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Multiple myeloma (MM) is a hematological malignancy characterized by the accumulation of malignant plasma cells (PCs) into the bone marrow (BM). The complex interaction between the BM microenvironment and MM PCs can lead to severe impairment of bone remodeling. Indeed, the BM microenvironment exerts a critical role in the survival of malignant PCs. Growing evidence indicates that MM cells have several metabolic features including enhanced glycolysis and an increase in lactate production through the upregulation of glucose transporters and enzymes. More recently, it has been reported that MM cells arehighly glutamine addicted. Interestingly, these metabolic changes in MM cells may affect BM microenvironment cells by altering the differentiation process of osteoblasts from mesenchymal stromal cells. The identification of glutamine metabolism alterations in MM cells and bone microenvironment may provide a rationale to design new therapeutic approaches and diagnostic tools. The osteolytic lesions are the most frequent clinical features in MM patients, often characterized by pathological fractures and acute pain. The use of the newer imaging techniques such as Magnetic Resonance Imaging (MRI) and combined Positron Emission Tomography (PET) and Computerized Tomography (CT) has been introduced into clinical practice to better define the skeletal involvement. Currently, the PET/CT with 18F-fluorodeoxyglucose (FDG) is the diagnostic gold standard to detect active MM bone disease due to the high glycolytic activity of MM cells. However, new tracers are actively under investigation because a portion of MM patients remains negative at the skeletal level by 18F-FDG. In this review, we will summarize the existing knowledge on the metabolic alterations of MM cells considering their impact on the BM microenvironment cells and particularly in the subsequent formation of osteolytic bone lesions. Based on this, we will discuss the identification of possible new druggable targets and the use of novel metabolic targets for PET imaging in the detection of skeletal lesions, in the staging and treatment response of MM patients.
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Introduction

Multiple myeloma (MM) is a malignant plasma cells (PCs) disorder characterized by infiltration of clonal PCs in the bone marrow (BM) and the production of monoclonal immunoglobulin, leading to end-organ damage (1).

It has been well established that metabolic reprogramming is considered one of the main features of tumor cells needed to maintain their malignant phenotype (2). Glucose and glutamine are the two principal nutrients employed by cancer cells to fulfill their biosynthetic demands (3). Moreover, the critical role of the tumor microenvironment has long been recognized in cancer biology, including metabolic reprogramming (4). Consistently, in MM it has been reported that malignant PCs experience metabolic changes compared to their healthy PCs counterparts (5–7). Moreover, recent data indicate that MM cells are typically characterized by glutamine (Gln) addicted feature that alters the physiological Gln levels in the BM microenvironment with a significant impact also on bone remodeling (7).

As known, osteoblasts (OBs) and osteoclast (OCs) are specialized cells responsible for bone formation and resorption process, respectively. The pathogenesis of osteolytic bone lesions in MM involves uncoupling of the bone remodeling processes. Altered bone remodeling is characterized by an increased osteoclastic formation and a reduced osteoblastic formation (8, 9). Bone remodeling requires a significant amount of energy (1). On this basis, it is not surprising that alterations in the energy metabolism of bone cells caused by the different availability of metabolites in the MM microenvironment alter their differentiation and function (7, 10). However, at present, our understanding of how the metabolic interaction between malignant PCs and the bone microenvironment steers the progression of the disease is limited.

The osteolytic bone lesions are the most frequent clinical features present in MM patients. In fact, MM bone disease greatly affects the patient’s quality of life, with a high morbidity and mortality rate (11, 12). The evaluation of the presence of bone disease is undoubtedly essential for the diagnosis and staging of MM patients. Many imaging techniques have been proposed to detect the skeletal involvement of MM. Given the multiple options available for the detection of bone lesions, the International Myeloma Working Group (IMWG) recently established guidelines on the optimal use of imaging methods at different disease stages (13). Based on the IMWG recommendations, whole-body Computed Tomography (CT) scan is the first-choice imaging technique to identify and assess the presence and the extent of osteolytic lesions (13). In addition, if whole-body CT is negative, and no other myeloma-defining events are present, the IMWG recommends the use of whole-body Magnetic Resonance Imaging (MRI) to exclude the presence of focal lesions (13). Another technique of preference is the Positron Emission Tomography (PET)/CT which draws on information from the metabolic activity of tumor cells within the investigated area that uptake a radioactive tracer (14). Given the high glycolytic activity of MM cells, which are characterized by up-regulation of transporters and enzymes responsible for glucose metabolism, the most widely used PET tracer is 18F-fluorodeoxyglucose (18F-FDG) (15). The PET/CT can be used in place of whole-body CT or whole-body MRI to detect bone lesions in MM patients with a prognostic value especially in young MM patients eligible for high dose therapy (13). Nevertheless, 18F-FDG PET/CT is associated with several limitations and for this reasons, alternative tracers have been investigated.

In this review, we will discuss the metabolic features of MM cells and how these alterations impair OBs-OCs differentiation within the bone microenvironment. Finally, we explore the possible use of new PET tracers that can help to overcome the current limitations of the standard tracer, the 18F-FDG.



Metabolic reprogramming of cancer cells

It is well established that cancer cells produce a large amount of lactate even under the presence of optimal oxygen concentration. This effect called “The Warburg effect” was firstly described by Otto Warburg in the 1920s. He showed that tumor cells increase their consumption of glucose coupled with an increased lactate production regardless of the available oxygen level (16, 17). Warburg concluded that cancer cells have an impairment in mitochondrial activity and subsequent dependence on glycolysis. Later studies demonstrated that most cancer cells are not characterized by mitochondrial dysfunction (18, 19) suggesting a different explanation for aerobic glycolysis. So why do cancer cells shift their metabolism toward a less efficient mechanism of energy generation? The existence of this metabolic reprogramming is necessary for cancer cells to obtain the energy required for maintaining their high proliferative state. For this purpose, cells need to generate energy quickly. As stated above, the generation of ATP through glycolysis is less efficient but faster than aerobic respiration. Moreover, glucose, the most abundant extracellular nutrient, provides cells with the molecules necessary to sustain biosynthetic pathways (2). Additionally, the high lactate production generates an acidic microenvironment where only cancer cells can grow. As intensively reviewed by others, cancer cells upregulate glucose transporters, such as GLUT1, GLUT2, GLUT3, and GLUT4 to increase their glucose uptake (20). This specific characteristic of cancer cells has been widely exploited in PET imaging using 18F-FDG tracers to visualize the tumors and will be discussed later in the review.

Additionally, oncogenes such as RAS, c-MYC, and HIF-1α are reported to induce glycolysis in cancer (2, 21). In particular, c-MYC and HIF-1α promote the expression of glycolytic enzymes hexokinase 2 (HK2), phosphofructokinase 1 (PFK1), triosephosphate isomerase 1 (TPI1), lactate dehydrogenase A (LDHA) in cancer (22). In contrast, the tumor suppressor gene TP53, largely mutated in different types of cancer, directly impairs glycolysis by downregulating GLUT1, GLUT4, and HK2 and favors oxidative phosphorylation (OXPHOS) (23). However, the theory of “metabolic plasticity” of cancer cells has taken hold in recent years. According to this theory, in tumor cells the OXPHOS is functional and the cells can switch between both, the OXPHOS and the aerobic glycolysis, or even perform them simultaneously (24). This metabolic characteristic confers to the neoplastic cells the ability to adapt to changes in the microenvironments and provides a mechanism for chemoresistance (25). Several studies have shown that the repression of OXPHOS is not required to promote cell growth in various cancer types (e.g., leukemia, a subset of lymphomas, melanoma, and ductal adenocarcinoma of the pancreas) (26–29). Rather, an increase in OXPHOS is present in these cases. The accumulating evidence of the “metabolic plasticity” has led to a shift from the Warburg effect to the “Reverse Warburg Effect”. In this later effect, the stromal cells in the microenvironment are induced by neoplastic cells to undergo aerobic glycolysis and then transfer the products to neoplastic cells for utilization for mitochondrial OXPHOS (30, 31). This cellular metabolic interaction of stromal and neoplastic cells allows tumors to respond to fluctuations in nutrient availability to maximize cellular proliferation and growth (32).

In summary, while aerobic glycolysis has long been considered the dominant metabolic phenotype in cancer, the critical role of OXPHOS in tumorigenesis has recently emerged. This metabolic plasticity allows cancer cells to regulate their metabolic phenotypes to adapt to the microenvironment. Based on these recent findings, it may be necessary to target both, OXPHOS and glycolysis to suppress tumor aggressiveness.



Glucose metabolism in MM

MM cells are characterized by increased aerobic glycolysis, resulting in elevated lactic acid levels regardless of oxygen availability (15). Consistently, MM cells show a high sensitivity to several glycolytic inhibitors, including dichloroacetate (33).

Multiple factors are involved in the increased glycolysis observed in MM cells. One of the main regulators of cellular metabolic processes, the PI3K-Akt signaling pathway, is upregulated in MM (34). Its dysregulation, induces the expression of several glycolytic enzymes, including HK2 and PFK1, and promotes the translocation and activation of GLUT1 and GLUT4 (35, 36). In particular, GLUT4 has been proved to be the key transporter in sustaining glucose metabolism of MM cells (36). It is possible to act on GLUT4 by administering the HIV protease inhibitor ritonavir, which has an off-target effect on the transporter. In vitro and in vivo studies using MM cell have shown that treatment with ritonavir results in a reduction of cell proliferation, cell viability, and a concomitant increase in chemosensitivity (36, 37). In contrast to GLUT4, the other transporters such as GLUT1, GLUT8, and GLUT11 have marginal roles in MM cells regarding glucose uptake and lactate extrusion (36).

The peroxisome proliferator-activated receptor gamma co-activator 1 (PGC-1) family plays an important role in the metabolic reprogramming of malignant PCs. The PGC-1α acts as a transcriptional co-activator, regulating several genes implicated in energy metabolism and particularly in the biogenesis of the mitochondria (38). In vitro experiments have shown that the inhibition of PGC-1α in MM cells causes a decrease in GLUT4 expression, leading to a reduction in lactate production (39). The other member of the PGC-1 family, the PGC-1β, promotes glycolysis and proliferation of MM cells through increased expression of LDHA (40). Overexpression of PGC-1β in MM cells significantly enhances glycolysis metabolism, whereas the knockdown suppresses glycolysis metabolism with decreased proliferation and tumor growth (40).

The transcription factors FOXM1, HIF-1α and c-MYC also play a critical role during metabolic reprogramming of MM cells. The transcription factor forkhead box M1 (FOXM1) has been identified as a positive regulator of metabolism in MM (41). Cheng et al. demonstrated that FOXM1 increases glucose uptake, lactate production, and oxygen consumption, promoting MM growth and survival (41). Treatment with 1,1-diarylethylene (NB73), a small FOXM1 inhibitory compound, suppresses MM in vitro and in vivo by enhancing the proteasomal degradation of FOXM1 (41).

It has been demonstrated that HIF-1α induces transcription of several genes that regulate glycolytic enzymes and lactate production in MM cells, including GLUT1, HK2 and LDHA (42).

A relationship between the c-MYC oncogene and the metabolic features of MM cells has been hypothesized (43). c-MYC promotes the expression of glucose transporters and key glycolysis rate-limiting enzymes (44). Specifically, c-MYC induces high expression of pyruvate kinase (PK) M2 (PKM2) (an isoform of PK) in MM cells, through the never-in mitosis (NIMA) related kinase 2 (NEK2), which governs chromosome segregation in the G2/M phase of the cell cycle (45). Indeed, the knockdown of PKM2 results in a reduction of MM cell growth and cell cycle arrest at the G1/S transition (46).

Recently, it has been shown that MM cells not only produce an increased amount of lactate, but also incorporate it through the monocarboxylate transporter 1 (MCT1) in order to generate more energy (47). Moreover, MCT1 MM cells knockdown induces apoptosis through a decrease in lactate influx and ATP production (48). Interestingly, the evidence of lactate incorporation in MM cells suggests its presence in the BM microenvironment. In fact, MM cells are supplied with lactate from the surrounding environment, exploiting the above described Reverse Warburg Effect (48).

Finally, glucose transport and metabolism may be a target of the anti-MM drugs currently in use. It has been reported that treatment of MM cells with vincristine or the proteasome inhibitor bortezomib reduces the expression of GLUT1 and HK2 and induces them to apoptosis (49)



Gln metabolism in MM cells

Recently, we demonstrated that several human myeloma cell lines (HMCLs) markedly increased ammonium output in presence of Gln and that, consistently, primary BM CD138+ PCs from MM patients show a higher level of ammonium output than the BM CD138- cell fraction from the same patient. Moreover, MM patients showed a significantly higher ammonium level in BM plasma than Monoclonal Gammopathy of Undetermined Significance (MGUS) and Smoldering Myeloma (SMM) patients (6). Furthermore, we also showed that these malignant PCs lack Gln synthetase (GS) and consequently rely on extracellular uptake of Gln (6). In vitro experiments showed that MM cells undergo cell death when incubated in the absence of Gln and when the extracellular amino acid is deprived by L-asparaginase, which hydrolyzes Gln and asparagine. Furthermore, synergistic effects occur when L-asparaginase is combined with bortezomib or another proteasome inhibitor, carfilzomib, leading to increased cytotoxic effects in MM cells (6, 50, 51). The expression of enzymes involved in Gln metabolism and Gln transporters is also consistent with the strong Gln dependence of MM cells. Both HMCLs and primary CD138+ PCs express high levels of kidney-type glutaminase (GLS) while lacking significant expression of GS (6). In addition, MM cells express three key Gln transporters, namely ASCT2, LAT1, and SNAT1, the expression of which gradually increases during disease progression from MGUS to MM. Most of the Gln influx into MM cells occurs through the ASCT2 transporter, whereas the contributions of SNAT1 and LAT1 appear to occur to a minor extent (6).

The transcriptional activity of c-MYC protein is upregulated during the late stages of MM progression and is correlated with poor survival (52). c-MYC is involved in the modulation of both glycolysis, as described above, and glutaminolysis (44). Indeed, c-MYC regulates the transcriptional program involved in glutaminolysis by inducing ASCT2 and GLS (53).

The Gln dependence observed in MM cells provides the rationale for its use both as a therapeutic target (50) and for imaging in PET scans (54).


Gln transporters as attractive therapeutics targets

The alterations of Gln metabolism have been exploited as a therapeutic strategy to decrease relapse and improve therapy outcome. L-γ-glutamyl-p-nitroanilide (GPNA), the most used ASCT2 inhibitor, significantly reduces Gln uptake and hampers proliferation of MM cells, demonstrating their dependence on extracellular Gln (6). Prelowska et al. reported that ASCT2 inhibitors synergistically enhance the cytotoxic efficacy of carfilzomib by causing programmed cell death and regulating autophagy. Indeed, treatment with ASCT2 and carfilzomib increases intracellular reactive oxygen species (ROS) concentrations and stimulates the unfolded protein response (55). Importantly, knockdown of ASCT2 in MM cells partially reduced cell proliferation in vitro and delays the growth of human myeloma xenografts in mouse models (6). Thus, among the different approaches to targeting the transport or metabolism of Gln in MM cells, interference with ASCT2 expression and/or function has been demonstrated to have an effect in vivo.

On the other hand, although GLS1-dependent anaplerosis is evident in MM cell lines, the GLS1 inhibitors bis-2-(5-phenylacetamide-1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) or telaglenastat (CB-839) were not fully successful when used alone (6). Furthermore, the use of CB-839 in combination with both, bortezomib and pomalidomide results in a significant anti-MM effect. Several clinical trials with CB-839 are currently ongoing (56). MM cell lines resistant to GLS1 inhibitors were very sensitive to Gln starvation (6). These different effects could be explained by considering that the loss of Gln transport from the extracellular compartment limits the availability of the amino acid for all metabolic pathways for which Gln is required. In fact, in addition to its role in protein assembling, Gln is an important nitrogen donor for nucleotide synthesis and the major source of α-ketoglutarate (α-KG) in the tricarboxylic acid (TCA) cycle. Furthermore, it is utilized in the biosynthesis of all non-essential amino acids (57) and its intermediate glutamate acts as an exchange factor for the import of essential amino acids (58).

Gln deprivation has been investigated as an alternative strategy in combination with drugs currently used in the treatment of MM. Several studies have reported that in MM cells, Gln deficiency synergizes with the chemotherapeutic agent bortezomib and venetoclax, a BH3-mimetic drug currently being studied in MM patients, given the rationale toward future combination therapies in MM patients (6, 59).




Metabolism in the bone microenvironment cells


Energy metabolism of the OB

OBs are cells differentiated from mesenchymal stem cell progenitors during bone remodeling (60). Throughout differentiation, OBs produced a considerable amount of extracellular matrix proteins (61). To perform this highly energetic process, OBs utilize glycolysis as the main source of energy. Over the years, several studies have demonstrated that OBs have a significantly high uptake of glucose. The use of radiolabeled glucose analogs has confirmed the high uptake of glucose by mouse bone tissue (62). It has also been shown that GLUT transporters are responsible for glucose uptake in OB cells (63). Gene expression analysis in osteoblastic cell lines has shown the expression of GLUT1, GLUT3, and GLUT4 (64, 65). In particular, GLUT1 acts as a transporter in primary OB cells and as a modulator of the post-translational modification of runt-related transcription factor 2 (RUNX2) by suppressing adenosine 5’-monophosphate kinase and blocking RUNX2 ubiquitination (64), while ablation of GLUT4 in primary cultures of mouse OBs suppresses insulin-stimulated glucose uptake, reduces proliferation, and decreases OB maturation measures.

To obtain energy, OBs carry out aerobic glycolysis, even in the presence of high oxygen concentrations, converting glucose into lactate (recalling the Warburg effect) (66). It has also been shown that forcing the activation of glycolysis by overexpressing HIF-1α induces an increase in the number of OBs and bone mass in mice (67). As a result, aerobic glycolysis can be seen not only as a metabolic feature of OBs but also as a component of their phenotype. In addition, it allows to obtain the metabolic intermediates involved in the synthesis of matrix proteins (68). In OBs, aerobic glycolysis may be accompanied by citrate secretion, which is relevant for the formation of apatite nanocrystals in bone (69).

One of the main promoters of OB formation is Wnt signaling. Wnt proteins reprogram cellular glucose metabolism during OBs differentiation (70). Wnt3a, 7b, and 10b stimulate aerobic glycolysis either in cell lines or primary cultures of osteogenic cells. Wnt3a increases the protein levels of several glycolytic enzymes downstream of mTORC2 and Akt (70). Similarly, the anabolic hormone PTH stimulates aerobic glycolysis in long bone or calvarial bone explants and isolated cranial OBs (71, 72) and induces glucose uptake in a rat OB cell line (65). Specifically, to stimulate aerobic glycolysis in pre-osteoblastic MC3T3-E1 cells, PTH activates insulin-like growth factor (IGF) signaling, which triggers the PI3K/mTORC2 and upregulates metabolic enzymes such as HK2, LDH, and pyruvate dehydrogenase kinase 1 (PDK1) (73). Furthermore, it has been shown that deletion of IGF1 or IGF1R in OBs is able to inhibit the bone anabolic effect of PTH in mice (74) (Figure 1).




Figure 1 | Metabolic features of osteoblasts. Representation of the main metabolic pathways in osteoblasts: glycolysis and glutamine metabolism. Intracellular energy metabolism relies on different feed-forward and negative feedback mechanisms. Osteoblasts take advantage of glucose metabolism to generate ATP through aerobic/anaerobic glycolysis or OXPHOS. Similarly, glutamine metabolism fuels the TCA cycle and boosts the OXPHOS pathway to generate additional ATP. GLUT, glucose transporter; HIF1-α, hypoxia-inducible factor-alpha; IGF-1, insulin-like growth factor-1; IGF1R, insulin like growth factor 1 receptor; LRP5, LDL receptor related protein 5; MSC, mesenchymal stromal cells; mTORC2, mTOR complex 2; OB, osteoblast; OXPHOS, oxidative phosphorylation; PI3K, phosphatidylInositol 3-kinase; PTH, parathyroid hormone; PTH1R, parathyroid hormone 1 receptor; RUNX2, runt-related transcription factor 2; TCA, tricarboxylic acid.




Role of Gln in OB formation and function

Different studies have demonstrated that Gln is involved in OB differentiation from BM stromal cells (BMSCs) (75) and is critical for the formation of the matrix mineralization process (7, 76). In OBs precursors, Gln, through an oxidation process at the level of the TCA cycle, is converted into citrate and used to produce energy at the mitochondrial level (77). Experimental evidence suggested GLS and the concentrative Gln transporter sodium-dependent neutral amino acid transporter 2 (SNAT2) are the targeted enzymes of Gln metabolism affecting the differentiation of BMSCs (7). Inhibiting Gln metabolism through deletion of GLS in BMSCs resulted in a reduction of OBs number and the capability of bone formation, consequently causing a decreased bone mass in mice (75). Recent evidence reported that miRNA-206 participates in the bioenergetics of BMSCs by directly bounding to the 3-untranslated region of GLS mRNA suppressing GLS expression and Gln metabolism. This results in the inhibition of osteogenic differentiation of BMSCs (78). Furthermore, the fact that Gln participates in the production of glutathione plays a crucial role in OB precursors survival, as the latter can be exploited to offset the activity of ROS harmful to maturing OBs.

Wnt signaling has been associated with an increased Gln metabolism in OBs (77). Indeed, two amino acid transporters LAT1 and ASCT2 have been identified as the main Gln transporters in response to Wnt activation (79). LAT1 mediates the increase of Gln uptake in response to Wnt activation whereas ASCT2 is involved, in general, in Gln uptake (79).

Furthermore, Gln metabolism plays a vital role in maintaining high levels of aspartate and glutamate in skeletal stem cells, as it contributes both carbon and nitrogen for their biosynthesis (75) (Figure 1). Regarding glutamate itself, in vitro studies on its role in OBs function have generally focused on the use of N-methyl-D-aspartate (NMDA) glutamate receptor antagonists (such as dizocilpine also known as MK-801). Short-term treatment with both, MK-801 and a glycine receptor domain antagonist, depresses alkaline phosphatase expression by OBs without affecting cell survival (80). Sustained treatment downregulated RUNX2 expression suggesting a role for glutamate in the differentiation regulation. Subsequent investigations showed that NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) glutamate receptor antagonists inhibited osteoblastic differentiation processes in rat BM cultures, leading to the specific observation that the latter became less osteogenic and more adipocytic (81).




Metabolic features of OC

OCs are multinucleated giant cells formed by the fusion of macrophage family progenitors, which are in charge of bone resorption. Macrophage colony-stimulating factor (M-CSF) and the receptor activator of nuclear factor κB ligand (RANKL) are the two factors necessary to promote osteoclastogenesis (82). OCs appear accommodated in pits excavated on the surface of the trabecular bone, termed Howship lacunae, which are formed precisely by their erosive action (83). Bone matrix resorption begins with the dissolution of the mineral component, due to acidification of the microenvironment; at the same time, proteolytic enzymes, released from the OC, are activated and digest the organic components of the bone matrix (83, 84). Since bone resorption is an energetically wasteful process, it has been suggested that OCs undergo metabolic adaptation during differentiation to accommodate their increased ATP demand. Differentiation of OCs is accompanied by an increased number of mitochondria (85), increased oxygen consumption rate, and an upregulated expression of glycolytic enzymes (e.g., HK, PFK, and PK) (86), TCA cycle, and OXPHOS indicating increased energy production (87). Several factors related to biogenesis and mitochondrial functions including, PGC-1β, peroxisome proliferator-activated receptor y (PPARy), and estrogen-related receptor α (ERRα), play key roles in OC differentiation and function (88–90). OXPHOS is the main bioenergetic source for OC formation (91). Treatment with electron transport chain inhibitors blocks osteoclastogenesis, and cells lacking mitochondrial complex I subunits fail to differentiate into OCs (92). The RANKL-induced increase in mitochondrial respiration of OCs is dependent on MYC/ERRα, suggesting that MYC is a central regulator for their metabolic reprogramming (93). OCs-specific MYC-deficient mice show increased bone mass caused by faulty OCs development, and the bone loss induced by osteoporosis is reduced in MYC-deficient mice (93). Therefore, alteration of OXPHOS in OCs results in changes in bone phenotype by reducing their numbers. On the other hand, OCs bone resorption is enhanced when OXPHOS is low as demonstrated by the treatment with rotenone, an inhibitor of mitochondrial complex I, that increases OC activity (91).

During osteoclastogenesis, there is a significant increase in glucose uptake mediated by GLUT1 and GLUT3 transporters (86). The use of inhibitors that block the glycolysis pathway or its depletion in culture media has been shown to inhibit osteoclastogenesis (86).Glycolysis also appears to be important in OC bone resorption: when mature OCs are exposed to culture a media containing only glucose, the degradation activity is markedly increased. Immunohistochemical analyses detected the presence of PKM2, and GAPDH, two glycolytic pathway-associated enzymes, near the seal zones of mature OCs, where bone resorption occurs (91).It was seen that deletion of HIF-1α and glucose deprivation inhibited the bone resorption function of OCs, along with suppression of GLUT1 and glycolytic gene expression. Accordingly, it has been proposed that HIF-1a activates the transcription of GLUT1 and glycolytic enzymes in OCs, thereby promoting glucose uptake and glycolysis, which are prerequisites for bone resorption and function (86). Therefore, during differentiation, osteoclasts exploit both OXPHOS and glycolysis to fulfill the high bioenergetic demand. On the other hand, bone resorption mainly relies on aerobic glycolysis and lactate production (Figure 2).




Figure 2 | Glucose and glutamine metabolisms in Osteoclasts. Illustration summarizing both glycolysis and glutaminolysis in osteoclast differentiation and bone resorption function. Osteoclasts contain abundant mitochondria, whose biogenesis is stimulated by PGC-1β, due to the bioenergetic demands of osteoclastogenesis and bone resorption. The expression of Glut1 and glycolytic genes is stimulated toward the maturation stage, through the action of HIF-1α, contributing to bone resorption function. Expression of ASCT2 and glutaminase is induced via c-MYC in the early stages of differentiation, contributing to osteoclastogenesis and bone resorption function. ASCT2, alanine-serine-cysteine transporter; GLUT, glucose transporter; HIF1-α, hypoxia-inducible factor-alpha; M-CSF, macrophage colony-stimulating factor; MCT, monocarboxylate transporter; OC, osteoclast; OXPHOS, oxidative phosphorylation; PGC-1β, peroxisome proliferator-activated receptor gamma coactivator 1-β; RANK, receptor activator of nuclear factor-kappa B; RANKL, receptor activator of nuclear factor kappa-B ligand; TCA, tricarboxylic acid.



Besides glucose, amino acid metabolism plays a central involvement in regulating the OCs formation. Glutamine turns out to be critically important for OC formation. It has been shown that the hypoxic environment in which OCs are located stimulates their consumption of Gln (94). The concentration of Gln in the culture medium influences OCs formation, and its deletion inhibits both, their differentiation and function (95, 96). Following uptake through ASCT2, OCs convert Gln to glutamate and subsequently to α-KG, which is an important anaplerotic substrate in osteoclastic differentiation. The importance of the α-KG supply via glutaminolysis is emphasized by the fact that the inhibition of OCs formation by the deprivation of Gln is restored by the supplementation of dimethyl-α-KG (an α-KG membrane-permeable analog). In addition, the expression of ASCT2 and GLS has been suppressed by c-MYC inhibition interfering with OC differentiation and function (Figure 2).

Other studies have evaluated the effect of glutamate on OCs differentiation and function. Chenu’s group first and Szczesniak’s group later showed that the inhibition of NMDA receptors on isolated OCs reduced bone resorption (97, 98). In contrast to the above study, another work conducted on a mouse model of osteoclastogenesis has revealed that glutamate receptor function is not important in regulating mature osteoclast activity but is essential during osteoclast formation (99). Thus, the role of glutamate receptors in pre-OCs and OCs are not fully understood and needs further studies.



Glutamine metabolism in the bone microenvironment in MM

Bone disease is the most frequent disease-defining clinical event in MM (1). The bone lesions result from an alteration in the normal bone remodeling which is unbalanced and uncoupled in areas of PCs infiltration. At a pathophysiological level, there is a cell-to-cell interaction between the bone microenvironment and PCs that inhibit OBs formation and enhanced OCs activity (1).

The metabolic alterations of cancer cells can alter the biochemical characteristics of the bone microenvironment and influence the metabolic behavior of microenvironmental cells. These cells adapt their metabolism to survive a hypoxic microenvironment with high concentrations of lactic acid and low levels of Gln (15). However, bone disease has been recently related to the Gln metabolism of MM cells (7, 10).

Our group has recently demonstrated that MM-imposed Gln depletion in the BM impairs OBs differentiation (7). The analysis of Gln transport in both MM and stromal cells revealed that MM cells are characterized by a higher Gln uptake than stromal cells. Consequently, MM cells rapidly consume a substantial amount of extracellular Gln depleting the medium of the amino acid. Indeed, the co-culture between MM and stromal cells decreased the levels of Gln in the medium while increasing GS expression in stromal cells. When stromal cells were differentiated in a MM-conditioned medium, they exhibit an impairment of their differentiation potential that was rescued by Gln supplementation (7). All these data suggest that MM cells can create a microenvironment characterized by lower Gln levels which, in turn, hamper osteoblast differentiation and viability. In the same way, stromal cells differentiated in the presence of a Gln concentration that mimics BM plasma of MM patients showed a significant decrease in osteoblastic markers (7). The analysis of the mechanism underlying Gln effects showed that differentiation was associated with the induction of the Gln transporter SNAT2 and the Gln-metabolizing enzyme GLS1 which were inhibited by Gln deprivation (7).

Moreover, we characterized the in vitro cellular content of Gln-related amino acids in differentiated MSCs. The intracellular levels of the non-essential amino acid asparagine (Asn) were found to be higher in differentiated stromal cells than in undifferentiated cells. The increase was abolished by differentiating the cells in the absence of Gln. Interestingly, the OBs differentiation impaired by Gln- deprivation was restored by Asn supplementation. The expression of asparagine synthetase (ASNS), the Gln-dependent enzyme responsible for the synthesis of Asn, increases during differentiation while its knock-out significantly attenuated the induction of osteoblastic markers in stromal cell line (7) (Figure 3).




Figure 3 | Alterations of glutamine metabolisms in myeloma bone niche. In physiological conditions (left), glutaminase and the concentric glutamine transporter SNAT2 are induced during osteoblastogenesis and are both required for the differentiation of mesenchymal stromal cells (MSCs), indicating an increased requirement for the amino acid. Osteoblastogenesis also triggers the induction of glutamine-dependent asparagine synthetase (ASNS). However, under pathological conditions (right), Gln-dependent MM cells downregulate Gln in the BM microenvironment leading to defective differentiation of OBs, attributable, at least in part, to impaired Gln-dependent Asn synthesis.



Our group has recently explored the effect of Gln metabolism on OCs formation and function (10). We showed that glutamate, the main Gln metabolite, stimulates OCs formation from primary monocytes precursors isolated from premalignant patients (MGUS/SMM). In contrast, monocyte precursors from MM patients have a lower response to glutamate due to the high levels of the amino acid found in the BM (6, 10). The intracellular amino acid content analysis showed that OCs formation is characterized by increased intracellular glutamate levels. Moreover, the activity of the glutamate transporter excitatory amino acid transporter 1 (EAAT1) increases in the early step of OCs differentiation pointing to a rapid uptake of the amino acid by OCs precursors (10).

These experiments demonstrated that MM cells impair osteoblastogenesis by hindering mesenchymal asparagine synthesis through Gln depletion, providing a metabolic mechanism underlying OBs inhibition in MM. Finally, the metabolic features malignant PCs generate BM micro-environment niche characterized by low Gln and high Glu levels. Resulting in an impairment of OB formation and a stimulation of OCs differentiation. Therefore, targeting the Gln-glutamate axis could represent a novel therapeutic approach for bone disease in MM patients.




Metabolic feature of cancer cells as a diagnostic tool: The Positron Emission Tomography/Computed Tomography (PET/CT) imaging in MM

In MM patients, bone imaging plays a central role in the detection of osteolytic lesions, as well as in staging, prognostic evaluation, and monitoring the response to therapy.

In recent years, conventional X-rays has been flanked by different radiological methods that have displayed more sensitivity in identifying the presence of osteolytic lesions and evaluating response to therapy: Whole-Body Low Dose Computed Tomography (WBLD/CT), Whole-Body Magnetic Resonance Imaging (WB-MRI), and Positron Emission Tomography/Computed Tomography (PET/CT) (100).

PET/CT is emerging as an important diagnostic and prognostic tool in the management of patients with MM. Combining morphological and functional information, PET/CT is considered the milestone of bone imaging in MM. Because MM cells have a more accelerated metabolism than normal cells, their high glucose uptake renders plausible the use of 18F-FDG, a glucose analog, as a PET tracer, providing very accurate information in the diagnostic evaluation of disease and beyond (101). After intravenous administration of the radiopharmaceutical drug, it is transported into MM cells, where it undergoes phosphorylation by HK2 and is converted to 18F-FDG-6-phosphate (6P) (102). However, 18F-FDG-6P is not further metabolized and becomes metabolically trapped in tumor cells. The ability of tumor cells to trap 18F-FDG-6P provides the basis for imaging the in vivo distribution of the 18F-FDG (102).

The analysis of metabolic disease activity by PET/CT has been shown to be relevant in the context of monitoring the response achieved with therapy in MM patients (103). The persistence of 18F-FDG PET/CT positivity is significantly associated with poorer survival than MM patients in whom PET/CT is negative (104). The detection by 18F-FDG -PET of more than three focal lesions at baseline is associated with a poor prognosis in MM patients that underwent high-dose treatment and autologous stem cell transplantation (ASCT) (103). Furthermore, the presence of at least two hypermetabolic lesions by 18F-FDG-PET is predictive of progression to MM patients with solitary plasmacytoma (105). In addition, in SMM patients, a positive 18F-FDG-PET in the absence of obvious osteolytic lesions on transmission CT may be predictive of a higher risk of progression to MM (106).

However, 18F-FDG-PET has some limitations related both to physiological uptake of FDG in the BM and brain and to the possible deficiency of HK2 by MM cells, which reduce its efficacy (107, 108). HK2 deficiency in MM patients has been found to cause false negativity in 10-15% of cases (108). For this reason, the use of 18F-FDG PET in the evaluation of minimal residual disease in low HK2 expression MM patients is not appropriate.

To overcome the limitations of 18F-FDG, other PET tracers have been proposed to be used in MM patients (109).


PET/CT in MM: Beyond 18F-FDG

Over the past decade, molecular imaging has made significant advances. Several targets have been suggested for MM instead of 18F-FDG due to their increased uptake in cancer cells. Amino acid tracers are particularly interesting as biomarkers in MM cells due to their involvement in the production of immunoglobulins Table 1.


Table 1 | Radiotracers explored for MM imaging discussed in this review.



The most explored amino acid tracer in MM is 11C-methionine as high uptake has been observed in PCs (110, 117). Several trials have compared the use of 11C-methionine versus 18F-FDG demonstrating greater sensitivity in detecting focal lesions, BM affection, extramedullary disease, and more precise measurement of tumor burden and disease activity (111, 112). The last study comparing PET with 11C-methionine and 18F-FDG PET/CT was recently published by Morales-Lozano et al. (113) in 52 patients (8 SMM, 18 newly diagnosed MM and 26 relapsed MM patients) reporting a higher sensitivity of PET with 11C-methionine than 18F-FDG (113).11C-methionine detected tumor infiltration in 11% of 18F-FDG PET/CT negative MM patients, detecting a greater number of lesions in the majority of patients. Additionally, 11C-methionine showed correlation with BM infiltration, it could suggest this tracer better reflects the tumor burden than 18F-FDG (113).

The 18F-fluoro-ethyl-tyrosine (18F-FET) is a tracer already used in the diagnosis of brain neoplasms (118). The 18F-FET is uptake and incorporated into newly synthesized proteins, such as 11C-methionine (117). In a preliminary study, the use of 18F-FET proved to be more sensitive than low-dose CT by detecting 83 lesions vs 64 in patients with newly diagnosed MM. Two patients had more lesions with 18F-FET while in six the number of lesions detected using CT and 18F-FET was the same. Patients in complete remission from the disease had no FET-positive lesions (114).

An additional amino acid tracer considered for MM PET imaging is 18F-fluciclovine. 18F-fluciclovine is a radiolabeled analog of leucine, which is an essential amino acid (119). Like leucine, 18F-fluciclovine is uptake through the amino acid transporter systems, demonstrating maximum uptake in tissues that produce proteins or process amino acids (120). In a prospective study, thirteen patients with MM before and after first-line treatment with induction therapy and ASCT underwent both 18F-fluciclovine and 18F-FDG PET/CT. Compared with 18F-FDG PET, 18F-fluciclovine showed significantly higher uptake, detecting more lesions in seven of the thirteen patients. Moreover, three patients who were negative for 18F-FDG PET were positive for 18F-fluciclovine PET/CT (115). All 18F-fluciclovine-positive PET/CT MM patients exhibited a satisfactory response to treatment three months post-ASCT. Interestingly, a correlation between the uptake of 18F-fluciclovine PET and the percentage of neoplastic PCs in BM biopsies was found, which was not observed with 18F-FDG (115).

In summary, emerging evidence supports the promising role of these amino acid tracers in the management of MM patients. Preliminary reports are mostly encouraging, indicating a more sensitivity in particular settings. However, the clinical impact of these new tracers is not yet known due to the limited number of patient cohorts studied. Further studies are needed to better ascertain the clinical settings in which these tracers will provide an added value and definitive clinical impact.



18F-4-Fluoroglutamine as a possible new tracer in MM

Glutamine dependence has long been reported as a metabolic feature of several malignancies, suggesting the possible use of its radiolabeled analog, 18F-4-fluoroglutamine (FGln), as an alternative PET tracer. Several papers evaluating clinical safety, pharmacokinetics, and imaging have been published in support of its possible use as an imaging biomarker (121–123). The possible exploitation of Gln as a PET tracer has been successfully evaluated in patients with lymphoma (124, 125). Recently, Valtorta et al. (116) evaluated the uptake of 18F-4-FGln in MM mouse models in comparison to 18F-FDG (116). Both radiotracers identified MM cells colonization in vivo. Mice were treated with bortezomib and underwent PET scan with both radiotracers. Based on the tumor volume in response to bortezomib treatment, mice were classified as responder and non-responder. Responder mice showed a reduction of 18F-4-FGln uptake while the 18F-FDG increased in both groups, showing a higher affinity of 18F-4-FGln to the sensitivity of the drug (116). Overall, these data indicate that 18F-4-FGln could be useful as alternative PET tracer and to describe the alterations induced by therapy. The characterization of the metabolic profile of malignant PCs could be exploit to design novel metabolic therapeutic approaches.




Conclusion

Growing evidence reviewed herein suggest that the metabolic rewiring of MM cells creates a peculiar BM niche with low glutamine and high glutamate levels. The metabolic reprogramming of the microenvironment affects both OBs and OCs differentiation leading to alterations of bone remodeling process contributing to the development of osteolytic bone disease. Based on this data, new treatments with metabolism-altering agents emerged from preclinical evidence could be explored in the future in a clinical perspective in MM patients.

Moreover, the alterations of metabolic features of MM cells and their bone microenvironment may represent a new diagnostic tool in MM patients. In this context, we have underlined the possible use of 18F-4-FGln as a novel PET tracer showing encouraging results in MM tumor burden detection and in the evaluation of treatment response in preclinical in vivo models. Based on these data, we can argue that 18F-4-FGln PET could help to better define the metabolic phenotype of the tumor and the changes induced by therapy. Finally, in vivo study of the metabolic profile of myeloma cells by 18F-4-FGln could be useful for designing future metabolism-based therapeutic approaches and for the clinical management of MM patients.



Author contributions

VR, DT, and JB-G wrote the manuscript; VM and VR designed the figures. All authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by a grant from “Associazione Italiana per la Ricerca sul Cancro” (AIRC) under IG2017 ID. 20299 and International Myeloma Society (IMS) under “Paula and Rodger Riney Foundation Translational Research Grant”.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Roodman, GD. Pathogenesis of myeloma bone disease. Leukemia (2009) 23(3):435–41. doi: 10.1038/leu.2008.336

2. DeBerardinis, RJ, Lum, JJ, Hatzivassiliou, G, and Thompson, CB. The biology of cancer: Metabolic reprogramming fuels cell growth and proliferation. Cell Metab (2008) 7(1):11–20. doi: 10.1016/j.cmet.2007.10.002

3. Pavlova, NN, Zhu, J, and Thompson, CB. The hallmarks of cancer metabolism: Still emerging. Cell Metab (2022) 34(3):355–77. doi: 10.1016/j.cmet.2022.01.007

4. Li, F, and Simon, MC. Cancer cells don’t live alone: Metabolic communication within tumor microenvironments. Dev Cell (2020) 54(2):183–95. doi: 10.1016/j.devcel.2020.06.018

5. Wu, S, Kuang, H, Ke, J, Pi, M, and Yang, DH. Metabolic reprogramming induces immune cell dysfunction in the tumor microenvironment of multiple myeloma. Front Oncol (2020) 10:591342. doi: 10.3389/fonc.2020.591342

6. Bolzoni, M, Chiu, M, Accardi, F, Vescovini, R, Airoldi, I, Storti, P, et al. Dependence on glutamine uptake and glutamine addiction characterize myeloma cells: A new attractive target. Blood (2016) 128(5):667–79. doi: 10.1182/blood-2016-01-690743

7. Chiu, M, Toscani, D, Marchica, V, Taurino, G, Costa, F, Bianchi, MG, et al. Myeloma cells deplete bone marrow glutamine and inhibit osteoblast differentiation limiting asparagine availability. Cancers (Basel) (2020) 12(11). doi: 10.3390/cancers12113267

8. Giuliani, N, Rizzoli, V, and Roodman, GD. Multiple myeloma bone disease: Pathophysiology of osteoblast inhibition. Blood (2006) 108(13):3992–6. doi: 10.1182/blood-2006-05-026112

9. Toscani, D, Bolzoni, M, Accardi, F, Aversa, F, and Giuliani, N. The osteoblastic niche in the context of multiple myeloma. Ann N Y Acad Sci (2015) 1335:45–62. doi: 10.1111/nyas.12578

10. Toscani, D, Chiu, M, Raimondi, V, Iannozzi, NT, Lungu, O, Garcia, JB, et al. P-092: Impaired Glutamine/Glutamate metabolic axis into myeloma microenvironment affects osteoclast formation. Clin Lymphoma Myeloma Leukemia (2022) 22:S86. doi: 10.1016/S2152-2650(22)00422-0

11. Kyle, RA, Gertz, MA, Witzig, TE, Lust, JA, Lacy, MQ, Dispenzieri, A, et al. Review of 1027 patients with newly diagnosed multiple myeloma. Mayo Clin Proc (2003) 78(1):21–33. doi: 10.4065/78.1.21

12. Terpos, E, and Dimopoulos, MA. Myeloma bone disease: Pathophysiology and management. Ann Oncol (2005) 16(8):1223–31. doi: 10.1093/annonc/mdi235

13. Hillengass, J, Usmani, S, Rajkumar, SV, Durie, BGM, Mateos, MV, Lonial, S, et al. International myeloma working group consensus recommendations on imaging in monoclonal plasma cell disorders. Lancet Oncol (2019) 20(6):e302–e12. doi: 10.1016/S1470-2045(19)30309-2

14. Zhu, A, Lee, D, and Shim, H. Metabolic positron emission tomography imaging in cancer detection and therapy response. Semin Oncol (2011) 38(1):55–69. doi: 10.1053/j.seminoncol.2010.11.012

15. Kühnel, A, Blau, O, Nogai, KA, and Blau, IW. The warburg effect in multiple myeloma and its microenvironment. Med Res Arch (2017) 5(Issue 9).

16. Warburg, O, Wind, F, and Negelein, E. The metabolism of tumors in the body. J Gen Physiol (1927) 8(6):519–30. doi: 10.1085/jgp.8.6.519

17. Warburg, O. On the origin of cancer cells. Science (1956) 123(3191):309–14. doi: 10.1126/science.123.3191.309

18. Fantin, VR, St-Pierre, J, and Leder, P. Attenuation of ldh-a expression uncovers a link between glycolysis, mitochondrial physiology, and tumor maintenance. Cancer Cell (2006) 9(6):425–34. doi: 10.1016/j.ccr.2006.04.023

19. Moreno-Sanchez, R, Rodriguez-Enriquez, S, Marin-Hernandez, A, and Saavedra, E. Energy metabolism in tumor cells. FEBS J (2007) 274(6):1393–418. doi: 10.1111/j.1742-4658.2007.05686.x

20. Ancey, PB, Contat, C, and Meylan, E. Glucose transporters in cancer - from tumor cells to the tumor microenvironment. FEBS J (2018) 285(16):2926–43. doi: 10.1111/febs.14577

21. Jones, RG, and Thompson, CB. Tumor suppressors and cell metabolism: A recipe for cancer growth. Genes Dev (2009) 23(5):537–48. doi: 10.1101/gad.1756509

22. Vander Heiden, MG, Cantley, LC, and Thompson, CB. Understanding the warburg effect: The metabolic requirements of cell proliferation. Science (2009) 324(5930):1029–33. doi: 10.1126/science.1160809

23. Gomes, AS, Ramos, H, Soares, J, and Saraiva, L. P53 and glucose metabolism: An orchestra to be directed in cancer therapy. Pharmacol Res (2018) 131:75–86. doi: 10.1016/j.phrs.2018.03.015

24. Moldogazieva, NT, Mokhosoev, IM, and Terentiev, AA. Metabolic heterogeneity of cancer cells: An interplay between hif-1, gluts, and ampk. Cancers (Basel) (2020) 12(4). doi: 10.3390/cancers12040862

25. Desbats, MA, Giacomini, I, Prayer-Galetti, T, and Montopoli, M. Metabolic plasticity in chemotherapy resistance. Front Oncol (2020) 10:281. doi: 10.3389/fonc.2020.00281

26. Bouchez, CL, Hammad, N, Cuvellier, S, Ransac, S, Rigoulet, M, and Devin, A. The warburg effect in yeast: Repression of mitochondrial metabolism is not a prerequisite to promote cell proliferation. Front Oncol (2020) 10:1333. doi: 10.3389/fonc.2020.01333

27. Ashton, TM, McKenna, WG, Kunz-Schughart, LA, and Higgins, GS. Oxidative phosphorylation as an emerging target in cancer therapy. Clin Cancer Res (2018) 24(11):2482–90. doi: 10.1158/1078-0432.CCR-17-3070

28. Kumar, PR, Moore, JA, Bowles, KM, Rushworth, SA, and Moncrieff, MD. Mitochondrial oxidative phosphorylation in cutaneous melanoma. Br J Cancer (2021) 124(1):115–23. doi: 10.1038/s41416-020-01159-y

29. Nie, K, Li, J, He, X, Wang, Y, Zhao, Q, Du, M, et al. Cox6b2 drives metabolic reprogramming toward oxidative phosphorylation to promote metastasis in pancreatic ductal cancer cells. Oncogenesis (2020) 9(5):51. doi: 10.1038/s41389-020-0231-2

30. Pavlides, S, Whitaker-Menezes, D, Castello-Cros, R, Flomenberg, N, Witkiewicz, AK, Frank, PG, et al. The reverse warburg effect: Aerobic glycolysis in cancer associated fibroblasts and the tumor stroma. Cell Cycle (2009) 8(23):3984–4001. doi: 10.4161/cc.8.23.10238

31. Wilde, L, Roche, M, Domingo-Vidal, M, Tanson, K, Philp, N, Curry, J, et al. Metabolic coupling and the reverse warburg effect in cancer: Implications for novel biomarker and anticancer agent development. Semin Oncol (2017) 44(3):198–203. doi: 10.1053/j.seminoncol.2017.10.004

32. Danhier, P, Banski, P, Payen, VL, Grasso, D, Ippolito, L, Sonveaux, P, et al. Cancer metabolism in space and time: Beyond the warburg effect. Biochim Biophys Acta Bioenerg (2017) 1858(8):556–72. doi: 10.1016/j.bbabio.2017.02.001

33. Sanchez, WY, McGee, SL, Connor, T, Mottram, B, Wilkinson, A, Whitehead, JP, et al. Dichloroacetate inhibits aerobic glycolysis in multiple myeloma cells and increases sensitivity to bortezomib. Br J Cancer (2013) 108(8):1624–33. doi: 10.1038/bjc.2013.120

34. Hideshima, T, Nakamura, N, Chauhan, D, and Anderson, KC. Biologic sequelae of interleukin-6 induced Pi3-K/Akt signaling in multiple myeloma. Oncogene (2001) 20(42):5991–6000. doi: 10.1038/sj.onc.1204833

35. Phadngam, S, Castiglioni, A, Ferraresi, A, Morani, F, Follo, C, and Isidoro, C. Pten dephosphorylates akt to prevent the expression of Glut1 on plasmamembrane and to limit glucose consumption in cancer cells. Oncotarget (2016) 7(51):84999–5020. doi: 10.18632/oncotarget.13113

36. McBrayer, SK, Cheng, JC, Singhal, S, Krett, NL, Rosen, ST, and Shanmugam, M. Multiple myeloma exhibits novel dependence on Glut4, Glut8, and Glut11: Implications for glucose transporter-directed therapy. Blood (2012) 119(20):4686–97. doi: 10.1182/blood-2011-09-377846

37. Wei, C, Bajpai, R, Sharma, H, Heitmeier, M, Jain, AD, Matulis, SM, et al. Development of Glut4-selective antagonists for multiple myeloma therapy. Eur J Med Chem (2017) 139:573–86. doi: 10.1016/j.ejmech.2017.08.029

38. Bost, F, and Kaminski, L. The metabolic modulator pgc-1alpha in cancer. Am J Cancer Res (2019) 9(2):198–211.

39. Cao, D, Zhou, H, Zhao, J, Jin, L, Yu, W, Yan, H, et al. Pgc-1alpha integrates glucose metabolism and angiogenesis in multiple myeloma cells by regulating vegf and glut-4. Oncol Rep (2014) 31(3):1205–10. doi: 10.3892/or.2014.2974

40. Zhang, H, Li, L, Chen, Q, Li, M, Feng, J, Sun, Y, et al. Pgc1beta regulates multiple myeloma tumor growth through ldha-mediated glycolytic metabolism. Mol Oncol (2018) 12(9):1579–95. doi: 10.1002/1878-0261.12363

41. Cheng, Y, Sun, F, Thornton, K, Jing, X, Dong, J, Yun, G, et al. Foxm1 regulates glycolysis and energy production in multiple myeloma. Oncogene (2022) 41(32):3899–911. doi: 10.1038/s41388-022-02398-4

42. Maiso, P, Huynh, D, Moschetta, M, Sacco, A, Aljawai, Y, Mishima, Y, et al. Metabolic signature identifies novel targets for drug resistance in multiple myeloma. Cancer Res (2015) 75(10):2071–82. doi: 10.1158/0008-5472.CAN-14-3400

43. Osthus, RC, Shim, H, Kim, S, Li, Q, Reddy, R, Mukherjee, M, et al. Deregulation of glucose transporter 1 and glycolytic gene expression by c-myc. J Biol Chem (2000) 275(29):21797–800. doi: 10.1074/jbc.C000023200

44. Stine, ZE, Walton, ZE, Altman, BJ, Hsieh, AL, and Dang, CV. Myc, metabolism, and cancer. Cancer Discovery (2015) 5(10):1024–39. doi: 10.1158/2159-8290.CD-15-0507

45. Gu, Z, Xia, J, Xu, H, Frech, I, Tricot, G, and Zhan, F. Nek2 promotes aerobic glycolysis in multiple myeloma through regulating splicing of pyruvate kinase. J Hematol Oncol (2017) 10(1):17. doi: 10.1186/s13045-017-0392-4

46. He, Y, Wang, Y, Liu, H, Xu, X, He, S, Tang, J, et al. Pyruvate kinase isoform M2 (Pkm2) participates in multiple myeloma cell proliferation, adhesion and chemoresistance. Leuk Res (2015) 39(12):1428–36. doi: 10.1016/j.leukres.2015.09.019

47. Fujiwara, S, Wada, N, Kawano, Y, Kikukawa, Y, Mitsuya, H, and Hata, H. Lactate is a crucial energy source for multiple myeloma (Mm) cells in bone marrow microenvironment. Blood (2013) 122(21):3109. doi: 10.1182/blood.V122.21.3109.3109

48. Fujiwara, S, Wada, N, Kawano, Y, Okuno, Y, Kikukawa, Y, Endo, S, et al. Lactate, a putative survival factor for myeloma cells, is incorporated by myeloma cells through monocarboxylate transporters 1. Exp Hematol Oncol (2015) 4:12. doi: 10.1186/s40164-015-0008-z

49. Demel, HR, Feuerecker, B, Piontek, G, Seidl, C, Blechert, B, Pickhard, A, et al. Effects of topoisomerase inhibitors that induce DNA damage response on glucose metabolism and Pi3k/Akt/Mtor signaling in multiple myeloma cells. Am J Cancer Res (2015) 5(5):1649–64.

50. Giuliani, N, Chiu, M, Bolzoni, M, Accardi, F, Bianchi, MG, Toscani, D, et al. The potential of inhibiting glutamine uptake as a therapeutic target for multiple myeloma. Expert Opin Ther Targets (2017) 21(3):231–4. doi: 10.1080/14728222.2017.1279148

51. Corbet, C, and Feron, O. Metabolic and mind shifts: From glucose to glutamine and acetate addictions in cancer. Curr Opin Clin Nutr Metab Care (2015) 18(4):346–53. doi: 10.1097/MCO.0000000000000178

52. Effenberger, M, Bommert, KS, Kunz, V, Kruk, J, Leich, E, Rudelius, M, et al. Glutaminase inhibition in multiple myeloma induces apoptosis Via myc degradation. Oncotarget (2017) 8(49):85858–67. doi: 10.18632/oncotarget.20691

53. Holien, T, Vatsveen, TK, Hella, H, Waage, A, and Sundan, A. Addiction to c-myc in multiple myeloma. Blood (2012) 120(12):2450–3. doi: 10.1182/blood-2011-08-371567

54. Lieberman, BP, Ploessl, K, Wang, L, Qu, W, Zha, Z, Wise, DR, et al. Pet imaging of glutaminolysis in tumors by 18f-(2s,4r)4-Fluoroglutamine. J Nucl Med (2011) 52(12):1947–55. doi: 10.2967/jnumed.111.093815

55. Prelowska, MK, Mehlich, D, Ugurlu, MT, Kedzierska, H, Cwiek, A, Kosnik, A, et al. Corrigendum to “Inhibition of the l-glutamine transporter Asct2 sensitizes plasma cell myeloma cells to proteasome inhibitors” [Canc. Lett 507 (2021) 13-25] Cancer Lett (2022) 526:363. doi: 10.1016/j.canlet.2021.11.029

56. Gonsalves, WI, Devarakonda, S, Baz, R, Neparidze, N, Adjei, AA, Kunos, C, et al. Trial in progress: Phase I dose-escalation and dose-expansion trial of a novel glutaminase inhibitor (Cb-839 hcl) in combination with carfilzomib and dexamethasone in relapsed and/or refractory multiple myeloma. Blood (2019) 134(Supplement_1):3160–. doi: 10.1182/blood-2019-123399

57. Choi, BH, and Coloff, JL. The diverse functions of non-essential amino acids in cancer. Cancers (Basel) (2019) 11(5). doi: 10.3390/cancers11050675

58. Zhang, J, Pavlova, NN, and Thompson, CB. Cancer cell metabolism: The essential role of the nonessential amino acid, glutamine. EMBO J (2017) 36(10):1302–15. doi: 10.15252/embj.201696151

59. Bajpai, R, Matulis, SM, Wei, C, Nooka, AK, Von Hollen, HE, Lonial, S, et al. Targeting glutamine metabolism in multiple myeloma enhances bim binding to bcl-2 eliciting synthetic lethality to venetoclax. Oncogene (2016) 35(30):3955–64. doi: 10.1038/onc.2015.464

60. Long, F. Building strong bones: Molecular regulation of the osteoblast lineage. Nat Rev Mol Cell Biol (2011) 13(1):27–38. doi: 10.1038/nrm3254

61. Blair, HC, Larrouture, QC, Li, Y, Lin, H, Beer-Stoltz, D, Liu, L, et al. Osteoblast differentiation and bone matrix formation in vivo and in vitro. Tissue Eng Part B Rev (2017) 23(3):268–80. doi: 10.1089/ten.TEB.2016.0454

62. Zoch, ML, Abou, DS, Clemens, TL, Thorek, DL, and Riddle, RC. In vivo radiometric analysis of glucose uptake and distribution in mouse bone. Bone Res (2016) 4:16004. doi: 10.1038/boneres.2016.4

63. Wei, J, Shimazu, J, Makinistoglu, MP, Maurizi, A, Kajimura, D, Zong, H, et al. Glucose uptake and Runx2 synergize to orchestrate osteoblast differentiation and bone formation. Cell (2015) 161(7):1576–91. doi: 10.1016/j.cell.2015.05.029

64. Thomas, DM, Rogers, SD, Ng, KW, and Best, JD. Dexamethasone modulates insulin receptor expression and subcellular distribution of the glucose transporter glut 1 in umr 106-01, a clonal osteogenic sarcoma cell line. J Mol Endocrinol (1996) 17(1):7–17. doi: 10.1677/jme.0.0170007

65. Zoidis, E, Ghirlanda-Keller, C, and Schmid, C. Stimulation of glucose transport in osteoblastic cells by parathyroid hormone and insulin-like growth factor I. Mol Cell Biochem (2011) 348(1-2):33–42. doi: 10.1007/s11010-010-0634-z

66. Cohn, DV, and Forscher, BK. Aerobic metabolism of glucose by bone. J Biol Chem (1962) 237:615–8. doi: 10.1016/S0021-9258(18)60342-4

67. Regan, JN, Lim, J, Shi, Y, Joeng, KS, Arbeit, JM, Shohet, RV, et al. Up-regulation of glycolytic metabolism is required for Hif1alpha-driven bone formation. Proc Natl Acad Sci U.S.A. (2014) 111(23):8673–8. doi: 10.1073/pnas.1324290111

68. Flanagan, B, and Nichols, G Jr. Metabolic studies of bone in vitro. v. glucose metabolism and collagen biosynthesis. J Biol Chem (1964) 239:1261–5. doi: 10.1016/S0021-9258(18)91421-3

69. Dixon, TF, and Perkins, HR. Citric acid and bone metabolism. Biochem J (1952) 52(2):260–5. doi: 10.1042/bj0520260

70. Esen, E, Chen, J, Karner, CM, Okunade, AL, Patterson, BW, and Long, F. Wnt-Lrp5 signaling induces warburg effect through Mtorc2 activation during osteoblast differentiation. Cell Metab (2013) 17(5):745–55. doi: 10.1016/j.cmet.2013.03.017

71. Borle, AB, Nichols, N, and Nichols, G Jr. Metabolic studies of bone in vitro. ii. the metabolic patterns of accretion and resorption. J Biol Chem (1960) 235:1211–4. doi: 10.1016/S0021-9258(18)69507-9

72. Felix, R, Neuman, WF, and Fleisch, H. Aerobic glycolysis in bone: Lactic acid production by rat calvaria cells in culture. Am J Physiol (1978) 234(1):C51–5. doi: 10.1152/ajpcell.1978.234.1.C51

73. Esen, E, Lee, SY, Wice, BM, and Long, F. Pth promotes bone anabolism by stimulating aerobic glycolysis Via igf signaling. J Bone Miner Res (2015) 30(11):1959–68. doi: 10.1002/jbmr.2556

74. Bikle, DD, Sakata, T, Leary, C, Elalieh, H, Ginzinger, D, Rosen, CJ, et al. Insulin-like growth factor I is required for the anabolic actions of parathyroid hormone on mouse bone. J Bone Miner Res (2002) 17(9):1570–8. doi: 10.1359/jbmr.2002.17.9.1570

75. Yu, Y, Newman, H, Shen, L, Sharma, D, Hu, G, Mirando, AJ, et al. Glutamine metabolism regulates proliferation and lineage allocation in skeletal stem cells. Cell Metab (2019) 29(4):966–78 e4. doi: 10.1016/j.cmet.2019.01.016

76. Brown, PM, Hutchison, JD, and Crockett, JC. Absence of glutamine supplementation prevents differentiation of murine calvarial osteoblasts to a mineralizing phenotype. Calcif Tissue Int (2011) 89(6):472–82. doi: 10.1007/s00223-011-9537-6

77. Karner, CM, Esen, E, Okunade, AL, Patterson, BW, and Long, F. Increased glutamine catabolism mediates bone anabolism in response to wnt signaling. J Clin Invest (2015) 125(2):551–62. doi: 10.1172/JCI78470

78. Chen, Y, Yang, YR, Fan, XL, Lin, P, Yang, H, Chen, XZ, et al. Mir-206 inhibits osteogenic differentiation of bone marrow mesenchymal stem cells by targetting glutaminase. Biosci Rep (2019) 39(3). doi: 10.1042/BSR20181108

79. Shen, L, Sharma, D, Yu, Y, Long, F, and Karner, CM. Biphasic regulation of glutamine consumption by wnt during osteoblast differentiation. J Cell Sci (2021) 134(1). doi: 10.1242/jcs.251645

80. Uno, K, Takarada, T, Hinoi, E, and Yoneda, Y. Glutamate is a determinant of cellular proliferation through modulation of nuclear factor E2 P45-related factor-2 expression in osteoblastic Mc3t3-E1 cells. J Cell Physiol (2007) 213(1):105–14. doi: 10.1002/jcp.21095

81. Skerry, TM. The role of glutamate in the regulation of bone mass and architecture. J Musculoskelet Neuronal Interact (2008) 8(2):166–73.

82. Cappellen, D, Luong-Nguyen, NH, Bongiovanni, S, Grenet, O, Wanke, C, and Susa, M. Transcriptional program of mouse osteoclast differentiation governed by the macrophage colony-stimulating factor and the ligand for the receptor activator of nfkappa b. J Biol Chem (2002) 277(24):21971–82. doi: 10.1074/jbc.M200434200

83. Boyle, WJ, Simonet, WS, and Lacey, DL. Osteoclast differentiation and activation. Nature (2003) 423(6937):337–42. doi: 10.1038/nature01658

84. Teitelbaum, SL, and Ross, FP. Genetic regulation of osteoclast development and function. Nat Rev Genet (2003) 4(8):638–49. doi: 10.1038/nrg1122

85. Dudley, HR, and Spiro, D. The fine structure of bone cells. J Biophys Biochem Cytol (1961) 11(3):627–49. doi: 10.1083/jcb.11.3.627

86. Indo, Y, Takeshita, S, Ishii, KA, Hoshii, T, Aburatani, H, Hirao, A, et al. Metabolic regulation of osteoclast differentiation and function. J Bone Miner Res (2013) 28(11):2392–9. doi: 10.1002/jbmr.1976

87. Kim, JM, Jeong, D, Kang, HK, Jung, SY, Kang, SS, and Min, BM. Osteoclast precursors display dynamic metabolic shifts toward accelerated glucose metabolism at an early stage of rankl-stimulated osteoclast differentiation. Cell Physiol Biochem (2007) 20(6):935–46. doi: 10.1159/000110454

88. Ishii, KA, Fumoto, T, Iwai, K, Takeshita, S, Ito, M, Shimohata, N, et al. Coordination of pgc-1beta and iron uptake in mitochondrial biogenesis and osteoclast activation. Nat Med (2009) 15(3):259–66. doi: 10.1038/nm.1910

89. Wei, W, Wang, X, Yang, M, Smith, LC, Dechow, PC, Sonoda, J, et al. Pgc1beta mediates ppargamma activation of osteoclastogenesis and rosiglitazone-induced bone loss. Cell Metab (2010) 11(6):503–16. doi: 10.1016/j.cmet.2010.04.015

90. Wei, W, Schwaid, AG, Wang, X, Wang, X, Chen, S, Chu, Q, et al. Ligand activation of erralpha by cholesterol mediates statin and bisphosphonate effects. Cell Metab (2016) 23(3):479–91. doi: 10.1016/j.cmet.2015.12.010

91. Lemma, S, Sboarina, M, Porporato, PE, Zini, N, Sonveaux, P, Di Pompo, G, et al. Energy metabolism in osteoclast formation and activity. Int J Biochem Cell Biol (2016) 79:168–80. doi: 10.1016/j.biocel.2016.08.034

92. Jin, Z, Wei, W, Yang, M, Du, Y, and Wan, Y. Mitochondrial complex I activity suppresses inflammation and enhances bone resorption by shifting macrophage-osteoclast polarization. Cell Metab (2014) 20(3):483–98. doi: 10.1016/j.cmet.2014.07.011

93. Bae, S, Lee, MJ, Mun, SH, Giannopoulou, EG, Yong-Gonzalez, V, Cross, JR, et al. Myc-dependent oxidative metabolism regulates osteoclastogenesis Via nuclear receptor erralpha. J Clin Invest (2017) 127(7):2555–68. doi: 10.1172/JCI89935

94. Morten, KJ, Badder, L, and Knowles, HJ. Differential regulation of hif-mediated pathways increases mitochondrial metabolism and atp production in hypoxic osteoclasts. J Pathol (2013) 229(5):755–64. doi: 10.1002/path.4159

95. Arnett, TR, and Orriss, IR. Metabolic properties of the osteoclast. Bone (2018) 115:25–30. doi: 10.1016/j.bone.2017.12.021

96. Gao, P, Tchernyshyov, I, Chang, TC, Lee, YS, Kita, K, Ochi, T, et al. C-myc suppression of mir-23a/B enhances mitochondrial glutaminase expression and glutamine metabolism. Nature (2009) 458(7239):762–5. doi: 10.1038/nature07823

97. Chenu, C, Serre, CM, Raynal, C, Burt-Pichat, B, and Delmas, PD. Glutamate receptors are expressed by bone cells and are involved in bone resorption. Bone (1998) 22(4):295–9. doi: 10.1016/s8756-3282(97)00295-0

98. Szczesniak, AM, Gilbert, RW, Mukhida, M, and Anderson, GI. Mechanical loading modulates glutamate receptor subunit expression in bone. Bone (2005) 37(1):63–73. doi: 10.1016/j.bone.2003.10.016

99. Peet, NM, Grabowski, PS, Laketic-Ljubojevic, I, and Skerry, TM. The glutamate receptor antagonist Mk801 modulates bone resorption in vitro by a mechanism predominantly involving osteoclast differentiation. FASEB J (1999) 13(15):2179–85. doi: 10.1096/fasebj.13.15.2179

100. Zamagni, E, Tacchetti, P, and Cavo, M. Imaging in multiple myeloma: How? when? Blood (2019) 133(7):644–51. doi: 10.1182/blood-2018-08-825356

101. Cavo, M, Terpos, E, Nanni, C, Moreau, P, Lentzsch, S, Zweegman, S, et al. Role of (18)F-fdg Pet/Ct in the diagnosis and management of multiple myeloma and other plasma cell disorders: A consensus statement by the international myeloma working group. Lancet Oncol (2017) 18(4):e206–e17. doi: 10.1016/S1470-2045(17)30189-4

102. Buck, AK, and Reske, SN. Cellular origin and molecular mechanisms of 18f-fdg uptake: Is there a contribution of the endothelium? J Nucl Med (2004) 45(3):461–3.

103. Bartel, TB, Haessler, J, Brown, TL, Shaughnessy, JD Jr., van Rhee, F, Anaissie, E, et al. F18-fluorodeoxyglucose positron emission tomography in the context of other imaging techniques and prognostic factors in multiple myeloma. Blood (2009) 114(10):2068–76. doi: 10.1182/blood-2009-03-213280

104. Kumar, S, Paiva, B, Anderson, KC, Durie, B, Landgren, O, Moreau, P, et al. International myeloma working group consensus criteria for response and minimal residual disease assessment in multiple myeloma. Lancet Oncol (2016) 17(8):e328–e46. doi: 10.1016/S1470-2045(16)30206-6

105. Fouquet, G, Guidez, S, Herbaux, C, Van de Wyngaert, Z, Bonnet, S, Beauvais, D, et al. Impact of initial fdg-Pet/Ct and serum-free light chain on transformation of conventionally defined solitary plasmacytoma to multiple myeloma. Clin Cancer Res (2014) 20(12):3254–60. doi: 10.1158/1078-0432.CCR-13-2910

106. Siontis, B, Kumar, S, Dispenzieri, A, Drake, MT, Lacy, MQ, Buadi, F, et al. Positron emission tomography-computed tomography in the diagnostic evaluation of smoldering multiple myeloma: Identification of patients needing therapy. Blood Cancer J (2015) 5:e364. doi: 10.1038/bcj.2015.87

107. Carter, KR, and Kotlyarov, E. Common causes of false positive F18 fdg Pet/Ct scans in oncology. Braz Arch Biol Technol (2007) 50:29–35. doi: 10.1590/S1516-89132007000600004

108. Rasche, L, Angtuaco, E, McDonald, JE, Buros, A, Stein, C, Pawlyn, C, et al. Low expression of hexokinase-2 is associated with false-negative fdg-positron emission tomography in multiple myeloma. Blood (2017) 130(1):30–4. doi: 10.1182/blood-2017-03-774422

109. von Hinten, J, Kircher, M, Dierks, A, Pfob, CH, Higuchi, T, Pomper, MG, et al. Molecular imaging in multiple myeloma–novel pet radiotracers improve patient management and guide therapy. Front Nucl Med (2022) 2:801792. doi: 10.3389/fnume.2022.801792

110. Dankerl, A, Liebisch, P, Glatting, G, Friesen, C, Blumstein, NM, Kocot, D, et al. Multiple myeloma: Molecular imaging with 11c-methionine Pet/Ct–initial experience. Radiology (2007) 242(2):498–508. doi: 10.1148/radiol.2422051980

111. Hemrom, A, Tupalli, A, Alavi, A, and Kumar, R. (18)F-fdg versus non-fdg pet tracers in multiple myeloma. PET Clin (2022) 17(3):415–30. doi: 10.1016/j.cpet.2022.03.001

112. Matteucci, F, Paganelli, G, Martinelli, G, and Cerchione, C. Pet/Ct in multiple myeloma: Beyond fdg. Front Oncol (2020) 10:622501. doi: 10.3389/fonc.2020.622501

113. Morales-Lozano, MI, Rodriguez-Otero, P, Sancho, L, Nunez-Cordoba, JM, Prieto, E, Marcos-Jubilar, M, et al. (11)C-methionine Pet/Ct in assessment of multiple myeloma patients: Comparison to (18)F-fdg Pet/Ct and prognostic value. Int J Mol Sci (2022) 23(17). doi: 10.3390/ijms23179895

114. Czyz, J, Malkowski, B, Jurczyszyn, A, Grzasko, N, Lopatto, R, Olejniczak, M, et al. (18)F-Fluoro-Ethyl-Tyrosine ((18)F-fet) Pet/Ct as a potential new diagnostic tool in multiple myeloma: A preliminary study. Contemp Oncol (Pozn) (2019) 23(1):23–31. doi: 10.5114/wo.2019.83342

115. Stokke, C, Norgaard, JN, Feiring Phillips, H, Sherwani, A, Nuruddin, S, Connelly, J, et al. Comparison of [(18)F]Fluciclovine and [(18)F]Fdg Pet/Ct in newly diagnosed multiple myeloma patients. Mol Imaging Biol (2022). doi: 10.1007/s11307-022-01734-0

116. Valtorta, S, Toscani, D, Chiu, M, Sartori, A, Coliva, A, Brevi, A, et al. [(18)F](2s,4r)-4-Fluoroglutamine as a new positron emission tomography tracer in myeloma. Front Oncol (2021) 11:760732. doi: 10.3389/fonc.2021.760732

117. Luckerath, K, Lapa, C, Spahmann, A, Jorg, G, Samnick, S, Rosenwald, A, et al. Targeting paraprotein biosynthesis for non-invasive characterization of myeloma biology. PloS One (2013) 8(12):e84840. doi: 10.1371/journal.pone.0084840

118. Hutterer, M, Nowosielski, M, Putzer, D, Jansen, NL, Seiz, M, Schocke, M, et al. [18f]-Fluoro-Ethyl-L-Tyrosine pet: A valuable diagnostic tool in neuro-oncology, but not all that glitters is glioma. Neuro Oncol (2013) 15(3):341–51. doi: 10.1093/neuonc/nos300

119. Shoup, TM, Olson, J, Hoffman, JM, Votaw, J, Eshima, D, Eshima, L, et al. Synthesis and evaluation of [18f]1-Amino-3-Fluorocyclobutane-1-Carboxylic acid to image brain tumors. J Nucl Med (1999) 40(2):331–8.

120. Ono, M, Oka, S, Okudaira, H, Schuster, DM, Goodman, MM, Kawai, K, et al. Comparative evaluation of transport mechanisms of trans-1-Amino-3-[(1)(8)F]Fluorocyclobutanecarboxylic acid and l-[Methyl-(1)(1)C]Methionine in human glioma cell lines. Brain Res (2013) 1535:24–37. doi: 10.1016/j.brainres.2013.08.037

121. Zhou, R, Pantel, AR, Li, S, Lieberman, BP, Ploessl, K, Choi, H, et al. [(18)F](2s,4r)4-fluoroglutamine pet detects glutamine pool size changes in triple-negative breast cancer in response to glutaminase inhibition. Cancer Res (2017) 77(6):1476–84. doi: 10.1158/0008-5472.CAN-16-1945

122. Miner, MW, Liljenback, H, Virta, J, Merisaari, J, Oikonen, V, Westermarck, J, et al. (2s, 4r)-4-[(18)F]Fluoroglutamine for in vivo pet imaging of glioma xenografts in mice: An evaluation of multiple pharmacokinetic models. Mol Imaging Biol (2020) 22(4):969–78. doi: 10.1007/s11307-020-01472-1

123. Viswanath, V, Zhou, R, Lee, H, Li, S, Cragin, A, Doot, RK, et al. Kinetic modeling of (18)F-(2s,4r)4-Fluoroglutamine in mouse models of breast cancer to estimate glutamine pool size as an indicator of tumor glutamine metabolism. J Nucl Med (2021) 62(8):1154–62. doi: 10.2967/jnumed.120.250977

124. Dunphy, MPS, Harding, JJ, Venneti, S, Zhang, H, Burnazi, EM, Bromberg, J, et al. In vivo pet assay of tumor glutamine flux and metabolism: In-human trial of (18)F-(2s,4r)-4-Fluoroglutamine. Radiology (2018) 287(2):667–75. doi: 10.1148/radiol.2017162610

125. Xu, X, Zhu, H, Liu, F, Zhang, Y, Yang, J, Zhang, L, et al. Dynamic Pet/Ct imaging of (18)F-(2s, 4r)4-fluoroglutamine in healthy volunteers and oncological patients. Eur J Nucl Med Mol Imaging (2020) 47(10):2280–92. doi: 10.1007/s00259-019-04543-w



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Raimondi, Toscani, Marchica, Burroughs-Garcia, Storti and Giuliani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-1015402-g001.jpg
Glucose

Glucose

GLUT1/GLUT3

Nucleus

Mitochondria

mTORC2

Protein
synthesis

OBs






OEBPS/Images/fonc-12-1015402-g003.jpg
Physiological condition |!| Pathological condition

OSTEOBLAST DIFFERENTIATION OSTEOBLAST DIFFERENTIATION

%q
0 5¢9%, 9
° ¢, 0

9 Gm 09 o 0 ,%e
¢ Gl c ‘o

90 o
@ NHJ Y

¢
W) sNaT2
® A MM cells
¥V Asn
[~ P v)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Metabolic features of myeloma cells in the context of bone microenvironment: Implication for the pathophysiology and clinic of myeloma bone disease

      

        		

          Introduction

        



        		

          Metabolic reprogramming of cancer cells

        



        		

          Glucose metabolism in MM

        



        		

          Gln metabolism in MM cells

        

          		

            Gln transporters as attractive therapeutics targets

          



        



        



        		

          Metabolism in the bone microenvironment cells

        

          		

            Energy metabolism of the OB

          

            		

              Role of Gln in OB formation and function

            



          



          



          		

            Metabolic features of OC

          



          		

            Glutamine metabolism in the bone microenvironment in MM

          



        



        



        		

          Metabolic feature of cancer cells as a diagnostic tool: The Positron Emission Tomography/Computed Tomography (PET/CT) imaging in MM

        

          		

            PET/CT in MM: Beyond 18F-FDG

          



          		

            18F-4-Fluoroglutamine as a possible new tracer in MM

          



        



        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1015402-g002.jpg
Glucose

Lactate

/
Monocyte J

Glutamine

YN RANKL, M-CSF
Mitochondria






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/table1.jpg
Radiotracer

185
fluorodeoxyglucose

''C-methionine

'SF-fluoro-ethyl-
tyrosine

"*E-fluciclovine

18F.4.
fluoroglutamine

Physical
half-life

110 min
20 min

110 min
110 min

110 min

Molecular target/
Mechanism

Glucose metabolism

Amino acid metabolism
Amino acid metabolism
Amino acid metabolism

Glutamine metabolism

Advantage

Availability

Superior sensitivity compared to
'8F-fluorodeoxyglucose

Superior sensitivity compared to CT

Superior sensitivity compared to
'8E-fluorodeoxyglucose

Superior sensitivity in the assessment of treatment
response compared to
'8F-fluorodeoxyglucose

Disadvantage

False positive/negative

Limited use due to
on-site cyclotron need

Data based on small sample
studies

Data based on small sample
studies

Data based on a preclinical
in vivo study

References

(101, 103,

105, 106)

(110-113)
(114)

(115)

(116)





OEBPS/Images/fonc.2022.1015402_cover.jpg
, frontiers ‘ Frontiers in Oncology

Metabolic features of myeloma
cells in the context of bone
microenvironment: Implication
for the pathophysiology and
clinic of myeloma bone disease





