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Abstract

:

Metabolic reprogramming is a hallmark of malignancy. It implements profound metabolic changes to sustain cancer cell survival and proliferation. Although the Warburg effect is a common feature of metabolic reprogramming, recent studies have revealed that tumor cells also depend on mitochondrial metabolism. Due to the essential role of mitochondria in metabolism and cell survival, targeting mitochondria in cancer cells is an attractive therapeutic strategy. However, the metabolic flexibility of cancer cells may enable the upregulation of compensatory pathways, such as glycolysis, to support cancer cell survival when mitochondrial metabolism is inhibited. Thus, compounds capable of targeting both mitochondrial metabolism and glycolysis may help overcome such resistance mechanisms. Normal prostate epithelial cells have a distinct metabolism as they use glucose to sustain physiological citrate secretion. During the transformation process, prostate cancer cells consume citrate to mainly power oxidative phosphorylation and fuel lipogenesis. A growing number of studies have assessed the impact of triterpenoids on prostate cancer metabolism, underlining their ability to hit different metabolic targets. In this review, we critically assess the metabolic transformations occurring in prostate cancer cells. We will then address the opportunities and challenges in using triterpenoids as modulators of prostate cancer cell metabolism.
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1. Introduction


At diagnosis, ~90% of prostate cancers (PCa) are organ-confined or locally advanced [1,2]. Based on clinical stage and prostate-specific antigen (PSA) levels, the therapeutics for localized PCa are active surveillance, local radiotherapy, or prostatectomy. With the spread of the disease outside the prostate, with or without treatment for localized tumors, androgen deprivation therapy (ADT) by surgical or chemical castration is the recommended therapeutic strategy. Unfortunately, the response is usually transient, and most patients will develop resistance to ADT and progress towards castration-resistant prostate cancer (CRPC) in ~18–36 months [3]. Indeed, ADT can suppress hormone-naïve prostate cancer, but prostate cancer adapts to survive under castration levels of androgen [4]. The implicated mechanisms include androgen receptor (AR) point mutations, AR overexpression, changes of androgen biosynthesis, constitutively active ligand-independent AR splice variants, and changes of androgen cofactors [5]. Studies of AR in CRPC revealed that AR can still be involved in CRPC, and it remains a potential target to treat CRPC. Enzalutamide is a second-generation AR antagonist effective in patients with CRPC which, unlike first-generation antagonists, interrupts several key components of AR signaling: androgen binding to the AR, nuclear translocation of activated AR, and binding of activated AR with DNA [6,7]. However, CRPC is still incurable and can develop drug resistance. Treatment failure is often associated with the development of even more aggressive subtypes, such as neuroendocrine prostate cancer (NEPC) [8,9].



Under aerobic conditions, normal cells process glucose, first to pyruvate via glycolysis in the cytosol and then to carbon dioxide in the mitochondria. Under anaerobic conditions, glycolysis is favored, and relatively little pyruvate is dispatched to the oxygen-consuming mitochondria [10,11]. Otto Warburg first observed an anomalous characteristic of cancer cell energy metabolism even in oxygenated cells. Cancer cells can reprogram their glucose metabolism, and thus their energy production, by limiting their energy metabolism primarily to glycolysis, leading to a state that has been termed “aerobic glycolysis” [10,11]. While not maximizing ATP production, aerobic glycolysis allows cancer cells to efficiently convert glucose into biomass (e.g., nucleotides, amino acids, and lipids) for cell growth and proliferation [12,13]. As opposed to Warburg’s theory, most—if not all—cancer cells rely on functional mitochondria for their survival [14].



The metabolic phenotype of prostate epithelial cells is unique, with changes occurring during tumor onset and progression from prostatic intraepithelial neoplasia (PIN) to metastasis. Normal prostate epithelial cells are highly dependent on glycolysis and produce citrate from glucose. The tricarboxylic acid (TCA) cycle does not function efficiently to produce large amounts of citrate. During transformation, PCa cells progressively reactivate mitochondrial oxidative phosphorylation (OXPHOS) with increased glucose metabolism and decreased citrate production. In PCa, AR reprograms global cellular metabolic pathways, including both aerobic glycolysis and mitochondrial respiration, along with de novo lipogenesis, thereby supporting the metabolic and biosynthetic demands of PCa cells [15,16].




2. Mitochondrial Metabolism


2.1. The Tricarboxylic Acid (TCA) Cycle


The TCA cycle is a series of enzyme-catalyzed chemical reactions that form a key part of aerobic respiration in all living cells under aerobic conditions. During glycolysis, glucose is oxidized to pyruvate in the cytosol. Under aerobic conditions, pyruvate is transported into the mitochondrial matrix, where it is converted into acetyl-CoA, which fuels the TCA cycle [17,18]. Metabolites generated from the catabolism of nutrients, such as lipids, carbohydrates, and proteins, are catabolized through different pathways that converge in the synthesis of acetyl-CoA, a crucial fuel for the TCA cycle, to generate energy in the form of ATP [18]. In fatty acid β-oxidation, long-chain fatty acids are catabolized in the mitochondrial matrix to ultimately produce three energy storage molecules per round of oxidation, one NADH, one FAD(H2), and one acetyl-CoA molecule [19,20]. Furthermore, glutamine is catabolized via glutaminolysis to form glutamate, which can be converted in the mitochondria to α-ketoglutarate, a constituent of the TCA cycle [21].




2.2. Oxidative Phosphorylation


Mitochondria, as the powerhouse of the cell, are the main source of adenosine triphosphate (ATP) generated via oxidative phosphorylation (OXPHOS) [18,22]. The OXPHOS metabolic pathway generates ATP by the transport of electrons to a series of transmembrane protein complexes in the mitochondrial inner membrane, known as the electron transport chain (ETC) [23]. NADH, FADH2, and succinate act as electron donors [23]. As the electrons pass through the multiprotein ETC complexes I to IV, protons are pumped from the mitochondrial matrix into the intermembrane space by complexes I, III, and IV [23]. When OXPHOS is active, protons flow from the inner intermembrane space back into the mitochondrial matrix through complex V, ATP synthase, driving the synthesis of ATP [23]. Oxygen acts as the terminal electron acceptor [23].




2.3. AMP-Activated Pprotein Kinase (AMPK): The Guardian of Metabolism


Cells continuously adapt their metabolism to meet their energy needs based on the availability of nutrients and on their capacity to produce ATP [24]. Upon changes in energy availability and changes in the ATP-to-ADP or ATP-to-AMP ratio, AMP-activated protein kinase (AMPK) is activated by an allosteric mechanism that stimulates its kinase activity. Indeed, elevated adenosine monophosphate (AMP) and adenosine diphosphate (ADP) levels act as molecular red flags, signaling to the cell that energy needs are not met. In response, AMPK stimulates catabolic pathways needed to bolster ATP reserves while slowing cellular anabolic processes to reduce energy consumption [25]. Specifically, AMPK regulates the phosphorylation of key proteins in multiple pathways, including mTOR complex 1 (mTORC1) [26], lipid homeostasis [27], glycolysis [28], and mitochondrial homeostasis [29]. Excellent recent reviews have focused on the regulation of various aspects of metabolism by AMPK [24,30].



Autophagy is a process by which cellular components such as macromolecules and organelles, as well as pathogens, are recycled by a specialized cellular machinery. The targets, which are subject to autophagic degradation, are engulfed in membranous structures called autophagosomes. The latter fuse with lysosomes forming autophagolysosomes where the cargo becomes degraded [24]. Autophagy mainly serves two distinct functions: the turnover of old or damaged molecules and the replenishment of nutrient stores during times of starvation. Autophagy is promoted by AMPK, the key energy sensor that regulates cellular metabolism to maintain energy homeostasis [31]. Conversely, autophagy is inhibited by the mammalian target of rapamycin (mTOR), a central cell-growth regulator that integrates growth factor and nutrient signals [32]. Under glucose starvation, AMPK promotes autophagy by directly activating Ulk1 (Unc-51 like autophagy activating kinase 1) through phosphorylation of Serine 317 and Serine 777. Under nutrient sufficiency, high mTOR activity prevents Ulk1 activation by phosphorylating Ulk1 Serine 757 and disrupting the interaction between Ulk1 and AMPK [32]. This coordinated phosphorylation is important for Ulk1 in autophagy induction [32]. Therefore, AMPK and mTOR are described as the Yin and the Yang of cellular nutrient sensing and growth control [33].





3. Metabolic Characteristics of Normal Prostatic Epithelium and Prostate Cancer


3.1. Normal Prostate Epithelial Cell Metabolism


Regulated by AR signaling, the metabolism in normal prostatic epithelial cells is particularly interesting as it demonstrates a unique metabolic feature compared to most other tissues in the body [34,35,36]. The prostate’s unique metabolic processes are well adapted to fulfill the major function as a secretory tissue to generate prostatic fluid comprised of a high concentration of citrate along with zinc, lipids, and kallikrein enzymes, including prostate-specific antigen (PSA) [37]. Prostate metabolism is highly specialized to assimilate glucose and aspartate to generate and secrete citrate in prostatic fluid (Figure 1). Indeed, prostatic tissue secretes high levels of citrate [38] and zinc [39]. Zinc is an essential regulatory cofactor for >300 enzymes and transcription factors [38,40]. Citrate is hypothesized to act as a chelator of calcium and zinc and a scavenger of free radicals [41,42]. In the normal prostate epithelium, citrate excretion is maintained by inhibition of aconitase, a tricarboxylic acid (TCA) cycle enzyme responsible for converting citrate to isocitrate [39,43]. The mitochondrial citrate is then transported to the cytoplasm and ultimately excreted into seminal fluid [39,43]. The aconitase inhibition is mediated by high zinc levels [39], regulated by an abundance of ZIP1 zinc transporters in prostatic epithelial cells [44].




3.2. Prostate Tumor Metabolism


Intriguingly, PCa loses the ability to concentrate zinc and citrate, which results in the transformation of prostate epithelial cells from benign and citrate-secreting to malignant and citrate-oxidizing cells, a hallmark of PCa [43]. Indeed, zinc is depleted, and as a result, citrate does not accumulate and gets oxidized in the TCA cycle to fuel lipogenesis [45]. In addition to the changes in zinc and citrate metabolism, AR-mediated metabolic reprogramming in PCa results in reduced glycolysis, enhanced mitochondrial oxidative phosphorylation, and increased lipogenic capacity compared with normal prostate tissue [46]. In contrast to most other solid tumors, PCa is less glycolytic and relies predominantly on oxidative phosphorylation compared to adjacent normal tissue [45]. Although AR signaling does not seem to have a direct role in the loss of zinc transporters [35,47], it fuels proliferation through regulation of central metabolic pathways including, but not limited to, glycolysis [15,48], oxidative phosphorylation [49,50], glutamine uptake [51,52] and lipogenesis [53,54] (Figure 2).





4. Targeting Mitochondrial Metabolism of Prostate Cancer with Triterpenoids


Triterpenoids are metabolites of isopentenyl pyrophosphate (IPP) oligomers and comprise the largest natural plant products group, with over 20,000 known members [55] Triterpenoids are found in various plants, including seaweeds and wax-like coatings of various fruits and medicinal herbs, including apples, cranberries, figs, olives, mistletoe, lavender, oregano, rosemary, and thyme [56,57,58]. Triterpenoids are also isolated from invertebrates [59,60], and fungi [61]. Due to their multiple biological activities, triterpenoids are extensively evaluated for their potential use in human pathophysiology [62,63]. Triterpenoids are synthesized from IPP via the 30-carbon intermediate squalene and include sterols, steroids, and triterpenoid saponins [64]. Native triterpenoids, in particular, oleanane and ursane representatives, are of interest for researchers due to their availability and multiple biological activities, including antibacterial [65], anti-inflammatory [66], and antitumor effects [56,67,68]. Triterpenoids regulate various transcription and growth factors, inflammatory cytokines, and intracellular signaling pathways involved in cancer cell proliferation, apoptosis and tumor angiogenesis in a variety of cancer cell types, including prostate cancer [69,70] Interestingly, an increasing number of studies [71,72,73,74] have reported the impact of triterpenoids on tumor cell metabolism. Those studies shed light on their mechanisms of action and their potential as anti-cancer metabolic modulators. Here, we review triterpenoids with the ability to modulate metabolism in prostate cancer.



4.1. Ursolic Acid (UA)


Lodi et al. [75] studied the metabolic pathways of PCa cell lines treated with ursolic acid with an untargeted metabolomics approach incorporating magnetic resonance spectroscopy (MRS) and mass spectrometry (MS). Interestingly, combinations of some phytochemicals with UA (UA + curcumin and UA + resveratrol) decreased ATP levels and inhibited the growth/survival of both mouse (HMVP2, established from tumors of Hi-Myc mice [76]) and human (PC-3 and LNCaP) PCa cell lines [75]. Interestingly, both of these combinations produced a synergistic inhibition of HMVP2 cells in vivo in an allograft tumor model when administered in the diet [75]. Metabolic analysis of isotope-labeled glutamine revealed a decreased glutamine uptake in cells treated with UA in combination with curcumin or resveratrol [75]. UA, either alone or in combination with curcumin, decreased the protein level of the glutamine transporter ASCT2 [75]. Mechanistically, the combination treatments (UA+ curcumin and UA+ resveratrol) increased AMPK and decreased mTORC1 activity [75].




4.2. Oleanolic Acid (OA)


The main characteristic of the Warburg effect is characterized by a metabolic switch from mitochondrial oxidative phosphorylation to aerobic glycolysis [77]. Liu et al. [78] analyzed the effect of OA on aerobic glycolysis by measuring glucose uptake, lactate production, and oxygen consumption. The authors found that OA treatment reduced glucose consumption and lactate production and enhanced oxygen consumption in PC-3 cells, indicating that OA suppresses aerobic glycolysis. Furthermore, the authors analyzed the pyruvate kinase expression (PK) isoforms PKM1 and PKM2. PK catalyzes phosphoenolpyruvate (PEP) conversion to pyruvate, which is the last step of the glycolytic pathway. In contrast to the constitutively active PKM1 isoform, PKM2 relies on the binding of fructose-1,6-bisphosphate (FBP) for the transition to an active stage [79]. PKM2 is expressed mainly in actively proliferating cells during embryogenesis and in cancer. The lower enzymatic activity of PKM2 than PKM1 allows cancer cells to rewire their metabolism and utilize the intermediates of glycolysis towards biosynthetic pathways, which is essential for proliferating cells. On the contrary, the PKM1 isoform is associated with decreased tumor cell proliferation [79]. Interestingly, Liu et al. showed that OA decreased PKM2 expression levels and increased PKM1 expression levels in PC-3 cells in a dose and time-dependent manner. The PKM gene encodes two subtypes of pyruvate kinase (PK) [80], PKM1 and PKM2, key rate-limiting enzymes for glycolysis that catalyze the phosphorylation of phosphoenolpyruvate (PEP) and adenosine diphosphate (ADP) to produce pyruvate and adenosine triphosphate (ATP) [80]. Increasing PKM2 activity or switching mRNA splicing from PKM2 to PKM1 can suppress the Warburg effect, and consequently, compromise tumor growth [79,81]. Moreover, OA decreased mTOR activation, as assessed by reduced levels of p-mTORSer2448. The mTOR increases PKM2 protein levels by stimulating c-Myc-dependent hnRNPA1 and hnRNPA2 expression [82], both of which are responsible for the exclusive spicing of PKM mRNA [83]. The data showed that OA reduced the expression level of c-Myc, and its targets hnRNAP1 and hnRNAP2 in PC3 cells [78]. To conclude, the authors identified for the first time that OA could suppress aerobic glycolysis by suppressing PKM2 expression and affected PKM mRNA splicing through mTOR/c-Myc/hnRNP signaling [78]. Another study [84] described that OA induced AMPK activation in PC-3 cells in a dose and time-dependent manner, as assessed by the increase in p-AMPKThr172 levels. Interestingly, OA treatment decreased lipid synthesis in PC3 cells. Furthermore, OA treatment decreased fatty acid synthase (FASN) protein levels [84], a critical enzyme in the lipogenic pathway that is frequently found to be overexpressed in cancer cells [85]. Radioactive assays revealed that OA decreased de novo lipid synthesis, shown as a reduced incorporation rate of [3H] acetyl-CoA [84].




4.3. Nummularic Acid (NA)


The triterpenoid nummularic acid (NA) was isolated for the first time in 2007 from the plant Evolvulus nummularius [86] and is extensively used for the treatment of jaundice, pneumonia, and malaria in countries like Morocco, India and, China [87]. NA treatment significantly reduced the proliferation and migration of PCa cell lines DU145 and C4-2 in a time- and dose-dependent manner and induced apoptosis, as revealed by the induction of PARP and Caspase 3 cleavage [88]. Mechanistically, NA treatment increased the ADP/ATP ratio to activate AMPK (phosphorylation of AMPK α subunit at Thr172 residue). NA simultaneously increased acetyl CoA carboxylase phosphorylation and decreased pS6 phosphorylation, two major substrates of AMPK [88]. The authors assessed the impact of NA treatment on lactate production in real-time and cellular oxidative phosphorylation (OXPHOS) by measuring the extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR), respectively. The data showed that NA decreased OCR and increased ECAR, indicating reduced OXPHOS and a metabolic shift in favor of glycolysis. Non-targeted metabolomics analysis by ALEX-CIS-GC-TOF-MS indicated that NA increased glucose levels, glucose-6-phosphate, and 3-phosphoglycerate in DU145 and C4-2 PCa cell lines, suggesting an induction in glycolytic rate. The authors also screened TCA metabolites and found that NA treatment increased α-ketoglutarate (α-KG) and glutamate levels, suggesting that the cells utilized alternative fuels to compensate for decreased oxidative phosphorylation. Therefore, the authors concluded that NA induced an energy crisis by modulating glycolysis, TCA, and glutamine metabolism, via AMPK activation.




4.4. Plectranthoic Acid


Akhtar et al. isolated for the first time the triterpenoid plectranthoic acid (PA) from Ficus microcarpa, a traditional plant with antidiabetic properties [89]. PA exhibited significant anti-proliferative activity against PCa cell lines such as PC-3, DU145, and CW22RV1 [89]. PA treatment suppressed mTOR/S6K signaling and induced apoptosis in PCa cells in an AMPK-dependent manner [89]. In silico modeling, employed to determine potential interactions between PA and AMPK, indicated the γ subunit of AMPK as the preferred binding site for PA. Interestingly, the binding sites of PA were compared to the AMP binding sites and, it was found that PA does not compete with AMP for AMPK binding. AMPK requires phosphorylation of the kinase at the Thr172 residue by upstream regulators such as LKB1 and CaMKKβ [90]. PA stimulated AMPK activity independently of LKB1, observed in both LKB1 null DU145 and LKB1 positive PC3 cells. Comparative studies of PA with the widely used AMPK activator metformin suggest different mechanisms of actions of these compounds. Metformin is also reported to bind to γ-subunit of AMPK; however, unlike AMP, metformin is not a direct allosteric AMPK activator [91]. Although the binding of PA to γ subunit of AMPK results in allosteric activation of the kinase, further studies are warranted to determine the mechanism through which PA interacts with AMPK and induces the phosphorylation and activation of AMPK. In conclusion, the authors identified PA as a potent AMPK activator. (Figure 3, Table 1 and Table 2)





5. Conclusions and Future Directions


Our current understanding of the complexity of PCa metabolism and the molecular pathways involved is rapidly evolving. The metabolic characterization and treatment of PCa could be an important approach to provide personalized treatment for the disease. From the studies presented here, it is apparent that triterpenoids are unique in their potential to target metabolic pathways. There may exist a better preventive or therapeutic potential in the synergistic action of these triterpenoids. The ability of triterpenoids to target multiple metabolism pathways might be advantageous in limiting compensatory signaling feedback loops and cross-talk between cellular pathways. This is a strategy to be further explored in future studies. However, in most studies, individual compounds have been tested in in vitro prostate cancer models. A significant limitation of these studies is that cell culture media compositions do not reflect the complex and heterogenic metabolic milieu of tumors [100]. Tumors, including prostate cancer, are characterized by spatial heterogeneity of metabolic preferences, which is attributed to the metabolic crosstalk between cancer cells and the tumor microenvironment [100,101,102]. Moreover, spatial nutrient gradients and the resulting differences in their availability, and the oxygen limitation in hypoxic areas, can shape the metabolic phenotypes and contribute to the metabolic heterogeneity observed in tumors [100,101,102]. Future studies must address the effects of triterpenoids in vivo. Another important consideration is that triterpenoids are insoluble in aqueous media, limiting their bioavailability, a critical requirement for in vivo efficacy. One approach to enhance the water solubility of triterpenoids could be the structural modification of naturally occurring compounds to generate more polar analogs. Several other possibilities for improving the hydrophilicity of triterpenoids include the design and generation of formulations containing cyclodextrin complexes, liposomes, colloids, micelles and nanoparticles [103,104,105]. Additionally, both pharmacokinetic and pharmacodynamic studies are equally important in evaluating and improving the bioavailability and biological effects of these triterpenoids for clinical application.
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	PCa
	prostate cancer



	PSA
	prostate-specific antigen



	ADT
	androgen deprivation therapy



	CRPC
	castration-resistant prostate cancer



	NEPC
	neuroendocrine prostate cancer



	ROS
	reactive oxygen species



	PIN
	prostatic intraepithelial neoplasia



	TCA
	tricarboxylic acid



	OXPHOS
	oxidative phosphorylation



	AR
	androgen receptor



	IPP
	isopentenyl pyrophosphate



	ECAR
	extracellular acidification rate



	OCAR
	oxygen consumption rate



	ALEX-CIS-GC-TOF-MS
	automated liner exchange-cold injection system-gas chromatography-time of flight mass spectrometer-mass spectrometry
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Figure 1. Overview of normal prostate epithelial cell metabolism. Regulated by androgen receptor (AR) signaling, normal prostate epithelium assimilates glucose and aspartate to generate and secrete citrate and produce most ATP via glycolysis. Intracellular accumulation of zinc through active transport results in the inhibition of aconitase, preventing the conversion of citrate into isocitrate. As a result, citrate accumulates and is secreted. Solid arrows represent single metabolic steps, and dashed arrows represent simplified multistep processes. Ac-CoA: acetyl-coenzyme A; α-KG: α-ketoglutarate; OAA: oxaloacetate; GLUTs, glucose transporters; MPC1/2: mitochondrial pyruvate carrier 1 and 2; EAAC1: excitatory amino-acid carrier 1; ZIP1: zinc transporter 1; CTP: citrate transporter. Solid arrows: single metabolic step; dashed arrows: simplified multistep processes (Figure adapted from Bader et al., 2020 [35] and Twum-Ampofo et al., 2016 [43]). 
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Figure 2. Overview of prostate adenocarcinoma cell metabolism. In prostate tumors, androgen receptor mediates metabolic reprogramming characterized by reduced glycolysis, enhanced mitochondrial oxidative phosphorylation, and enhanced lipogenesis. In contrast to the normal prostatic epithelium, citrate is oxidized in the tricarboxylic acid (TCA) cycle in prostate cancer (PCa) cells and is used to fuel lipogenesis. Lipids promote energy (ATP) synthesis through β-oxidation. Further, pyruvate is the primary fuel in the TCA cycle of PCa cells. Activation of AR signaling enhances glutamine uptake and metabolic assimilation via upregulation of the glutamine transporter ASCT2. Solid arrows represent single metabolic steps, and dashed arrows represent simplified multistep processes. Ac-CoA: acetyl-coenzyme A; α-KG: ⍺-ketoglutarate; OAA: oxaloacetate; GLUTs: glucose transporters; MPC1/2: mitochondrial pyruvate carrier 1 and 2; MCTs: monocarboxylate transporters; ASCT2: alanine-serine-cysteine transporter 2; CD36: cluster of differentiation 36, fatty acid transporter. Solid arrows: single metabolic step; dashed arrows: simplified multistep processes. 
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Figure 3. Triterpenoids target metabolic pathways in prostate cancer. Triterpenoids activate the cellular energy sensor AMPK, promoting catabolic pathways and ATP synthesis, but inhibit the anabolic pathways required for cell growth and proliferation. OA inhibits the enzyme fatty acid synthase (FASN), which catalyzes long-chain fatty acid synthesis. OA also induces expression of PKM1 and reduces expression of PKM2, interfering with the biosynthetic pathways that are sustained by the expression of PKM2 in cancer cells. PCa cells utilize glutamine, which is transformed to glutamate and then to α-ketoglutarate. The latter is shuttled into the TCA cycle. Ursolic acid (UA) inhibits the glutamine transporter ASCT2 and glutamine uptake, and thus the energetic pathways mediated by glutamine. OA: Oleanolic Acid, UA: Ursolic acid, NA: Nummularic acid, PA: Plectranthoic acid, G6P: Glucose-6-phosphate, F6P: Fructose-6-phosphate, F1,6P: Fructose 1,6-bisphosphate, PFK: phosphofructokinase, G3P: Glyceraldehyde-3-phosphate, 3-PG: 3-phosphoglycerate, PEP: phosphoenolpyruvate, PPP: pentose phosphate pathway. 
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Table 1. Characteristics of prostate cancer (PCa) cell lines discussed in the review.






Table 1. Characteristics of prostate cancer (PCa) cell lines discussed in the review.





	
Cell Line

	
Origin

	
AR Status/Androgens Sensitivity

	
References






	
Mouse cell line




	
HMVP2

	
Established from Hi-Myc mice

	
AR+, androgen-responsive

	
[76]




	
Human cell lines




	
RWPE-1

	
Benign cell line from peripheral prostate zone

	
AR+, androgen-responsive

	
[92]




	
PC-3

	
Bone metastasis

	
AR-, androgen irresponsive

	
[93]




	
DU-145

	
Brain metastasis

	
AR-, androgen irresponsive

	
[94]




	
LNCaP

	
Lymph node metastasis

	
AR+, androgen-responsive

	
[95]




	
C4-2

	
Derived from castrated mice bearing LNCaP tumors

	
AR+, both androgen-independent and androgen- sensitive

	
[96,97]




	
CW22RV1

	
Derived from androgen-dependent CWR22 xenograft

	
AR+, androgen-independent.

Express both wild-type and AR-v7 variant of AR.

	
[98]
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Table 2. Effects of triterpenoids on metabolic pathways of prostate cancer (PCa) cell lines.
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	Triterpenoid (Name and Chemical Structure)
	Cell Line
	Metabolic Effects
	References





	Ursolic acid

 [image: Ijms 22 02466 i001]
	HMPV2, PC-3 and LNCaP
	↓ mTORC1

↑AMPK

↓ATP

↓ASCT2 (glutamine transporter)
	[99]



	Oleanolic acid

 [image: Ijms 22 02466 i002]
	PC-3
	↓ glucose uptake

↓lactate levels

↑O2 consumption rate

↑ PKM1

↓ PKM2

↓p-mTOR (Ser2448)

↑p-AMPK(Thr172)

↓lipogenesis (↓FASN)
	[78,84]



	Nummularic acid

 [image: Ijms 22 02466 i003]
	DU145, C4-2
	↓ ATP/ADP ratio

↑ AMPK

↑Acetyl CoA

↓PS6 phosphorylation

↑ glycolysis

↓ O2 consumption rate

↑glucose-6 phosphate

↑α- ketoglutarate

↑glutamate
	[88]



	Plectranthoic acid

 [image: Ijms 22 02466 i004]
	DU145, PC3
	↓ mTOR/S6K

↑ p-AMPK(Thr172)
	[89]
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