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Abstract 

Emodin is a traditional Chinese medicine which has several anti-cancer properties such 
as induction of apoptosis. Ca2+ signaling pathway can also regulate apoptosis by 
releasing apoptotic factors from overloaded mitochondria. Besides, there is an evidence 
that emodin can generate ROS, and ROS is related to Ca2+-induced apoptosis. Based on 
these reports, our experiment is designed for the following three purposes: First, to test 
whether the emodin could enhance Ca2+-induced apoptosis. Second, to make sure this 
kind of apoptosis only happens in tumor cells. Third, to investigate the possible signaling 
mechanism of combined application of emodin and Ca2+ to induce apoptosis. Cell 
viability and apoptosis will be assessed by Cell Proliferation Assay and flow cytometry. 
Electrophoretic mobility shift assay (EMSC), as well as Western blotting and luciferase 
reporter assay, will be used to analyze the signaling alternation. And there are four 
possible results discussed in this article. 
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1. Introduction 

𝐶𝑎2+ can provide the opportunity for cancer targeted therapy. It is because 𝐶𝑎2+ is a kind of cellular 

signal which has the ability to regulate tumorigenesis [1]. Specifically, the sensitivity of cell apoptosis 

is determined by the transferred quantity of 𝐶𝑎2+  from the endoplasmic reticulum to the 

mitochondria [2]. It has been reported that the overexpression of the voltage-dependent anion channel 

(VDAC) of the mitochondrial outer membrane and proapoptotic members of the Bcl-2 family can 

help mitochondria to capture 𝐶𝑎2+ [3]. Mitochondrial 𝐶𝑎2+ overload can cause the outer membrane 

swell, perturbation and then rupture, and finally release some apoptotic factors into cytoplasm [4]. 

The apoptotic factors, including cytochrome C and AIF, work as caspase cofactors and enhance the 

apoptotic proteolytic cascade in the cytosol [5]. Besides, the effectors in cytoplasm can also induce 

𝐶𝑎2+-dependent apoptosis by decoding the signal from extracellular [5]. The protein kinase C (PKC) 

family, which can be activated by tyrosine-phosphorylation after translocating to mitochondria and 

Golgi, is the key point in the signaling pathway [6]. And the calcineurin also have the ability to 

promote apoptosis through dephosphorylating and activating the BH3-only protein BAD (a 

proapoptotic member of the Bcl-2 family). The activated BAD will be easier to heterodimerize with 

Bcl-XL [7]. The relationship between 𝐶𝑎2+ homeostasis and cells apoptosis can be showed in Figure 

1. However, the 𝐶𝑎2+  signal is common in the human body, which may challenge the specific 

targeted therapy. It is a necessary research to find out how to enhance 𝐶𝑎2+- induced apoptosis in 

the tumor cell. 

Rhubarb, a traditional Chinese medicine, nowadays has still been used in many herbal preparations. 

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is one of the main biologically active ingredients 
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of rhubarb, and it has several anti-cancer properties such as induction of apoptosis in tumor cells [8]. 

In addition to being used alone as a drug to treat cancer, emodin can also be used as a sensitizer for 

combined chemotherapy. For example, arsenic trioxide-induced apoptosis can be enhanced by 

emodin, which could generate reactive oxygen species (ROS) and inhibit survival signaling [9]. 

Because of the same part of the apoptosis signaling pathway between 𝐶𝑎2+ and 𝐴𝑠2𝑂3 (activation 

of proteases leads to DNA cleavage) [7, 10], it is thought-provoking that whether 𝐶𝑎2+-induced 

apoptosis could also be enhanced with the combination of emodin and what is the possible signaling 

pathway. 

 

Figure 1. Differential decoding of cell activation or apoptosis caused by 𝐶𝑎2+-linked stimuli [5] 

 

Figure 2. The chemical structures of emodin, ubiquinone and DMNQ 

 

Emodin is an anthraquinone, and it has analogous structure with DMNQ (2,3-dimethoxy-1,4-

naphthoquinone) and mitochondrial ubiquinone (Figure 2.) that could act as a ROS generator [11]. 

Quinones are highly redox active molecules, and they can form ROS by reacting with their 

semiquinone radicals [12, 13]. Then ROS can adjust the redox sensitive enzymes and ion channels 
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activation such as 𝐶𝑎2+ channels [14]. There is a crosstalk signaling between mitochondrial 

𝐶𝑎2+ and ROS: overloaded mitochondrial 𝐶𝑎2+  can stimulate metabolic pathways increasing 

reduced substrates and electron transport in order to enhance the ROS generation. ROS can then 

oxidize SR-RyR cysteine residues to stimulate further 𝐶𝑎2+  release [14]. But there is still no 

scientific research to prove that emodin and calcium ion can work together to induce apoptosis. 

Reviewing the research on the combined application between emodin and 𝐴𝑠2𝑂3 [9], ROS can also 

inhibit the activation of nuclear factor-κB (NF-κB) and activator protein 1 (AP-1), which may lead 

HeLa cells sensitized to 𝐴𝑠2𝑂3 . NF-κB and AP-1 are two eukaryotic transcription factors that 

regulate ROS-induced responses genes, and they can be targeted by oxidative stimuli [15]. It is 

essential for the transformation induced by tumor promotor to have the transactivation of NF-κB and 

AP-1, and the activation of AP-1 and NF-κB always reduce at the same time when either one of them 

is suppressed, so in the neoplastic transformation they have complementary effect [16]. It has been 

reported that exogenous expression of MnSOD in tumor cells suppresses tumor by inhibiting the 

activation of NF-κB and AP-1, and it proclaims the relationship among tumor formation, ROS, and 

transcription factors [17]. According to these results, I predict that emodin has the ability to enhance 

𝐶𝑎2+-induced apoptosis by generating ROS and ROS-mediated inhibiting two transcription factors, 

NF-κB and AP-1, and this mechanism best occurs only in tumor cells( Figure 3.). In order to 

determine this hypothesis, this paper designs a comparative research, investigating the effects of the 

combination application of 𝐶𝑎2+ and emodin to induce apoptosis in cells. 

 

 

Figure 3. The predicted signaling pathway of 𝐶𝑎2+-induced apoptosis enhanced by emodin 
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2. Materials and methods 

2.1 Cell culture and compounds.  

Three types of cell lines will be used: HeLa, U937, human primary skin fibroblast cell. Table 1 below 

summarizes the medium composition and culture conditions of these three cells lines. 

 

Table 1. The medium composition and culture conditions of culturing cells 

Cell lines Medium compositions Culture conditions 

HeLa DMEM+ antibiotics+ 10% fetal bovine serum 
Humidified atmosphere; 5% 𝐶𝑂2; 

37°C 
U937 RPMI 1640+ antibiotics+ 10% fetal bovine serum 

Fibroblast DMEM+ antibiotics+ 10% fetal bovine serum 

 

Emodin (6-methyl-1,3,8-trihydroxyanthraquinone), Phorbol 12-my-ristate 13-acetate (PMA), 

calcium channel blocker (CCB), NAC, ionomycin are also used.  

2.2 Cell viability assay. 

Seed cells in 96-well plates at a concentration of 1 × 104 cells/ml, expose them to/ not to emodin 

for 3 days. Everyday change the culture medium which different drugs. CellTiter 96 AQueous Non-

Radioactive Cell Proliferation Assay (MTS) Kit, which can show the proportional relation between 

the amount of adsorption at 490nm and the quantity of living cells in the medium, will be used to 

assay cell viability.  

2.3 Apoptosis analysis. 

Use Annexin V-fluorescein isothiocyarate (FITC)/propidium iodide (PI) kit to analyze apoptosis rates. 

The apoptotic cells are bond with Annexin V and exposed phosphatidylserine which can be stained, 

and then use flow cytometry. 

2.4 ROS detection.  

Use 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma) to capture ROS. Non-specific 

esterase in the cell can cleave DCFH-DA, and DCFH-DA is oxidized by ROS to become highly 

fluorescent 2,7-dichlorofluorescein (DCF). Add the DCFH-DA working solution to the medium to 

10 𝜇M, incubate at 37°C for 15 minutes, wash the cells once with PBS, store frozen, and detect DCF 

by flow cytometer [18]. 

2.5 Western blotting. 

Grow the cells in the serum-free medium and break them in a sample buffer which contains 10% SDS, 

625 mM Tris (pH 6.8), 25% glycerol, and 5% 𝛽-mercaptoethanol, 0.015% bromphenol blue before 

sonicate and heat denaturalize. Use 10% SDS-PAGE gel to load the proteins, transfer them to 

nitrocellulose membrane, and then use antibodies to detect them before visualization. The primary 

and second antibodies include polyclonal antibodies against phosphorylated p38 (pTpY180/182), 

phospho-IκBα (Ser32), phosphorylated c-Jun 𝑁𝐻2-terminal kinase (JNK) 1 and 2/stress-activated 

protein kinase (pTpY183/185), and antibody against p38 [9]. 

2.6 Luciferase assay. 

The plasmid expression vectors, which contain 3× AP-1-directed luciferase reporter sequences or 

5×NF-κB-directed luciferase reporter sequences, should be used to transfect cells. After grow the 

cells in the serum-free medium for 48 hours, measure the expression of luciferase in luminometer, 

and the relative luciferase can be obtained by normalizing the activity of the transfection variant and 

the β-galactosidase co-transfected with DNA Enzyme activity. Therefore, the relative increase in 

luciferase activity indicates the relative activation of NF-κB and AP-1 [19]. 
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2.7 Electrophoretic mobility shift assay (EMSA). 

First, prepare the nuclear protein extracts. Use 𝑃 
32  to lable NF-𝜅B and AP-1 oligonucleotide probes, 

and then bind them with nuclear extract samples. Loaded them in a 6% acrylamide gel. Then the gel 

will dry after electrophoresis, then expose the gel to a PhosphorImager cassette at room temperature 

for 4 days. The software can be used to scan and analyze the picture [20].  

2.8 IκB-𝜶 dominant negative mutant transfection. 

Unlike a wild-type, an IκB-𝛼 dominant negative mutant (32/36 serine) that cannot be phosphorylated 

will inhibit the NF-κB activation. With a plasmid expression vector containing a dominant negative 

mutant of IκB-α, the cells will be transiently transfected, and an irrelevant plasmid pcDNA3 will be 

used as transfection controls. After 48 hours, the cells were exposed to the drug for 3 days. Then use 

Annexin V-phycoerythrin/PI double staining flow cytometry to measure apoptosis 

3. Possible results 

All the possible results can be summarized in the Table 2. 

3.1 Result 1: 

Emodin can enhance 𝐶𝑎2+ -induced apoptosis by the generation of ROS and ROS-mediated 

inhibition of NF-κB and AP-1 only in tumor cells. 

3.1.1 Inhibition of cell viability in tumor cells but not in normal cells. 

Cotreatment with low doses of emodin, the amounts of HeLa cells and U937 cells in culture reduce. 

Besides, emodin treatment makes no effect with fibroblast cells. 

3.1.2 Enhancement of 𝐶𝑎2+-induced apoptosis. 

Ionomycin is often used as an effective 𝐶𝑎2+ carrier to directly stimulate the calcium pool to regulate 

calcium influx and increase intracellular 𝐶𝑎2+ levels. Adding ionomycin at a low level does not 

induce the cell apoptosis, but plus emodin can lead to the reduction of cells mounts. Emodin can 

promote 𝐶𝑎2+ cytotoxicity in HeLa cells in a specific range, and this kind of promotability is dose-

dependent. The cytotoxicity produced by 𝐶𝑎2+ includes not only the inhibition of cell proliferation 

but also the generation of apoptosis. When CCB is used to block 𝐶𝑎2+ influx to cytoplasm, there is 

no obvious cell apoptosis with the treatment of emodin. Therefore, the emodin must be used to 

enhance the apoptosis induced by 𝐶𝑎2+ signaling pathway. 

3.1.3 Dependence on ROS Level. 

After the treatment with emodin, the ROS level in cells elevates immediately. This elevation happens 

faster in a greater extent than the cells without emodin. It is obvious that the combination of emodin 

and 𝐶𝑎2+ leads to the increase of ROS level. 

NAC, an aminothiol, can also be used as a general antioxidant. The of action of NAC is eliminating 

ROS. If use 1.5 mM NAC to pre-treat or co-treat cells for 24 hours, the increasing level of ROS 

induced by emodin and 𝐶𝑎2+  can be partly eliminated. Cotreatment with NAC also weakens 

apoptosis caused by emodin in a combination with ionomycin. According from these data, emodin’s 

enhancement of 𝐶𝑎2+-induced apoptosis is dependent on ROS level. 

3.1.4 Inhibition of NF-κB and AP-1 activation. 

PMA is a phorbol ester and typical mitogen, which can stimulate NF-κB and AP-1 activation instead 

of causing the direct apoptotic events. EMSA shows that the NF-κB activation stimulated by PMA 

can be inhibited by the cotreatment of emodin and ionomycin. Luciferase assay also shows that 

emodin can inhibit PMA-stimulated NF-κB activation. Besides, after the emodin-ionomycin 

coadministration, the level of phosphor-IκB-𝛼  in the cytoplasm decreased. It indicates that the 

emodin/ 𝐶𝑎2+ -induced apoptosis is related to the inhibition of IκB- 𝛼  degradation. Similarly, 

antioxidant NAC can partly eliminate the inhibition of NF-κB activation induced by emodin and 

𝐶𝑎2+. 
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3.1.5 Prosurvival role of NF-κB. 

In order to pick out the role of the activation of NF-κB in the emodin/𝐶𝑎2+-induced apoptosis, the 

validness of PMA on the drugs is on the research. Cell viability assay shows that the cell resistance 

to the drugs-induced cytotoxic increases with the treatment of PMA, which indicates that NF-κB 

activation has prosurvival ability. Then, a dominant negative IκB-α mutant is transfected to restrain 

the activation of NF-κB. According to Annexin V/PI flow cytometry, the cells which are successfully 

transfected are more sensitive to emodin/𝐶𝑎2+-induced apoptosis. These data claim that NF-κB has 

the prosurvival or antiapoptotic ability. 

3.2 Result 2: 

Emodin can enhance 𝐶𝑎2+ -induced apoptosis by the generation of ROS and ROS-mediated 

inhibition of NF-κB and AP-1 both in tumor and normal cells. 

3.2.1 Inhibition of cell viability in tumor and in normal cells. 

Cotreatment with low doses of emodin, the amounts of HeLa cells, U937 cells and fibroblast cells in 

culture reduce.  

3.2.2 Enhancement of Ca2+-induced apoptosis. 

Same as 3.1.2. 

3.2.3 Dependence on ROS Level. 

Same as 3.1.3. 

3.2.4 Inhibition of NF-κB and AP-1 activation. 

Same as 3.1.4. 

3.2.5 Prosurvival role of NF-κB 

Same as 3.1.5. 

3.3 Result 3: 

Emodin has no effect with 𝐶𝑎2+-induced apoptosis both in tumor cells and normal cells. 

3.3.1 No inhibition of cell viability. 

After cotreatment with emodin and ionomycin, the amounts of HeLa cells, U937 cells and fibroblast 

cells in culture do not reduce in an obvious range. 

3.3.2 No enhancement of Ca2+-induced apoptosis. 

Adding ionomycin at a low level with emodin does not induce the cell apoptosis. Emodin can’t 

promote 𝐶𝑎2+ cytotoxicity in HeLa cells. And there is no obvious influence on cell proliferation and 

cell death. After using CCB, the result is no different. 

3.3.3 Independence on ROS level. 

After the treatment with emodin, the ROS level in cells has no change. It is obvious that the 

combination of emodin and 𝐶𝑎2+ has no effect with ROS level. 

If use 1.5 mM NAC to pre-treat or co-treat cells for 24 hours, the level of ROS will be down.  

3.3.4 No inhibition of NF-κB and AP-1 activation 

EMSA shows that the NF-κB activation stimulated by PMA can’t be inhibited by the cotreatment of 

emodin and ionomycin. Luciferase assay also shows that emodin can’t inhibit PMA-stimulated NF-

κB activation. Besides, after the treatment with emodin, the level of phosphor-IκB-𝛼 in the cytoplasm 

has no change. It indicates that the emodin/𝐶𝑎2+-induced apoptosis is not related to the degradation 

of IκB-𝛼. Antioxidant NAC either can’t eliminate the inhibition of NF-κB activation. 

3.3.5 Prosurvival role of NF-κB 

Although emodin can’t regulate the level of NF-κB, NF-κB still has the prosurvival or antiapoptotic 

ability same as 3.1.5. 
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3.4 Result 4: 

Emodin enhances 𝐶𝑎2+-induced apoptosis through pathways unrelated to ROS. 

3.4.1 Inhibition of cell viability in tumor cells but not in normal cells. 

Same as 3.1.1 

3.4.2 Enhancement of Ca2+-induced apoptosis. 

Same as 3.1.2. 

3.4.3 Independence on ROS level. 

Same as 3.3.3. 

3.4.4 No inhibition of NF-κB and AP-1 activation 

Same as 3.3.4 

3.4.5 Prosurvival role of NF-κB 

Same as 3.1.5 

 

Table 2. The possible results and their characteristics 

Result 1 2 3 4 

Inhibition of cell viability Tumor Tumor/normal − + 

Enhancement of 𝐶𝑎2+-induced apoptosis + + − + 

Dependence on ROS Level + + − − 

Inhibition of NF-κB and AP-1 activation + + − − 

Prosurvival role of NF-κB + + + + 

 

4. Discussion  

Result 1 is consistent with my hypothesis that emodin have the ability to enhance 𝐶𝑎2+-induced 

apoptosis by generating ROS and ROS-mediated inhibiting of two transcription factors, NF-κB and 

AP-1, and this mechanism occurs only in tumor cells. Add ionomycin at a level that will not induce 

apoptosis, and then after the treatment with emodin the amount of tumor cells reduces, and the extent 

of 𝐶𝑎2+-induced apoptosis is greater. We can notice that when CCB is used to block the 𝐶𝑎2+ 

channel, the 𝐶𝑎2+-induced apoptosis is inhibited, and the emodin should be used in large doses to 

inhibit cell proliferation or induce cell death. But the large dose of emodin will harm the normal cell. 

In the process of targeted cancer therapy, it is expected that the drugs should only kill tumor cells 

instead of impairing other normal cells. This further proves the synergistic effect of emodin. Besides, 

comparing with apoptosis caused by 𝐶𝑎2+ alone, we can find that emodin increase the level of ROS 

more rapidly. And because the antioxidant NAC can eliminate the enhancement of apoptosis, 

emodin’s effect is dependent on ROS level apparently. This study proves prosurvival role of NF-κB, 

providing the evidence that NF-κB and AP-1 are related to apoptosis. According to the above 

experimental phenomenon, we can try to apply emodin to enhance 𝐶𝑎2+-induced apoptosis to fight 

cancer. However, it is required more clinical trials to improve this idea. 

The phenomena of result 2 are very similar to result 1, except that these effects occur not only in 

tumor cells but also in normal cells. The apoptosis in normal cells will challenge the targeted cancer 

therapy. In the existing cancer treatment methods, chemotherapy and radiotherapy have many serious 

side effects because they will damage normal cells. So, researchers should focus more on which drugs 

can be used to accurately kill tumor cells. 

As for result 3, this study shows that emodin has no effect on the apoptosis of cancer cells and normal 

cells. The amount of cell has no change, and the ROS level, NF-κB and AP-1 activation are as back 

control group. This may because emodin will react with other substances in the cell, or the factors it 

produces will interfere with the apoptosis pathway. It has been reported that the natural compound 
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Guttiferone F has the ability to sensitize cells to 𝐶𝑎2+-induced apoptosis [21]. Treat cells with 

Guttiferone F and ionomycin as a positive control group, we can see that the cells in this group 

apoptosis as reported. This phenomenon excludes the effect of other test conditions on the results. 

The last possible result indicates that emodin enhances 𝐶𝑎2+-induced apoptosis through pathways 

unrelated to ROS. The amount of tumor cells reduces, and the extent of 𝐶𝑎2+-induced apoptosis is 

greater with the treatment of emodin. Besides, when CCB is used to block the 𝐶𝑎2+ channel, the 

𝐶𝑎2+-induced apoptosis is inhibited. The phenomena above actually demonstrates that the emodin 

can enhance 𝐶𝑎2+-induced apoptosis. However, the ROS level, NF-κB and AP-1 activation have no 

change, which means the pathway from emodin to 𝐶𝑎2+ is not related to ROS. Consequently, extra 

experiments should be designed to detect the true signaling pathway. 

5. Conclusion  

Generally, this study explores the enhancement effect of emodin on 𝐶𝑎2+-induced apoptosis, as well 

as the possible signaling pathway. The result of our study will indicate whether or not the emodin can 

be used as a chemotherapeutic agent to potentiate tumor cells apoptosis induced by 𝐶𝑎2+, preparing 

the basis for the future clinical trials. The different results of this study will also indicate potential 

signal mechanisms in apoptosis, which will be discussed in future studies. 
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