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The first intermediate in the mitochondrial tricarboxylic acid (TCA) cycle is citrate, which is essential and acts as a metabolic regulator for glycolysis, TCA cycle, gluconeogenesis, and fatty acid synthesis. Within the cytosol, citrate is cleaved by ATP citrate lyase (ACLY) into oxaloacetate (OAA) and acetyl-CoA; OAA can be used for neoglucogenesis or in the TCA cycle, while acetyl-CoA is the precursor of some biosynthetic processes, including the synthesis of fatty acids. Accumulating evidence suggests that citrate is involved in numerous physiological and pathophysiological processes such as inflammation, insulin secretion, neurological disorders, and cancer. Considering the crucial role of citrate to supply the acetyl-CoA pool for fatty acid synthesis and histone acetylation in tumors, in this study we evaluated the effect of citrate added to the growth medium on lipid deposition and histone H4 acetylation in hepatoma cells (HepG2). At low concentration, citrate increased both histone H4 acetylation and lipid deposition; at high concentration, citrate inhibited both, thus suggesting a crucial role of acetyl-CoA availability, which prompted us to investigate the effect of citrate on ACLY. In HepG2 cells, the expression of ACLY is correlated with histone acetylation, which, in turn, depends on citrate concentration. A decrease in H4 acetylation was also observed when citrate was added at a high concentration to immortalized human hepatic cells, whereas ACLY expression was unaffected, indicating a lack of control by histone acetylation. Considering the strong demand for acetyl-CoA but not for OAA in tumor cells, the exogenous citrate would behave like a trojan horse that carries OAA inside the cells and reduces ACLY expression and cellular metabolism. In addition, this study confirmed the already reported dual role of citrate both as a promoter of cell proliferation (at lower concentrations) and as an anticancer agent (at higher concentrations), providing useful tips on the use of citrate for the treatment of tumors.
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INTRODUCTION

Metabolism is a fundamental biological process in all living organisms for various cellular activities, such as maintaining homeostasis and producing functional energy, building blocks, enzymatic cofactors, and signaling molecules. However, these metabolic processes are also associated with the generation of several metabolites and in the activation of many enzymes, which are involved in the regulation of gene expression, immunoreactions, cellular apoptosis, and cancer progression (van der Knaap and Verrijzer, 2016; He et al., 2017). It is widely accepted that cancer cells alter their metabolic pathways to generate more fatty acids from lipogenesis to meet the increasing energy demand for rapid cell division and propagation (De Berardinis and Chandel, 2016). The reprogramming of metabolic pathways in cancer cells alters the expression of certain genes and directly controls glycolysis, lipogenesis, and nucleotide synthesis, which have the potential to be considered as prognostic markers and therapeutic targets in the development of new anti-cancerous agents (Fritz and Fajas, 2010; Furuta et al., 2010; Liao, 2017; Liu et al., 2019).

One classical example of a reprogrammed metabolic pathway in cancer is the Warburg effect or aerobic glycolysis, which is characterized by an increased rate of glycolysis, resulting in a high production of lactic acid despite having sufficient oxygen (Liberti and Locasale, 2016; Burns and Manda, 2017). However, some cancer cells are also able to switch their metabolism between glycolysis and mitochondrial oxidative phosphorylation (Roth et al., 2020). Reprogramming of glucose metabolism and targeting altered metabolic pathways related with glucose metabolism may contribute to designing novel treatment strategies for improving the efficacy of cancer therapy (Luengo et al., 2017; Lin et al., 2020).

Citrate is an essential intermediate in the tricarboxylic acid (TCA) cycle which comes from the metabolism of glucose and glutamine (Icard et al., 2012). It is released into the cytoplasm through the mitochondrial citrate transporter SLC25A1, a member of the solute carrier transporter family that operates as a citrate/malate exchanger (Bisaccia et al., 1989) and, if added to the culture medium (exogenous citrate), enters the cells through the sodium-dependent transporter SLC13A5 (Costello and Franklin, 2016). Both exogenously added and mitochondrially produced (endogenous) citrate are cleaved into acetyl-CoA and oxaloacetate (OAA) in the cytosol by ATP citrate lyase (ACLY). In normal cells, when citrate is produced by TCA cycle and ATP levels are high, citrate exerts a negative feedback on glycolysis and TCA cycle itself. In the cytosol, ACLY provides acetyl-CoA, which sustains some biosynthetic processes, including lipid synthesis and acetylation of both histone and non-histone proteins. In cancer cells, to prevent the suppression of glycolysis, citrate is rapidly converted into OAA and acetyl-CoA by ACLY, which is overexpressed (Zaidi et al., 2012; Khwairakpam et al., 2015; Khwairakpam et al., 2020). The conversion of OAA into malate by malate dehydrogenase produces NAD+ to sustain glycolysis (Gatenby and Gillies, 2004). Besides being a source of acetyl-CoA to sustain lipid biosynthesis, citrate is a key substrate for the activity of histone transacetylases, which, together with histone deacetylases, are responsible for some epigenetic modifications (Wellen et al., 2009).

Citrate acts as a regulator of multiple physiological and pathophysiological processes such as insulin secretion (Mohammad et al., 2007), inflammation (Williams and O’Neill, 2018), neurological disorders (Abdel-Salam et al., 2014), and cancer. There is growing evidence suggesting that the anti-tumor effect of exogenous citrate may be due to the regulation of some key enzymes of glycolysis, TCA cycle, gluconeogenesis, and fatty acid synthesis (Pastorino and Hoek, 2008; Ren et al., 2017). In vitro and in vivo studies showed that citrate at a high concentration inhibited the proliferation of several cancer cell types by inducing mitochondria-mediated apoptosis (Wang et al., 2018; Caiazza et al., 2019). Nevertheless, some citrate-resistant cells are able to adapt to high citrate concentrations. Interestingly, it has been observed that, at physiological concentrations (200 μmol/L), some tumor cell lines take up larger amounts of citrate than the normal cells and that gluconate, by inhibiting the citrate plasma membrane carrier, reduced the growth of human pancreatic tumors implanted subcutaneously in mice (Mycielska et al., 2018).

Considering the crucial role of citrate to supply the acetyl-CoA pool for fatty acid synthesis and histone acetylation in tumors (Wellen et al., 2009; Lee et al., 2014; Khwairakpam et al., 2020), in the present study, we assessed the effect of exogenous citrate supplementation on both ACLY expression and histone H4 acetylation in hepatoma cells (HepG2). All the experiments were performed at high and low glucose concentrations in order to verify that the observed effects are attributable to the involvement of citrate into glucose metabolism as well as to make a quantitative assessment. Moreover, this approach allowed to exclude possible non-specific effects due to the chelating activity of citrate (Sul et al., 2016). We sought to determine the effect of citrate on human immortalized cells (IHH) to understand the specificity of action of exogenous citrate on tumor vs normal cell types.

Interestingly, all the results also allowed to analyze the contrasting and dose-dependent effects of externally administered citrate to cancer cells and to suggest a molecular mechanism underlying the antitumor effect of citrate when used at a high concentration.



MATERIALS AND METHODS


Cell Culture and Treatments

Human hepatocellular carcinoma cell line (HepG2) was maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 25 or 5 mM glucose, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml), and immortalized human hepatocyte (IHH) cells were maintained in DMEM F-12 supplemented with 10% FBS, 1% of 100 IU/ml penicillin, 100 μg/ml streptomycin, 1 μM dexamethasone, and 10–12 M insulin. All the cell lines were cultured at 37°C and 5% CO2 in a humidified incubator. The HepG2 and IHH cells were seeded on culture plates and treated for 24 h with sodium citrate and Trichostatin A (TSA), which is an inhibitor of histone deacetylase (HDAC) that prevents the removal of acetyl groups from lysine residues on histone tails. Sodium citrate was dissolved in distilled water at 770 mg/ml; TSA was dissolved in dimethyl sulfoxide (DMSO) at 2 mg/ml as stock solution, which was then diluted with cultured medium to the desired concentrations (Salvia et al., 2017). The final concentration of DMSO did not exceed 0.25% v/v. The control cells were treated at the same final percentage of DMSO. All compounds were purchased from Sigma-Aldrich (unless otherwise indicated).



Viability Assay

Cells were seeded at a density of 1.5 × 103/well in 96-well plates and incubated with various concentrations of sodium citrate (1, 5, 10, and 20 mM) for 24 h (except the untreated control). The cells were treated with 0.75 mg/ml of [3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyl tetrazolium bromide] (MTT) solution in DMEM for 4 h at 37°C. The solution was subsequently removed, and the cells were lysed using a solubilization solution (1:1 DMSO/isopropanol with 1% of Triton X-100). The solubilized formazan product was spectrophotometrically quantified at 570 nm using a microplate reader (MultiskanTM GO Microplate Spectrophotometer, Thermo Fisher Scientific). The results were presented as percentage of the control, defined as 100% of cell viability. Each test was repeated three times in triplicate.



Western Blot Analysis

Western blot analysis was performed as previously reported (Miglionico et al., 2017), with some modification. Cells were lysed in Laemmli sample buffer (4% SDS, 20% glycerol, 200 mM DTT, 0.01% bromophenol blue, and 0.1 M Tris–HCl, pH 6.8) by sonication with Bandelin Sonopuls Ultrasonic Homogenizers. Finally, the proteins were resolved on 12% SDS-PAGE gels. After electroblotting on nitrocellulose membrane (AmershamProtran, GE Healthcare Life Sciences), membranes were blocked for 1 h with 5% non-fat milk in PBS-T, pH 7.4, and incubated overnight at 4°C with specific primary antibodies: 1:10,000 anti-β-actin, 1:400 anti-ACLY (Invitrogen), and 1:400 anti-Ac-H4 histone (Santa Cruz Biotechnology), diluted in PBST with 2.5% non-fat milk. The membranes were washed with PBS-T and incubated with appropriate horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h; the signals were visualized by Chemiluminescent Peroxidase Substrate-1 or Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific), using a ChemidocTM XRS detection system equipped with Image Lab Software (Bio-Rad). Densitometric analysis was performed by using ImageJ software (National Institute of Health, Bethesda, MD, United States). Protein expression level in the control sample was taken as 100%. Each result was expressed as a percentage of the value of the control sample. Each test was repeated three times.



Lipid Accumulation Assay

Staining of intracellular neutral lipids was performed using Oil Red O. Stock solution was prepared by dissolving 0.14 g in 40 ml 2-propanol 100% (0.35% w/v). This stock solution was stored at room temperature for 2 h. The working solution was obtained by diluting three parts of stock solution with two parts of distilled water. Working solution was prepared freshly for each experiment and filtered immediately before use.

For qualitative analysis, HepG2 cells were seeded on coverslips (1.5 × 105 cells/well) in a 24-well tissue culture plate and then treated with 10 mM sodium citrate for 24 h (except the untreated control); as a positive control of intracellular neutral lipid production, 2 mM oleic acid was used. The cells were washed twice with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 30 min. Formalin was removed, and 2-propanol 60% was added for 5 min. 2-Propanol 60% was removed, and the cells were stained with Oil Red O working solution for 20 min at room temperature. After extensive washing with distilled water, the coverslips were removed from the wells and blotted to remove any excess water. Oil droplets were observed using fluorescence microscopy FLoid CellTM Imaging Station (Thermo Fisher Scientific) in cells with 4′,6-diamidino-2-phenylindole-stained nuclei (FluoroshieldTM with DAPI, Sigma).

For quantitative analysis, HepG2 cells were seeded (1.5 × 105 cells/well) in a clear 24-well microtiter plate and then incubated with 10 mM sodium citrate for 24 h (except the untreated control). After addition of Oil Red O working solution for 20 min at room temperature, the cells were treated with 2-propanol, and lipid accumulation was measured using a microplate reader (MultiskanTM GO, Thermo Fisher Scientific) and absorbance was recorded at 510 nm. The results were presented as percentage of the control (cells untreated), defined as 100% of neutral lipid production. Each test was repeated three times in triplicate.



Statistical Analysis

The data are presented as mean ± SD. Student’s t-test was performed pairwise to compare the control and the treated samples. Differences were considered significant whenever p-value < 0.05. Statistical analysis was performed using statistical GraphPad software.



RESULTS


Effect of Citrate on Acetyl Group Availability in HepG2 Cells

The cell viability of HepG2 cells grown in 5 mM (low) and 25 mM (high) glucose medium and citrate was evaluated using the MTT assay. Incubation with sodium citrate for 24 h at concentrations ranging from 1 to 20 mM decreased the viability of HepG2 cells in a dose-dependent manner (Figure 1A). Citrate did not have a significant effect on cell viability at concentrations ≤5 mM. The IC50 values were approximately 17 and 13 mM for the cells grown in high- and low-glucose medium, respectively. At 20 mM concentration, the viability of cells was about 50 and 15% in high- and low-glucose media, respectively. In the cytosol, citrate is cleaved into acetyl-CoA and OAA by ACLY. Since citrate is a source of acetyl groups, its effect on lipid deposition and histone H4 acetylation has been evaluated.
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FIGURE 1. Effect of citrate on HepG2 cell viability and lipid droplet accumulation. (A) Viability of Cells grown at 25 mM (black bars) or 5 mM (gray bars) glucose were treated with different concentrations of citrate (1, 5, 10, and 20 mM) for 24 h. Data were expressed as percentage of the control group and presented as means ± SD of three replicates from three independent experiments. **p < 0.01, ***p < 0.001 cells treated with citrate vs untreated control; ##p < 0.01, ###p < 0.001 cells grown in low-glucose medium vs cells grown in high-glucose medium. (B) Microscope images of HepG2 cells grown at 25 mM (high) or 5 mM (low) glucose, treated with citrate 1 and 10 mM for 24 h and stained with Oil Red O to detect hepatic lipid droplets (red). The nuclei were stained with 4′,6-diamidino-2-phenylindole (blue). Cells without citrate are considered as control. Oleic acid treatment (2 mM) was used as positive control of intracellular neutral lipids accumulation. (C) Lipid droplets were quantified at 510 nm. Data were expressed as percentage of the control group and presented as means ± SD of three replicates from three independent experiments **p < 0.01, ***p < 0.001 treated cells vs control cells; #p < 0.05, ##p < 0.01, cells grown in low-glucose medium (gray bars) vs cells grown in high-glucose medium (black bars).


Cells treated with 1 mM citrate showed a slight increase in lipid deposition as demonstrated by Oil Red O staining. Contrary to what was expected, no increase in lipid accumulation was observed with increasing citrate concentration, thus suggesting a lower availability of acetyl-CoA (Figures 1B,C).

The cells were treated with various concentrations of citrate for 24 h, and the acetylation of histone H4 (Ac-H4 histone) was evaluated. In the presence of sodium citrate at 1 and 5 mM, an increase of Ac-H4 histone has been observed; however, at 10 mM citrate, the acetylated histone decreased both at high and low glucose concentrations (Figures 2A,B). These results prompted us to investigate the effect of citrate on ACLY expression (Figures 2C,D). The addition of citrate at 1 mM increased the ACLY expression when the cells were grown in both high- and low-glucose medium. However, the expression of ACLY was reduced at 5 mM citrate and decreased significantly at 10 mM citrate with a trend similar to that observed for the acetylation of H4 histone (Figure 2B), thus suggesting that the expression of ACLY is epigenetically controlled by acetylation of histone H4.
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FIGURE 2. Effect of citrate on the acetylation of histone H4 and ACLY expression. Representative western blot (A) and (B) densitometric analysis of the immunoreactive bands of Ac-H4 in HepG2 cells grown at 25 and 5 mM glucose in the presence of 1, 5, and 10 mM of citrate for 24 h. The Ac-H4 levels were normalized with β-actin content. The results from three independent experiments are presented as a percentage of acetylated histone H4 compared with 100% of the control cells. Data are shown as mean ± standard deviation (SD); ∗p < 0.05, ***p < 0.001 cells treated with citrate vs control cells; # p < 0.05, ##p < 0.01, ###p < 0.001 cells grown in low-glucose medium vs cells grown in high-glucose medium. Representative western blot (C) and (D) densitometric analysis of the immunoreactive bands of ACLY protein in HepG2 cells grown in high- and low-glucose medium and in the presence of 1, 5, and 10 mM of citrate for 24 h. The protein levels were normalized with β-actin content. The results from three independent experiments are presented as a percentage of ACLY protein levels compared with 100% of the control cells. Data are shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 cells treated with citrate vs untreated control; ###p < 0.001 cells grown in low-glucose medium vs cells grown in high-glucose medium.


Since histone acetylation involves a balance between the activities of enzymes that catalyze histone acetylation (HAT) and deacetylation (HDAC), we evaluated the effect of citrate on the expression of ACLY and the acetylation of histone H4 in the presence of TSA, a deacetylation inhibitor. HepG2 cells were grown in high- and low-glucose medium and treated with 10 μM TSA alone and in combination with different concentrations of citrate (Figure 3A) for 24 h. The acetylated histone and the expression of ACLY increased after treatment with TSA, as compared to the control. With 1 mM citrate and TSA, the acetylation of histone H4 did not change significantly as compared to TSA alone (Figure 3B), whereas the expression of ACLY was considerably lowered (Figure 3C). Moreover, with TSA and citrate at a higher concentration, both acetylation of H4 and ACLY expression decreased in a dose-dependent manner. These results confirmed that citrate epigenetically modulates ACLY also in the presence of TSA, reducing the acetylation of histone H4.
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FIGURE 3. Effect of Trichostatin A (TSA) on the acetylation of histone H4 and ACLY expression in HepG2 cells treated with citrate. (A) Representative western blot of Ac-H4 histone and ACLY protein in HepG2 grown in high- and low-glucose medium and in the presence of 10 μM TSA alone and in combination with 1, 5, and 10 mM citrate for 24 h. Densitometric analysis of the immunoreactive bands of (B) Ac-H4 histone and (C) ACLY protein in three independent experiments. The levels of proteins were normalized with respect to the β-actin protein levels. The results from three independent experiments of cells grown at 25 and 5 mM glucose are presented as a percentage of ACLY and Ac-H4 compared with 100% of the control cells treated with 0.15% dimethyl sulfoxide (control). Data are shown as mean ± SD, **p < 0.01, ***p < 0.001 cells treated with TSA vs control cells or cells treated with TSA in combination with citrate vs TSA alone; #p < 0.05, ##p < 0.01, ###p < 0.001 cells grown in low-glucose medium vs cells grown in high-glucose medium.




Effect of Citrate on the Viability, Acetylation of Histone H4, and ACYL Expression in Immortalized Human Hepatocytes

With the aim to verify the effect of citrate on normal cells, we performed some experiments on IHH cells. The administration of citrate at different concentrations, from 5 to 20 mM, significantly decreased the viability of IHH cells in a dose-dependent manner (Figure 4A). At 20 mM concentration of sodium citrate, the viability of IHH cells was reduced to about 40%.
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FIGURE 4. Effect of citrate on the acetylation of histone H4 and ACLY expression in immortalized human hepatic (IHH) cells. (A) Viability of cells treated with citrate at different concentrations (1, 5, 10, and 20 mM) for 24 h. Data were expressed as percentage of the control group and presented as means ± SD of three replicates from three independent experiments. *p < 0.05, **p < 0.01 cells treated with citrate vs untreated control. (B) Representative western blot of Ac-H4 histone and ACLY protein. Densitometric analysis of the immunoreactive bands performed in three independent experiments of (C) Ac-H4 histone and (D) ACLY protein. Protein levels were normalized with β-actin content. The results from three independent experiments are presented as a percentage of protein levels compared with 100% of the control cells. Data are shown as mean ± SD, *p < 0.05, **p < 0.01, cells treated with citrate vs untreated control. (E) Representative western blot of ACLY and Ac-H4 in IHH cells grown in the presence of 10 μM TSA alone and in combination with 1, 5, and 10 mM citrate for 24 h. Densitometric analysis of the immunoreactive bands performed in three independent experiments of (F) Ac-H4 histone and (G) ACLY. Protein levels were normalized with β-actin content. The results from three independent experiments are presented as a percentage of protein levels compared with 100% of the control cells. Data are shown as mean ± SD, *p < 0.05, cells treated with Trichostatin A (TSA) vs control cells or cells treated with TSA in combination with citrate vs TSA alone.


We investigated the level of Ac-H4 histone and ACLY expression in cells grown with sodium citrate for 24 h at concentrations that ranged from 1 to 10 mM (Figure 4B). A significant decrease of Ac-H4 histone in up to 10 mM concentration of citrate has been observed (Figure 4C). On the contrary, the expression of ACLY did not change at 5 and 10 mM citrate; at 1 mM, it even increased as compared to the control (Figure 4D), thus suggesting that, in non-tumor cells, changes of acetylated histone level do not correspond to a change of ACLY expression, as instead shown by HepG2 cells.

In addition, we evaluated Ac-H4 histone and the expression of ACLY in IHH grown at different concentrations of citrate in combination with 10 μM TSA (Figure 4E). When cells are treated with the deacetylase inhibitor, citrate decreased the acetylation of histone H4 in a dose-dependent manner (Figure 4F). Once again, the expression of ACLY did not change (Figure 4G), thus confirming that, in IHH cells, citrate did not control ACLY expression by changing the acetylation of histone H4.



DISCUSSION

Citrate is an important metabolite in cellular energy metabolism, and it has multiple physiological and pathological functions. It acts as a regulator of glucose and lipid metabolism and controls the acetyl group availability. The anticancer properties of citrate were reported on different tumor cell lines; however, the effects of citrate to support cell proliferation have been also described (Zhang et al., 2009; Icard et al., 2012; Lincet et al., 2013; Xia et al., 2018).

In this study, we investigated the effects of different concentrations of extracellularly administered citrate, focusing on its main intracellular functions, i.e., to provide acetyl-CoA for the biosynthesis of fatty acids and histone acetylation. These two important processes are required by cancer cells to synthesize large quantities of lipids to build cell membranes and regulate gene expression, respectively.

Lipid deposition as well as acetylated histone H4 in HepG2 cells was increased when grown with 1 mM citrate and decreased with 10 mM citrate (Figures 1, 2). Since citrate is converted to acetyl-CoA and OAA by ACLY and acetyl-CoA is a substrate for both lipid synthesis and histone acetylation, one would expect an increase of both processes upon citrate supplementation. The unexpected inhibition of the ACLY activity in cells grown with high citrate concentration suggested us to further investigate the effects of citrate on ACLY expression. HepG2 cells grown in the presence of different citrate concentrations showed a clear correlation between acetylated H4 histone and ACLY protein expression. The same correlation was confirmed even in the presence of TSA, an inhibitor of histone deacetylases, thus suggesting that ACLY expression is partly controlled by histone H4 acetylation (Figure 3).

In order to verify if the unexpected result that we found after treatment with citrate 10 mM is due to a specific behavior of cancer cells, experiments were performed on IHH cells, which have a metabolism very similar to normal hepatocytes. The addition of 10 mM citrate decreased the acetylation of histone H4, which is similar to what was observed in HepG2 cells, suggesting that the regulation of histone acetylation occurs the same way in both tumor and non-tumor cells. In contrast, ACLY expression in IHH cells was not modified after citrate exposure, suggesting that, in this case, ACLY expression was not regulated by histone H4 acetylation (Figure 4). These results therefore suggest that the epigenetic regulation of ACLY in cancer cells is one way to adapt the metabolism for specific cellular requirements.

In the schematic diagram shown in Figure 5, we propose a possible explanation of what might happen in cells under normal conditions and when citrate is given at a high concentration. In the cytoplasm, ACLY catalyzes the cleavage of citrate into acetyl-CoA and OAA. In normal conditions, citrate produced by mitochondria effluxes into the cytoplasm through the mitochondrial citrate carrier that exchanges the citrate with malate produced by the reduction of OAA: in this way, the acetylation process is strictly linked to the reduction of OAA to malate by the NADH produced by glycolysis.


[image: image]

FIGURE 5. Proposed mechanism of citrate effect at a higher concentration. In the absence of exogenous citrate or with low citrate concentration (right panel), citrate formed in the TCA cycle moves to the cytoplasm through the citrate/malate exchanger and supplies acetyl groups for histone acetylation and lipid biosynthesis. Since citrate is converted by ATP citrate lyase (ACLY) in acetyl-CoA and oxaloacetate, which in turn goes back in the mitochondria after reduction to malate in exchange with citrate, the full process results in an outflow of acetyl groups. When citrate is administered at a high concentration (left panel), the oxaloacetate accumulates in the cytosol because of the lack of reducing equivalents needed to convert to malate, due to citrate itself acting as an inhibitor of glycolysis. The equilibrium balance of the reaction catalyzed by ACLY is shifted toward the reagents, lowering the availability of acetyl groups for lipid biosynthesis and histone acetylation.


The exogenous citrate enters the cells through the sodium-dependent transporter SLC13A5 (Costello and Franklin, 2016) and is cleaved in acetyl-CoA and OAA. In the presence of high exogenous citrate, we found decreased lipid deposition and histone acetylation, indicative of a decreased availability of acetyl-CoA, which suggested an inhibition of ACLY activity. The inhibition of ACLY may be due to several causes that we can consider individually or in combination, such as the strong inhibition of glycolysis, which leads to a decrease in NADH necessary for OAA reduction, OAA directly inhibiting ACLY, or simply a shift in the balance of the reaction catalyzed by ACLY due to the accumulation of OAA, which prevents the further synthesis of acetyl-CoA and OAA.

Considering the strong demand for acetyl-CoA in tumor cells but not for OAA, the administration of citrate at a high concentration to HepG2 cells determines an accumulation of OAA, which reduces the further synthesis of OAA and acetyl-CoA and therefore ACLY expression. For this reason, we suggest that the exogenous citrate would behave like a trojan horse that releases OAA in the cells, where it could exert its therapeutic effect also on hepatoma cells. Our hypothesis is also supported by what has already been reported on the antitumor potential of OAA due to its ability to inhibit glycolysis through the enhancement of oxidative phosphorylation (Kuang et al., 2018). Although further experiments are needed to define the molecular mechanism by which high concentrations of citrate inhibit ACLY, the results reported in this work shed light on some data in the literature regarding the use of citrate in the treatment of cancer. The most important discovery is undoubtedly the demonstration that high concentrations of citrate decrease the availability of acetyl-CoA, a key molecule both in the metabolism of sugars and lipids and in the control of gene transcription that lays the basis for the understanding of all the pathophysiological activities sensitive to citrate. Another important aspect that emerges from this work is that, although citrate is a metabolic intermediate, the exogenous citrate behaves differently from the endogenous citrate because the latter, due to the exchange mechanism with which the mitochondrial citrate transport operates, when it is cleaved by the ACLY, releases acetyl-CoA in the cytoplasm and reduced oxaloacetate to malate in the mitochondria which, in addition to feeding the mitochondrial activity, prevents the accumulation of oxaloacetate.

As citrate metabolism provides a connection between carbohydrate metabolism, fatty acid metabolism, and epigenetic reprogramming, its administration to higher concentrations compared to the physiological ones may be useful as anticancer drug for liver cancer.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



AUTHOR CONTRIBUTIONS

FB and AO conceived this work, designed the experiments, analyzed the data, and wrote the manuscript. AP performed the experiments. VA performed statistical analysis. PK critically read the manuscript. FB supervised the work. All authors contributed to the article and approved the submitted version.



FUNDING

This work was in part supported by PRIN (Progetti di Ricerca di Interesse Nazionale), project no. 2017PAB8EM, “Membrane transporters, the doors of cellular metabolism. Investigation of biochemical features structure/function relationships, metabolic regulation, and physio-pathological aspects by in vitro and in vivo experimental models” granted by MIUR (Ministry of Education, University and Research)—Italy.



REFERENCES

Abdel-Salam, O. M. E., Youness, E. R., Mohammed, N. A., Morsy, S. M. Y., Omara, E. A., and Sleem, A. A. (2014). Citric acid effects on brain and liver oxidative stress in lipopolysaccharide-treated mice. J. Med. Food 17, 588–598. doi: 10.1089/jmf.2013.0065

Bisaccia, F., De Palma, A., and Palmieri, F. (1989). Identification and purification of the tricarboxylate carrier from rat liver mitochondria. Biochim. Biophys. Acta 977, 171–176.

Burns, J. S., and Manda, G. (2017). Metabolic pathways of thewarburg effect in health and disease: perspectives of choice, chain or chance. Int. J. Mol. Sci. 18, 1–28. doi: 10.3390/ijms18122755

Caiazza, C., D’Agostino, M., Passaro, F., Faicchia, D., Mallardo, M., Paladino, S., et al. (2019). Effects of long-term citrate treatment in the PC3 prostate cancer cell line. Int. J. Mol. Sci. 20, 1–18. doi: 10.3390/ijms20112613

Costello, L. C., and Franklin, R. B. (2016). Plasma citrate homeostasis: how it is regulated; and its physiological and clinical implications. an important, but neglected, relationship in medicine. Hum. Endocrinol. 1:5. doi: 10.24966/he-9640/100005

De Berardinis, R. J., and Chandel, N. S. (2016). Fundamentals of cancer metabolism. Sci. Adv. 2:e1600200. doi: 10.1126/sciadv.1600200

Fritz, V., and Fajas, L. (2010). Metabolism and proliferation share common regulatory pathways in cancer cells. Oncogene 29, 4369–4377. doi: 10.1038/onc.2010.182

Furuta, E., Okuda, H., Kobayashi, A., and Watabe, K. (2010). Metabolic genes in cancer: their roles in tumor progression and clinical implications. Biochim. Biophys. Acta Rev. Cancer 180, 141–152. doi: 10.1016/j.bbcan.2010.01.005

Gatenby, R. A., and Gillies, R. J. (2004). Why do cancers have high aerobic glycolysis? Nat. Rev. Cancer 4, 891–899. doi: 10.1038/nrc1478

He, Y., Gao, M., Cao, Y., Tang, H., Liu, S., and Tao, Y. (2017). Nuclear localization of metabolic enzymes in immunity and metastasis. Biochim. Biophys. Acta Rev. Cancer 1868, 359–371.

Icard, P., Poulain, L., and Lincet, H. (2012). Understanding the central role of citrate in the metabolism of cancer cells. Biochim. Biophys. Acta Rev. Cancer 1825, 111–116. doi: 10.1016/j.bbcan.2011.10.007

Khwairakpam, A., Mayengbam, S., Bethsebie, S., Sivakumar, R., and Ganesan, P. (2015). ATP citrate lyase (ACLY): a promising target for cancer prevention and treatment. Curr. Drug Targets 16, 156–163. doi: 10.2174/1389450115666141224125117

Khwairakpam, A. D., Banik, K., Girisa, S., Shabnam, B., Shakibaei, M., Fan, L., et al. (2020). The vital role of ATP citrate lyase in chronic diseases. J. Mol. Med. 98, 71–95. doi: 10.1007/s00109-019-01863-0

Kuang, Y., Han, X., Xu, M., and Yang, Q. (2018). Oxaloacetate induces apoptosis in HepG2 cells via inhibition of glycolysis. Cancer Med. 7, 1416–1429. doi: 10.1002/cam4.1410

Lee, J. V., Carrer, A., Shah, S., Snyder, N. W., Wei, S., Venneti, S., et al. (2014). Akt-dependent metabolic reprogramming regulates tumor cell histone acetylation. Cell Metab. 20, 306–319. doi: 10.1016/j.cmet.2014.06.004

Liao, Y. (2017). Cancer metabolism as we know it today: a prologue to a special issue of cancer metabolism. Genes Dis. 4, 4–6. doi: 10.1016/j.gendis.2017.02.001

Liberti, M. V., and Locasale, J. W. (2016). The warburg effect: how does it benefit cancer cells? Trends Biochem. Sci. 41, 211–218. doi: 10.1016/j.tibs.2015.12.001

Lin, X., Xiao, Z., Chen, T., Liang, S. H., and Guo, H. (2020). Glucose metabolism on tumor plasticity, diagnosis, and treatment. Front. Oncol. 10:317. doi: 10.3389/fonc.2020.00317

Lincet, H., Kafara, P., Giffard, F., Abeilard-Lemoisson, E., Duval, M., Louis, M. H., et al. (2013). Inhibition of Mcl-1 expression by citrate enhances the effect of bcl-x l inhibitors on human ovarian carcinoma cells. J. Ovarian Res. 6, 1–10. doi: 10.1186/1757-2215-6-72

Liu, Y., Zhang, Z., Wang, J., Chen, C., Tang, X., Zhu, J., et al. (2019). Metabolic reprogramming results in abnormal glycolysis in gastric cancer: a review. OncoTargets Ther. 12, 1195–1204. doi: 10.2147/OTT.S189687

Luengo, A., Gui, D. Y., and Vander Heiden, M. G. (2017). Targeting metabolism for cancer therapy. Cell Chem. Biol. 24, 1161–1180. doi: 10.1016/j.chembiol.2017.08.028

Miglionico, R., Ostuni, A., Armentano, M. F., Milella, L., Crescenzi, E., Carmosino, M., et al. (2017). ABCC6 Knockdown in HepG2 cells induces a senescent-like cell phenotype. Cell. Mol. Biol. Lett. 22:7. doi: 10.1186/s11658-017-0036-2

Mohammad, A., Monjok, E., Kouamou, G., Ohia, S. E., Bagchi, D., and Lokhandwala, M. F. (2007). Super CitriMax (HCA-SX) attenuates increases in oxidative stress, inflammation, insulin resistance, and body weight in developing obese zucker rats. Mol. Cell. Biochem. 304, 93–99. doi: 10.1007/s11010-007-9489-3

Mycielska, M. E., Dettmer, K., Rummele, P., Schmidt, K., Prehn, C., Milenkovic, V. M., et al. (2018). Extracellular citrate affects critical elements of cancer cell metabolism and supports cancer development in vivo. Cancer Res. 78, 2513–2523. doi: 10.1158/0008-5472.CAN-17-2959

Pastorino, J. G., and Hoek, J. B. (2008). Regulation of hexokinase binding to VDAC. J. Bioenerg. Biomembr. 40, 171–182.

Ren, J. G., Seth, P., Ye, H., Guo, K., Hanai, J. I., Husain, Z., et al. (2017). Citrate suppresses tumor growth in multiple models through inhibition of glycolysis, the tricarboxylic acid cycle and the IGF-1R pathway. Sci. Rep. 7, 1–13. doi: 10.1038/s41598-017-04626-4

Roth, K. G., Mambetsariev, I., Kulkarni, P., and Salgia, R. (2020). The mitochondrion as an emerging therapeutic target in cancer. Trends Mol. Med. 26, 119–134. doi: 10.1016/j.molmed.2019.06.009

Salvia, A. M., Cuviello, F., Coluzzi, S., Nuccorini, R., Attolico, I., Pascale, S. P., et al. (2017). Expression of some ATP-binding cassette transporters in acute myeloid leukemia. Hematol. Rep. 9, 137–141. doi: 10.4081/hr.2017.7406

Sul, J. W., Kim, T. Y., Yoo, H. J., Kim, J., Suh, Y. A., Hwang, J. J., et al. (2016). A novel mechanism for the pyruvate protection against zinc-induced cytotoxicity: mediation by the chelating effect of citrate and isocitrate. Arch. Pharm. Res. 39, 1151–1159. doi: 10.1007/s12272-016-0814-9

van der Knaap, J. A., and Verrijzer, C. P. (2016). Undercover: gene control by metabolites and metabolic enzymes. Genes Dev. 30, 2345–2369. doi: 10.1101/gad.289140.116

Wang, T. A., Xian, S. L., Guo, X. Y., Zhang, X. D., and Lu, Y. F. (2018). Combined 18F-FDG PET/CT imaging and a gastric orthotopic xenograft model in nude mice are used to evaluate the efficacy of glycolysis-targeted therapy. Oncol. Rep. 39, 271–279. doi: 10.3892/or.2017.6060

Wellen, K. E., Hatzivassiliou, G., Sachdeva, U. M., Bui, T. V., Cross, J. R., and Thompson, C. B. (2009). ATP-citrate lyase links cellular metabolism to histone acetylation. Science 324, 1076–1080. doi: 10.1126/science.1164097

Williams, N. C., and O’Neill, L. (2018). A role for the krebs cycle intermediate citrate in metabolic reprogramming in innate immunity and inflammation. Front. Immunol. 9:141. doi: 10.3389/fimmu.2018.00141

Xia, Y., Zhang, X., Bo, A., Sun, J., and Li, M. (2018). Sodium citrate inhibits the proliferation of human gastric adenocarcinoma epithelia cells. Oncol. Lett. 15, 6622–6628. doi: 10.3892/ol.2018.8111

Zaidi, N., Swinnen, J. V., and Smans, K. (2012). ATP-citrate lyase: a key player in cancer metabolism. Cancer Res. 72, 3709–3714. doi: 10.1158/0008-5472.CAN-11-4112

Zhang, X., Varin, E., Allouche, S., Yunfei, L., Poulain, L., and Icard, P. (2009). Effect of citrate on malignant pleural mesothelioma cells: a synergistic effect with cisplatin. Anticancer Res. 29, 1249–1254.


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.

Copyright © 2020 Petillo, Abruzzese, Koshal, Ostuni and Bisaccia. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Extracellular Citrate Is a Trojan Horse for Cancer Cells



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture and Treatments



		Viability Assay



		Western Blot Analysis



		Lipid Accumulation Assay



		Statistical Analysis







		RESULTS



		Effect of Citrate on Acetyl Group Availability in HepG2 Cells



		Effect of Citrate on the Viability, Acetylation of Histone H4, and ACYL Expression in Immortalized Human Hepatocytes







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fmolb-07-593866-g001.jpg
GLUCOSE MEDIUM

<

anyvOoIa1o

*
*
*

CITRATE (mM)

CONTROL

110 -
100 1

[{

90 1

S o
® = o

[013u03 J0 o,

) &y

quIA [PD

ALVILID
AWw

OLOW GLUCOSE MEDIUM

WHIGH GLUCOSE MEDIUM

2mMOLEIC ACID 1 mM CITRATE 10 mM CITRATE

CONTROL





OPS/images/cover.jpg
, frontiers

in Molecular Biosciences

Extracellular Citrate Is a Trojan
Horse for Cancer Cells









OPS/images/logo.jpg
’frontiers
in Molecular Biosciences





OPS/images/fmolb-07-593866-g005.jpg
Na* Citrate  Glucose

Cltrate Glucose

Fatty acid

biosynthesi .- Co ASh
>

‘\;:a' ::;‘4 B NAD* \

H"““"‘:/ Oxalacetate  ~Slycolysis=
acetylation N
s]r— fI“
NAD*
Malate Pyruvate

Pyruvate

; e
oxalacetate -
S CoASh

Acetyl-CoA

Glucose
Fattyacid  Histone "
biosynthesis acetylation
b T
Glucose Oxalacetate AcetylCoA

NAD*

Ts 7\ qADP
/
" CoASH

ATP

NADH “Mpalate ~ Citrate

Pyruvate

Pyruvate

NAD
Oxalacetate
NADH

Acetyl-CoA






OPS/images/fmolb-07-593866-g004.jpg
A B
120 4
g100{ * — * ACLY |WHSs s sy any | 120
E 80 Ac-H4 —— _14
E 60 4
E " B-ACTIN | "erininie. S S S | 40
g 401
3 Q .7, (o) (e
o O X 4 2
20 %, .ev/y @9 éey%é
\ % K3 3 %
1 5 10 20
CONTROL CITRATE (mM)
C 120 D 140 *x
+
Tey _ 120
* +
100
- 80 -
£ )
25 o <k
PP - Q<
< s < S 60
o~ =~
< 40 *k =
40
20 | ] | 20
0 0
1 5 10 1 5 10
CONTROL CITRATE (mM) CONTROL CITRATE (mM)
E
ACLY T = - _120
Ac-H4
B-ACTIN
F G
500 140
450 2
120
400
350 " 100
3 s
5 £300 * ~E %0
= g %nE
T 8250 <K
P &
<200 50
150 40
100
5 | | 20
0 0
1mM CITRATE 5 mM CITRATE 10 mM CITRATE] 1 mM CITRATE 5 mM CITRATE 10 mM CITRATE]
CONTROL 10 pM TSA +10 pM TSA CONTROL 10 uM TSA +10 pM TSA
(DMSO) (DMSO)





OPS/images/fmolb-07-593866-g003.jpg
>

acy | T S - » -
= -
€4 ache —— ——
E =
2 [N — ]
= L
g -
g ACLY — S—— _120
8z
9 Ach4 — v c— -
F-ACTIN | S iy s e s | 10
Q. By %
O"’z 2, x x %,
% 5 B G %G 4%
o, S %, %, %, <
z Y NS
B
v v 7 e
B WHIGH GLUCOSE MEDIUM ~ OLOW GLUCOSE MEDIUM (o WHIGH GLUCOSE MEDIUM ~ OLOW GLUCOSE MEDIUM
400 . i 300 R
—— o
350 Lo — 250
300
gz wan TRE = 200 ##
SE0 ok -] o
= S 200 28150 e
s <35 ek
T S 150 = 100
<7 100 |—|
0 0
1mMCITRATE 5mM CITRATE 10 mM CITRATE ImMCITRATE 5mM CITRATE 10 mM CITRATE
CONTROL 10 pM TSA +10 p(MTSA CONTROL 10 pMTSA +10 pM TSA
(OMS0) (OMS0)






OPS/images/fmolb-07-593866-g002.jpg
GLUCOSE MEDIUM

GLUCOSE MEDIUM

HIGH

ow

L

HIGH

LOW

Ac-H4

B-ACTIN

Ac-H4

B-ACTIN

ACLY

B-ACTIN

ACLY

B-ACTIN

- am— -
e mmmy . o
[ Q.7 Q.9 Q%
o) 4 2 %,
%, %, %l ‘7,’;')’9
%, %, , %
2 @ ¢ ©
—— e — — 120

s e T p—

250

200

150

100

Ac-H4 histone
% of control

50

160
140
120
100
80
60
40
20

ACLY
% of control

BHIGH GLUCOSE MEDIUM OLOW GLUCOSE MEDIUM
B #
%k k
dkk
#
##
*
ek
|
1 5 10
CONTROL CITRATE (mM)
B HIGH GLUCOSE MEDIUM OLOW GLUCOSE MEDIUM
" BH#
B #

1

CONTROL

Kk .
I |
5

CITRATE (mM)

ik
I dekk
10

1





