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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive solid tumor. Recently, the up
take of extracellular citrate by the sodium-dependent citrate transporter (NaCT), encoded by 
SLC13A5, has been demonstrated to exert profound effects on cancer cell metabolism. However, 
research on the function of extracellular citrate in PDAC pathogenesis and the relationship be
tween NaCT expression and the tumor metabolic microenvironment is limited. Therefore, we 
aimed to evaluate the expression of citrate transporters across a spectrum of glucose concentra
tions in pancreatic cancer and systematically explore the effects of sodium citrate treatment on 
pancreatic cancer cells at different glucose concentrations. We observed a positive correlation 
between glucose concentration and NaCT expression in PDAC cell lines. Extracellular sodium 
citrate significantly reduced cell viability partially due to reduction in intracellular Ca2+ levels 
and decreased the migration of human PDAC cells. Furthermore, we observed a decrease in the 
levels of the stem cell marker prominin I (CD133) following sodium citrate treatment. Notably, 
the combination treatment of gemcitabine and extracellular sodium citrate exhibited a synergistic 
anticancer effect in both two-dimensional (2D) and three-dimensional (3D) culture systems. 
Additionally, we confirmed that pH slightly increased upon administration of sodium citrate, 
indicating that this could potentially augment the efficacy of gemcitabine. Altogether, these 
findings suggest that exogenous sodium citrate treatment, particularly in combination with 
gemcitabine, may represent a novel therapeutic strategy for treating PDAC. This approach holds 
promise for disrupting PDAC cell metabolism and inhibiting tumor progression.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), an aggressive solid tumor, is the fourth leading cause of global cancer-related deaths [1,
2]. Despite the introduction of innovative therapeutic strategies, PDAC prognosis remains poor, with a 5-year survival rate of less than 
5 % and a median survival duration of approximately 6 months [3]. Surgical resection is often not viable for advanced PDAC; therefore, 
gemcitabine (genotoxic DNA-damaging agent) is the primary treatment option. However, gemcitabine often elicits a transient, min
imal, or no response in most patients with unresectable PDAC, leading to therapeutic resistance, metastatic progression, and increased 
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mortality [4,5]. The limited efficacy of chemotherapy in patients with PDAC may be attributed to the inherent cellular diversity within 
the tumor microenvironment [6]. Therefore, there is an urgent need to investigate the cellular and molecular mechanisms underlying 
gemcitabine resistance in PDAC.

Extracellular citrate uptake and utilization play a crucial role in cancer biology. Citrate is biosynthesized within the mitochondria 
via the Krebs cycle from the condensation of acetyl-coenzyme A (CoA) and oxaloacetate [7]. During periods of energy surplus, citrate is 
exported from the mitochondria to the cytoplasm through solute carrier family member 1 (SLC25A1), also known as the citrate 
transporter, encoded by SLC25A1 [8,9]. Within the cytoplasm, ATP-citrate lyase (ACLY) facilitates the breakdown of cytoplasmic 
citrate into acetyl-CoA, which is a pivotal building block for lipid and cholesterol synthesis [10]. Extracellular citrate is transported by 
the solute carrier family 13 member 5 (SLC13A5), also known as the sodium-dependent citrate transporter (NaCT), encoded by 
SLC13A5. This extracellular citrate uptake significantly affects various physiological processes and cancer cell metabolism [11,12].

An increased cytosolic citrate concentration inhibits the growth of human lung and hepatocellular carcinoma cells [13,14]. Cellular 
diversity within the tumor microenvironment affects tumor nutrient uptake [15]. In addition, nutrient heterogeneity is associated with 
anticancer agent resistance or sensitivity. Fluctuations in glucose uptake have been extensively documented to be intricately associated 
with variations in the responsiveness of cancer cells to a range of anticancer drugs. However, research on the function of extracellular 
citrate in PDAC pathogenesis and the relationship between SLC13A5 expression and the tumor metabolic microenvironment is limited.

In this study, we aimed to evaluate the expression of citrate transporters across a spectrum of glucose concentrations in pancreatic 
cancer. We systematically explored the effects of sodium citrate treatment on pancreatic cancer cells at different glucose concentra
tions. Using comprehensive two-dimensional (2D) and three-dimensional (3D) cell culture experiments, we aimed to determine the 
impact of high sodium citrate concentrations on tumor growth, migration, and the expression of cancer stem cell markers. To 
determine the clinical relevance of citrate treatment, we assessed the expression of SLC13A5 in human tissue samples.

2. Material and methods

2.1. Chemicals

Sodium citrate, D-(+)-Glucose, and gemcitabine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium citrate and D- 
(+)-glucose were dissolved in distilled water and stored at − 20 ◦C. Gemcitabine was dissolved in distilled water to create a 1 M stock 
solution, which was stored at room temperature.

2.2. Cell culture

The human PDAC cell lines, MIA PaCa-2 and PANC-1, were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). MIA 
PaCa-2 and PANC-1 cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco; Thermo Fisher Scientific, Waltham, MA, 
USA), supplemented with 10 % fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1 % penicillin-streptomycin (Gibco; Thermo 
Fisher Scientific). The cells were maintained in an incubator at 37 ◦C with 5 % CO2. Mycoplasma contamination was tested every 2 
months. Following treatment with sodium citrate, PANC-1 and MIA PaCa-2 cells were washed with 1 × phosphate-buffered saline 
(PBS) and incubated with DMEM containing 1, 5, or 25 mM glucose. Media with varying concentrations of glucose were prepared by 
adding glucose to glucose-free DMEM to attain the desired final glucose concentration. Three-dimensional spheroids were generated 
from MIA PaCa-2 cells using costar ultra-low attachment multiple-well plates (Corning, Darmstadt, Germany). Cells (5000 cells/well) 
were plated and centrifuged at 179×g for 1 min. Following incubation for 2–3 days, the spheroids were visualized using phase-contrast 
microscopy.

2.3. Measurement of cell viability and spheroid size

MIA PaCa-2 cells (1 × 103 cells/well) were plated and incubated with 0, 1 or 10 mM sodium citrate in the presence of 1, 5, or 25 mM 
glucose for 48 h. Media with varying concentrations of glucose were prepared by adding glucose to glucose-free DMEM to attain the 
desired final glucose concentration. Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; DOJINDO Laboratories, 
Kumamoto, Japan) according to the manufacturer’s instructions. For spheroid treatment, MIA PaCa-2 cells (5000 cells/well) were 
premixed with 0 or 10 mM sodium citrate and 1, 5, or 25 mM glucose, followed by centrifugation at 179×g for 1 min. After 1 week, the 
spheroids were observed using an Olympus BX53 microscope (Olympus, Tokyo, Japan) and images were analyzed using Olympus 
CellSens software (Olympus).

2.4. Western blotting

Western blotting was performed as previously described [16]. MIA PaCa-2 and PANC-1 cells were treated with different con
centrations of glucose for 8 h. MIA PaCa-2 cells were incubated with 0, 1, or 10 mM sodium citrate in media containing different 
glucose concentrations. Media with varying concentrations of glucose were prepared by adding glucose to glucose-free DMEM to attain 
the desired final glucose concentration. Following incubation, total protein was extracted using sodium dodecyl sulfate (SDS) lysis 
buffer, containing 1 % SDS and 60 mM Tris-HCl supplemented with a protease inhibitor (Roche, Basel, Switzerland) and phosphatase 
inhibitor (GenDEPOT, Katy, TX, USA). The primary antibodies used included anti-NaCT (Santa Cruz Biotechnology, Dallas, TX, USA), 
anti-SLC25A1 (NOVUS, Littleton, CO, USA), anti-HK2 (Abcam, Cambridge, UK), anti-CD133 (Abcam) and β-actin-HRP (Santa Cruz 
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Biotechnology). Details of the antibodies are summarized in Supplementary Table 1. Chemiluminescent signals were visualized using a 
ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA). The experiments were performed in triplicate. Band quantification was con
ducted using ImageJ (National Institutes of Health, Bethesda, MD, USA) and Bio-Rad Image Lab 6 software (Bio-Rad).

2.5. Immunostaining

The MIA PaCa-2 cells were plated onto poly-L-lysine-coated coverslips and incubated for 24 h. Following incubation, the cells were 
treated with 0, or 10 mM sodium citrate at various glucose concentrations (1, 5, or 25 mM) in a glucose-free medium and incubated for 
an additional 24 h. Next, the cells were washed with 1 × PBS and fixed with 4 % paraformaldehyde for 20 min. After fixation, the cells 
were washed with 3 × PBS and blocked with 3 % bovine serum albumin for 30 min at room temperature. Subsequently, the cells were 
stained with Ki67 antibody (M7240, MIB-1; Agilent Technologies, Santa Clara, CA, USA). The tissue microarray comprised eight tumor 
regions from patients with PDAC and eight normal pancreatic regions (TissueArray.Com LLC, Derwood, USA). The primary antibody 
SLC13A5 (Santa Cruz, 1:500) was used for staining. Immunostaining of paraffin-embedded tissues was performed as previously 
described [16]. Images were acquired using an Olympus BX53 microscope (Olympus), and positive tumor regions were quantified 
using Olympus cellSens software (Olympus).

Fig. 1. Expression of NaCT/SLC13A5 in patients with pancreatic cancer. (A) The expression of SLC13A5 in normal pancreases tissue (n = 171) and 
pancreatic cancer tissue (n = 179) in TCGA dataset of pancreatic cancer patients. *p < 0.05 (B) Formalin-fixed, paraffin-embedded-pancreatic 
cancer tissue arrays from patients with pancreatic cancer were used. Immunofluorescence was conducted using SLC13A5 (green) antibody. 
Counterstaining was conducted using DAPI. Scale bars: 50 μm. (B) The intensity of SLC13A5 in tumor regions from patients with pancreatic cancer 
(n = 8) and normal pancreatic tissue (n = 8). *p < 0.05. (C) The expression of NaCT/SLC13A5, SLC25A1, HK2, and β-actin in PANC-1 and MIA 
PaCa-2 cells. The quantification of band intensities from three independent experiments is shown in Supplementary Fig. 5. (D) The expression of 
NaCT/SLC13A5, SLC25A1, HK2, and β-actin in PANC-1 and MIA PaCa-2 cells after incubation with various concentrations of glucose (Glu) for 8 h. 
The quantification of band intensities from three independent experiments is shown in Supplementary Fig. 6. NaCT, sodium-dependent citrate 
transporter; SLC13A5, solute carrier family 13 member 5; DAPI, 4′,6-diamidino-2-phenylindole; TCGA, The Cancer Genome Atlas; SLC25A1, solute 
carrier family 25 member 1; HK2, hexokinase 2; PANC-1 and MIA PaCa-2, pancreatic cancer cell lines.
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2.6. Scratch wound-healing assay and migration assay

For the scratch wound-healing assay, MIA PaCa-2 cells were cultured in 12-well plates until 100 % confluency was reached. A 
pipette tip was used to create wounds, and the medium was replaced with a treatment medium containing 0.1 % serum to inhibit cell 
proliferation. Migration assays were performed using 24-multiwell uncoated polycarbonate membrane inserts (BioCoat; BD Bio
sciences, Heidelberg, Germany). MIA PaCa-2 cells were treated according to the specified conditions. After 24 h, the cells were 
trypsinized, suspended in 0.1 % FBS, and added to the upper chamber of the insert (50,000 cells/well). The chamber was filled with 
medium containing 10 % FBS. The cells were incubated for 24 h to allow migration through the membrane. Following incubation, the 
migrated cells were fixed in 100 % methanol and stained with a 1.5 % (w/v) toluidine blue solution in water. Images were captured 
using an Olympus BX53 microscope with Olympus CellSens software (Olympus).

2.7. Measurements of intracellular Ca2+ and pH level

To detect intracellular Ca2+, MIA PaCa-2 and PANC-1 cells were incubated with 5 μM of Fluo-4 AM (Invitrogen, Waltham, MA, 
USA) fluorescent indicator for 1 h after treatment with a high concentration of sodium citrate. After incubation, the cells were washed 
with PBS. The intracellular Ca2+ levels were determined by measuring the fluorescence intensity of Fluo-4 AM using a fluorescence 
plate reader (Promega, Madison, WI, USA). To measure intracellular pH, MIA PaCa-2 and PANC-1 cells were treated with a high 
concentration of sodium citrate for 24 h and then incubated with the pHrodo™ Red AM Intracellular pH Indicator Dye system (Thermo 
Fisher Scientific). Intracellular pH measurements were performed as previously described [17].

Fig. 2. Inhibition of cell proliferation after citrate treatment. (A) Cell viability in MIA CaPa-2 cells following 0, 1, or 10 mM sodium citrate 
treatment in media with varying glucose concentrations for 48 h. The experiment was performed in triplicate with multiple replicates. Results are 
presented as the mean ± SD; ****p < 0.0001 (B) The percentage of Ki67-positive cells after 0 or 10 mM sodium citrate treatment in a medium with 
various glucose concentrations for 48 h. Six random fields were quantified for each independent test (n = 3) at × 200 magnification, and the results 
are presented as the mean ± SD; **p < 0.01; ***p < 0.001 (C–E) Representative immunocytochemistry of Ki67 in MIA PaCa-2 cells after 0 or 10 mM 
citrate treatment in medium containing 1 mM (C), 5 mM (D), and 25 mM (E) glucose for 48 h. Scale bar: 50 μm. MIA CaPa-2, a pancreatic cancer cell 
line; SD, standard deviation.
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2.8. Statistical analysis

Statistical analyses were conducted using GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). Differences 
among three or more groups were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison 
test. A paired two-tailed Student’s t-test was used to analyze differences between the two datasets. Statistical significance was set at p 
< 0.05.

3. Results

3.1. Expression of SLC13A5 in patients with pancreatic cancer

We examined the expression of SLC13A5 in patients with pancreatic cancer. Analysis of data from The Cancer Genome Atlas 

Fig. 3. Inhibition of cell migration and CD133 expression after treatment with extracellular sodium citrate. (A) A scratch wound-healing assay was 
conducted on MIA PaCa-2 cells. Cell migration was monitored by inverted microscopy at 0 and 48 h after treatment with 0 or 10 mM sodium citrate 
in a medium with various concentrations of glucose. (B) The percentage of gap width of (A). (C) Migration assay using MIA PaCa-2 cells treated with 
various concentrations of sodium citrate and glucose for 24 h. The experiment was independently performed in triplicate. (D) Quantification of 
migrated cells of (C). Data are expressed as the mean ± SD. Five random fields of each test (n = 3) at × 200 magnification were counted. *p < 0.05; 
****p < 0.0001. (E) CD133 and β-actin expression levels in MIA PaCa-2 cells after treatment under the indicated conditions for 24 h. The quan
tification of band intensities from three independent experiments is shown in Supplementary Fig. 7. MIA PaCa-2, a pancreatic cancer cell line; SD, 
standard deviation; CD133, prominin I, a cell-surface antigen.
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(TCGA) analysis using GEPIA (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn/) revealed that SLC13A5 
expression is higher in patients with pancreatic cancer (n = 179) compared to healthy individuals (n = 171; Fig. 1A). Additionally, 
using a pancreatic cancer tissue array, we confirmed that membranous expression of SLC13A5 was significantly higher in tumor re
gions (n = 8) in patients with PDAC compared to normal pancreatic tissue (n = 8, Fig. 1B and C). Despite the limited sample size, these 
findings indicate that patients with pancreatic cancer exhibit higher expression levels of SLC13A5 at both RNA and protein levels. 
Consequently, high concentrations of sodium citrate may exert a beneficial anticancer effect.

3.2. Citrate transporter expression is glucose-dependent

The PANC-1 and MIA PaCa-2 cell lines are commonly employed as in vitro models for studying PDAC. Both cell types demonstrated 
the expression of SLC13A5, a plasma citrate transporter, and SLC25A1, a mitochondrial citrate carrier. Notably, both SLC25A1 and 
SLC13A5 exhibited higher expression levels in MIA PaCa-2 cells (Fig. 1C). We found that increased glucose levels led to elevated 
SLC13A5 expression, whereas that of SLC25A1 remained relatively unchanged (Fig. 1D). Further analysis of data from TCGA involving 
patients with pancreatic cancer (n = 173) revealed a positive correlation between SLC2A1 and SLC13A5 expression (p = 0.0002; 
Supplementary Fig. 1A). No correlation was found between SLC25A1 and SLC2A1 expression (p = 0.2319; Supplementary Fig. 1B). 
These findings demonstrate that the glycolytic microenvironment influences SLC13A5 expression in PDAC cells. Based on these 
findings, we focused our subsequent experiments on the role of SLC13A5 in pancreatic cancer.

3.3. Extracellular citrate treatment negatively influences cancer cell proliferation

We conducted further experiments on MIA PaCa-2 cells, which are characterized by high expression levels of NaCT and hexokinase 
2 (HK2). To determine the effect of citrate utilization under different glucose concentrations, we evaluated the proliferation rate of 
cells treated with sodium citrate under varying glucose conditions. High-concentration sodium citrate treatment decreased MIA PaCa- 
2 cell proliferation, regardless of glucose concentration (Fig. 2A). Additionally, sodium citrate treatment decreased the percentage of 
Ki67-positive cells (1 mM Glu; − 22.5 %, 5 mM Glu; − 18 %, 25 mM Glu; − 25 %, Fig. 2B–E). To elucidate the mechanisms underlying 
the anticancer effect of high concentrations of extracellular sodium citrate, we measured intracellular Ca2+ concentration to determine 
whether sodium citrate functions as a Ca2+ chelator. Intracellular Ca2+ levels were significantly reduced by 28.5 % in MIA PaCa-2 cells 
(Supplementary Fig. 2A), suggesting that the decrease in cell viability may be partly due to decreased intracellular Ca2+ levels.

Furthermore, we examined the effect of citrate on cell migration using both cell scratch wound-healing and migration chamber 
assays. In the cell scratch wound-healing assay, the sodium citrate-treated cells failed bridge and repair the cell-free region, suggesting 
reduced migration after sodium citrate treatment (Fig. 3A and B). In the migration chamber assay, a significant reduction in the 
number of migrating cells was observed after citrate treatment (Fig. 3C and D). Elevated CD133 expression is closely linked to tumor 
development and serves as a marker of cancer stem cells in various types of cancer, including pancreatic cancer. Notably, we observed 
a decrease in CD133 levels after citrate treatment, suggesting a potential reduction in cancer stem cells (Fig. 3E). In summary, a high 
concentration of citrate inhibited the proliferation and migration of PDAC cells. Additionally, glucose did not significantly influence 
the cellular effects of citrate.

3.4. Exogenous citrate exhibits anticancer effects

To confirm the anticancer effects of citrate on PDAC cells, we developed 3D spheroids using MIA PaCa-2 cells. Increased glucose 
levels induced an increase in spheroid size. Consistent with the results observed in the 2D culture system, citrate treatment significantly 
reduced spheroid size by approximately 30 %. However, in contrast to the 2D system, glucose influenced spheroid reduction; 25 mM 
glucose had a greater impact on spheroid reduction than 1 mM and 5 mM glucose (Fig. 4A and B). These results suggest that the 

Fig. 4. Reduction in MIA PaCa-2 cell-derived spheroids. (A) Spheroids after treatment with 0 or 10 mM sodium citrate in medium with the indicated 
glucose concentrations for 72 h, analyzed using an inverted microscope. Scale bar: 100 μm (B) The relative change in spheroid size (n = 3 in each of 
the three independent experiments) was estimated using Olympus CellSens software. The data are expressed as the mean ± SD. **p < 0.01. MIA 
PaCa-2, a pancreatic cancer cell line; SD, standard deviation.
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anticancer effect of citrate treatment is enhanced in high-glucose environments.

3.5. Synergic anticancer effect of citrate and gemcitabine

Although citrate treatment alone has an anticancer effect, we explored the potential synergistic anticancer effects of combining 
citrate with gemcitabine, an established first-line treatment for patients with advanced pancreatic cancer. The combination treatment 
resulted in significantly lower cell viability than that after single treatment in both MIA PaCa-2 and PANC-1 cells (Fig. 5A and Sup
plementary Fig. 3A). In the 3D spheroid model, combination treatment significantly reduced spheroid size, with a greater reduction 
observed compared with the single treatment (Fig. 5B and C; Supplementary Figs. 3B and C). Notably, the anticancer effect was more 
pronounced in the 3D spheroid system than in the 2D system. Furthermore, the number of migrated cells was significantly lower 
following combination treatment compared to the single treatment (Fig. 5D and E; Supplementary Figs. 3D and E). These results 
indicate a synergistic effect rather than an additive anticancer effect. This synergetic effect was quantified and is presented in Sup
plementary Table 2. Overall, combination of citrate and gemcitabine demonstrated a more pronounced anticancer effect in both 2D 
and 3D culture systems compared to the single treatment.

Fig. 5. Synergic anticancer effect of sodium citrate and gemcitabine. (A) Cell viability in MIA CaPa-2 cells following treatment with 0 or 10 mM 
sodium citrate and 0, 10, or 100 nM gemcitabine. The experiment was conducted in triplicate with multiple replicates. Results are presented as the 
mean ± SD; ***p < 0.001, ****p < 0.0001. (B) Representative spheroids after treatment with 0 or 10 mM sodium citrate and 0, 10, or 100 nM 
gemcitabine for 72 h, analyzed using an inverted microscope. Scale bar: 100 μm. (C) The relative change in spheroid size (n = 3 in each of the three 
independent experiments) was estimated using Olympus CellSens software. Data are presented as the mean ± SD. ***p < 0.001, ****p < 0.0001. 
(D) Migration assay using MIA PaCa-2 cells treated with 0 or 10 mM sodium citrate and 0, 10, or 100 nM gemcitabine for 24 h. The experiment was 
independently performed in a triplicate. (E) Quantification of migrated cells of (D). The data are expressed as the mean ± SD. *p < 0.05, ***p <
0.001, ****p < 0.0001. MIA CaPa-2, a pancreatic cancer cell line; SD, standard deviation.
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4. Discussion

Cancer cells take up a variety of nutrients and metabolites from their extracellular microenvironment, each playing specific roles in 
cellular functions [18]. Citrate, derived from mitochondrial synthesis or α-ketoglutarate carboxylation, is cleaved by ACLY into 
acetyl-CoA and oxaloacetate [7]. This process is essential for fatty acid synthesis and cell growth, making citrate a key player in cancer 
metabolism and regulation [19]. The rapid consumption and turnover of these molecules in highly proliferative cancer cells leads to a 
constantly low citrate concentration, which may prevent the retroactive inhibition of glycolytic enzymes. There is limited research on 
the function of extracellular citrate in PDAC pathogenesis. Therefore, we aimed to determine the effect of extracellular citrate 
treatment on PDAC cells with varying glucose concentrations. Additionally, we investigated the synergistic anticancer effect of sodium 
citrate and gemcitabine.

Studies on the utilization of extracellular citrate by cancer cells remain controversial, with low citrate concentrations potentially 
promoting cell proliferation, while higher concentrations exhibit anticancer properties [20,21]. Kumar et al. demonstrated that 
treating hypoxic liver cancer cells with low concentrations of citrate (<1 mM) resulted in increased metabolism of extracellular citrate 
into fatty acids and TCA intermediates [22]. Drexler et al. showed that extracellular citrate (200–300 μM) enhances the metastatic 
activity and therapeutic resistance of cancer cells [23]. Also, inhibiting citrate import by silencing SLC13A5 reduces tumor growth and 
metastasis, likely owing to the central role of citrate in fatty acid synthesis [12]. Conversely, recent studies have indicated that 
treatment with high concentrations of extracellular citrate inhibits cancer cell growth [13,14,24,25]. Our group also demonstrated that 
sodium citrate (>1 mM) inhibits liver cancer cell growth by reducing glucose uptake and inducing hypoxia inducible factor 1 subunit 
alpha degradation [14]. Petillo et al. observed decreased lipid deposition, reduced histone acetylation, and inhibition of ACLY activity 
in the presence of 15 mM sodium citrate [20]. Additionally, Wu et al. found that sodium citrate decreased Ca2+ levels and inhibited the 
glycolysis pathway, resulting in induced cell apoptosis in ovarian cancer cells [25]. Moreover, oral citrate administration induces 
antitumor effects in patients with cancer [26,27]. The results from these previous studies are consistent with our findings, showing 
reduced PDAC cell proliferation and migration with high-concentration citrate treatment. Thus, the dual role of citrate—promoting 
cancer at low concentrations and inhibiting it at high concentrations—depends on the cellular context and citrate levels. Prostate 
cancer research highlights this duality. The prostate gland primarily produces and releases high levels of citrate (up to 180 mM) into 
the prostatic fluid, serving as an energy source for sperm. However, citrate levels significantly decrease in prostate cancer, particularly 
in metastatic disease, thereby potentially influencing tumor metabolism and progression.

We investigated the expression of SLC13A5 under varying glucose concentrations in pancreatic cancer cells (MIA PaCa-2 and 
PANC-1). Our goal was to determine whether increased glycolysis in cancer cells, which adversely affects clinical outcomes [28,29], 
impacts the expression of SLC13A5. The expression of SLC13A5 was increased in pancreatic cancer cells with elevated HK2 expression 
(a marker of glycolysis) under high glucose conditions. Therefore, our findings suggest that citrate treatment could be more effective in 
highly glycolytic pancreatic cancer cells due to the upregulation of SLC13A5, facilitating citrate entry into the cells. In our results, there 
were no significant differences in cell viability and Ki67 proliferation index, but the wound-healing and migration assays showed a 
slightly higher inhibitory effect after citrate treatment under 25 mM glucose conditions compared to low glucose conditions in the 2D 
culture system. In the 3D culture system, there was a greater decrease in spheroid size after treatment with 10 mM citrate under 25 mM 
glucose conditions. Therefore, sodium citrate treatment may have a more pronounced anticancer effect on glycolytic pancreatic cancer 
cells with high expression of SLC13A5.

To elucidate the mechanisms underlying the anticancer effect of high concentrations of extracellular sodium citrate, we measured 
intracellular Ca2+ concentration to determine whether sodium citrate functions as a Ca2+ chelator. Intracellular Ca2+ levels were 
significantly reduced in MIA PaCa-2 cells, whereas in PANC-1 cells, the reduction was not statistically significant. This reduction in 
intracellular Ca2+ correlated with decreased cell viability. In MIA PaCa-2 cells, treatment with 10 mM sodium citrate resulted in a 30 % 
reduction in cell viability (Fig. 2A), whereas in PANC-1 cells, only a 5 % reduction was observed (Supplementary Fig. 3A). These 
findings suggest that the reduction in cell viability may be partly due to decreased intracellular Ca2+ levels. Furthermore, citrate 
elevates pH value, thereby neutralizing the tumor microenvironment. This pH neutralization has been shown to enhance the pene
tration of certain anticancer drugs into cancer tissues. This has been demonstrated in an animal model of pancreatic cancer, where the 
penetration of 5-FU increased with citrate treatment [30]. In the present study, we observed a slight increase in pH upon adminis
tration of sodium citrate (Supplementary Fig. 4), which could potentially enhance the efficacy of gemcitabine.

Gemcitabine is the first-line chemotherapy drug for PDAC and the most widely used agent for metastatic PDAC. However, its ef
ficacy is often limited owing to the development of chemoresistance [1]. CD133 is a recognized marker for cancer stem cells in various 
cancers, including pancreatic cancer, and its expression is associated with poor prognosis in these patients [31,32]. Furthermore, 
CD133-positive PDAC cells may serve as cancer stem cells, enhancing cell migration and invasion, thus playing a pivotal role in 
gemcitabine resistance [33]. In this study, we observed a decrease in CD133 levels following high-dose citrate treatment. Additionally, 
the combination of citrate and gemcitabine reduced cancer stem cell populations in gemcitabine-resistant PDAC. To further validate 
the anticancer potential of citrate, we developed 3D spheroids using MIA PaCa-2 cells. Similar to 2D culture systems, these spheroids 
exhibited a significant reduction in size after citrate treatment. Notably, the spheroids cultured with higher glucose concentrations 
showed a more pronounced size reduction following citrate treatment, indicating a potential glucose-dependent effect.

Although our study highlights the anticancer effects of high extracellular citrate concentrations, it was conducted in vitro, which 
limits the generalizability of these findings. Therefore, further in vivo animal experiments are needed to confirm these results. 
Nevertheless, the significant reduction in the size of 3D PDAC spheroids observed in this study suggests that similar anticancer effects 
may be observed in further in vivo research.
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5. Conclusions

In this study, we explored the impact of citrate on PDAC and identified its concentration-dependent effects, particularly its potential 
for sensitizing pancreatic cancer cells to gemcitabine. These findings highlight the pivotal role of citrate as a therapeutic agent and 
provide valuable insights into novel strategies for treating pancreatic cancer.
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