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ARTICLE INFO ABSTRACT

Keywords: Background: As the most common primary bone cancer, the therapy of osteosarcoma requires
pS3 further study. An anthraquinone derivative, emodin, has been found to have anticancer potential.
Cell Z}'Cle We proposed that emodin suppresses osteosarcoma by cell cycle regulation mediated by p53.
g[sri(;o;;lrcoma Methods: This study determined the effect of emodin on viability and apoptosis of 6 osteosarcoma

cell lines (p53 null cells MG63, G292, and A-673; p53 mutated cells HOS and SK-PN-DW; p53
expressing cells U20S and 2 osteoblast cell lines), then knockdown p53 in U20S, and observed
the impacts of emodin on p53, p21, cyclin proteins, and cell cycle.

Results: High dose emodin (40-160 pM) induced cell death and apoptosis of all the cell lines;
medium dose emodin (20 pM) preferentially inhibited osteosarcoma cells; low dose emodin
(1-10 uM) preferentially inhibited p53 expressing osteosarcoma cells. Emodin dose-dependently
inhibited p53 and p21 in U20S. Emodin at 10 pM decreased the expression of Cdk2, E2F, and
Cdk1; and increased RB but had no effects on cyclin E and cyclin B. The knockdown of p53 almost
eliminated all the impacts of 10 pM emodin on cell cycle proteins.

Conclusions: Emodin suppresses U20S by p53-mediated cell cycle regulation.

1. Introduction

Cancer has been one of the most studied topics in the world [1-16], while osteosarcoma is the most pervasive primary bone cancer
in the world [17]. There are about 4-6 osteosarcoma cases every one million people each year [18]. With the development of oste-
osarcoma therapy, the survival of osteosarcoma patients has slowly climbed over the years, yet, data suggested that more than 30% of
patients can not survive in 5 years after osteosarcoma prognosis [18]. Tumor surgery is one of the major treatments for cancers [16]
including osteosarcoma [19]. Optimizing the medicines used in cancer treatment has been a critical issue for clinicians [20,21]. Many
efforts have been made to study the pathology and therapy of osteosarcoma [22], but, so far, the current treatments for this disease can

* Corresponding author. Bozhou People’s Hospital, 616 Eucommia Road, Qiaocheng District, Bozhou City, Anhui Province, China.

** Corresponding author. Bozhou People’s Hospital, 616 Eucommia Road, Qiaocheng District, Bozhou City, Anhui Province, China.
E-mail addresses: QZhoncology@gmail.com (Q. Zhang), yangmiao004@163.com (Y. Miao).

# These authors contributed equally to this work as co-first author.

1 These authors contributed equally to this work as co- Corresponding author.

https://doi.org/10.1016/j.heliyon.2024.e26850

Received 20 April 2023; Received in revised form 16 January 2024; Accepted 21 February 2024

Available online 23 February 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:QZhoncology@gmail.com
mailto:yangmiao004@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e26850
https://doi.org/10.1016/j.heliyon.2024.e26850
https://doi.org/10.1016/j.heliyon.2024.e26850
http://creativecommons.org/licenses/by-nc-nd/4.0/

Q. Zhang et al. Heliyon 10 (2024) e26850

not bring desirable therapeutic effects.

Many compounds from plants have been applied in the treatment of bone-related disease [23-27] and traditional medicine has
been used for cancer treatments [6,13,28]. An anthraquinone derivative, emodin (1,3,8-trihydroxy-6-methylanthraquinone), which is
found as an active ingredient in several types of plants [29-33], has been found as an essential component in traditional medicines
prescription for cancer treatments [34]. Pharmacological studies reveal that emodin has anti-cancer and anti-inflammatory potential
[35,36]. For example, emodin can inhibit cell growth in tumor studies and result in apoptosis of MCF-7, a commonly used breast cancer
cell line. Another study showed that emodin arrested the cell cycle of SMMC-7721, a commonly used liver cancer cell line [37].
Besides, traditional herb medicines containing emodin have been used for bone disease treatments for thousands of years in China.
Researchers have shown that emodin targeted bone cells and regulated bone metabolism in a mouse model of LPS-mediated osteo-
porosis [38]. Hence, we suggested that emodin might potentially affect osteosarcoma.

P53, a cancer inhibitor protein, was reported to mediate the impacts of emodin on diffuse large B cell lymphoma [39]. In this study,
we proposed that emodin suppresses osteosarcoma by p53-mediated cell cycle regulation. The aim of this study is to understand the
role of p53 in osteosarcoma and explore the potential of emodin as a medicine for osteosarcoma.

2. Methods & materials
2.1. Tissue culture

Human osteosarcoma cell lines A-673, SK-PN-DW, MG-63, HOS, G-292, U-2 OS (U20S), and human osteoblast cell line hFOB 1.19
were purchased from ATCC (Washington, USA). In addition, the human primary osteoblast cell line HOB was obtained from PromoCell
(Heidelberg, Germany). The ATCC-formulated McCoy’s 5a Medium Modified (Catalog No. 30-2007) with 10% FBS was used to culture
cells. Cell lines were incubated in an incubator (5% CO,, 37 °C).

2.2. Cell viability detection

Cell viability was detected using the MTT assay, which was described previously [9]. Cells were grown on a 96-well plate at 20,000
cells/well, grown in serum-free media for 24 h, and exposed to the tested agent for 24 h. Then, methylthiazoletetrazolium (MTT,
Biotium, Hayward, CA) was added (40 pL per well) for 4 h. The plate was detected with a microplate reader at 490 nm.

2.3. Drug
The emodin was purchased from Techmate Ltd (Buckinghamshire, UK). It is stored at 4 °C and dry environment before being used.
2.4. Apoptosis detection

The cell death was determined using the Cell Death Detection ELISA plus (Roche, Indianapolis, IN, USA), which is based on
monitoring DNA fragmentation. Cell apoptosis level was determined by Human Bcl-2 ELISA Kit (ab119506, Abcam, Cambridge, UK).
The plate was read with a microplate reader at 490 nm. Cell lines incubated at 55 °C for 20 min were used as positive controls for cell
death [12]. Cells exposed to 5 pM Etoposide (ab120227, 1 mM stock prepared in DMSO, Abcam, Cambridge, UK) were used as the
apoptosis-positive group.

2.5. Cell transfection

P53 protein was knocked down in U20S cells. Briefly, cells were transfected with shRNA (h P53)-(GFP-Bsd) lentivirus (LVP343-GB,
GenTarget, San Diego, CA, USA), or negative shRNA (SIC001, Sigma-Aldrich, MO, USA) using Lipofectamine® 2000, as described
elsewhere [40,41]. The transfecting medium was replaced by a normal medium after 8 h. The expression of p53 in cells was validated
by immunofluorescence experiment and western blotting assay 48 h after the transfection.

2.6. Cell cycle analysis

The propidium iodide (PI) staining was used to determine the cell cycle with flow cytometry [42]. Cold PBS was used to wash cells.
Then, cells were fixed in 70% ethanol for 1.5 min at 4 °C. Cold PBS was used to wash cells again. Then, cells were stained with
propidium iodide at 37 °C for 30 min (0.02 mg/mL in cold PBS with 0.2 mg/mL DNAse-free RNAse A and 0.1% Triton X-100). Stained
cells were analyzed on the BD FACSCalibur (Becton Dickinson. San Jose, CA, USA).

2.7. Western blotting

Protein was detected by western blotting experiments [43]. Cells were collected and the protein in samples was extracted using
RIPA plus protease inhibitor (Sigma-Aldrich, MO, USA). The protein concentration was determined using the BCA assay kit(ab102536,
Abcam, Cambridge, UK). The separation of proteins with different sizes was achieved by SDS gel electrophoresis with a loading amount
of 20 pg/well. The proteins were then transferred onto membranes for blotting experiments. The membranes were incubated in 5%
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skimmed milk in TBST (Sigma-Aldrich, MO, USA). Then, the membranes were then incubated in primary antibodies (1:1000 dilution of
BSA, 4 °C, overnight; Anti-p53 antibody ab26, Anti-p21 antibody ab109520, Anti-Cdk2 antibody ab32147, Anti-Cyclin E antibody
ab33911, Anti-Rb antibody ab32513, Anti-E2F1 antibody ab4070, Anti-CDK1 antibody ab133327, Anti-Cyclin Bl antibody
ab181593), and secondary antibodies (Goat Anti-Rabbit HRP ab205718, Rabbit Anti-Mouse HRP ab6728, 1:3000 dilution of BSA,
room temperature, 2 h). All antibodies were obtained from Abcam (Cambridge, UK). Enhanced chemiluminescent detection reagents
(Sigma-Aldrich, MO, USA) were used for the visualization of the proteins on the membrane.

2.8. Immunofluorescence

Immunofluorescence was used to observe the level of p53 in cells [44]. Cells were fixed and permeabilized in 4% formaldehyde and
0.1% Triton X-100 subsequently. Cells were incubated first with an anti-p53 antibody (ab32389, Abcam, Cambridge, UK) and then
with an EGFP-labeled secondary antibody (Goat Anti-Rabbit Alexa Fluor® 488 ab150077). An inverted fluorescence microscope
(Leica, Germany) was used to observe the cells.

2.9. Statistics and plotting

The difference in the results was analyzed using a T-test or one-way ANOVA and Dunnett’s post hoc tests: p < 0.01 indicates a
significant difference. Means and stander deviation were plotted using GraphPad Prism software.

3. Results
3.1. Emodin preferentially suppressed the viability of p53-expressing osteosarcoma cells

Emodin at 20-80 pM was previously adopted in a liver tumor project [37]. In this study, we designed experiments to test the effect
of emodin concentration at a larger concentration range, from 1 to 160 pM, on 6 osteosarcoma cell lines, HOS, MG-63, G-292, A-673,
SK-PN-DW, and U20S, and 2 osteoblast cell lines hFOB and HOB. MTT assay is commonly applied in cancer research [45]. Cells were
grown on a 96-well plate at 20,000 cells/well when conducting treatment. Data showed that, after 24 h of exposure, emodin at 40-160
pM significantly reduced the viability of all the cell lines. Emodin at 40 pM preferentially inhibited osteosarcoma cells (inhibited over
50% of viability) over normal osteoblast cells (inhibited about 30% of viability). Emodin at 20 uM significantly suppressed the viability
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Fig. 1. Effect of emodin on the cell viability of osteosarcoma and osteoblast cell lines. Cells were exposed to emodin for 24 h and the viability

was determined using an MTT assay. “*” indicates a significant difference (p < 0.01) compared with 0 pM emodin. A-F. osteosarcoma cell lines. G-H.
osteoblast cell lines.
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of HOS, SK-PN-DW, and U20S. U20S was the most sensitive cell line. Its effective concentration was 1 pM (Fig. 1). MG63 (p53 null)
[46], G292 (p53 null) [47], A-673(p53 null) [48] are p53 muted, HOS (p53-R156P) [49] and SK-PN-DW(p53-C176F) [50] are p53
mutated, while U20S (wild type p53) [51] have wildtype p53. Results showed that emodin at 1-10 pM preferentially suppressed p53
expressing osteosarcoma cell lines more than p53 muted or mutated osteosarcoma cells. As we were interested in p53 in emodin
actions, U20S was used in the subsequent study because it expressed p53 and it was the most sensitive cell line for emodin viability
inhibition based on our results (Fig. 1A-H). These results indicated that emodin at a high concentration had an inhibition effect on all
cells, but at a lower concentration, it preferentially suppressed p53 expressing osteosarcoma cell lines than other cells.

3.2. Emodin-induced cell death and apoptosis of all cells at a high concentration

To test whether emodin at high concentration has toxicity toward cells, we determined the cell death after 24 h of exposure to
1-160 pM emodin. Cell lines incubated at 55 °C for 20 min which were regarded as 100% dead cells were used as positive controls.
Cells were grown on a 96-well plate at 20,000 cells/well when conducting treatment. Results revealed a significant cell death induction
of emodin at 40-160 pM among all the cell lines, while at doses lower than 20 pM, emodin showed no significant difference
(Fig. 2A-H). Thus, the viability inhibition effect of emodin at high concentrations on cells resulted from cell death. To further identify if
the cell death resulted from apoptosis, we determined the Bcl-2 level in cell lines. Data suggested that emodin at 40-160 pM signif-
icantly decreased the level of Bcl-2 among all the cell lines, while emodin at 0-20 puM failed to generate significant differences
(Fig. 3A-H). These results indicated that the cell death caused by the high concentration of emodin was a result of the apoptosis
alteration, but emodin at 0-20 pM did not induce cell death or apoptosis in all cell lines. Hence, in the subsequent study, emodin at 10
pM was used.
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Fig. 2. Effect of emodin on cell death of osteosarcoma and osteoblast cell lines. Cells were exposed to emodin for 24 h and the cell death was
determined using Cell Death Detection ELISA. Cell lines incubated at 55 °C for 20 were used as positive controls (PC) for cell death. “*” indicates a
significant difference (p < 0.01) compared with 0 pM emodin. A-F. osteosarcoma cell lines. G-H. osteoblast cell lines.
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Fig. 3. Effect of emodin on apoptosis of osteosarcoma and osteoblast cell lines. Cells were treated for 24 h and the apoptosis was determined

by Bcl-2 ELISA. Cell exposed to 5 pM Etoposide for 12 h was used as a positive control (PC) for apoptosis. “*” indicates a significant difference (p <
0.01) compared with 0 pM emodin. A-F. osteosarcoma cell lines. G-H. osteoblast cell lines.

3.3. Emodin inhibited p53 and p21 proteins

P53 impacted the inhibition of emodin toward diffuse large B cell lymphoma [39]. We first determined the impacts of emodin on
p53 and p21 levels in a p53-expressing osteosarcoma cell line U20S. Results showed that emodin dose-dependently inhibited p53 and
p21 levels in U20S cells (Fig. 4ABC). We stained U20S cells with an anti-p53 antibody and confirmed that emodin decreased p53
protein expression (Fig. 4 D left panel). We believed that the effect of emodin on U20S cells was mediated by p53/p21. Then we
knocked down p53 in U20S to investigate the impacts of emodin. After the transfection, p53 was decreased by about 90% (Fig. 4 DEF).
The p53 level in transfected cells was not significantly decreased by emodin, indicating that p53 knockdown offset the effect of
emodin. Therefore, p53 is a potential key regulator in the impacts of emodin on U20S cells.

3.4. Emodin affected the viability of U20S through the cell cycle

To study the impacts of p53 on emodin pharmacological actions, this study determined the impacts of emodin on p53 knockdown
U20S cells. Results showed that p53 knockdown almost locked the effect of emodin (Fig. 5A). We proposed that the effect of emodin
was mediating the cell cycle, hence, we observed alterations of the cell cycle in U20S cells. Results showed that emodin decreased cell
number in the G1/GO phase and increased cell number in the S and G2/M phases. The GO/G1 phase is the phase for cells to process
other activities besides proliferation such as differentiation [52], while the S/G2/M phase is the phase for cells to proliferate [53].
These observations further confirmed that emodin had an impact on cell growth. In addition, the knockdown of p53 eliminated the
sensitivity of U20S toward emodin, revealing that p53 might be involved in cell cycle regulation (Fig. 5BCE). This conclusion agreed
with a previous study suggesting that p53/p21 impacted genes regulating the G2/M phases [54].
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Fig. 4. Effect of emodin on p53 and p21 in U20S. U20S cells were exposed to emodin at different concentrations and then the level of p53 and
p21 were determined using western blotting. A. representative image of western blotting. B. Effect of emodin on p53 in U20S. C. Effect of emodin
on p21 in U20S. D. Immunofluorescence of p53 knockdown U20S. The emodin treatment group was treated with emodin for 24 h. E.F. Effect of

emodin on p53 expression of p53 knocked down U20S cells. “*” indicates a significant difference (p < 0.01). Non-adjusted images were provided as
supplementary materials.

3.5. Emodin affected cell cycle proteins

To confirm the role of p53, we also detected some regulators of the cell cycle, including p21, Cdk2, cyclin E, RB, E2F, Cdk1, and
cyclin B. Emodin reduced the expression of Cdk2, E2F, and Cdkl. Emodin also increased RB but had no significant effects on cyclin E
and cyclin B. The knockdown of p53 almost eliminated all the effects of emodin (Fig. 6). This result accounted for the previous cell
cycle alternation, indicating that p53 might mediate the impacts of emodin on the cell cycle (Fig. 6A-H).

4. Discussion

Cancer is one of the top popular topics in medical studies. Many studies apply bioinformatics to investigate cancer [1,28,55-59] as
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Fig. 5. The effect of emodin on the viability and cell cycle of the U20S. A. The effect of emodin on the viability of p53 knockdown U20S cells.
The cell viability was determined using an MTT assay. B. the effect of emodin on the cell cycle of p53 knockdown U20S cells. The cell cycle was
analyzed by flow cytometry with PI staining. “*” indicates a significant difference (p < 0.01). C. Representative images of cell cycle analysis.

well as other diseases [60,61], yet, experimental evidence is required for validation of these mechanisms [4]. In this study, we found
the impacts of emodin on the proliferation of U20S. As we mentioned, this is a p53-expressing osteosarcoma cell line. Cell viability was
detected using the widely used MTT assay [45]. By comparing its effect on osteosarcoma and osteoblast cells, we obtained the effective
concentration range: emodin at a concentration over 40 pM induced cell death in both osteosarcoma and osteoblast cells; concentration
at 20 pM only suppressed osteosarcoma cells; concentration at 1-10 pM preferentially inhibit the viability of p53 expressing cells. The
sensitivity of U20S toward emodin is higher than that of liver cancer cell line SMMC-7721 [37]. Cell death assay confirmed that
emodin at a concentration higher than 40 pM significantly induced cell death and apoptosis. The induction of apoptosis was not
distinguished between osteosarcoma and osteoblast or p53 muted/mutated osteosarcoma and p53 expressing osteosarcoma. This
suggested that high-dose emodin impacts cells by inducing cell death and apoptosis through other mechanisms besides p53 or other
cancer-specific targets. Yet, emodin at 1-10 uM only suppressed the viability of p53 expressing osteosarcoma cells suggesting that
low-dose emodin impacted osteosarcoma cells via p53. Interestingly, p53 was supposed to have regulatory effects on apoptosis [62],
but our result showed that low-dose emodin affected p53 without altering apoptosis, thus we suggested that low-dose emodin might
have an inhibition effect on apoptosis BAX protein (Fig. 7).

A previous study had shown that p53 plays a role in the inhibition of emodin toward diffuse large B cell lymphoma [39]. P53 was
proved to be a key regulator for the cell cycle in osteosarcomas [63]. We tested this in U20S. Emodin caused a significant alteration in
the cell cycle of U20S. Both GO/G1 and s/G2/M were altered by emodin indicating that emodin suppressed osteosarcoma cell pro-
liferation by regulating the cell cycle.

In cancer, the p53/p21 pathway negatively regulates cdkl and cyclin B, which regulates the processes of the G2 phase [64]. The
increase of p53 upregulates the p21, which affects the function of the cyclin B/cdk1 complex [65]. In this study, the knockdown of p53
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eliminated the effects of emodin on osteosarcoma cells, revealing that p53 affected the cell cycle regulation by emodin. This conclusion
was in line with a previous study that showed that p53/p21 regulated the G2/M cell cycle regulator genes [54]. In this study, emodin
significantly decreased p53 expression. We suggested that the decrease of p53 by emodin further decreased p21 expression and
down-regulated cells in the G2 phase. Besides, the cyclin E/CDK2 complex might be inactivated by p21 [66]. E/CDK2 complex is
responsible for regulating cells from the G1 phase entering the S phase, which might account for the change in the G1 phase and the S
phase. In this study, cyclin E was not affected by emodin but as the Cdk2 was decreased, it resulted in less inhibition of RB and further
caused a decrease in E2F protein, which was regulated by RB [67]. We tested the major E2F protein E2F1 because it is one of the most
cancer-relative proteins in the E2F family [68]. Thus, the decreased E2F inhibited the G1 checkpoint [69]. On the other hand, p21 also
inhibited Cdk1 and this led to a decrease of the Cdk1/cyclin B complex, even though the level of cyclin B was not affected. The in-
hibition of the Cdk1/cyclin B complex can facilitate the G2 activities [70-72] (Fig. 7).

However, in this study, not all the osteosarcoma cell lines we tested expressed p53: MG63 (p53 null) [46], G292 (p53 null) [47],
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A-673(p53 null) [48] are p53 muted, HOS (p53-R156P) [49] and SK-PN-DW(p53-C176F) [50] are p53 mutated, while U20S (wild type
p53) [51] have wildtype p53. Our results showed that p53 mutated cells and p53 muted cells reacted to emodin differently. We
suggested that p53 expressing osteosarcoma had higher sensitivity toward emodin, which might account for different clinical ther-
apeutic effects of emodin on osteosarcoma patients. While different cell lines might have different mechanisms, this study only
indicated that p53-mediated cell cycle regulation is a mechanism of emodin in U20S. However, the other cell lines in this study might
have alternative mechanisms that have not been identified in this study, especially for the cell death induction of emodin at high doses.
We suggested that p53 is not an essential regulator in the effect of emodin, but it is critical for the sensitivity of osteosarcoma toward
emodin. Besides, whether p53 is a direct or indirect target of emodin is still unclear and requires more exploration. P53 has been found
to be involved in cancer stem cells [73] and ion channel regulation [74,75], thus, we suggested that cancer stem cells [76] and ion
channels [14,77] might be the mechanisms underlying these emodin effects. Further study is required to test if this mechanism is
common among different cancer types.

While this study provides valuable insights into the potential anti-osteosarcoma effects of emodin and its interaction with p53-
mediated cell cycle regulation, there are certain limitations that should be acknowledged: The study primarily focused on the
U20S cell line, which expresses wild-type p53. Different osteosarcoma cell lines with varying p53 statuses demonstrated distinct
responses to emodin. The findings may not fully represent the heterogeneity of osteosarcoma, and further investigations with a broader
spectrum of cell lines could enhance the generalizability of the results. The current study relies on in vitro experiments, and the effects
observed may differ in the complex in vivo environment. Future studies incorporating animal models or clinical trials are essential to
validate the efficacy and safety of emodin as a potential therapeutic agent for osteosarcoma. The mechanisms underlying the effects of
emodin on osteosarcoma cells are likely multifaceted. This study primarily focused on p53-mediated cell cycle regulation, but addi-
tional pathways and molecular targets may contribute to emodin’s anti-cancer properties. Further exploration of these potential
mechanisms is warranted. Translating findings from laboratory studies to clinical applications presents challenges. The pharmaco-
kinetics, bioavailability, and potential side effects of emodin in human subjects need thorough investigation before considering it as a
mainstream therapeutic option for osteosarcoma. The study identified an effective concentration range for emodin, but the optimal
dosage for therapeutic purposes remains uncertain. Determining a dose that maximizes anti-cancer effects while minimizing toxicity is
crucial for future clinical applications.

For future prospects, addressing the limitations of the current study and paving the way for the development of emodin as a viable
treatment option for osteosarcoma requires a multifaceted approach. Future research should delve into alternative molecular mech-
anisms and signaling pathways through which emodin impacts osteosarcoma cells. This exploration could encompass investigating its
effects on cancer stem cells, ion channels, and other relevant targets to gain a more comprehensive understanding of the underlying
mechanisms. Moreover, the progression from in vitro experiments to clinical applications necessitates rigorous preclinical studies
using animal models. Evaluating the efficacy, safety, and pharmacokinetics of emodin in a more complex in vivo environment is crucial
before considering its potential in human subjects. These preclinical investigations will provide essential insights into the translational
potential of emodin. Taking the next step, clinical trials should be initiated to systematically assess the feasibility, safety, and efficacy
of emodin as either an adjunctive or standalone therapy for osteosarcoma patients. These trials will offer valuable data on the real-
world applicability and potential benefits of emodin in a clinical setting. Additionally, exploring combination therapies is essential
to unlock potential synergies between emodin and existing osteosarcoma treatments. This approach aims to enhance therapeutic
outcomes and mitigate the development of resistance, addressing a critical challenge in cancer treatment. Concurrently, conducting
dose-response studies will be pivotal in identifying the optimal concentration of emodin for anti-osteosarcoma effects while mini-
mizing adverse effects. This dose optimization is a crucial step in establishing the therapeutic window and ensuring the safety and
efficacy of emodin in a clinical context. By addressing these aspects comprehensively, future research endeavors can contribute
significantly to unraveling emodin’s therapeutic potential for osteosarcoma, potentially paving the way for its development into a
clinically viable and effective treatment option.
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