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Natural compounds have emerged as promising therapeutic agents for treating cancers such as multiple myeloma (MM). However, poor bioavailability, low stability, and suboptimal targeting often limit their clinical efficacy. Recent advances in nanotechnology have addressed these limitations by utilizing nanoparticle (NP) carriers to enhance the therapeutic potential of natural compounds through improved solubility, stability, and selective delivery to cancer cells. This review explores the inhibitory effects of key natural compounds on MM cells, including 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) and its derivatives, caffeic acid phenethyl ester (CAPE) and its derivatives, xanthohumol (XN) and its derivatives, resveratrol (RSV) and its derivatives, curcumin (CUR), 3,4,5-trihydroxybenzoic acid (gallic acid; GA), and evodiamine (EVO). These compounds exhibit potent anti-proliferative, pro-apoptotic, and anti-inflammatory properties through the modulation of signaling pathways such as NF-κB, STAT3, and PI3K/Akt, which are critical in MM pathogenesis. Despite their therapeutic promise, the clinical application of these natural agents has been hampered by pharmacokinetic challenges. NP carriers, including liposomes, polymeric NPs, and lipid-based nanocarriers, have been engineered to improve these compounds’ bioavailability and targeted delivery, enhancing their cytotoxicity against MM cells. For instance, CDDO and its derivatives encapsulated in NPs have demonstrated increased intracellular accumulation and improved inhibition of NF-κB activity. Similarly, NP formulations of CAPE, XN, and RSV have enhanced anti-MM effects through improved stability and sustained drug release. CUR, known for its poor water solubility, has seen its therapeutic potential augmented through NP delivery systems, enabling higher drug concentrations at tumor sites. Though structurally distinct, GA and EVO have benefited from NP-based enhancement, exhibiting improved bioavailability and selective targeting of MM cells. This review highlights the promising role of NP carriers in overcoming the pharmacokinetic limitations of natural compounds, offering new avenues for more effective MM therapies.
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1 INTRODUCTION
Multiple myeloma (MM) is a blood cancer characterized by the abnormal proliferation of plasma cells in the bone marrow and their production of monoclonal proteins (Kyle et al., 2003). MM is expected to be diagnosed in approximately 35,780 individuals in the US in 2024 (Siegel et al., 2024). The 5-year relative survival rate for MM is approximately 60% (Siegel et al., 2024), and the mortality rate within the first year of diagnosis ranges from 10 to 15 percent (Charliński et al., 2021). These poor survival outcomes for MM are a great concern despite continuous studies on the progression of new drug options in clinical practice. MM treatment options include the use of CAR-T cell therapy, monoclonal antibodies, steroids, proteasome inhibitors, and immunomodulatory drugs (Kumar et al., 2023).
Many compounds currently being studied involve natural compounds for their anti-inflammatory and apoptotic mechanism through various signaling pathways in different MM cell lines, such as RPMI 8226, U266, etc. Many of these naturally-derived compounds have shown prominent synergistic effects with another natural compound or with existing drug treatment options (Palliyage et al., 2021). These natural drug candidates are currently being studied as adjuvant or monotherapy on their therapeutic effects in various cancer disease states, including MM. Several known and/or novel candidates we cover in this review include 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) and its derivatives, caffeic acid phenethyl ester (CAPE) and its derivatives, xanthohumol (XN) and its derivatives, resveratrol (RSV) and its derivatives, curcumin (CUR), 3,4,5-trihydroxy benzoic acid (gallic acid; GA), and evodiamine (EVO).
The limitations of natural compounds as drug candidates include their low stability and bioavailability in the body, which can potentially hinder them as a therapeutic option (Kapetanovic et al., 2011). Recent studies examine the potential formulation of nanoparticle (NP) carriers to enhance the pharmacokinetic/pharmacodynamic profile of these compounds. NPs are colloidal drug carriers that refine drugs, proteins, and lipid layers into nanoscale formulations for cancer therapy (Swami et al., 2014). NP carriers display a more promising strategy for drug delivery to the bone marrow site, particularly when formulated with targeted ligands (Swami et al., 2014; Sun et al., 2023). Many current studies aim to examine the benefits of NPs as a novel cancer drug formulation. This review article aims to analyze the most relevant studies on a list of naturally derived compounds and NPs’ role in the delivery of these natural compounds in MM. We searched several databases, including PubMed, ScienceDirect, Scopus, and Google Scholar, using combinations of keywords for specific phytochemicals, NPs, and MM and limiting selected studies to those published by September 2024.
2 MULTIPLE MYELOMA
2.1 Background of multiple myeloma
MM is a malignant cancer with a plasma cell neoplasm mainly located in the bone marrow microenvironment. In most MM cases, osteolytic bone lesions arise, albeit this is a slowly progressing form of cancer. Less than 1% of the total tumor cells in a patient with MM actively synthesize DNA until further disease progression (Kuehl and Bergsagel, 2002). MM is characterized by tumors that reside outside the bone marrow compartment, further circulating throughout the body. Multiple therapeutic strategies have been investigated, such as those that directly alter the tumor cells’ abilities regarding proliferation, differentiation, and apoptosis, which have achieved longer remission time and increased survival rates. However, the likelihood of relapse is a concern that, interestingly, plant-derived compounds may be more equipped to treat.
As malignant plasma cells grow and proliferate in the bone marrow, they start producing monoclonal proteins such as abnormal antibodies (e.g., IgG or IgM) or immunoglobulin light chains (e.g., Bence Jones proteins) (Figure 1). These abnormal antibodies and immunoglobulin chains infiltrate the bone marrow and cause extensive skeletal destruction and other characteristic findings. Normal bone marrow function is suppressed, leading to anemia, thrombocytopenia, and leukopenia, manifesting in fatigue, bleeding, and/or recurrent infections (Kyle et al., 2003). The overproduction of monoclonal immunoglobulin and light chains also increases serum viscosity and may rarely lead to hyperviscosity syndrome: syncope, headache, impaired vision, paranesthesia, and numbness (Mehta and Singhal, 2003). Clinical symptoms of MM include mild fever, night sweats, and weight loss. These abnormal proteins are also responsible for the different kidney manifestations in patients with MM, such as direct tubular toxicity, myeloma cast nephropathy, primary amyloidosis with renal involvement, and light chain deposition disease (Kyle et al., 2003).
[image: Figure 1]FIGURE 1 | Healthy plasma cells versus proliferated MM cells. This figure was created through www.biorender.com (BioRender, Toronto, ON, Canada).
The diagnostic workup for MM includes laboratory studies, urine studies, bone marrow biopsy, and radiologic evaluation (San-Miguel et al., 2013; Kumar et al., 2023). Radiologically, skeletal lesions are the hallmark of MM pathogenesis. On X-ray, MM lesions have a punched-out osteolytic appearance, but at least 50% of the involved trabecular bone needs to be destroyed to be detected with this technique. Computed tomography (CT) scans are much more sensitive than X-rays and can detect lesions with <5% of trabecular bone destruction. However, magnetic resonance imaging (MRI) is the most specific and sensitive test for detecting bone disease and soft tissue involvement in MM (Dimopoulos et al., 2015).
2.2 Mechanism of MM pathogenesis
The pathogenesis of MM is a complex process leading to the replication of a malignant plasma cell clone that originates from the lymphoid B-cell lineage and develops after lineage commitment in the bone marrow (Kazandjian et al., 2014). On a genetic basis, at the most basic level, MM involves a considerable amount of immunoglobulin-heavy chain hypermutations and chromosomal abnormalities, particularly in the form of primary and secondary translocations.
Multiple mechanisms for MM cell dysregulation have been described, such as translocations of the Cyclin D1 gene with the IgH gene, specific Cyclin D gene amplifications, trisomies, and other cytogenetic events (Bergsagel et al., 2005; Broyl et al., 2010). The primary translocation in MM usually involves the immunoglobulin heavy chain (IgH) gene locus on chromosome 14 (14q32) and one of several partner chromosomes, including chromosomes 4, 6, 11, 14, and 20 (Fonseca et al., 2003). The two most frequent translocations are 11q13, which directly targets and upregulates the Cyclin D1 gene, and 4p16, which targets both the FGFR3 and MMSET genes and leads to dysregulation of cyclin D2 (Fonseca et al., 2003). Both translocations result in a plasma cell clone producing a monoclonal immunoglobulin.
Dysregulation of cyclin D appears to be a necessary occurrence in the establishment of abnormal plasma cells. This may be mediated through events that include the loss of chromosome 13 (site of retinoblastoma tumor-suppressor gene) and the acquisition of mutations that lead to the activation of the MYC and RAS oncogenes (Chiecchio et al., 2009; Chng et al., 2011; Chng et al., 2008). Additional cytogenetic events that occur later in the course of the disease are associated with a poorer prognosis. For example, copy number changes of chromosome 1, loss of tumor suppressor TP53 activity, and mutations that activate nuclear factor kappa B (NF-κB) are all associated with late-stage disease of MM (Lodé et al., 2010; Wong et al., 2020).
The bone marrow stromal cell is a major bone marrow component and a significant constituent of the cellular element that can increase the proliferation and progression of MM cells (Bianco and Gehron Robey, 2000). The bone marrow stromal cell adhesion to MM cells activates pathways in MM cells that support tumor cell proliferation, migration, drug resistance, and the expression of anti-apoptotic proteins (Bianchi and Munshi, 2015). The most notable is the secretion of cytokine IL-6, which enhances the secretion of vascular endothelial growth factor (VEGF) by MM cells that support the growth of new blood vessels (Bianchi and Munshi, 2015).
When MM cells attach to bone marrow stromal cells, a cascade of signals occurs in many different pathways, which are still being elucidated. NF-κB, for instance, causes an increase in IL-6 (Manier et al., 2012). This pro-inflammatory cytokine induces the growth of tumor cells and the expression of anti-apoptotic factors, which has been implicated in multiple cancer studies (Altayli et al., 2015). More specifically, aberrant plasma cells exhibit an extraordinary ability to interact with bone marrow mesenchymal stem cells, osteoblasts, osteoclasts, endothelial cells, adipocytes, and the immune system to induce a state of immune suppression while promoting bone marrow remodeling to obtain the best conditions favoring aberrant plasma cell expansion and drug resistance (Pojero et al., 2019). The binding of MM cells to the stromal cells in the bone marrow microenvironment causes an increased number of cytokines and growth factors that further potentiate the progression of the disease (Marin et al., 2019).
2.3 Current treatment for MM
There is currently no known cure for MM, but in recent years, treatments, including chemotherapy and autologous hematopoietic cell transplantation (HCT), have dramatically improved the lives of patients with MM. Risk stratification helps determine the patient’s prognosis and treatment options (Rajkumar, 2019). A high-risk MM correlates with a more aggressive MM and a worse prognosis.
Standard treatment often involves triple therapy with chemotherapy treatment in combination with steroids and a proteasome inhibitor (Kumar et al., 2023). For example, initial treatment consists of a three-drug regimen, such as bortezomib (a proteasome inhibitor), lenalidomide, and dexamethasone (VRd) (Richardson et al., 2010). For those eligible for autologous HCT, four cycles of VRd are given, followed by stem cell collection (Richardson et al., 2010). Then, a decision is made regarding whether to proceed with autologous HCT or continue the same chemotherapy regimen, reserving HCT for the first relapse. For those ineligible for an HCT, 8–12 cycles of VRd are recommended, followed by bortezomib maintenance therapy. Toxicities of these drugs include thromboembolic events, peripheral neuropathy, cytopenia, fatigue, and gastrointestinal distress (Richardson et al., 2010). Many more drug regimens are now being created as several of these drugs are not well tolerated in patients with co-morbidities. For example, lenalidomide is teratogenic, and there are emerging concerns regarding an increased risk of primary and secondary malignancy (Niesvizky et al., 2007). Lenalidomide should also be avoided in patients with renal failure due to the increased propensity of causing severe neutropenia and is replaced by cyclophosphamide in some cases (Niesvizky et al., 2007). Patients, such as frail adults, may receive a two-drug regimen of lenalidomide plus dexamethasone (Benboubker et al., 2014). Newer studies and treatment recommendations, such as the MASTER trial, show supporting evidence for the combination treatment of daratumumab, carfilzomib, lenalidomide, and dexamethasone (Dara-KRd) for newly diagnosed MM patients (Costa et al., 2022). However, limitations and adverse drug reactions (ADRs) are observed with all MM treatments, as shown in Table 1.
TABLE 1 | Standard MM treatment options, per 2024 NCCN Clinical Practice Guidelines (Kumar et al., 2023), and their limitations.
[image: Table 1]3 ANTI-MYELOMA ACTIVITY OF PLANT-DERIVED COMPOUNDS
Natural compounds have constituted a large portion of new drugs developed within the past 4 decades (Newman and Cragg, 2020), and extensive research has shown that natural compounds display anticancer properties and the ability to overcome drug-induced resistance (Talib et al., 2021). This section reviews the action and mechanism of several natural compounds that inhibit MM cell growth. These compounds include CDDO and its derivatives, CAPE and its derivatives, XN and its derivatives, RSV and its derivatives, CUR, GA, and EVO, with their structures presented in Figure 2.
[image: Figure 2]FIGURE 2 | (a) 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO), (b) Caffeic Acid Phenethyl Ester (CAPE), (c) Xanthohumol (XN), (d) Resveratrol (RSV), (e) Pterostilbene, (f) Trimethoxystilbene, (g) Curcumin (CUR), (h) Gallic Acid (GA), and (i) Evodiamine (EVO).
3.1 CDDO and derivatives
Many phytochemicals derived from plants have been shown to play a role in preventing and treating cancer. Triterpenoids are phytochemicals in foods containing oleanolic acids, such as olive oil and ursolic acids, and in fruits like apples and cranberries (Parikh et al., 2014). Due to the beneficial effects of these compounds, triterpenoids have been readily used in Asian countries for decades. Because oleanolic acid and ursolic acid are only weakly anti-tumorigenic in vivo, oleanane triterpenoid derivatives have been synthesized (Wang et al., 2014). Synthetic oleananes are more potent in blocking the production of inflammatory cytokines and chemokines from the tumor or immune cells (Liby and Sporn, 2012). These compounds are also potent activators of the Nrf2 pathway and can inhibit inducible nitric oxide synthase (iNOS) (Liby and Sporn, 2012).
Synthetic triterpenoid derivatives such CDDO are studied due to their antitumor activity. CDDO is potent at suppressing inflammatory enzymes that can lead to malignancy (Wang et al., 2014). To further increase the potency, various CDDO derivatives were synthesized to inhibit nitric oxide synthesis and function as antiproliferative agents for tumor cells (Petronelli et al., 2009). CDDO-methyl ester (ME) is one of the more potent derivatives that even made it to clinical trials involving pancreatic cancer, thyroid carcinoma, and mantle cell lymphoma patients (Wang et al., 2014). The promising findings with these synthetic triterpenoids have sparked the rise in studies addressing MM.
Research has shown that CDDO derivatives have a profound effect on MM. A study examining the anti-cancer effects of CDDO-methyl ester, CDDO-trifluoromethyl amide, and CDDO-imidazoline found that these CDDO derivatives decrease the viability of MM cells (Rogers et al., 2020). The proposed mechanism for the inhibitory effect on MM growth is through the induction of the intrinsic apoptotic pathway and the inhibition of cell cycle progression in the G0/G1 phase (Rogers et al., 2020). The inhibition of MM growth was additionally seen when co-culturing the cancer cells with human HS-5 stromal cells using a transwell model, further showing the compound’s potent effect even in conditions mimicking the bone marrow microenvironment (Rogers et al., 2020). This data supports CDDO and its derivatives in inhibiting MM cell growth.
LonP1 is a matrix protease with high expression linked to poor MM patient outcomes and resistance to proteasome-inhibiting treatments (Maneix et al., 2021). CDDO-Me has been shown to inhibit the function of LonP1 and, upon combinational treatment with proteasome inhibitor carfilzomib, increase the cytotoxic effects in MM cells (Maneix et al., 2021). The potential mechanism may involve the synergistic enhancement of protein stress in MM cells by inhibiting both proteasome and LonP1 (Maneix et al., 2021). The combination treatment of CDDO-Me with proteasome inhibitor bortezomib can have a similar mechanism of action (Maneix et al., 2021).
3.2 Caffeic acid phenethyl ester and derivatives
Polyphenols are naturally derived compounds found in various plants containing phenolic groups (Khushnud and Mousa, 2013). The two subsets of polyphenols include flavonoids and phenolic acids (Khushnud and Mousa, 2013). Due to polyphenols’ structure, they can act as antioxidants and show protective effects for plants and humans (Khushnud and Mousa, 2013). Due to the widespread knowledge of these natural compounds, research into similar therapeutic agents has been a significant field of study. Caffeic acid isopropenyl ester, caffeic acid benzyl ester, caffeic acid undecyl ester (CAUE), and CAPE are a few such compounds (Collins et al., 2019; Tomizawa et al., 2013). A study showed the cytotoxic effects of CAUE on NALM-6 cells, aggressive leukemia from an adolescent male, by increasing apoptosis in a concentration-dependent manner without harm to normal B lymphocytes (Tomizawa et al., 2013). CAPE is another specific phenolic acid found in honeybee resin (Collins et al., 2019). CAPE has been shown to have anti-microbial activity, anti-inflammatory activity, and anti-tumor effects (Tomizawa et al., 2013). The cytotoxic effects of CAPE were reported in various cancer cell lines, including human pancreatic cancer, ovarian cancer, C6 glioma cells, human colon cancer, and MM cells (Chen et al., 2008; Kleczka et al., 2020; Liu et al., 2018; Kuo et al., 2006; Xiang et al., 2006; Marin et al., 2019). CAPE has been shown to inhibit cell growth of 3 MM cell lines (RPMI 8226, NCI-H929, U266), while exhibiting no toxicity in normal peripheral blood B cells (Marin et al., 2019). Marin et al. observed that CAPE-treated MM cells had several upregulated oxidative stress response genes, such as heme oxygenase (decycling) 1, and apoptotic/DNA damage signaling genes, such as GADD45A and GADD45G (Marin et al., 2019).
The progression of MM is primarily supported by the altered bone marrow microenvironment (BMM). When MM cells attach to bone marrow stromal cells, a cascade of signals occurs (Manier et al., 2012). NF-κB regulates genes involved in cell proliferation (Cyclin D1), anti-apoptosis (e.g., survivin and the inhibitor of apoptosis protein), anti-cancer drug resistance (MDR1), cancer metastasis (e.g., COX-2 and MMP9), and immunomodulation (Takada et al., 2005). In a study on breast cancer cells treated with CAPE and several effective CAPE derivatives, these compounds showed activation of caspase-3 and caspase-7 apoptotic activity and similar potency of NF-κB modulation activity (Beauregard et al., 2015). These factors identify an anti-cancer mechanism of the upregulation of genes responsible for apoptotic factors and inhibition of NF-κB (Beauregard et al., 2015).
3.3 Xanthohumol and derivatives
XN is a prenylated flavonoid derived from Humulus lupulus L, a typical beer hop plant, and a member of the Cannabiaceae family utilized in the brewing process for its aromatic properties (Magalhães et al., 2009). Isolation of XN occurs from the lupulin glands of the hops plant, with the most numerous secondary metabolites sequestered at this site (Killeen et al., 2017). Previous studies have shown the potent pharmacological effects of XN, including antifungal, antiviral, antibacterial, anti-inflammatory, anti-obesity, antioxidant, and anti-cancer properties (Magalhães et al., 2009; Samuels et al., 2018).
Prenylated flavonoids are a group of biologically active, plant-derived polyphenols used for medicinal purposes for thousands of years and commonly found in vegetables, fruits, and tea (Kelly, 2010). The critical components of its structure include two phenolic rings and an adjoining prenyl group (Figure 2). In particular, the 5-carbon prenyl group confers lipophilic character to the molecule, increasing its bioavailability once ingested. XN has increasingly garnered interest from researchers due to the large quantities consumed annually through beer consumption worldwide. Although the concentration of 0.96 mg/L of XN found in a typical beer would not reach pharmacological dosages once ingested, the numerous health-promoting properties of XN warrant further study (Jiang et al., 2018).
The anti-myeloma effects of XN have recently begun to be investigated within the last few years. Sławińska-Brych et al. demonstrated that XN inhibits cell proliferation and induces apoptosis in MM cells through the production of reactive oxygen species (ROS), activation of the JNK and ERK pathways, and inhibition of VEGF production (Sławińska-Brych et al., 2019). Gallo et al. exhibited the XN-induced activation of adenosine monophosphate-activated protein kinase (AMPK), leading to the inhibition of endothelial cell function (Gallo et al., 2016), pointing to another possible mechanism through which XN exerts its effects. Tucker et al. confirmed XN’s apoptotic impact on MM cells through the extrinsic and intrinsic apoptotic pathways and the AMPK pathway’s involvement in this process (Tucker, 2020). Other non-myeloma anti-cancer activities of XN involve suppressing NF-κB-regulated gene products in leukemia cells by modifying p65 and IκBα kinase (Harikumar et al., 2009).
Under alkaline conditions and thermal treatment, XN is converted to its estrogenic form, isoxanthohumol (IXN). IXN is produced from XN during beer fermentation through wort boiling and is shown to be antiproliferative against breast, ovarian, prostate, and colon cancers (Magalhães et al., 2009; Żołnierczyk et al., 2015). Intestinal microbiota may activate up to 4 mg/L of IXN into another prenylated flavonoid, 8-prenylnaringenin (8-PN), a potent phytoestrogen with substantial inhibitory effects against breast and colon cancers (Possemiers et al., 2005; Koosha et al., 2019).
3.4 Resveratrol and derivatives
RSV (3,5,4′-trihydroxystilbene) is a naturally occurring cis- or trans-form polyphenol. Its methoxylated derivatives include pterostilbene (3,5-dimethoxy-4′-hydroxystilbene) and trimethoxystilbene (3,5,4′-trimethoxystilbene) (Schneider et al., 2003). The compounds can be found in grapes, berries, peanuts, and white wine (Nagarajan et al., 2022). RSV experiences a relatively quick first-pass metabolism, while the derivatives of RSV, such as pterostilbene and trimethoxystilbene, possess a longer half-life, slower elimination rate, and higher membrane permeability than its parent compound (Nagarajan et al., 2022; Mena et al., 2012). Pterostilbene contains two methoxy groups, resulting in increased lipophilicity and more resistance to phase I metabolism than the hydroxyl groups on RSV (Nagarajan et al., 2022). Trimethoxystilbene contains a third methyl group that may increase the molecule’s potency (Schneider et al., 2003).
RSV and its derivatives are known for their primary and secondary antioxidant properties (Haramizu et al., 2017). ROS are oxidative stress inducers introduced from a physiological stress response and are considered one of the underlying causes of cell death (Haramizu et al., 2017). RSV combats surplus oxidative stress and eventually reduces the mortality of normal cells in the body (Haramizu et al., 2017). Healthy viable cells in the bone marrow are essential to prevent further progression of the MM cells from replicating in a high-ROS environment. MM cells have increased ROS levels compared to normal cells and are more sensitive to treatments that induce oxidative stress (Caillot et al., 2021). Though RSV has antioxidative effects in normal cells, the compound has been shown to increase oxidative stress in MM cells treated with carfilzomib (Li et al., 2018). RSV derivative pinostilbene (3-methoxy-4′,5-dihydroxy-trans-stilbene) was reported to reduce the antioxidant expression in MM cells and increase apoptotic effects of bortezomib (Staskiewicz et al., 2023). Studies regarding combinatorial treatments of RSV and proteasome inhibitors illustrate the additive anti-MM potential of RSV treatment.
RSV has also shown autophagic and apoptotic effects in MM cells by mediating signaling pathways involving AMPK and the mammalian target of rapamycin (mTOR) (Ma et al., 2021). In 2018, Jin et al. observed that the adjunctive therapy of RSV with rapamycin targets malignant plasma cells by downregulating the mTOR signaling pathway (Jin et al., 2018). The results showed a significant reduction of cell proliferation among the MM cell lines through RSV and rapamycin combination therapy (Jin et al., 2018). Carfilzomib displays minimum modulation of stress-associated pathways in monotherapy, and through adjunctive therapy with RSV, both compounds synergistically reduce the mitochondrial protein SIRT1 stress-associated pathway (Li et al., 2018). Expression of both treatments shows downregulation of MM survival rate by blocking autophagy in MM cells (Li et al., 2018). The results of Li’s studies further expand on the disruption of mitochondrial proteins to increase the apoptotic stress on MM cells and maintain a balance of antioxidant activity in normal, non-MM cells (Haramizu et al., 2017; Li et al., 2018). Multitherapy options with RSV and its derivatives offer a higher efficacy and potency in apoptotic mechanisms in MM cell treatments (Jin et al., 2018; Li et al., 2018).
Pterostilbene is a dimethylated derivative of RSV with greater bioavailability (Kapetanovic et al., 2011). In 2012, Mena et al. found that pterostilbene caused cancer cell death by triggering lysosomal membrane permeabilization (Mena et al., 2012). Pterostilbene may offer a similar mechanism in MM cells. Other anti-MM mechanisms include apoptosis induction and cell cycle arrest in the G0 and G1 phases (Xie et al., 2016). Pterostilbene has also been shown to induce apoptosis in MM cells by activating AMPK (Mei et al., 2018). The compound DCZ0801 is a combination of pterostilbene and osalmide that was shown to reduce MM proliferation through the inhibition of glycolysis (Feng et al., 2020). In addition, Traversi et al. observed that the potent RSV derivative, 3,5,4′-trimethoxystilbene, disrupts tubulin polymerization in HeLa human cervical cancer cells (Traversi et al., 2017). In 2019, the same group of researchers found that a novel derivative 3,4,4′-trimethoxylstilbene was more effective than 3,5,4′-trimethoxystilbene in inducing mitotic arrest of HCT116 human colon cancer cells by inhibiting γ-tubulin (Traversi et al., 2019). Microtubule targeting compounds have shown efficacy in targeting MM cells (Rozic et al., 2016), indicating trimethoxystilbene could inhibit the proliferation of rapidly dividing cells like MM by disrupting y-tubulin and, consequently, centrosomal activity. In future studies, trimethoxystilbene can be examined as a potential or mono-adjunctive drug therapy for its mechanism in MM cells.
3.5 Curcumin
CUR is a significant component of turmeric, or Curcuma longa, which is classified into the Zingiberaceae ginger family (Santosa et al., 2022). CUR has been shown to inhibit MM cell growth via the inhibition of STAT3 phosphorylation (Bharti et al., 2003). A phase I/II study observed the downregulation of STAT3, NF-κB and COX-2 in MM patients treated with CUR (Vadhan-Raj et al., 2007). CUR possesses potent anti-inflammatory effects, targeting the NF-κB pathway in several cancers (Santosa et al., 2022). A randomized controlled trial in 2022 supports CUR’s anti-inflammatory mechanism with a significant remission rate of 75% compared to 33% in the melphalan/prednisone/CUR (MPC) group and melphalan/prednisone (MP) group, respectively (Santosa et al., 2022). The MPC-treated patients had decreased levels of NF-κB, tumor necrosis factor-alpha (TNF-α), and VEGF (Santosa et al., 2022). CUR was also found to sensitize MM cells to bortezomib treatment by regulating NF-κB, possibly through the JNK pathway (Bai and Zhang, 2012). CUR has been studied in several additional clinical trials, indicating the tolerability of CUR and alleviation of MM markers in patients with monoclonal gammopathy of undetermined significance and smoldering MM (Golombick et al., 2009; Golombick et al., 2012). Because of its safety profile, CUR has great potential as an anti-MM treatment.
One significant pathway thoroughly studied is CUR’s regulation of BRCA gene expression. CUR has sensitized melphalan-treated multidrug-resistant MOLP-2/R MM cells by further inhibiting the FA/BRCA pathway (Xiao et al., 2010). There is a linkage between the expression of specific gene pathways, such as FANCD2, to the FA/BRCA signaling pathway to inhibit the G2 MM cell growth phase (Xiao et al., 2010). The BRCA pathway is a signaling pathway that helps to induce growth, repair, and maintain healthy, normal cells (Chen et al., 2017). Chen et al. observed that CUR increased the resistance of normal bone marrow cells to carboplatin, an anti-tumor agent whose dose is limited due to side effects such as myelosuppression (Chen et al., 2017). CUR upregulated BRCA1 and BRCA2 expression, reducing the DNA damage induced by carboplatin in normal cells (Chen et al., 2017).
The CUR mechanism of apoptosis is evident in cancer-associated fibroblasts through the increased intracellular ROS production in the targeted cancer site (Zeng et al., 2020). Cancer-associated fibroblasts (CAFs) are the main factors in predicting malignant progression (Zeng et al., 2020). Studies associated with bone metastasis include the role of fibroblasts in inducing the motility and collagen production of cancer cell lines (Giannoni et al., 2010). Zeng et al. observed CUR’s inhibitory activity in prostate-CAFs (prostate cancer cell line) cells after 24-h treatment (Zeng et al., 2020). The ROS levels of prostate-CAFs contribute to an increase in cell membrane stress to induce apoptosis (Zeng et al., 2020). Similar reasoning can be introduced to MM cells and CUR treatment. Allegra et al. reported that CUR treatment increases ROS production in MM U266 cells (Allegra et al., 2018). Through the combination treatment of carfilzomib with CUR, significant cytotoxic apoptosis and cell cycle arrest were evident in the G1 phase (Allegra et al., 2018). One proposed mechanism of induced apoptosis and slow cell growth is the action of carfilzomib with CUR to suppress the NF-κB pathway of the MM cell cycle (Allegra et al., 2018). The targeting mechanisms of CUR in MM can be further examined with the suppressor gene expression p53 and other signaling pathways, like BRCA (Xiao et al., 2010; Allegra et al., 2018; Chen et al., 2017).
Using a combination of CUR and arsenic trioxide, Han et al. observed that CUR increased the cytotoxicity of MM U266 cell lines by increasing arsenic uptake in those cells with p53 mutations (Han et al., 2021). The combined treatment of both drugs also offers a potential treatment option for relapsing MM patients (Han et al., 2021). Although CUR has been reported to be safe at high doses (12g/day), the bioavailability of this compound is still low (Dei Cas and Ghidoni, 2019).
3.6 Gallic acid
GA, known by its chemical name 3,4,5-trihydroxy benzoic acid, comes from various natural sources, including bananas, strawberries, lemons, red wine, and green tea (Asci et al., 2017). Regarding its structure (Figure 2), GA has three hydroxyl groups attached to an aromatic ring in an ortho position, which explicitly provides its strong ability to scavenge ROS (Elwakeel and Abdel Rahman, 2021). However, a significant drawback to the therapeutic application, like many other plant-derived compounds, is the low bioavailability when given orally; moreover, GA absorption within the body is fast, but its maximum drug concentration in the plasma is very low (de Cristo Soares Alves et al., 2016). GA has been shown to have apoptotic and anti-angiogenic effects across several cancer types (Verma et al., 2013), which makes this compound particularly attractive to elucidate its mechanisms further.
GA’s notable qualities in terms of its cytoprotective effects are that it is a potent chelating agent and protects human cells or tissues from oxidative stress owing to its antioxidant, anti-inflammatory, and anticancer properties (Vijaya Padma et al., 2011). More specifically, GA has been shown to enhance regeneration and repair of the liver and kidneys as well as preserve the cells’ plasma membrane integrity (Vijaya Padma et al., 2011). Another study involving GA has shown that the compound improved the antioxidant status of cyclophosphamide-treated male albino rats through increasing glutathione levels, likely due to its theorized ability to elevate levels of antioxidant enzymes (Elwakeel and Abdel Rahman, 2021). A study on human vascular endothelial cells showed that GA rescued cells from cell death induced by homocysteine, adenosine, and TNF treatment (Kam et al., 2014). GA restored depleted DNA methyltransferase one and inhibited the proteasome (Kam et al., 2014). This suggests that GA is a potential candidate for inhibiting the 20S proteasome, further underlining its potential role in inhibiting MM cell proliferation. Kim et al. observed that GA and its derivatives, tannic acid and epigallocatechin-3-gallate, exhibited cytotoxic effects on MM cell lines RPMI 8226 and U266 (Kim et al., 2009). However, upon combination treatment with the proteasome inhibitor bortezomib, adding polyphenols partially inhibited the anti-MM effect of bortezomib by inactivating the boronic acid component (Kim et al., 2009). This highlights the importance of researching drug interactions, particularly when identifying potential synergistic combinations of natural compounds with other drugs.
With the lack of in vivo data, the anti-MM effect of GA has not been studied in clinical trials at the time of this review. However, a phase II study did show that daily consumption of pomegranate juice (570 mg of GA equivalents) slowed the progression of prostate-specific antigen in men who received surgery or radiation for prostate cancer (Pantuck et al., 2006). Epigallocatechin gallate is currently being assessed for potential effects on reducing liver cancer risk in patients with liver cirrhosis (Hoshida, 2023).
3.7 Evodiamine
EVO is an indole alkaloid extracted from the dried, unripe fruits of evodia (Evodiae rutaecarpa Bentham of the family Rutaceae). It is the principal biologically active constituent of unripe evodia fruit (Tan and Zhang, 2016). EVO elicits various pharmacological effects via various mechanisms, including anti-obesity, anti-bacterial, anti-viral, analgesic, anti-inflammatory, and anti-cancer effects (Tan and Zhang, 2016). The anti-cancer effects of EVO depend on the type of tumor being targeted. Various studies have demonstrated that EVO exhibits anti-tumor effects against MM by inducing pro-apoptotic and cell cycle arrest pathways (Fang et al., 2019). The pro-apoptotic effects of EVO are due to its suppressive effects on NF-κB, which is an important transcription factor in tumor development. Carcinogens such as cigarette smoke have been demonstrated to activate NF-κB, and the ability of EVO to inhibit the pro-carcinogenic downstream effects of NF-κB activation is responsible for its pro-apoptotic and anti-metastatic effects (Takada et al., 2005). In addition, EVO has been demonstrated to enhance the anti-cancer effects of the proteasome inhibitor, bortezomib, in MM cells, and this may be due to its inhibitory effect on MDR1 (Fang et al., 2019).
EVO exerts beneficial effects on cancer via different mechanisms. One proposed mechanism for its anticancer effect is its agonistic effects on transient receptor potential vanilloid 1 (TRPV1). EVO has been shown to induce ROS-dependent cytotoxicity and apoptotic cell death in human gastric cancer cells (Ivanova and Spiteller, 2014; Liu et al., 2022a). Also, TRPV1 activation induces Ca2+ influx, which is important for EVO-induced cytotoxicity through Ca2+ overload and endoplasmic reticulum stress culminating in cell death (Liu et al., 2022a). Another suggested mechanism is its antagonistic effects on the aryl hydrocarbon receptor (AhR), which modulates the expression of oncogenes, resulting in its anticancer effect (Yu et al., 2010). Furthermore, EVO has been shown to have antitumor activity against drug-resistant breast cancer via its anti-proliferative activity due to microtubule polymerization and apoptotic activity (Liao et al., 2005). The anticancer effect of EVO in human colon cancer has also been demonstrated, an effect that is partly attributed to its downregulation of Hypoxia-inducible factor 1-alpha (HIF-1α) in cancer cells through inhibition of IGF-1/PI3K/Akt signaling (Huang et al., 2015). Of the natural compounds covered in this study, EVO has been studied the least in its application to MM specifically. Additional anti-MM research is suggested, considering the efficacy and mechanistic insights in other cancers.
3.8 Summary of the mechanisms of anti-myeloma action
These natural compounds demonstrate remarkable anti-MM effects through multiple interconnected molecular mechanisms. The compounds primarily modulate five key pathways: cell cycle regulation, apoptosis induction, NF-κB signaling, JAK/STAT signaling, and oxidative stress management. Through cell cycle regulation, they induce G1/S and G2/M arrest while downregulating cyclins and CDKs. The compounds trigger both intrinsic and extrinsic apoptotic pathways, leading to caspase activation and subsequent cell death. A crucial shared mechanism is the inhibition of the NF-κB pathway, achieved through suppression of IκB phosphorylation and prevention of p65 nuclear translocation, thereby reducing the expression of anti-apoptotic proteins. Notably, these compounds effectively suppress the JAK/STAT signaling pathway, particularly through inhibition of JAK2 and STAT3 phosphorylation, which plays a critical role in myeloma cell proliferation and survival. Additionally, these compounds modulate cellular redox status, either through ROS generation (as seen with CAPE and EVO) or through antioxidant effects (demonstrated by RSV and CUR). The stilbene derivatives (RSV, pterostilbene, and trimethoxystilbene) share structural similarities that contribute to their comparable molecular targets, while compounds like CDDO and curcumin exhibit particularly potent effects through simultaneous targeting of multiple pathways. This multi-targeted approach explains their potent anti-myeloma effects and suggests their potential as therapeutic agents or adjuvants in MM treatment. Their proposed mechanisms of action on MM are illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Mechanism of anti-myeloma action of natural compounds, including CAPE, CUR, RSV, PTS, COOD, XN, EVO, by targeting MM microenvironment (A) and NF-kB and JAK/STAT signaling pathways within MM cells (B). This figure was created through www.biorender.com (BioRender, Toronto, ON, Canada).
4 APPLICATION OF NANOPARTICLES TO ENHANCE THE ANTI-CANCER ACTION OF NATURAL COMPOUNDS
Nanotechnology has emerged as a promising strategy to enhance the therapeutic potential of natural compounds in cancer treatment (Sell et al., 2023). The natural compounds discussed previously, although they possess significant anti-cancer properties, often have limited clinical application due to poor bioavailability, rapid metabolism, and low solubility in the aqueous phase (Andreani et al., 2024). NPs are tiny particles with sizes typically ranging from 1 to 100 nm. The incorporation of these NPs provides a solution to overcome the challenges that natural compounds face by improving drug delivery, enhancing cellular uptake, and ensuring targeted release at tumor sites (Andreani et al., 2024). NP-based drug delivery systems, such as liposomes, polymeric NPs, and metal-based NPs, provide controlled release mechanisms that increase the stability and bioactivity of natural compounds while minimizing off-target effects. In this section, we focused on the targeted delivery and enhanced anti-MM effects of those selected natural compounds through the application of various forms of NPs.
4.1 CDDO and derivatives
CDDO has been shown to have anti-growth effects on several cancers, including MM. One main obstacle in using these compounds is how they are delivered to the target site. Many compounds undergo a first-pass effect, which can reduce the drug’s potency. The use of CDDO and its derivatives through NPs is a relatively new concept, as only a few published works on the topic exist. While no data shows CDDO delivery through NPs in treating MM, other research shows how CDDO derivatives can be used in treating other cancers through targeted NPs. The delivery of CDDO-Me through NPs has been shown to enhance the therapy against melanoma. Zhao et al. encapsulated CDDO-Me into a poly (lactic-co-glycolic acid) PLGA NP to deliver this compound to melanoma tumor-associated immune cells (Zhao et al., 2015). Intravenous delivery of CDDO-Me using NPs along with a subcutaneous vaccine increased the anti-cancer effect compared with injecting the vaccine alone (Zhao et al., 2015). CDDO delivery through the NP system has also been recently studied in various disease states to support the relief of inflammatory states, including atherosclerotic plaque build-up and lung cancer (Maiocchi et al., 2022; Guo et al., 2022). CDDO-loaded NPs may have potential for future studies in regards to treating MM cells.
4.2 CAPE
Research has gone into the effects of loading CAPE into NPs to increase its bioavailability. A study by Tambuwala et al. incorporated CAPE and piceatannol (PIC), another polyphenol found in grapes and wine, into albumin NPs to determine how well they work as therapeutic agents in C57BL mice with experimental colitis (Tambuwala et al., 2019). Like cancer, colitis is characterized by an upregulation in both hypoxia-inducible factor (HIF-1α) and NF-κB (Tambuwala et al., 2019). Following immunohistochemistry observations, HIF-1α and p65 expression, a subunit involved in the formation of NF-κB, were both decreased in the PIC/CAPE-loaded albumin NPs compared to control and freely administered PIC/CAPE (Tambuwala et al., 2019). This emphasizes the potential of studying combinatorial natural compounds that are anti-MM and increasing their bioavailability and targeting via NP carriers.
In another study, CAPE was encapsulated in a polyethylene glycol (PEG) coated polymer with anti-mortalin antibodies that were used for targeting and then examined uptake in various cancer cell lines (Wang et al., 2020). The cancer cell lines that showed the most uptake were those with high levels of mortalin on their surface (Wang et al., 2020). Compared to CAPE-PEG and CAPE alone, the CAPE-PEG with anti-mortalin antibodies decreased cell viability in a dose and time-dependent manner in lung carcinoma A549 cells (Wang et al., 2020). This evidence points to the potentially significant effects targeting NPs can have. Recently, our research group encapsulated CAPE onto iron oxide NPs (IONPs) conjugated with an RGD ligand targeting αvβ3 integrin, achieving targeted delivery to MM cells with improved stability and controlled drug release in acidic tumor environments (Smith et al., 2024). The formulated RGD-IONP/CAPE exhibited enhanced cytotoxicity and apoptosis induction in MM cells while sparing normal cells, suggesting its potential as a targeted therapeutic strategy for MM treatment​.
4.3 Xanthohumol and derivatives
It has been previously demonstrated that XN may be conjugated to ultra-small superparamagnetic iron oxide NPs (Khaki Najafabadi et al., 2017). Once within the body, these particles loaded with XN may be directed to a specific site of action under an external magnetic field.
Loading XN onto an electrospun poly (lactide-co-glycolide) (PLGA) fibrous mesh through an electrospinning technique has been employed with therapeutic benefit (Qiao et al., 2016). This process can use most polymers to produce continuous nanofibers for constructing a mesh-like network. Electrospun fibrous mesh medicated with XN has a high surface area to volume ratio, improved therapeutic effects, and little-to-no cytotoxicity on healthy cells (Qiao et al., 2016). Another study on the effect of Xn-loaded PLGA NPs on melanoma shows a statistically significant difference and improvement in XN-induced polarization with anti-inflammatory activities in CD86, a type 1 membrane immunoglobulin expressed in B cells and macrophages (Fonseca et al., 2021). Further outcomes display the gradual stability of XN-loaded NPs after freeze drying, achieving a significant decrease of approximately 70% in tumor melanocyte viability (Fonseca et al., 2021).
Different formulations of NP components were studied on general effects against plasma cancer cells that offer the potential formulation for MM cells as well (Harish et al., 2022). Optimized XN-loaded solid lipid NPs, prepared through homogenization and ultrasonication, display an improvement in XN’s poor bioavailability (Harish et al., 2022). Hydroxyapatite (HA) has also been blended into these mesh-like fibers as bone tissue scaffolds to improve biological functionality. HA’s unique mesoporous rod structure further improves the absorption of various chemicals and thus enhances anti-cancer therapy (Richard et al., 2021). The mesoporous rod structure shows adequate stabilization and remarkable inhibition of cancer cell growth, particularly studied with gambogic acid (Liu et al., 2022b). This feature allows for HA to be utilized as a drug carrier for a compound like XN. The use of an HA carrier is particularly interesting in regard to MM, which primarily localizes to the bone marrow and causes osteolytic bone lesions. HA nanoparticles have been reported to reduce bone tumor size in vivo and increase bone regeneration (Zhang et al., 2019). Considering the localization of MM cells, Qi et al. developed a bortezomib-carrying NP with alendronate, which binds to calcium phosphate in bones, and a MM cell membrane coat (Qi et al., 2024). MM mice treated with this NP (T-PB@M) had the best survival rate and experienced the greatest decrease in MM-associated symptoms compared to NP formulations without alendronate (Qi et al., 2024). Anti-MM NP design has the potential to harness specific targeting towards the bone in addition to MM cells themselves, as further discussed in the following section.
4.4 Resveratrol and derivatives
Nanotechnology provides a more applicable dosage delivery to reduce the likelihood of RSV from undergoing fast metabolism before reaching the bone marrow target site. A study used an HPLC instrument to examine the application of RSV, compared to a modified RSV structure (Singh et al., 2014). Catechin, a modified polyphenol that shares structural similarities to RSV, is a better and more stable drug candidate to be incorporated into RSV nanocarrier systems. The results show that the compound catechin has a higher retention rate and a stronger resistance to degradation in plasma samples (Singh et al., 2014). Other applications to show efficacy in delivering RSV and its derivatives include the process of encapsulation (Liu et al., 2020).
NPs made with casein, a food-grade protein, prevent RSV from being inactivated to the cis-isomerization (Peñalva et al., 2018). Casein NP carrier system increased the oral bioavailability of RSV tenfold by non-specifically binding to RSV and enhancing the protection in oral delivery (Peñalva et al., 2018). The results of casein as nanocarriers offer a more controlled release rate of the active trans-RSV. Thus, casein NPs increase the chances of RSV being absorbed into the plasma (Peñalva et al., 2018). The conjugated compound of zein/fucoidan (FU) offers a natural drug-delivery carrier for the RSV derivative pterostilbene, with no toxic effects seen in tested normal cells (Liu et al., 2020). The process of evaluating different NP carriers is important to maximize the efficacy of the loaded compound. In this study, the stability of the NPs varied based on the mass ratio of zein to FU, with the 2:1 NP exhibiting the greatest stability, and the release of pterostilbene was slower in pterostilbene-zein/FU (2:1) NPs compared to pterostilbene-zein NPs (Liu et al., 2020). In simulated digestion in vitro, pterostilbene-zein/FU displayed a sustained release of pterostilbene for up to 6 h in intestinal fluid (Liu et al., 2020). Incidents of rapid release were also present in Liu’s 2020 studies (Liu et al., 2020). Even so, the sustainability of NPs shows evidence of a more stabilized dosage form through the oral route, compared to the natural compound alone (Peñalva et al., 2018; Liu et al., 2020).
Intravenous injection provides 100% bioavailability into the body that allows a bypass of liver metabolism, enhancing the drug compound’s therapeutic efficacy. Wu et al. examined the tissue distribution of glycyrrhizic acid-conjugated human serum albumin-loaded RSV NP (GL-HSA-RESNP) in rats through tail vein injection (Wu et al., 2020). The results showed that for this treatment, compared to the injection of RSV alone, the Cmax in the heart, liver and other organs was greater, the Tmax was shorter, and the bioavailability was increased (Wu et al., 2020). The excretion phase in rats was examined within 4–24 h after administration of both GL-HSA-RESNPs and RSV alone. The RSV NP system displays a lower chance of toxicity in the rats’ organ systems (Wu et al., 2020). Similar results also show effectiveness through the folate-conjugated human serum albumin RSV NPs (FA-HSA-RESNPs) versus RSV alone in improved bioavailability (Lian et al., 2019). Inhibition of the cell proliferation process in hepatic tumors was also evident in the RSV-conjugated form, compared to the RSV alone injected into the rats (Lian et al., 2019). Similar NPs to those shown in Wu’s and Lian’s studies may be potential carriers of RSV to enhance the compound’s anti-cancer effects in MM cells. Although the in vitro studies described in section 3.4 illustrate the beneficial potential of RSV alone, MM patients treated with micronized RSV in a phase II study experienced several adverse effects, exhibiting a poor safety profile for a 5g daily dose of RSV (Popat et al., 2013). The application of an NP carrier, as supported by the rat studies by Wu et al. and Lian et al., could be a potential solution for these adverse effects.
In particular, applying an NP carrier system to RSV and its derivatives increases the likelihood of delivering the preferred therapeutic outcome of the drug to the MM cells in the bone marrow. To deliver RSV and other natural compounds, more types of NPs can be applied to specifically target MM cells, such as the PEGylated micellar NPs with VLA-4-antagonist peptides (Kiziltepe et al., 2012). The VLA-4 antagonist peptide acts to prevent the adhesion of MM cells to fibronectin, which is important in addressing cell-adhesion-mediated drug resistance (Kiziltepe et al., 2012). Because of this targeted approach, RSV is more effectively delivered to the malignant cells, potentially allowing lower doses to be effective and minimizing adverse off-target effects associated with high doses.
4.5 Curcumin
To further improve the bioavailability and distribution of CUR to the designated target site within cancer cells, NP carrier systems have been applied to enhance the delivery of CUR and its combination therapy treatment with other anti-cancer drugs. Recent studies show the development of drug encapsulation of CUR with chitosan (CS) nanocarrier increases the protective layer of CUR with the addition of Fe3O4-shell Au and folic acid NPs (Fe@Au-CU-CS-FA NPs) (Al-Kinani et al., 2021). The Fe@Au-CU-CS-FA NPs exhibited a spherical uniform shape with high encapsulation efficiency of 82% (Al-Kinani et al., 2021). These specific NPs inhibited human lung adenocarcinoma A549 cell proliferation significantly compared to the NP and CUR treatments alone, but needed micromolar concentration (Al-Kinani et al., 2021). The safety and efficacy of this study support further research of these CUR-loaded NPs on other cancer cell lines, like MM cells. Establishing CUR’s stability and distribution allows for additional studies involving combinatorial anti-cancer drug treatments to enhance the cytotoxic effects of CUC in cancer cells. One study investigated CD44-targeting doxorubicin (DOX) loaded NPs with CUR-loaded selenium cell-receptor targeted NPs in an effort to reduce the development of potential drug resistance and further upregulate cell cycle arrest and apoptosis in proliferating cancer cells (Kumari et al., 2018). The two treatments exhibited a combinatorial effect by further reducing cell viability of human colorectal HCT 116 cells and increasing ROS levels (Kumari et al., 2018). DOX is a chemotherapeutic drug used to treat MM. Hence, these results may point to a potential combinational therapy of DOX or other anti-cancer treatments with CUR to be used for MM (Turner et al., 2016).
Other studies have expanded further into different formulations of NPs, including assimilating silver NPs with CUR and clay minerals to obtain a chitosan composite film (Li et al., 2022). Li et al. found these NPs to have enhanced antioxidant and antibacterial activity, and the application of composite film versus the chitosan films increased the tensile strength and elongation at break (Li et al., 2022). The results offer a potential CUR-loaded NP delivery option for MM cells as well. Another potential drug therapy is the synergistic compound of both CUR and RSV in solid NPs for the effect of inhibiting the proliferation of melanoma cells (Palliyage et al., 2021). The results demonstrated a potent synergistic inhibition of B16F10 and SK-MEL-28 melanoma cell proliferation with CUR-RSV solid NPs at a ratio of 3:1 (Palliyage et al., 2021). This offers a direction for future studies to investigate the combination of natural compounds for enhancing cell cytotoxicity in MM cells.
4.6 Gallic acid
Multiple studies have been performed to encapsulate GA into NP carriers to achieve a more controlled release of this compound within the body. One controlled-release study found that iron oxide-chitosan-gallic acid (FCG) nanocarriers showed a fast release rate at the beginning of the study when GA anions were released (Dorniani et al., 2012). This was followed by 70% release during the first 150 min and a slower release of 96.7% for the next 1,200 min of release, which is due to the exchange of GA in the nanocarrier core with the anions in the solution (Dorniani et al., 2012). The pH of the solution the nanocarrier was submerged in significantly impacted the release of GA, with the release rate being lower at pH 7.4 versus that at pH 4.8 (Dorniani et al., 2012). This study also showed that the nanocarrier increased the thermal stability of GA and resulted in enhancing cytotoxic effects versus GA alone, depending on dosage and cancer type (Dorniani et al., 2012). Another study examined a different NP formulation in the form of PLGA NPs coated with polysorbate 80 (PS80) or without coating, each containing GA (de Cristo Soares Alves et al., 2016). During the controlled-release assay in vitro, there was a sustained release of GA from the uncoated NPs, whereas the PS80-coated NPs decreased GA release (de Cristo Soares Alves et al., 2016). GA-loaded PLGA NPs demonstrated no hemolysis in normal erythrocytes at all analyzed concentrations, yet PS80 NPs containing GA were cytotoxic at higher concentrations. Additionally, PLGA uncoated NPs had significantly more antioxidant activity than PS80-coated NPs (de Cristo Soares Alves et al., 2016). These results highlight the importance of developing NPs that will provide the greatest benefit for maximizing the efficacy of the natural compound they carry. In another study, gum arabic-stabilized GA NPs were applied in vitro, using breast adenocarcinoma, hepatocellular, colorectal adenocarcinoma, and breast epithelial cancer cell lines (Hassani et al., 2020). The results showed that the gum arabic GA NPs further decreased the viability of the cancer cells vs. GA alone and exhibited low toxicity in normal cells (Hassani et al., 2020).
Further studies have incorporated the use of silver NPs (AgNPs) due to their biological features and effects on antioxidant and cytotoxic activity. A study found that AgNPs formulated with Rhizophora apiculata extract, in which GA is a component, had greater anti-inflammatory activity vs. the extract alone (Alsareii et al., 2022). Additionally, the GA-loaded NPs showed greater cytotoxic effects in the tested lung, skin, and oral cancer cells (Alsareii et al., 2022). Continued studies are being conducted in further detail to increase the stability of GA and potentially for use in MM, including injectable agarose hydrogels (Ying et al., 2022).
4.7 Evodiamine
EVO is a promising therapeutic compound for the treatment of various types of cancer. However, its ability to exert its beneficial effects depends on its ability to enter the cell and trigger apoptosis and cell cycle arrest. Also, the poor water solubility of EVO negatively impacts its dissolution and ability to permeate cell membranes and elicit its cytotoxic effects (Liu et al., 2017). This can be overcome via the delivery of evodiamine in nano-formulations, and it has been shown that the delivery of evodiamine using a nano-emulsion enhances its bioavailability and cancer cytotoxic effects (Liu et al., 2017).
A combination of EVO and DOX using a nano-drug delivery system of mitochondria-targeting micelles has shown antitumor activity using in vitro and in vivo murine breast cancer models (Tan et al., 2019). Another use of nanotechnology to optimize evodiamine’s bioavailability is the use of effervescent SiO2–drug–Na2CO3 composite NPs (ESNs). This drug delivery system is capable of self-disintegrating at the site of interest while avoiding systemic toxicity (Chen et al., 2021). While studies are limited for EVO in MM cells, this compound and its use in anti-cancer activity have become more relevant in newer studies and offer a potential adjuvant regimen to enhance malignant cell apoptosis.
4.8 Limitations
The variation of NP formulations to study anti-MM phytochemical efficacy across these studies limits direct comparison of anti-MM effects of phytochemical-carrying NPs covered in this review. Most MM studies focused on in vitro models, with several compounds or systems limited to only one or two in vivo investigations, such as GA and EVO. Additional in vivo analysis is necessary to further investigate potential treatments for downstream assessment in MM patients. Several discussed NPs in this review are FDA or EMA approved carriers for anti-cancer drugs, including NP-bound albumin, iron oxide NPs, and lipid-based NPs (Wicki et al., 2015; Rodríguez et al., 2022), highlighting their safety and efficacy in delivering anti-cancer drugs, while other systems require further in vivo study. However, even within the same NP type, it is vital to rigorously assess the safety of these carriers as variations can result in different patient outcomes. For instance, several studies prepared PLGA NPs yet ranged in their formulations and synthesis methods (Zhao et al., 2015; Qiao et al., 2016; Fonseca et al., 2021; de Cristo Soares Alves et al., 2016). Assaying different formulations is crucial for researchers to identify carriers with the greatest phytochemical delivery potential while minimizing adverse effects from the NPs themselves. The application of NPs has great potential in addressing the low bioavailability of natural compounds, with added strength in designs using ligands or materials that specifically target these malignant cells and/or their predominant bone marrow environment.
5 NATURAL COMPOUND-LOADED NANOPARTICLES FOR CANCER AND AGING
Cancer is majorly related to aging, having several overlapping characteristics, including epigenetic changes, genomic instability, inflammation, and dysbiosis (López-Otín et al., 2023). Cancer is considered an aging-related disorder, as the incidence of common cancers increases around the age of 50 (Calcinotto et al., 2019). Aging-related injury is highly associated with oxidative stress (Bjørklund et al., 2022). Oxidative stress dysregulates several pathways, damages DNA, and causes chromosomal changes, all of which contribute to cancer and senescence, also a cause of aging (Kudryavtseva et al., 2016). Phytochemicals are often associated with their anti-aging benefits. Several MM-targeting phytochemicals, such as RSV, CUR, and GA, have anti-aging properties including anti-oxidative and anti-inflammatory effects (Bjørklund et al., 2022; Ojeaburu and Oriakhi, 2021). RSV has been shown to inhibit cAMP phosphodiesterases in normal cells (Park et al., 2012). Quercetin and tocotrienols can induce senescence in cancer cells while delaying senescence in normal cells (Malavolta et al., 2016). Xue et al. have discussed the beneficial application of phytochemical nano-emulsions to target a variety of aging-related disorders, including cancer (Xue et al., 2021). Studying phytochemicals within the context of increased targeting/bioavailability by NP carriers can have potentially positive effects on drug development for MM and other cancers, in addition to other aging-related disorders. As oncogenic stress can cause senescence through pathways such as DNA damage (Mallette and Ferbeyre, 2007), understanding the multitargeting potential of phytochemicals can be beneficial for supporting the function of normal cells while addressing the concerns of malignant cells.
6 CONCLUSION
Ongoing research into MM treatment remains crucial due to the systemic adverse effects associated with current therapeutic options and the recurrent nature of this malignancy. Several plant-derived compounds discussed here have demonstrated promising anti-cancer properties, selectively targeting malignant cells while sparing normal cells. While the anti-MM effects of compounds, including RSV and CUR, have been extensively studied, compounds like GA and EVO require further analysis to identify MM mechanisms and subsequent investigation in in vivo models. Incorporating NP delivery systems has emerged as a transformative approach, significantly enhancing these natural compounds’ bioavailability, stability, and therapeutic efficacy, especially compared to the administration of the natural compounds alone, as illustrated in Figure 4. Although many NP formulations improve anti-MM phytochemical efficacy, the application of specific MM cell targeting or bone homing materials may be particularly beneficial in improving delivery to malignant cells and requiring lower phytochemical doses. Continuous advancements in NP design are further optimizing targeted delivery, improving treatment outcomes, and minimizing off-target effects. Beyond cancer treatment, plant-derived compounds offer substantial health benefits for both individuals with and without pathological conditions. The application of NP technology holds immense potential to amplify these benefits, paving the way for more effective and safer therapeutic interventions in oncology and age-related diseases.
[image: Figure 4]FIGURE 4 | NP-enhanced targeted delivery against enzymatic degradation and macrophage-medicated destruction of natural compounds in multiple myeloma intervention. This figure was created through www.biorender.com (BioRender, Toronto, ON, Canada).
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