytochemically rich extracts of R. crenulata. Breast cancer cells experience altered growth and 
resistance when colonizing within the bone marrow. Bone-like ECM formation is observed from osteogenically 
differentiated MSCs on nano clay scaffolds with enhanced migration of cancer cells in the presence of bone 
microenvironment37,38,41,56. Given the cytotoxic characteristics of R. crenulata towards breast cancer cells15,17 
and the efficacy of the nano clay testbed in screening anticancer drugs57, in the present study, we studied the 
effect of R. crenulata extracts on bone metastasized breast cancer and bone cells. To assess the potential of R. 
crenulata as a treatment for advanced-stage breast cancer, we first measured the IC50 values of breast cancer cells 
(MM-231 and MCF-7) cultured on 2D TCPS and a 3D bone metastatic model following 24 h of R. crenulata 
treatment Previous studies have shown that R. crenulata treatment effectively inhibited the proliferation of MM-
231 breast cancer cells in 2D cultures and reduced the invasion of MCF-7 cells in tumorsphere models17,58. Here, 
we observed an overall increase in cell viability in cancer cells grown on 3D bone metastatic testbed, compared 
to 2D cultures. Additionally, we found that MM-231 breast cancer cells were more resistant to R. crenulata than 
MCF-7 breast cancer cells. The calculated IC50 values were higher with MM-231 cells than with MCF-7 cells.

Alternatively, bone cells were treated with R. crenulata for 24  h. No studies have been reported on 
the cytotoxicity of R. crenulata on bone cells. We observed a slight increase in cell proliferation in higher 
concentrations, indicating the non-toxic characteristic of R. crenulata. To investigate the non-toxicity of the 
treatment further, we observed the gene expression levels of pro-apoptotic and anti-apoptotic, p53, and Bcl-2. 
We found no significant change in treated and non-treated bone cells. This further indicates that R. crenulata 
does not affect healthy bone cells.

There is a scarcity of non-toxic anticancer therapies available, and currently, there is no cure for bone 
metastasis of breast or prostate cancer. The IC50 results presented here suggest that R. crenulata is suitable for 
targeting both hormonal-positive breast cancer as well as triple-negative breast cancer at the bone metastasis site, 
with increased potency against hormonal-positive breast cancer. Next, we explored the ability of R. crenulata to 
induce apoptosis in 2D and 3D BM cultures. We found that treated samples had a higher apoptosis rate than 
non-treated samples. Furthermore, MCF-7 cells had a higher percentage of cells in the early apoptotic stage than 
MM231 cells in both 2D and 3D cultures.

Based on these results, we performed gene expression experiments to evaluate pro- and anti-apoptotic 
markers. The tumor suppressor protein, p53, is mainly involved in cell cycle regulation and DNA repair. In 
response to DNA damage, apoptosis can be triggered by activation of p53. Bcl-2 is part of the anti-apoptotic 
family of proteins, which are known to be upregulated in chemo-resistant cancer cells59. Activation of Bcl-2 
proteins leads to inhibition or prevention of cellular apoptosis. A previous study reported that MCF-7 cells 
experienced a decrease in E.R. transcriptional activity, β-catenin levels, and tumorsphere formation17. However, 
no studies to date have explored R. crenulata-induced apoptosis in bone metastatic breast cancer. We observed 
activation of p53 in all treated samples. Furthermore, 2D cultures experienced higher fold expression compared 
to 3D BM cultures. The dysregulation of p53 can be linked to chemoresistance in cancer. Additionally, we found 
breast cancer cells grown in 3D bone metastatic testbed had higher fold expression of Bcl-2 compared to 2D 
cultures. Overall, the sequential culture of MSCs with breast cancer cells increased resistance to apoptosis.

Further, we confirmed the initiation of apoptosis by evaluating caspase-9 expression. When apoptosis occurs, 
cells undergo mitochondrial remodeling and increased ROS production60. The stimulation of caspase-9 and 
effector caspase signifies intrinsic apoptosis. They directly affect the mitochondria, thus regulating/initiating 
ROS production. Specifically, caspase-9 prevents cytochrome C from accessing complex III in the mitochondria, 
which allows ROS to be initially over-produced before being diminished. Our results demonstrate that when 3D 
cultures were treated with R. crenulata, the caspase-9 mRNA expression levels were upregulated. Concurrently, 
we observed the loss of mitochondrial membrane potential and ROS staining after treatment. At the bone site, 
cell death occurs, and breast cancer cells experience loss of mitochondrial health, leading to diminished ROS 
levels. Overall, our results suggest that phytochemically enriched R. crenulata extract can initiate cell death in 
both primary-site and secondary-site bone metastatic breast cancer.
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Fig. 6.  Apoptotic biomarkers experienced no significant changes when the healthy bone was treated with 
R. crenulata. RT-PCR experiments were performed with samples treated with R. crenulata for 24 h. Samples 
were treated with 800 ppm of R. crenulata. (A) Gene expression of bcl-2 is represented by 33-day hMSCs 
(bone) compared to the 3D culture of breast cancer cells (MM 231 and MCF-7). (B) Gene expression of p53 is 
represented by 33-day hMSCs (bone) compared to 3D BM culture of breast cancer cells (MM 231 and MCF-
7). Significance (*) indicates the significance of relative expression between treated and non-treated cultures. 
*p < 0.05, **p < 0.01 ***p < 0.001. Samples were processed with GraphPad Prism software. (C) A schematic 
representation of the intrinsic apoptosis pathway being activated. Specifically, the role of caspase-9 in activating 
apoptosis.

 

Scientific Reports |         (2025) 15:9341 10| https://doi.org/10.1038/s41598-025-93274-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 7.  R. crenulata activates caspase-9 in bone metastatic breast cancer (MM 231 and MCF-7). (A) Caspase-9 
expression was measured after 24 h of treatment of R. crenulata. To indicate the significant difference in 
expression of caspase-9 between non-treated cultures and treated cultures of breast cancer cells (MM 231 & 
MCF-7), *p < 0.05, **p < 0.01 ***p < 0.001. (B,C) Live cell imaging of BM MM231 and BM MCF-7). ROS assay 
(green staining) and MtMP assay (red staining) were performed for treated and control samples. Samples were 
treated for 12 h of R. crenulata. To indicate the significant difference in expression of caspase-9 between non-
treated cultures and treated cultures of breast cancer cells (MM 231 & MCF-7), *p < 0.05, **p < 0.01 ***p < 0.001.
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To this date, R. crenulata’s effect on bone metastasis and bone health has yet to be investigated. In the present 
study, we report the cytotoxic effects of R. crenulata on breast cancer bone metastasis. Considering all the results, 
we have demonstrated the in vitro efficacy of R. crenulata as a potential treatment for late-stage bone metastatic 
breast cancer. Furthermore, the cytotoxicity induced is redox-regulated. In addition, R. crenulata extracts are 
a non-toxic treatment for healthy bone cells. In future studies, we plan to investigate the redox and enzymatic 
activity of BM breast cancer cells before and after treatment. Overall, the 3D nano-clay bone metastatic breast 
cancer testbed is a promising screening tool for new therapeutics for breast cancer bone metastasis.

Conclusions
In this study, we identified R. crenulata as a therapeutic option for bone metastasis. We further demonstrated 
our 3D in vitro bone-metastatic testbed’s screening ability to represent the bone metastatic niche accurately. 
Using the testbed, we elucidated the cytotoxic effects of R. crenulata against breast cancer bone metastasis 
and healthy bone. Considering all the results, we have demonstrated the in vitro efficacy of R. crenulata as a 
potential treatment for late-stage bone metastatic breast cancer. R. crenulata was able to activate caspase-9 levels 
and initiate apoptosis. The initiation of apoptosis was activated intrinsically and redox-regulated through the 
downregulation of ROS/MtMP activity. In addition to being an anticancer agent at the bone metastasis site, R. 
crenulata displayed non-toxic effects for healthy bone cells within a 24-h period. This result potentially identifies 
R. crenulata as a therapy with limiting adverse side effects, which is ideal for patient treatment. Overall, the 3D 
nanoclay bone metastatic breast cancer testbed is a promising screening tool for new therapeutics for breast 
cancer bone metastasis. Moreover, these studies demonstrate the potential of R. crenulata as a robust anticancer 
therapeutic agent that should be investigated further for its anticancer properties and non-toxic effects.

Data availability
All data generated or analyzed during this study are included in the manuscript and the accompanying supple-
mentary document.
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