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Abstract

:

The conjugate of rhein and artesunate have shown promising effects in inducing immunogenic cell death (ICD) and inhibiting tumor growth. Rhein, a natural anthraquinone derivative found in various medicinal plants such as Rheum palmatum, possesses diverse pharmacological properties including anti-inflammatory and anticancer activities. Artesunate, a sesquiterpene lactone extracted from Artemisia annua, exhibits potent antimalarial efficacy and has garnered attention for its potential anticancer properties. Through rational drug design, the conjugation of rhein with artesunate has yielded compounds capable of selectively targeting mitochondria of cancer cells, inducing oxidative stress-mediated ICD, and enhancing the immunogenicity of tumor cells. The conjugate leverages the inherent cytotoxicity of artesunate while incorporating the capability to selectively target the mitochondria of rhein, thereby fostering a special approach to immunotherapy for cancer. Upon accumulation in the mitochondria, these compounds induce the generation of reactive oxygen species (ROS), leading to mitochondrial membrane potential (ΔΨm) reduction and endoplasmic reticulum (ER) stress. Notably, the conjugate exhibits far more potent ICD-inducing properties than their parent compounds. In vivo studies have demonstrated that the vaccine, when treated with the conjugate, effectively suppresses tumor growth.






Keywords:


rhein; artesunate; immunogenic cell death (ICD); tumor growth inhibition; mitochondria targeting; reactive oxygen species (ROS)












1. Introduction


In cancer immunotherapy, immunogenic cell death (ICD) serves as a pivotal mechanism for eliciting anti-tumor immune responses [1]. ICD is a regulated form of cell death characterized by the emission of damage-associated molecular patterns (DAMPs), including calreticulin (CRT), high mobility group box 1 (HMGB1), and adenosine triphosphate (ATP) [2]. These DAMPs act as danger signals and immune adjuvants, stimulating the activation of innate and adaptive immunity against cancer cells [3,4]. Specifically, the CRT exposure on the cell surface facilitates the phagocytosis of dying cancer cells by dendritic cells (DCs), while ATP functions as a chemoattractant for recruiting DCs to sites of active ICD [5]. Moreover, HMGB1 released from the nucleus enhances the antigen presentation effect of DCs [6,7]. The interaction between DAMPs and the immune system transforms the tumor microenvironment from an immunologically “cold” state to an immunogenic “hot” state, promoting anti-tumor immune responses [8,9]. Given the stressor-dependent nature of ICD induction, various strategies have been employed to design small molecules, metallic compounds, or nano-platforms to induce ICD by eliciting stress in cancer cells [10,11,12]. Targeting mitochondria to trigger reactive oxygen species (ROS) generation has emerged as a promising approach to induce ICD, highlighting the importance of mitochondrial ROS in amplifying anti-tumor immune responses [13,14,15]. This mechanistic insight underscores the therapeutic potential of ICD in cancer immunotherapy and underscores the importance of exploring novel strategies to enhance ICD induction for improved treatment outcomes.



Mitochondria play a crucial role in cellular homeostasis and function as the powerhouse of the cell, involved in metabolism and signal transduction [16,17]. Studies have shown that mitochondria and the endoplasmic reticulum (ER) interact through mitochondria-associated ER membranes (MAMs) to maintain cellular balance [18,19]. Perturbations in the physiological state of one organelle can affect the other, such as calcium ion overload in mitochondria leading to increased reactive oxygen species (ROS) production and subsequent ER stress [20,21,22]. This suggests a potential mechanism for inducing immunogenic cell death (ICD) by triggering ROS generation in mitochondria. Targeting agents or nano-materials aimed at mitochondria have been reported to enhance ICD effects by precisely controlling mitochondrial ROS production, as demonstrated in previous studies showing that equivalent amounts of ROS generated in mitochondria can induce stronger ICD effects compared to cytoplasmic generation [23,24]. Therefore, endowing agents with mitochondrial targeting capability is crucial for inducing widespread ICD.



Artemisinin-derived compound artesunate (ARS) is recognized by the World Health Organization as a safe and effective antimalarial drug [25,26]. The peroxy group in ARS endows it with both antimalarial and anticancer activities, reacting with ferrous ions or heme to generate highly reactive and toxic carbon-centered free radicals, thereby inducing cellular oxidative stress [27]. Despite its potential, research on ARS-induced immunogenic cell death (ICD) is limited due to its mild ICD effect resulting from non-specific distribution in the cytoplasm [28]. We hypothesize that the lack of mitochondrial targeting restricts the ICD-inducing potential of ARS. As heme is produced in mitochondria, activating ARS, investigations have focused on delivering ARS to mitochondria to induce ICD through mitochondrial ROS generation [29]. Rhein, used as a mitochondrial-targeting ligand, facilitates effective drug delivery due to its highly negative membrane potential. The synthesis of a mitochondria-targeted artesunate derivative (Rhein-EE-ARS or R-A) demonstrated a higher release of ICD-associated DAMPs compared to non-mitochondrial-targeted ARS, owing to its specific mitochondrial targeting and increased ROS generation capability. The optimization of treatment conditions for R-A resulted in an increased expression of surface calreticulin (CRT), crucial for the immune response induced by cancer cell vaccine. Prophylactic tumor vaccination experiments with R-A treatment showed promising results in terms of establishing robust immune responses, forming persistent immune memory, and enhancing the efficacy of cancer immunotherapy. R-A, as an ICD inducer, expands the application of artemisinin analogs in ICD research.




2. Materials and Methods


To couple rhein (Rhe) with artesunate (ARS), we devised a two-step esterification process. Initially, rhein and ethylene glycol underwent the first-step esterification reaction, as depicted in Figure S1A [30]. Subsequently, the resulting product (Rhe-EE) underwent a second-step esterification with artesunate, as illustrated in Figure S1B. The structures of the intermediate Rhe-EE and the target product Rhe-EE-ARS (R-A) were confirmed via 1H NMR (Figures S2 and S3). And, the final product R-A was further confirmed by infrared spectroscopy and mass spectrometry (Figures S4 and S5).




3. Results


3.1. Cell Viability Test In Vitro


The results of the MTT assay in Figure 1 demonstrate the cytotoxic effects of R-A on 4T1 cells, with an IC50 value of 1.88 μM, all of which are lower than those of Rhe (IC50 value of 46.70 μM), ARS (IC50 value of 37.50 μM), and the mixture of Rhe and ARS (R/A) (IC50 value of 14.90 μM). The toxicity of R-A was also compared with that of the standard cytotoxic drug DOX, revealing that R-A was less potent than DOX (IC50 value of 0.32 μM), as shown in Figure S6. Compared to ARS, Rhe-conjugated ARS can readily accumulate within the mitochondria of cancer cells and react with abundant mitochondrial hemoglobin, generating a significant amount of toxic ROS.



The quantitative analysis of apoptosis by flow cytometry, as shown in Figure 2, revealed that the total apoptotic rate of 4T1 cells induced by R-A was 57.8%, which significantly higher than that of Rhe (28.4%), ARS (31.2%), and the mixture of Rhe and ARS (R/A) (35.0%). These results are consistent with the findings of the MTT assay. In summary, compared to ARS, the cytotoxicity of R-A is significantly enhanced, attributed to the accumulation of Rhe-ARS conjugate in the mitochondria.




3.2. Mitochondrial Colocalization


The mitochondria-targeting ability of R-A was assessed. As shown in Figure 3, the green fluorescence of R-A overlaps with the red fluorescence of Mito-Tracker, indicating the mitochondria-targeting capability of R-A. As a control, the mitochondria-targeting ability of Rhe was also evaluated. Pearson correlation coefficients of 0.91 and 0.88 were obtained, indicating that, after 12 h of incubation, R-A mainly localizes within the mitochondria.




3.3. Detection of Calreticulin


Under drug-induced cellular stress, calreticulin (CRT), as a hallmark of immunogenic cell death (ICD), is observed to translocate from the endoplasmic reticulum to the membrane of dying cells [31,32]. To investigate whether R-A can induce ICD on a large scale, we quantitatively analyzed the exposure of CRT on the cell surface. We speculate that the CRT expression may be concentration-dependent. After co-incubation with cells at different concentrations (0.25 μM, 0.5 μM, 1 μM, 2 μM, and 4 μM), CRT expression was measured (Figure 4). After 24 h of co-incubation with R-A, the highest CRT+ expression was observed at a concentration of 2 μM, with the maximum fluorescence intensity (MFI value) reached (Figure S7). Thus, this optimal drug concentration guided subsequent experiments and validated the effectiveness of the previous hypothesis. Additionally, cells treated with R-A exhibited a higher expression of CRT compared to the Rhe, ARS, and R/A groups (Figure 5). Significant differences in CRT expression were observed between cells treated with R-A and those treated with Rhe, ARS, and R/A. This difference demonstrates the important role of R-A in targeting mitochondria to generate excessive ROS and induce CRT expression. CRT expression was also observed by confocal laser scanning microscopy (CLSM) (Figure 6).




3.4. Analysis of Reactive Oxygen Species Generation


ROS is crucial for regulating various physiological functions in organisms, while excessive ROS production can disrupt intracellular redox balance, depolarize mitochondrial membranes, elevate caspase levels, and induce apoptosis [33,34,35]. DCFH-DA and Mito-tracker Red were used as fluorescent probes to monitor ROS generation and cellular localization after treatment with Rhe, ARS, and R-A, respectively. The confocal laser scanning microscopy (CLSM) images in Figure 7 show that treatment with Rhe, ARS, and R-A induces ROS production in 4T1 cells. However, R-A induces more ROS generation than Rhe and ARS within the same treatment time. Furthermore, the level of ROS production was quantified by flow cytometry analysis (Figure 8), showing that cells treated with R-A exhibit a higher ROS generation capacity compared to those treated with Rhe, ARS, and Rhe and ARS mixture (R/A). These results are consistent with the fluorescence imaging results obtained from CLSM.




3.5. Evaluation of Mitochondrial Depolarization


Mitochondrial membrane potential (ΔΨm) is closely related to the physiological status of cells [36,37]. The impact of Rhe, ARS, and R-A on ΔΨm was evaluated using JC-1 dye. When JC-1 aggregates in the mitochondrial matrix, it emits red fluorescence, indicating high ΔΨm, whereas in damaged mitochondria, it exists in a monomeric form and emits green fluorescence, indicating low ΔΨm [38,39]. Cells treated with phosphate-buffered saline (PBS) exhibit strong red fluorescence due to JC-1 aggregation, whereas cells treated with Rhe and ARS show weak red fluorescence, indicating mitochondrial damage. It was observed that cells treated with R-A exhibit the most severe mitochondrial damage, with almost no red fluorescence and the strongest green fluorescence (Figure 9). Flow cytometry analysis yielded similar results (Figure 10), with proportions of green fluorescence after 24 h of treatment with R-A, Rhe, ARS, and R/A being 88.3%, 25.5%, 17.2%, and 41.0%, respectively, indicating that the relative red/green ratio in the R-A group is significantly lower than that in the Rhe, ARS, and R/A groups, leading to more severe mitochondrial damage in cells treated with R-A, providing reliable evidence for the enhancement of ΔΨm reduction by R-A via mitochondrial targeting.




3.6. Detection of ATP and HMGB1


To further confirm the ability of R-A to induce ICD, the release of ATP and HMGB1 from cells was detected. HMGB1 is a typical representative of endogenous danger-associated molecular patterns. Under normal physiological conditions, it functions as an internal DNA-binding protein, stabilizing nucleosomes, and regulating gene transcription [40]. However, when cells undergo external stressors, it is released from the cell nucleus into the extracellular environment. To investigate whether R-A can induce HMGB1 release, as shown in Figure 11, a significant decrease in red fluorescence in both the nucleus and cytoplasm was observed, indicating that a large amount of HMGB1 was released from the cell nucleus into the extracellular environment. In contrast, bright red fluorescence was still observed in the nucleus and cytoplasm of cells treated with Rhe and ARS, predominantly localized in the cell nucleus. The relative average fluorescence intensity values (MFI) of the FITC green fluorescence of HMGB1 were also quantitatively analyzed using Image J (Figure S8), which is consistent with the previously analyzed results.



The amount of extracellular ATP released from cells was also measured. The results show that the amount of ATP secreted in the supernatant of the R-A group is 1.58 times that of the Rhe group, 1.50 times that of the ARS group, and 1.40 times that of the R/A group (Figure 12). These results indicate that, due to its mitochondria-targeting and efficient ROS-generating capabilities, R-A is an excellent ROS-based ICD inducer, offering hope for further exploration into the immunostimulatory ability of R-A-induced ICD-type vaccine.




3.7. Tumor Prevention Effect


The X-rays at 60 Gy were used to inactivate the cancer cells for preparing vaccines [41,42]. Vaccines prepared by different treatments are recorded as PBS and R-A groups. The control group received no vaccine. Mice were immunized with the vaccines, administered subcutaneously on the left dorsal side, with two doses administered one week apart. All mice were cared for according to the guidelines for the care and use of laboratory animals, and the procedures were approved by the China Animal Care and Use Committee at Wuhan University.



As shown in the tumor growth curve in Figure 13A, after inoculation with live 4T1 cells, tumors in the control and PBS groups of mice grew rapidly, while tumors in the R-A group grew more slowly. On the 33rd day of the experiment, rapid tumor growth was observed in the control group mice, with an average tumor volume of 1728.8 mm3. A weak anti-tumor effect was observed in mice treated with the vaccine that did not induce immunogenic cell death, with an average tumor volume of 1066.1 mm3 in the PBS group. A significant anti-tumor effect was observed in mice treated with the R-A group vaccine, with an average tumor volume of 627.7 mm3. Additionally, two out of five mice in the PBS group and all mice in the R-A group survived for 45 days after receiving live 4T1 cell inoculation, while all mice in the control group died. By day 50, all mice in the PBS group had died, while three out of five mice in the R-A group remained alive. These results confirm that the R-A vaccine, which activates potent in vivo immune responses, significantly delays tumor growth and prolongs the survival of mice (Figure 13B). The tumor inhibition rates for the PBS and R-A groups were 38.3% and 63.7%, respectively. Corresponding tumor weights and photographs were recorded (Figure 13C,D). Compared to the control group, tumors in the PBS group exhibited significantly reduced size and weight, with the R-A group showing the most pronounced inhibition of tumor growth. H&E staining revealed similar results: tumors in the R-A group exhibited larger areas of necrosis, prominent cell separation, and nuclear fragmentation (Figure 13E). These results demonstrate the significant efficacy of the R-A group vaccine in inhibiting tumor growth and metastasis compared to the control group.




3.8. Immune Response In Vivo


To validate the anti-tumor immune mechanisms, flow cytometry analysis was performed on immune cells in lymph nodes and tumor tissues after staining with multiple antibodies [43,44,45]. The results in Figure 14A–D demonstrate that in the R-A group, the percentage of mature DCs (CD80+ CD86+) in lymph nodes increased, while the numbers of effector memory T cells (Tems, CD8+ CD44+ CD62L−) and cytotoxic T lymphocytes (CTLs, CD8+ IFNγ+) in tumors increased, accompanied by a decrease in Tregs cells (CD4+ CD25+ Foxp3+). In Figure 14A, the DC cells are gated by CD11c. Cytotoxic T cells in Figure 14B are initially gated by CD3 and then gated by CD8. Similarly, CD4 effector T cells in Figure 14C are first gated by CD3 and then gated by CD4. In Figure 14D, Treg cells are gated first by CD3 and then gated by CD4.



Notably, vaccination with R-A significantly enhanced the maturation of DCs, activating 25.8% of DCs, which is 3.9 times higher than the control group. These results collectively demonstrate the development of a robust anti-tumor immune response within the tumor, attributed to the long-term immune memory effect of the cell vaccine treated with R-A. Naturally, this also suggests that R-A is an excellent ICD inducer, capable of eliciting strong oxidative stress reactions within the mitochondria.




3.9. Biosafety of Vaccines


Throughout the entire anti-tumor treatment process, the vaccine’s potential side effects on mice were directly assessed by monitoring changes in the body weight of each group, as depicted in Figure S9. No significant changes in body weight were observed in any group of mice. Furthermore, the safety of the vaccines was evaluated. Heart, liver, spleen, kidney, and lung tissues were collected from each group of mice for H&E staining. As shown in Figure S10, histological analysis revealed no observable damage to major organs. Additionally, blood samples were collected from mice in the control, PBS, and R-A groups for hematological analysis, assessing parameters including total white blood cell count (WBC), total red blood cell count (RBC), hemoglobin content (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), and platelet (PLT) levels (Figure S11). At the tested doses, the blood components of the mice were within normal ranges. These results demonstrate the vaccine’s excellent biosafety profile and suitability for in vivo application.





4. Discussion


We successfully synthesized and characterized a novel mitochondria-targeted conjugate of rhein and artesunate, named Rhe-EE-ARS (R-A). Through comprehensive physicochemical analysis and biological experiments, the R-A conjugate was demonstrated as a potent inducer of immunogenic cell death (ICD), suitable for vaccine preparation and tumor prevention. The R-A conjugate induced substantial ICD by generating reactive oxygen species (ROS) within the mitochondria of cells. Subsequently, vaccines were obtained by X-ray inactivation of cells. It was found that the ICD induced by the R-A conjugate cancer cell-killed vaccine effectively activated the immune response, resulting in significant suppression of tumor growth. Overall, R-A conjugate, as an ICD inducer mediated by mitochondrial ROS, provided a promising approach for the application of rhein and artesunate derivatives in the field of ICD. Herein, we delve into the discussion of the study results and outline potential future research directions.



Firstly, through the synthesis and characterization of Rhe-EE-ARS, the successful synthesis of the R-A conjugate was confirmed, and its structure was validated by nuclear magnetic resonance spectroscopy, Fourier-transform infrared spectroscopy, and mass spectrometry. This synthesis method is simple and efficient, providing a reliable synthetic pathway for subsequent studies. Secondly, through cytotoxicity experiments and flow cytometry analysis, it was found that the R-A conjugate exhibited excellent anti-tumor activity and significantly induced the apoptosis of 4T1 breast cancer cells. Compared with the individual use of rhein or artesunate, the R-A conjugate demonstrated stronger cytotoxicity, attributed to its rapid accumulation within the cancer cell mitochondria, leading to the generation of toxic reactive oxygen species (ROS). Additionally, we evaluated the mitochondrial targeting ability of the R-A conjugate. Through confocal laser scanning microscopy and flow cytometry analysis, it was observed that the R-A conjugate efficiently localized within the mitochondria, leading to a significant decrease in mitochondrial membrane potential (ΔΨm) and triggering intracellular oxidative stress response. Further studies revealed that the R-A conjugate effectively induced ICD, activating the immune system through mechanisms such as the increased expression of cell surface calreticulin (CRT), and promoting the release of ATP and HMGB1, thus eliciting a robust in vivo immune response. This provides a theoretical basis for the R-A conjugate as a potential immunogenic vaccine component. Lastly, we validated the anti-tumor activity of the R-A conjugate vaccine in a mouse model. Through the observation of vaccinated mice and tumor injections, it was found that the R-A conjugate vaccine significantly inhibited tumor growth and metastasis, and prolonged the survival time of the mice. Further analysis of immune cells showed that the R-A conjugate vaccine enhanced the proportion of the mature DCs in lymph nodes, promoted proliferation of effector memory T cells and cytotoxic T lymphocytes, thereby strengthening the anti-tumor immune response in vivo.



Future research could explore the following aspects:



1. Further improvement and optimization of the synthesis method and structure of the R-A conjugate to enhance its synthesis yield and stability. Additionally, the design of more varieties of mitochondria-targeted compounds could be considered to diversify the arsenal of anti-tumor drugs.



2. Delve deeper into the mechanism of ICD induced by the R-A conjugate, including the exploration of signaling pathways related to cell apoptosis, the activation of immune cells, and the impact on the tumor microenvironment, to elucidate the underlying mechanisms of its anti-tumor effects.



3. Conduct more preclinical studies, including in vitro cell experiments and animal model experiments, to verify the safety, effectiveness, and pharmacokinetics of the R-A conjugate-induced ICD cancer cell-killed vaccine. These studies would provide a more comprehensive theoretical and experimental basis for its clinical application.



4. Initiate clinical trials to evaluate the efficacy and safety of the R-A conjugate as an anti-tumor drug or immunogenic vaccine adjuvant, assessing its therapeutic effects and safety in humans, thereby laying the foundation for its ultimate clinical application.




5. Conclusions


This study underscores the therapeutic potential of rhein-artesunate conjugate in eliciting immunogenic cell death and suppressing tumor progression, offering insights into the development of innovative cancer therapeutics.
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Figure 1. In vitro cell viability of 4T1 cells after treatment with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS. 






Figure 1. In vitro cell viability of 4T1 cells after treatment with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS.



[image: Chemistry 06 00020 g001]







[image: Chemistry 06 00020 g002] 





Figure 2. Cell apoptosis assay of 4T1 cells after incubation with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS for 24 h. 
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Figure 3. CLSM image of 4T1 cells for the co-location of PBS, Rhe-EE-ARS, and Rhe with mitochondria after incubated with PBS, Rhe-EE-ARS, and Rhe for 12 h, scale bar = 20 μm. 
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Figure 4. Flow cytometry analysis of CRT on the surface of 4T1 cells treated with Rhe-EE-ARS in different concentrations for 24 h. 
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Figure 5. Flow cytometry analysis of CRT on the surface of 4T1 cells treated with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS. 
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Figure 6. CRT translocation onto the cell membrane was observed by CLSM after the 4T1 cells incubation with Rhe-EE-ARS, Rhe, and ARS, scale bar = 20 μm. 
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Figure 7. CLSM images of 4T1 cells for ROS generation (green fluorescence) after treatment with Rhe-EE-ARS, Rhe, and ARS, scale bar = 20 μm. 
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Figure 8. Flow cytometry analysis of ROS level in 4T1 cells after treatment with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS. 
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Figure 9. CLSM images of 4T1 cells after treated with Rhe-EE-ARS, Rhe, and ARS staining with JC-1, scale bar = 20 μm. 
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Figure 10. 4T1 cells treated with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS stained with JC-1 were analyzed with flow cytometry. 
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Figure 11. CLSM images showing HMGB1 release from the nucleus of 4T1 cells treated with Rhe-EE-ARS, Rhe, and ARS, scale bar = 20 μm. 
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Figure 12. The concentration of ATP in 4T1 cells culture medium treated with Rhe-EE-ARS, Rhe/ARS, Rhe, and ARS. Data are presented as mean ± S.D. (n = 3), ** p < 0.01, and * p < 0.05. 
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Figure 13. (A) Changes in averaged tumor volume after challenge, (n = 8). (B) Cumulative survival curves of tumor mice, (n = 5). (C) Digital photographs and (