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Abstract

:

Gadopentetic acid and gadodiamide are paramagnetic gadolinium-based contrast agents (GBCAs) that are routinely used for dynamic contrast-enhanced magnetic resonance imaging (MRI) to monitor disease progression in cancer patients. However, growing evidence indicates that repeated administration of GBCAs may lead to gadolinium (III) cation accumulation in the cortical bone tissue, skin, basal ganglia, and cerebellum, potentially leading to a subsequent slow long-term discharge of Gd3+. Gd3+ is a known activator of the TRPC5 channel that is implicated in breast cancer’s resistance to chemotherapy. Herein, we found that gadopentetic acid (Gd-DTPA, 1 mM) potentiated the inward and outward currents through TRPC5 channels, which were exogenously expressed in HEK293 cells. Gd-DTPA (1 mM) also activated the Gd3+-sensitive R593A mutant of TRPC5, which exhibits a reduced sensitivity to GPCR-Gq/11-PLC dependent gating. Conversely, Gd-DTPA had no effect on TRPC5-E543Q, a Gd3+ insensitive TRPC5 mutant. Long-term treatment (28 days) of human breast cancer cells (MCF-7 and SK-BR-3) and adriamycin-resistant MCF-7 cells (MCF-7/ADM) with Gd-DTPA (1 mM) or gadodiamide (GDD, 1 mM) did not affect the IC50 values of ADM. However, treatment with Gd-DTPA or GDD significantly increased TRPC5 expression and decreased the accumulation of ADM in the nuclei of MCF-7 and SK-BR-3 cells, promoting the survival of these two breast cancer cells in the presence of ADM. The antagonist of TRPC5, AC1903 (1 μM), increased ADM nuclear accumulation induced by Gd-DTPA-treatment. These data indicate that prolonged GBCA treatment may lead to increased breast cancer cell survival owing to the upregulation of TRPC5 expression and the increased ADM resistance. We propose that while focusing on providing medical care of the best personalized quality in the clinic, excessive administration of GBCAs should be avoided in patients with metastatic breast cancer to reduce the risk of promoting breast cancer cell drug resistance.
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1. Introduction


Gadolinium-based contrast agents (GBCAs) are clinically utilized during dynamic contrast-enhanced magnetic resonance imaging (MRI) to diagnose and monitor the growth of various tumor and cancer lesions, including metastatic breast cancers [1]. Although GBCAs are contraindicated in patients with renal failure because of a high risk of developing nephrogenic systemic fibrosis (NSF) [2,3,4], these contrast agents are mostly considered safe and are associated only with rare adverse acute effects, such as headache, dizziness, and nausea. Therefore, GBCAs are widely used for routine clinical MRIs. However, there have been alarming reports of gadolinium (3+) cation deposition in the cortical bone tissue [5], skin, liver, basal ganglia, and cerebellum [6] of patients with normal renal function following repeated administration of GBCAs [7,8,9,10]. Notably, Gd3+ can be detected in human tissue for years after initial exposure, and it continues accumulating there with each subsequent GBCA-enhanced MRI scan. Likely, over time, the accumulated Gd3+ may be slowly leaking into the interstitial fluid.



Animal studies have revealed that high doses of GBCAs may have substantial toxicity. For example, one study in a zebra fish model demonstrated that a high concentration (12.5 mM) of Gadovist, a GBCAs, can cause a significant reduction in sensory hair counts [3]. On the other hand, to date, the clinical significance of Gd3+ accumulation in human tissue is unclear. No association between Gd3+ accumulation and occurrences of side effects has been conclusively demonstrated [6,11] thus far. However, gadavist, one widely used GBCA, is reported to cause seizures in human patients if it is used inappropriately [12,13].



Remarkably, low micromolar concentrations (1–100 μM) of trivalent cations of gadolinium increase the activity of the TRPC5 channel [14,15]. TRPC5 is predominantly expressed in the nervous system [16]. Early studies have indicated that TRPC5 activation is implicated in regulating neurite outgrowth and dendritic morphogenesis [17,18] and in pilocarpine-induced seizure genesis [19]. More recent studies have demonstrated that dysregulation of TRPC5 in cancer cells is highly associated with cancer progression, especially its chemoresistance [20,21,22,23]. Ma et al. analyzed the role of TRPC5 in adriamycin-resistant human breast cancer cells (MCF-7/ADM) and provided evidence that upregulation of TRPC5 expression and activity leads to an increased expression of multidrug efflux transporter P-glycoprotein, responsible for adriamycin clearing from breast cancer cells [22]. Additionally, the authors demonstrated that TRPC5 plays a key role during extracellular vesicle (EV) formation and release from breast cancer cells. Uniquely, TRPC5 on EVs can be intercellularly transferred to non-chemoresistant breast cancer cells, conferring chemoresistance to them due to the increased activity of TRPC5 [22]. Follow-up studies revealed that increased TRPC5 activity correlates with chemoresistance to several other chemotherapeutic agents in breast and colorectal cancers, both in vitro and in vivo [23,24]. Thus, it appears that the factors upregulating TRPC5 expression may increase the risk of anticancer drug resistance in cancer patients.



Over time, Gd3+ deposits formed in human tissues following repeated GBCAs administrations may become depots of slowly releasing Gd3+, which eventually ends up in the blood plasma. Escaping Gd3+ may tonically potentiate the TRPC5 signaling cascade linked to conferring chemoresistance to breast cancer cells. In this study, we determined that Gd-DTPA, a major component of magnevist, a GBCA, potentiates TRPC5 activity. Additionally, we found that long-time treatment (4 weeks) of MCF-7, SK-BR-3, and MCF-7/ADM cells with Gd-DTPA and gadodiamide upregulated TRPC5 expression and decreased the accumulation of ADM in breast cancer cell nuclei, which was abolished by TRPC5 antagonist, AC1903. Our results suggest that GBCAs may increase cells’ ADM resistance, likely via targeting TRPC5 channels.




2. Materials and Methods


2.1. Cell Culture and Transfection


HEK cells were obtained from the American Type Culture Collection and cultured in Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine serum. HEK cells were transfected using the Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. The mouse TRPC5 (NM_009428) and two TRPC5 mutants (TRPC5-E543Q and TRPC5-R593A) were used during this study. The details of mTRPC5 cloning and the introduction of mutations are described elsewhere [14,25]. The transfection mixture contained 4 µg of each channel cDNA and 0.25 µg of the histamine H1 receptor tagged with yellow fluorescent protein. The transfected cells were cultured for 24–48 h prior to electrophysiological experiments. MCF-7, SK-BR-3, and MCF-7/ADM cells were purchased from the China National Laboratory Cell Resource Sharing Service Platform. MCF-7 and MCF-7/ADM human breast cancer cells were cultured, respectively, in DMEM medium, 10% FBS, and 1% penicillin/streptomycin and DMEM medium, 10% FBS, 1% penicillin/streptomycin, 500 ng/mL ADM, and 0.01 mg/mL bovine insulin. SK-BR-3 human breast cancer cells were cultured in McCoy’s 5A medium with 10% FBS and 1% penicillin/streptomycin.




2.2. Patch-Clamp Electrophysiology


TRPC5 currents were recorded with an Axopatch 200B amplifier and Digidata 1550A digitizer (Molecular Devices, San Jose, CA, USA) in whole-cell patch-clamp mode. Series resistance compensation was set to 50–70%, and the currents were filtered at 3 kHz. Acquisition control and data analyses were performed using the pCLAMP 10 software package. Cells were voltage-clamped at a holding potential of −60 mV, and the voltage ramps from −100 to +100 mV were applied in 2 s intervals. TRPC5 activity was activated either by 10 µM histamine or by a dialysis with 500 µM GTPγS added directly into the pipette solution. Experiments in which the leak current exceeded 100 pA and/or the access resistance was greater than 10 MΩ were excluded from analysis. The current densities were calculated by dividing the current amplitude values by the cell capacitance. All of the electrophysiological experiments were performed at room temperature (22–25 °C).




2.3. Solutions


The standard external solution contained (in mM): 145 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 5.5 glucose (pH 7.2 adjusted with NaOH). The standard pipette solution contained (in mM): 125 CsMeSO3, 3.77 CaCl2, 2 MgCl2, 10 EGTA (100 nM free Ca2+), and 10 HEPES (pH 7.2 adjusted with Trisma base). The NMDG+ solution contained (in mM): 150 NMDG-Cl, 10 HEPES, and 5.5 glucose (pH 7.2 adjusted with Trisma base). The 150 NaCl solution contained (in mM): 150 NaCl, 10 HEPES, 0.5 EGTA, and 5.5 glucose (pH 7.2 adjusted with Trisma base). The osmolarity of all solutions was adjusted to 300–305 mOsm with mannitol.




2.4. Cell Counting Kit-8 Assay


MCF-7, SK-BR-3, and MCF-7/ADM cells were subdivided into the control group, gadodiamide group (1 mM), Gd-DTPA group (1 mM), and GdCl3 group (100 µM). After 28 days of treatment, MCF-7 and MCF-7/ADM cells at the logarithmic growth stage were detached from the substrate using the trypsin treatment and then resuspended in fresh medium. Cell suspension (100 µL, 5 × 103 cells) was inoculated in each well of 96-well plates and cultured overnight at 37 °C in a 5% CO2 incubator. The blank wells contained the plain DMEM complete medium. For the MCF-7 group, the DMEM complete medium was supplemented with various concentrations of ADM (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100 µM), while, for the MCF-7/ADM group, the DMEM complete medium was supplemented with increased concentrations of ADM (0.1, 0.3, 1, 3, 10, 30, 100, 300, 1000 µM) and cultured for two days. Cells were then washed twice with PBS, and the fresh DMEM medium containing a cell counting kit-8 solution (CCK8; Selleck Chemicals, Houston, TX, USA) was added to each well. The absorbance was measured at 450 nm using a Tecan Spark instrument (Mannedorf, Switzerland).




2.5. Immunofluorescence


MCF-7, SK-BR-3, and MCF-7/ADM cells were washed with PBS and fixed with 4% PFA. The primary TRPC5 (1C8) mouse monoclonal antibody (#SC-293259, Santa Cruz Biotechnology, Dallas, TX, USA, 1:100 in PBS) was added to the fixed and permeabilized cells. The cell culture plate was placed horizontally in a wet box at 4 °C and incubated overnight. After washing, a PBS-diluted Alexa Fluor 488 Donkey Anti-mouse Antibody (Thermo Fisher Scientific, Waltham, MA, USA, 1:500) or an Alexa Fluor 594 Goat Anti-Rabbit Antibody (Immunoway, Plano, TX, USA, 1:500) was added to the fixed and permeabilized cells and incubated at room temperature for 1 h, then washed with PBS. After drying, anti-fluorescence quenching sealing tablets (containing DAPI; Beyotime, Shanghai, China) were added to seal the samples. After an incubation for 10 min at room temperature, away from light, the fluorescence was observed using a confocal microscope (Olympus FluoView FV300, Tokyo, Japan).




2.6. Quantitative Real-Time Polymerase Chain Reaction


Total RNA was extracted from MCF-7, SK-BR-3, and MCF-7/ADM cells lysed in the TRIzol reagent (Invitrogen) using an OMEGA kit. High-quality extracted RNA (5 µg/sample) was used for synthesis of single-strand cDNA with a TaKaRa reverse transcription kit. Quantitative real-time PCR was conducted with 45 ng of cDNA using a BIO-RAD real-time quantitative PCR instrument (CFX96). Primers used to quantify TRPC5 are listed below: the forward primer was 5′-CCCTTTCCCTGTGTGCTCATCC-3′ and the reverse primer was 5′-TGCAGAAATCCTGAGCCAAGT-3′. The GADPH primer pair was as follows: the forward primer was 5′-AACTGCTTAGCACCCCTGGC-3′ and the reverse primer was 5′-ATGACCTTGCCCACAGCCTT-3′. The forward primer for the P-glycoprotein gene was 5′-GCCGGGAGCAGTCATCTGTGGT-3′, and the reverse primer was 5′-GATCCATTCCGACCTCGCGCT-3′. The thermal cycling protocol consisted of 3 min at 94 °C, followed by 40 cycles at 94 °C for 30 s, 53 °C for 30 s, and 72 °C for 1 min. The reactions were quantified by selecting the amplification cycle when the PCR product of interest was first detected (threshold cycle, Ct). Each reaction was performed in quadruplicate, and the average Ct value was used in all analyses. To account for variability in total RNA input, the expression of each transcript was normalized to the GAPDH RNA in the samples.




2.7. The ADM Accumulation Assay


Confocal microscopy (Olympus FluoView™ FV300, Tokyo, Japan) was used to observe the distribution of ADM in MCF-7, SK-BR-3, and MCF-7/ADM cells. The cells on coverslips were treated with ADM (1 µM or 10 µM for MCF-7, SK-BR-3, and MCF7/ADM cells, respectively) for 48 h, and the ADM fluorescence was observed under a confocal microscope. The excitation wavelength was 478 nm, and the emission wavelength was 596 nm. The ratios of nuclear to cytoplasmic ADM autofluorescence intensities were determined and recorded.




2.8. Calcium Imaging


After 28 days of treatment with GDD (1 mM) or GdCl3 (100 µM), the cells were detached using trypsin and resuspended in fresh culture medium. The cell suspension was distributed among wells of a 96-well plate (100 µL, 1 × 104 cells per well) and cultured in an incubator with 5% CO2 at 37 °C overnight. The culture medium was discarded the next day, and the cells were washed twice with HPSS. A 50 µL aliquot of Calcium 6 Assay Kit Loading Buffer was added into each well containing cultured cells, and the cells were incubated with the buffer for 1 h. The fluorescence changes were monitored using a calcium imaging reader (BioTek Cytation5, Winooski, FL, USA). Calcium 6 fluorescence was excited at 485 nm, and emitted light was collected using a 525 nm band-pass filter.




2.9. Western Blot


Cells growing in the six-well plates were detached and washed 3 times with PBS pre-chilled to 4 °C. RIPA solution (Beyotime, China) supplemented with Halt protease inhibitors (cat. # 87786, Thermo Scientific, Waltham, MA, USA) was added, and ultrasonic waves were applied 3–5 times using an ultrasonic cell crusher for 3–5 s each time on ice. The supernatant was collected by centrifugation at 13,000 rpm for 15 min at 4 °C. Protein concentration was quantified using the BCA protein concentration assay kit (Bioss, Beijing, China). Protein lysates were separated using 10% SDS-polyacrylamide gel electrophoresis. The resolved proteins were transferred onto polyvinylidene difluoride membranes (PVDF), which were first incubated with the QuickBlock™ Western blocking buffer (Beyotime, China) for 1 h at room temperature. and then incubated overnight at 4 °C with either the primary TRPC5 (1C8) mouse monoclonal antibody (SC-293259, Santa Cruz Bio-technology, USA, 1:100) or the GAPDH antibody (cat. # AF0006, Beyotime, China, 1:1000). After washing the primary antibody, the secondary antibody of the corresponding species (Abbkine, USA, 1:5000), conjugated with horseradish peroxidase (HRP), was added, incubated at room temperature for 1 h to allow for specific binding, and then eluted with TBST. Equal volumes of liquid ECL A and liquid ECL B (BI, Israel) were mixed in a centrifuge tube at a 1:1 ratio while protecting the mixture from light. The resulting mixture was added to the PVDF membrane protein side to allow the chemiluminescence reaction to occur. After 1–2 min, the ECL reagent-treated PVDF membranes were transferred to the main stage of the Bio-Rad chemiluminescence imaging system (Bio-Rad, Hercules, CA, USA) for chemiluminescence signal detection.




2.10. Drugs


GDD and Gd-DTPA were purchased from Selleck. Magnevist and Gadavist were purchased from Bayer Healthcare Pharmaceutical (Whippany, NJ, USA). GdCl3, histamine, AC1903, and other salts used in the experimental solutions were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.11. Statistical Methods


SigmaPlot 12.5 (Systat Software, Inc., San Jose, CA, USA) was used to perform all statistical analyses. The unpaired t-test was used to determine whether there was a statistically significant difference between two groups. The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test was used to compare the experimental groups when the data sets were normally distributed populations with equal variances. A data set was considered significantly different if the p value was less than 0.05. The data are presented as mean ± standard error of the mean (SEM).





3. Results


3.1. Gd-DTPA Potentiated TRPC5 Currents in HEK Cells


Figure 1A shows the structural formulas of magnevist (PubChem CID: 55466) and gadavist (PubChem CID: 86767262). They are the most clinically used GBCAs. We first employed the single-cell patch-clamp approach to determine the effects of clinical formulations of magnevist and gadavist on TRPC5 currents in HEK cells expressing TRPC5. The formulations contained all excipients, including free, unliganded Gd3+ chelators. Our data revealed that Gd3+ (100 μM) significantly potentiated the TRPC5 current (Figure 1B), and the clinical formulations of magnevist and gadavist had no effect on the TRPC5 currents induced by 1 µM histamine (Figure 1C,D). Since magnevist exhibited a trend to potentiate TRPC5 currents, we next decided to establish whether the major constituent of magnevist, Gd-DTPA, could affect TRPC5 activity. Surprisingly, we found that Gd-DTPA (1 mM) significantly potentiated histamine-induced TRPC5 currents (Figure 1E). However, its potency was lower compared to that of Gd3+ (100 µM, Figure 1B). Gd-DTPA also significantly potentiated TRPC5 currents elicited by the dialysis of GTPγS (500 µM) through the patch pipette (at −100 mV: from −51.8 ± 12.3 to −117.1 ± 16.9 pA/pF and at +100 mV: from 80.4 ± 9.2 to 100.4 ± 11.3 pA/pF; n = 14; Figure 1F,G).



After identifying that Gd-DTPA increases TRPC5 activity, we next tested the ability of Gd-DTPA to modulate histamine-activated currents through TRPC5-E543Q, a mutant of TRPC5 that can be activated downstream of the Gq/11-PLC signaling, but is insensitive to Gd3+ (Figure 2A) because it lacks critical Glu-543 residue in the Gd3+-binding site of TRPC5 [25]. Figure 2B,C show that Gd-DTPA had no effect on the TRPC5-E543Q currents induced by either histamine or GTPγS, suggesting that the Gd-DTPA potentiating effect requires a functional Gd3+-binding site of TRPC5. We next investigated whether Gd-DTPA would modulate the activity of the TRPC5-R593A mutant that was reported to be less sensitive to Gq/11-PLC activation in the absence of Gd3+, but could be activated downstream of Gq/11-PLC in the presence of Gd3+ [14]. We determined that, consistently, Gd-DTPA also potentiated TRPC5-R593A currents (Figure 2D,E).




3.2. Effect of GBCAs on MCF-7, SK-BR-3, and MCF-7 /ADM Cell Viability in the Presence of ADM


Upregulation of TRPC5 activity has been recently implicated in conferring chemoresistance to breast cancer cells [22]. There was a significant disparity in TRPC5 expression levels between MCF-7 and MCF-7/ADM cells (Figure S1). Herein, we demonstrated that the major component of the contrast agent magnevist can potentiate TRPC5 currents. Therefore, we next asked whether breast cancer cells incubated with a GBCA would acquire drug-resistance. To determine this, we cultured MCF-7, SK-BR-3, and MCF-7/ADM breast cancer cells in the presence of vehicle (PBS), Gd-DTPA (1 mM), GDD (gadodiamide, 1 mM), or GdCl3 (0.1 mM) for 4 weeks, with the vehicle-treated MCF-7 cells serving as controls. We then performed the ADM-resistance assay, during which MCF-7 cells were treated with 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, and 100 µM concentrations of ADM for 48 h, whereas MCF-7/ADM cells were treated with 0.1, 0.3, 1, 3, 10, 30, 100, 300, and 1000 µM concentrations of ADM for 48 h. The IC50 values for ADM were 0.16 ± 0.04 µM, 0.42 ± 0.17 µM, 0.75 ± 0.11 µM, and 0.17 ± 0.05 µM in GDD-, Gd-DTPA-, and GdCl3-treated MCF-7 cells; 1.06 ± 0.04 µM, 1.51 ± 0.05 µM, 1.21 ± 0.02 µM, and 1.12 ± 0.11 µM in GDD-, Gd-DTPA-, and GdCl3-treated SK-BR-3 cells; and 20.8 ± 3.1 µM, 31.9 ± 5.7 µM, 33.4 ± 9.9 µM, and 17.1 ± 3.1 µM in GDD-, Gd-DTPA-, and GdCl3-treated MCF-7/ADM cells, respectively. There was no significant difference in the IC50 values for ADM among the tested MCF-7 groups, SK-BR-3 groups, or MCF-7/ADM groups (Figure 3A–C). However, GDD-, Gd-DTPA-, and GDCl3-treated MCF-7 and SK-BR-3 cells exhibited increased viabilities in the presence of 1 µM ADM as compared to the control cells (Figure 3D,F), and GDD-, Gd-DTPA-, and GDCl3-treated MCF-7/ADM cells exhibited increased viability in the presence of 10 µM ADM compared to control MCF-7/ADM cells (Figure 3E).




3.3. The Nuclear Accumulation of ADM Was Decreased in the MCF-7 Cells Treated with GCBAs for 4 Weeks


To further investigate whether GCBAs can promote drug resistance in breast cancer cells, we measured the accumulation of ADM in the cytosol and nucleoplasm of MCF-7 and MCF-7/ADM cells by detecting ADM autofluorescence. As in the previous experiments, MCF-7 and MCF-7/ADM cells were first treated with GDD (1 mM), Gd-DTPA (1 mM), or GdCl3 (0.1 µM) for 4 weeks, and then ADM was added into the culture medium for 48 h. Figure 4A,C show that the autofluorescence of ADM decreased in the nucleus and increased in the cytoplasm of GCBA-treated MCF-7 cells compared to the control MCF-7 cells. The ratios of nuclear to cytoplasmic fluorescence intensities were 0.53 ± 0.07, 0.31 ± 0.06, 0.31 ± 0.04, and 0.15 ± 0.01 for control, GDD-, Gd-DTPA-, and GdCl3-treated MCF-7 cells, respectively. Conversely, the amount of ADM accumulation in the nuclei of MCF-7/ADM cells treated with GCBAs or GdCl3 was not different from that in the control MCF-7/ADM cells (Figure 4B,D). Notably, the ratio of nuclear to cytoplasmic fluorescence intensities was significantly smaller in MCF-7/ADM cells as compared to MCF-7 cells (0.11 ± 0.02, 0.1 ± 0.02, 0.11 ± 0.01, and 0.1 ± 0.01 for control, GDD-, Gd-DTPA-, and GdCl3- treated MCF-7/ADM cells).




3.4. The Expression of TRPC5 Was Increased after Treatment with GCBAs, and the Inhibition of TRPC5 Increased ADM Nuclear Accumulation


We next performed immunofluorescence experiments, quantitative real-time polymerase chain reaction (qRT-PCR), and Western blots to test the effect of 4 weeks of treatment with GCBAs on the expression of TRPC5 in MCF-7 cells. Figure 5A,B show that the immunofluorescence intensities were significantly greater, by 1.7-, 1.3-, and 2.1-fold, in GDD-, Gd-DTPA-, and GdCl3-treated MCF-7 cells probed with the anti-TRPC5 antibody as compared to the vehicle-treated MCF-7 cells. Subsequent qRT-PCR quantification and Western blotting experiments further confirmed that the expression of TRPC5 was significantly upregulated in MCF-7 cells treated with GDD, Gd-DTPA, and GdCl3 (Figure 5C–E). The immunofluorescence intensity of TRPC5 immunostaining was also significantly increased, by 1.2 and 1.8 times, in GDD- and GdCl3- treated MCF-7/ADM cells compared to the vehicle-treated MCF-7/ADM cells (Figure S2).



We assessed the accumulation of ADM in the nuclei of MCF-7 cells in the presence of AC1903, a selective inhibitor of TRPC5. MCF-7 cells were treated with Gd-DTPA for 4 weeks. We then added 1 µM ADM to measure ADM accumulation in the nuclei of MCF-7 cells. Compared to the control MCF-7 group, the ratios of nuclear to cytoplasmic ADM autofluorescence intensities were significantly decreased in the Gd-DTPA treatment MCF-7 group, and the effect was reversed by the AC1903 treatment (Figure 5F,G). Similar data were obtained in MCF-7/ADM cells (Figure S3). Thus, AC1903 increased ADM accumulation in the nuclei of MCF-7 and MCF-7/ADM cells.




3.5. Long-Term Treatment with GDD Decreased Intracellular Calcium Transients Induced by Histamine and Bradykinin in MCF-7 Cells


We next set out to determine whether elevated TRPC5 expression correlates with increased TRPC5 activity in MCF-7 cells treated with GDD or GdCl3 for 4 weeks. TRPC5 can be activated by ligands of membrane receptors coupled to Gq/11-Phospholipase C, and MCF-7 cells express two such receptors: the histamine and bradykinin receptors. Therefore, we measured histamine- and bradykinin-elicited [Ca2+]i changes in GDD-, GdCl3-, and vehicle-treated MCF-7 cells. Unexpectedly, we found that histamine- and bradykinin-induced [Ca2+]i rises were smaller in GDD-treated MCF-7 cells compared to vehicle-treated MCF-7 cells (Figure 6).




3.6. The Effects of GCBA Treatment on SK-BR-3 Cells


We also determined the accumulation of ADM in the cytosol and nucleoplasm of SK-BR-3 cells by measuring ADM autofluorescence. Figure 7 shows that the autofluorescence of ADM significantly decreased in the nuclei of GCBA-treated SK-BR-3 cells compared to the control cells. The ratios of nuclear to cytoplasmic fluorescence intensities were 1.01 ± 0.14, 0.1 ± 0.03, 0.08 ± 0.03, and 0.06 ± 0.01 for control, GDD-, Gd-DTPA-, and GdCl3-treated SK-BR-3 cells, respectively.



Immunofluorescence and qRT-PCR experiments were used to detect the effect of 4 weeks of treatment with GCBAs on the expression of TRPC5 in SK-BR-3 cells. Figure 8A,B show that the TRPC5 immunofluorescence intensities were significantly increased by 1.64-, 1.61-, and 1.6-fold in GDD, Gd-DTPA, and GdCl3-treated cells compared to the vehicle-treated cells. qRT-PCR experiments further confirmed that the expression of TRPC5 was significantly upregulated in SK-BR-3 cells treated with GDD, Gd-DTPA, and GdCl3 (Figure 8C). It has been reported that the ADM resistance of MCF-7/ADM is due to activation of the TRPC5-NFATc3-P-glycoprotein (P-gp) axis [26]. Therefore, we also tested the level of P-gp expression in SK-BR-3 cells using the immunofluorescence and qRT-PCR approaches. Figure 9 shows that the expression level of P-gp was significantly increased in GDD-, Gd-DTPA-, and GdCl3-treated SK-BR-3 cells.





4. Discussion


In this study, we tested the hypothesis that long-term treatment with GBCAs would affect TRPC5 expression and/or modulate breast cancer cell survival by increasing ADM resistance. Upregulated TRPC5 expression in MCF-7 cells has been linked to increased chemotherapy resistance of the cells [22,24] via the TRPC5-NFATc3-P-gp axis. We indeed found that 28 days of treatment with GDD or Gd-DTPA, two of the most clinically used GBCAs, significantly increased TRPC5 expression in MCF-7 and SK-BR-3 cells. Long-term treatment with GBCAs also reduced ADM (adriamycin, also known as doxorubicin) accumulation in the nuclei of MCF-7 and SK-BR-3 cells. ADM exhibits its anti-cancer effects in part because it can intercalate into cancer cell DNA and disrupt topoisomerase-II-dependent DNA repair [27]. Although ADM does have cytosolic anticancer effects, ADM should accumulate into the nuclei of cancer cells to slow down their proliferation; reduced nuclear ADM accumulation may lead to decreased anticancer efficacy of ADM.



TRPC5 channels have many critical physiological roles in the human body, especially the channels are highly expressed in the nervous system [28]. Recently, the role of TRPC5 in breast cancer cell resistance to chemotherapy has been discovered [22,29,30,31]. Several research groups have demonstrated that polyvalent cations, such as La3+ and Gd3+, can markedly enhance TRPC5 activity [14,15]. Gd3+ is not a usual constituent of the human extracellular fluids or blood plasma. However, there is a possibility that the escape of Gd3+ from its chelating cages of the clinically used formulations utilized for contrast-enhanced MRI would modulate TRPC5 activity in breast cancer cells to promote breast cancer cell chemoresistance.



GBCAs are routinely used for multiple repeated dynamic contrast-enhanced MRIs to monitor disease progression in cancer patients [32,33]. Here, we found that Gd-DTPA significantly potentiated TRPC5 currents (Figure 1). However, magnevist and gadavist had no effect on the TRPC5 current. It is possible that Gd-DTPA potentiated TRPC5 currents due to the spontaneous release of Gd3+ from its chelating complexes. Indeed, clinical magnevist and gadavist formulations include additional unliganded chelators to reduce the harmful effect of Gd3+ on the human body. However, after MRI scans, the chelators are filtered by the kidneys, whereas Gd3+ may accumulate in several tissues. According to Bayer AG, 1 mL of magnevist contains 0.5 mmol Gd-DTPA, 5 micromole meglumine, and 1 micromole of pentetic acid, an analog of EDTA that chelates Gd3+. A 70 kg patient usually receives 14 mL of the solution or 7 mmol of Gd-DTPA. This means that the patient will have a maximum final concentration of about 2.5 mM of magnevist in the blood plasma during each MRI scan. We used 1 mM concentration of Gd-DTPA, which is lower than the peak concentration of GBCA in the blood plasma. Gadavist (gadobutrol) excipients also include Tris (Hydroxymethyl)aminomethane-HCl and calcobutrol sodium, which is another Gd3+ chelator. Interestingly, magnevist is formulated so that it is not intended to cross the blood–brain barrier, but it appears that it does, since Gd3+ can accumulate in the nervous tissue. Such Gd3+ accumulation was documented even in subjects with normal kidney function [34].



Our mutagenesis experiments involving the Gd3+ binding site of TRPC5 demonstrated that Gd-DTPA modulates TRPC5 activity via the same Gd3+-binding site on TRPC5 as free Gd3+ does (Figure 2). Considering the role of TRPC5 in breast cancer chemoresistance [26] and the repeated use of Gd-DTPA in cancer patients, we investigated the effects of long-term Gd-DTPA or GDD treatment on the expression of TRPC5 in MCF-7, SK-BR-3, and MCF-7/ADM cells. Although the treatment of Gd-DTPA or GDD did not alter the ADM IC50 values in breast cancer cells, Gd-DTPA or GDD significantly improved MCF-7 and SK-BR-3 cell survival in the presence of high ADM compared to the vehicle control (Figure 3). Remarkably, four weeks of treatment with Gd-DTPA or GDD significantly increased TRPC5 expression in the studied breast cancer cell lines (Figure 5 and Figure 8).



We noticed that TRPC5 proteins were localized to the cytosol of some Gd-DTPA- or GDD-treated cells rather than to the plasma membrane, as may have been expected (Figure 5A). It was, indeed, reported that TRPC5 may accumulate in small vesicles held in reserves near the plasma membrane to be later inserted to the plasma membrane in a growth factor-PI3K-Rac1-PIP5Kα-dependent manner [35]. Such a unique cellular distribution of TRPC5 may explain our unexpected findings. Consistently, our functional test revealed that receptor-operated Ca2+ signaling was downregulated in GDD-treated cells (Figure 6). It is possible that the observed reduction in receptor-operated Ca2+ signaling, an indirect measure of TRPC5 activity in breast cancer cells, represents a negative feedback mechanism geared towards reducing chronic Gd3+-dependent stimulation of TRPC5 activity. The activation of TRPC5 was confirmed by the positive effect of TRPC5 inhibitor, AC1903, a treatment that increased ADM accumulation in the nuclei of MCF-7 and MCF-7/ADM cells (Figure 5 and Figure S3). Notably, upregulation of TRPC5 protein expression is crucial for P-gp induction and the development of chemoresistance in breast cancer cells [26,36]. We indeed found that the long-term treatment with GBCAs elevated the P-gp expression in SK-BR-3 cells (Figure 9).



ADM exhibits a natural red autofluorescence, and its beneficial antitumor effect depends on the drug delivery to the nucleus [37]. Altered accumulation of ADM in MCF-7 and SK-BR-3 cells following treatment with Gd-DTPA or GDD was detected by measuring its autofluorescence (Figure 4 and Figure 7). As expected, ADM mainly accumulated inside the nuclei in control cells, but was redistributed to the cytoplasm in MCF-7 and SK-BR-3 cells treated with Gd-DTPA or GDD. In untreated MCF-7/ADM, the ratio of ADM autofluorescence in the nucleus to that in the cytoplasm was already very low, which is consistent with the high expression of TRPC5 and, consequently, P-glycoprotein in the cells (Figure 4). Notably, the ratio of nuclear to cytosolic ADM autofluorescence was impacted by GBCAs to a lesser degree in MCF-7/ADM cells compared to MCF-7 cells. This is likely because TRPC5 expression was already at a relatively high level in MCF-7/ADM compared to MCF-7 cells (Figures S1 and S2), probably driving a higher P-gp expression. However, GBCA treatment was still effective in increasing MCF-7/ADM cell survival in the presence of ADM. This is possibly because the ability of cancer cells to survive chemotherapy is not only the function of AMD efflux. It is a more complex process which also involves calcium influx through TRPC5 itself, leading to a calcium-dependent acceleration of the breast cancer cell cycle [38]. Likely, MCF-7/ADM cells are more resistant to ADM treatment if treated with GBCAs, even though nuclear accumulation of ADM is not greatly impacted by GBCAs, because GBCAs can also directly increase TRPC5-mediated calcium influx. This, apparently, is sufficient to facilitate breast cancer cell cycle rate and promote cell survival. However, future in vivo studies will be required to validate our in vitro observations.



Many studies revealed that the repeated administration of GBCAs may lead to gadolinium (III) accumulation in various human tissues. However, the association between gadolinium (III) accumulation and the occurrence of side effects and toxic damage has not been conclusively demonstrated. Our findings reveal a possible adverse effect of the excessive administration of GBCAs used for monitoring breast cancer progression. We propose that a careful assessment of benefits versus harm should be performed for each individual patient, involving the patient in the informed decision-making process, with the goal of identifying the appropriate risk versus benefit balance.




5. Conclusions


Treatment with Gd-DTPA or GDD significantly increased TRPC5 expression and decreased the accumulation of ADM in the nuclei of MCF-7 and SK-BR-3 cells, increasing the risk ofchemoresistance in the breast cancer cells. It may be worthwhile to minimize repeated administration of GBCAs in breast cancer patients in order to reduce the potential of promoting chemotherapy resistance in the patients.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells12091304/s1, Figure S1: qRT-PCR analysis showed that TRPC5 expression was greater in MCF-7/ADM compared to MCF-7 cells; Figure S2: TRPC5 expression was greater in MCF-7/ADM treated with GDD and GdCl3 for 4 weeks; Figure S3: Downregulation of TRPC5 expression resulted in a decreased efflux of ADM in MCF-7/ADM cells.





Author Contributions


Conceived or designed the study: A.G.O., F.A.W. and X.C.; performed the research: W.Z., M.W., X.C. and W.L.; analyzed the data: W.Z., X.C. and A.G.O.; wrote the paper: A.G.O., F.A.W., W.Z. and X.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Natural Science Foundation of China (NSFC, grant 81900402 to X.C.) and by the National Institutes of Health of the US (#NS102415 to F.A.W. and #HL115140 to A.G.O.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, H.; Zeng, Y.; Zhang, H.; Gu, Z.; Gong, Q.; Luo, K. Functional gadolinium-based nanoscale systems for cancer theranostics. J. Control. Release 2021, 329, 482–512. [Google Scholar] [CrossRef] [PubMed]

	



Cheong, B.Y.C.; Wilson, J.M.; Preventza, O.A.; Muthupillai, R. Gadolinium-Based Contrast Agents: Updates and Answers to Typical Questions Regarding Gadolinium Use. Tex. Heart Inst. J. 2022, 49, e217680. [Google Scholar] [CrossRef] [PubMed]

	



Rah, Y.C.; Han, E.J.; Park, S.; Rhee, J.; Koun, S.; Park, H.C.; Choi, J. In vivo assay of the potential gadolinium-induced toxicity for sensory hair cells using a zebrafish animal model. J. Appl. Toxicol. JAT 2018, 38, 1398–1404. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Wang, G.; Cao, Q.; Ren, W.; Xu, L.; Bu, S. A risk prediction model for contrast-induced nephropathy associated with gadolinium-based contrast agents. Ren. Fail. 2022, 44, 741–747. [Google Scholar] [CrossRef] [PubMed]

	



Turyanskaya, A.; Rauwolf, M.; Pichler, V.; Simon, R.; Burghammer, M.; Fox, O.J.L.; Sawhney, K.; Hofstaetter, J.G.; Roschger, A.; Roschger, P.; et al. Detection and imaging of gadolinium accumulation in human bone tissue by micro- and submicro-XRF. Sci. Rep. 2020, 10, 6301. [Google Scholar] [CrossRef]

	



Ramalho, J.; Semelka, R.C.; Ramalho, M.; Nunes, R.H.; AlObaidy, M.; Castillo, M. Gadolinium-Based Contrast Agent Accumulation and Toxicity: An Update. AJNR. Am. J. Neuroradiol. 2016, 37, 1192–1198. [Google Scholar] [CrossRef]

	



Ariyani, W.; Miyazaki, W.; Tsushima, Y.; Koibuchi, N. Gadolinium-based contrast agent accelerates the migration of astrocyte via integrin αvβ3 signaling pathway. Sci. Rep. 2022, 12, 5850. [Google Scholar] [CrossRef]

	



Funke, S.K.I.; Factor, C.; Rasschaert, M.; Lezius, L.; Sperling, M.; Karst, U.; Robert, P. Long-term Gadolinium Retention in the Healthy Rat Brain: Comparison between Gadopiclenol, Gadobutrol, and Gadodiamide. Radiology 2022, 305, 179–189. [Google Scholar] [CrossRef]

	



Nakamura, R.; Takanezawa, Y.; Ohshiro, Y.; Uraguchi, S.; Kiyono, M. Effects of chemical forms of gadolinium on the spleen in mice after single intravenous administration. Biochem. Biophys. Rep. 2022, 29, 101217. [Google Scholar] [CrossRef]

	



Richter, H.; Bucker, P.; Martin, L.F.; Dunker, C.; Fingerhut, S.; Xia, A.; Karol, A.; Sperling, M.; Karst, U.; Radbruch, A.; et al. Gadolinium Tissue Distribution in a Large-Animal Model after a Single Dose of Gadolinium-based Contrast Agents. Radiology 2021, 301, 637–642. [Google Scholar] [CrossRef]

	



Pasquini, L.; Napolitano, A.; Visconti, E.; Longo, D.; Romano, A.; Toma, P.; Espagnet, M.C.R. Gadolinium-Based Contrast Agent-Related Toxicities. CNS Drugs 2018, 32, 229–240. [Google Scholar] [CrossRef]

	



Lee, E.J.; Kim, K.K.; Lee, E.K.; Lee, J.E. Characteristic MRI findings in hyperglycaemia-induced seizures: Diagnostic value of contrast-enhanced fluid-attenuated inversion recovery imaging. Clin. Radiol. 2016, 71, 1240–1247. [Google Scholar] [CrossRef]

	



Muldoon, L.L.; Neuwelt, E.A. Dose-Dependent Neurotoxicity (Seizures) Due to Deposition of Gadolinium-based Contrast Agents in the Central Nervous System. Radiology 2015, 277, 925–926. [Google Scholar] [CrossRef]

	



Chen, X.; Li, W.; Riley, A.M.; Soliman, M.; Chakraborty, S.; Stamatkin, C.W.; Obukhov, A.G. Molecular Determinants of the Sensitivity to Gq/11-Phospholipase C-dependent Gating, Gd3+ Potentiation, and Ca2+ Permeability in the Transient Receptor Potential Canonical Type 5 (TRPC5) Channel. J. Biol. Chem. 2017, 292, 898–911. [Google Scholar] [CrossRef]

	



Semtner, M.; Schaefer, M.; Pinkenburg, O.; Plant, T.D. Potentiation of TRPC5 by protons. J. Biol. Chem. 2007, 282, 33868–33878. [Google Scholar] [CrossRef]

	



Strübing, C.; Krapivinsky, G.; Krapivinsky, L.; Clapham, D.E. TRPC1 and TRPC5 form a novel cation channel in mammalian brain. Neuron 2001, 29, 645–655. [Google Scholar] [CrossRef]

	



Davare, M.A.; Fortin, D.A.; Saneyoshi, T.; Nygaard, S.; Kaech, S.; Banker, G.; Soderling, T.R.; Wayman, G.A. Transient receptor potential canonical 5 channels activate Ca2+/calmodulin kinase Igamma to promote axon formation in hippocampal neurons. J. Neurosci. 2009, 29, 9794–9808. [Google Scholar] [CrossRef]

	



Kumar, S.; Chakraborty, S.; Barbosa, C.; Brustovetsky, T.; Brustovetsky, N.; Obukhov, A.G. Mechanisms controlling neurite outgrowth in a pheochromocytoma cell line: The role of TRPC channels. J. Cell. Physiol. 2012, 227, 1408–1419. [Google Scholar] [CrossRef]

	



Zheng, F.; Phelan, K.D. The role of canonical transient receptor potential channels in seizure and excitotoxicity. Cells 2014, 3, 288–303. [Google Scholar] [CrossRef]

	



Cai, D.; Li, N.; Jin, L.; Qi, X.; Hua, D.; Wang, T. High CTC-TRPC5 Expression Significantly Associated With Poor Prognosis in Radical Resected Colorectal Cancer Patients. Front. Mol. Biosci. 2021, 8, 727864. [Google Scholar] [CrossRef]

	



He, D.X.; Ma, X. Transient receptor potential channel C5 in cancer chemoresistance. Acta Pharmacol. Sin. 2016, 37, 19–24. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Chen, Z.; Hua, D.; He, D.; Wang, L.; Zhang, P.; Wang, J.; Cai, Y.; Gao, C.; Zhang, X.; et al. Essential role for TrpC5-containing extracellular vesicles in breast cancer with chemotherapeutic resistance. Proc. Natl. Acad. Sci. USA 2014, 111, 6389–6394. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Y.; Chen, M.; Zhang, S.; Miao, Z.; Wang, J.; Lu, X.; Zhao, X. TRPC5-induced autophagy promotes the TMZ-resistance of glioma cells via the CAMMKβ/AMPKα/mTOR pathway. Oncol. Rep. 2019, 41, 3413–3423. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Ning, K.; Sun, X.; Zhang, C.; Jin, L.F.; Hua, D. Glycolysis is essential for chemoresistance induced by transient receptor potential channel C5 in colorectal cancer. BMC Cancer 2018, 18, 207. [Google Scholar] [CrossRef]

	



Jung, S.; Mühle, A.; Schaefer, M.; Strotmann, R.; Schultz, G.; Plant, T.D. Lanthanides potentiate TRPC5 currents by an action at extracellular sites close to the pore mouth. J. Biol. Chem. 2003, 278, 3562–3571. [Google Scholar] [CrossRef]

	



Ma, X.; Cai, Y.; He, D.; Zou, C.; Zhang, P.; Lo, C.Y.; Xu, Z.; Chan, F.L.; Yu, S.; Chen, Y.; et al. Transient receptor potential channel TRPC5 is essential for P-glycoprotein induction in drug-resistant cancer cells. Proc. Natl. Acad. Sci. USA 2012, 109, 16282–16287. [Google Scholar] [CrossRef]

	



Thorn, C.F.; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.; McLeod, H.; Klein, T.E.; Altman, R.B. Doxorubicin pathways: Pharmacodynamics and adverse effects. Pharm. Genom. 2011, 21, 440–446. [Google Scholar] [CrossRef]

	



Chen, X.; Sooch, G.; Demaree, I.S.; White, F.A.; Obukhov, A.G. Transient Receptor Potential Canonical (TRPC) Channels: Then and Now. Cells 2020, 9, 1983. [Google Scholar] [CrossRef]

	



Santoni, G.; Morelli, M.B.; Marinelli, O.; Nabissi, M.; Santoni, M.; Amantini, C. Calcium Signaling and the Regulation of Chemosensitivity in Cancer Cells: Role of the Transient Receptor Potential Channels. Adv. Exp. Med. Biol. 2020, 1131, 505–517. [Google Scholar] [CrossRef]

	



Singh, R.; Adhya, P.; Sharma, S.S. Redox-sensitive TRP channels: A promising pharmacological target in chemotherapy-induced peripheral neuropathy. Expert Opin. Ther. Targets 2021, 25, 529–545. [Google Scholar] [CrossRef]

	



Zou, Y.; Liu, Z.; Zhou, Y.; Wang, J.; Xu, Q.; Zhao, X.; Miao, Z. TRPC5 mediates TMZ resistance in TMZ-resistant glioblastoma cells via NFATc3-P-gp pathway. Transl. Oncol. 2021, 14, 101214. [Google Scholar] [CrossRef]

	



Perrotta, G.; Metens, T.; Absil, J.; Lemort, M.; Manto, M. Absence of clinical cerebellar syndrome after serial injections of more than 20 doses of gadoterate, a macrocyclic GBCA: A monocenter retrospective study. J. Neurol. 2017, 264, 2277–2283. [Google Scholar] [CrossRef]

	



Hylton, N.M.; Blume, J.D.; Bernreuter, W.K.; Pisano, E.D.; Rosen, M.A.; Morris, E.A.; Weatherall, P.T.; Lehman, C.D.; Newstead, G.M.; Polin, S.; et al. Locally advanced breast cancer: MR imaging for prediction of response to neoadjuvant chemotherapy--results from ACRIN 6657/I-SPY TRIAL. Radiology 2012, 263, 663–672. [Google Scholar] [CrossRef]

	



Ringler, M.D.; Rhodes, N.G.; Ayers-Ringler, J.R.; Jakaitis, D.R.; McDonald, R.J.; Kallmes, D.F.; McDonald, J.S. Gadolinium retention within multiple rat organs after intra-articular administration of gadolinium-based contrast agents. Skelet. Radiol. 2021, 50, 1419–1425. [Google Scholar] [CrossRef]

	



Bezzerides, V.J.; Ramsey, I.S.; Kotecha, S.; Greka, A.; Clapham, D.E. Rapid vesicular translocation and insertion of TRP channels. Nat. Cell Biol. 2004, 6, 709–720. [Google Scholar] [CrossRef]

	



Zhang, P.; Liu, X.; Li, H.; Chen, Z.; Yao, X.; Jin, J.; Ma, X. TRPC5-induced autophagy promotes drug resistance in breast carcinoma via CaMKKβ/AMPKα/mTOR pathway. Sci. Rep. 2017, 7, 3158. [Google Scholar] [CrossRef]

	



Hittelman, W.N.; Rao, P.N. The nature of adriamycin-induced cytotoxicity in Chinese hamster cells as revealed by premature chromosome condensation. Cancer Res. 1975, 35, 3027–3035. [Google Scholar]

	



Machaca, K. Ca(2+) signaling, genes and the cell cycle. Cell Calcium 2010, 48, 243–250. [Google Scholar] [CrossRef]








[image: Cells 12 01304 g001 550] 





Figure 1. Effects of GBCAs on histamine or GTPγS-induced currents in TRPC5-expressing HEK cells. (A) Molecular structures of magnevist (Gd-DTPA) and gadavist. (B–E) Sample traces of TRPC5 currents induced by histamine (His, 10 µM) in the presence of Gd3+ (B), gadavist (C), magnevist (D), or Gd-DTPA (E). (F) Sample trace of TRPC5 inward (blue) and outward (red) currents, induced by dialysis of GTPγS (500 μM) via the patch pipette. Gd3+ (100 µM), Gd-DTPA (1 mM), magnevist (1 mM), or gadavist (1 mM) were added at the times indicated by the horizontal bars. The dotted lines indicate the zero current. The upper and lower traces represent the outward and inward whole cell currents recorded at +100 mV and −100 mV, respectively. Inserts show the current voltage relations acquired during the voltage ramps from −100 mV to +100 mV in the absence (solid lines) and presence (broken lines) of GBCAs or Gd3+ at the time points indicated with “a” and “b” in the same experiment. (G) Comparison of the mean current densities of GTPγS-activated currents, measured at the time points of “a” and “b” at holding potentials of −100 mV and +100 mV, in (F). *** p < 0.001. 
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Figure 2. Effects of Gd-DTPA on histamine- or GTPγ-S-induced currents in TRPC5-E543Q- and TRPC5-R593A-expressing HEK cells. (A–D) Sample traces of time courses for currents via TRPC5-E543Q or TRPC5-R593A. Histamine (10 µM), Gd3+ (100 µM), and Gd-DTPA (1 mM) were added at the times indicated by the horizontal bars. The dotted lines indicate the level of the zero current. The upper traces represent the outward whole cell currents recorded at +100 mV, whereas the lower traces represent the inward currents recorded at −100 mV. Insets show the current–voltage relationships acquired during the voltage ramps from −100 mV to +100 mV in the absence (solid lines) and presence (broken lines) of Gd3+ or Gd-DTPA in the same experiment. (E) Comparison of the ratios of current densities measured at the time points of “a” and “b” at the holding potential of −100 mV (C,D). * p < 0.05. 
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Figure 3. MCF-7, SK-BR-3, and MCF/ADM cell survival in the presence of ADM. (A–C) Cell viability–concentration curves were used to determine the half-maximal effective concentration (EC50) values for ADM in MCF-7 and MCF-7/ADM cells treated with GDD, Gd-DTPA, and GdCl3 for 4 weeks. (D–F) Relative cell survival of MCF-7, SK-BR-3, and MCF-7/ADM cells treated with 1 µM or 10 µM ADM for 48 h. The survival rates were analyzed using the cell counting kit-8 assay (n = 6). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the data of the treatment groups with those of the control group. All values are represented as means ± SEMs. * p < 0.05, ** p < 0.01. 
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Figure 4. The accumulation of ADM in MCF-7 and MCF-7/ADM cells treated with GDD, Gd-DTPA, or GdCl3 for 4 weeks. (A,B) Confocal fluorescence images of MCF-7 and MCF-7/ADM cells (ADM autofluorescence—red; DAPI nuclear stain—blue). (C,D) Summary data of ADM accumulation in MCF-7 and MCF-7/ADM cells (n = 4). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the data sets to the control group. All values are represented by means ± SEMs. * p < 0.05, ** p < 0.01. NS, no significant difference. Scale bars: 30 µm. 
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Figure 5. TRPC5 expression was greater in MCF-7 treated with GDD, Gd-DTPA, and GdCl3 for 4 weeks, and the inhibitor of TRPC5 decreased the efflux of ADM from MCF-7 cell nuclei (A,B) Representative confocal fluorescence images of TRPC5 protein immunostaining and summary data in MCF-7 cells (TRPC5, green fluorescence, n = 5). (C) qRT-PCR results for TRPC5 expression in MCF-7 cells (n = 5–6). (D,E) Representative Western blot images and summary data regarding TRPC5 protein expression quantification in MCF-7 cells (n = 3). (F) The nuclear ADM accumulation assay. Shown are representative confocal micrographs of MCF-7 cells treated with Gd-DTPA alone or in combination with AC1903, and in the presence of 1 µM ADM (red autofluorescence). (G) Summary data for nuclear ADM accumulation in MCF-7 cells (n = 4). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test was used to compare the treatment groups with the control group. All values are represented by means ± SEMs. * p < 0.05 ** p < 0.01. “NS” stands for no significant difference. Scale bars: 30 µm. 
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Figure 6. Histamine and bradykinin-induced intracellular calcium increases were smaller in MCF-7 cells receiving long-term treatment with GDD (1 mM) or GdCl3 (0.1 mM) compared to control MCF-7 cells. (A,B) Averaged traces show fluorescence intensity ratio changes in MCF-7 cells. The blue arrows indicate the time at which histamine or bradykinin was added to the bath. (C,D) Summary data comparing the peak fluorescence intensity ratio values shown in (A,B), n = 4 independent experiments. The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the data sets. All values are represented by means ± SEMs. * p < 0.05, ** p < 0.01. NS, no significant difference. 
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Figure 7. The accumulation of ADM in SK-BR-3 cells treated with GDD, Gd-DTPA, or GdCl3 for 4 weeks. (A) Confocal fluorescence images of SK-BR-3 cells (ADM autofluorescence—red; DAPI nuclear stain—blue). (B) Summary data of ADM accumulation in SK-BR-3 cells (n = 3). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the data sets to the control group. All values are represented by means ± SEMs. ** p < 0.01. Scale bars: 30 µm. 
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Figure 8. TRPC5 expression was greater in SK-BR-3 cells treated with GDD, Gd-DTPA, and GdCl3 for 4 weeks. (A,B) Representative confocal fluorescence images of TRPC5 protein immunostaining and summary data in SK-BR-3 cells (TRPC5, green fluorescence, n = 3). (C) qRT-PCR results for TRPC5 expression in SK-BR-3 cells (n = 3). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the treatment groups with the control group. All values are represented by means ± SEMs. * p < 0.05 ** p < 0.01. Scale bars: 30 µm. 
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Figure 9. P-gp expression was greater in SK-BR-3 cells treated with GDD, Gd-DTPA, and GdCl3 for 4 weeks. (A,B) Representative confocal fluorescence images of P-gp protein immunostaining and summary data in SK-BR-3 cells (TRPC5, green fluorescence, n = 3). (C) qRT-PCR results for P-gp expression in SK-BR-3 cells (n = 3). The one-way ANOVA test, followed by the Student–Newman–Keuls post hoc all pair-wise multiple comparison test, was used to compare the treatment groups with the control group. All values are represented by means ± SEMs. * p < 0.05 ** p < 0.01. Scale bars: 30 µm. 
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