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Two-pore channels (TPCs or TPCNs) are novel voltage-gated ion channels that have been postulated to act as Ca2+ and/or
Na+ channels expressed exclusively in acidic organelles such as endosomes and lysosomes. TPCNs participate in the
regulation of diverse biological processes and recently have been proposed to be involved in the pathophysiology of
metabolic disorders such as obesity, fatty liver disease and type 2 diabetes mellitus. Due to the importance of these
pathologies in the development of cardiovascular diseases, we aimed to study the possible role of two-pore channel 1
(TPCN1) in the regulation of cardiac metabolism. To explore the cardiac function of TPCN1, we developed proteomic
approaches as 2-DE-MALDI-MS and LC-MALDI-MS in the cardiac left ventricle of TPCN1 KO andWT mice, and found
alterations in several proteins implicated in glucose and fatty acid metabolism in TPCN1 KO vs. WT mice. The results
confirmed the altered expression of HFABP, a key fatty acid transport protein, and of enolase and PGK1, the key enzymes in
the glycolytic process. Finally, in vitro experiments performed in neonatal rat cardiomyocytes, in which TPCN1was silenced
using siRNAs, confirmed that the downregulation of TPCN1 gene expression increased 2-deoxy-D-[3H]-glucose uptake and
GLUT4 mobilization into cell peripherals in cardiac cells. Our results are the first to suggest a potential role for TPCNs in
cardiac metabolism regulation.

[García-Rúa V, Feijóo-Bandín S, García-Vence M, Aragón-Herrera A, Bravo SB, Rodríguez-Penas D, Mosquera-Leal A, Lear PV, Parrington J,
Alonso J, Roselló-Lletí E, Portolés M, Rivera M, González-Juanatey JR and Lago F 2016 Metabolic alterations derived from the absence of Two-
Pore Channel 1 (TPCN1) at cardiac level. J. Biosci. 41 643–658]

1. Introduction

Two-pore channels (TPCs or TPCNs) are novel members of
the voltage-gated ion channel superfamily originally
sequenced from a rat kidney-cell cDNA library in 2000 as
a result of their structural homology with voltage-gated Na+

and Ca2+ channels (Ishibashi et al. 2000). They were called
TPCNs because they contain two repeats of a 6 trans-
membrane pore-forming domain, being an intermediate form
between the endo-lysosomal transient receptor potential
channels (TRPs, one domain repeat) and the voltage-gated
Ca2+ channels (VGCCs, four domain repeats) (Ishibashi
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et al. 2000; Zhu et al. 2010). The TPCN gene is widespread
across the animal kingdom, which is indicative of its phylo-
genetic and functional relevance, and has undergone multi-
plication with most species possessing either two (TPCN1
and TPCN2 in humans and rats) or three (TPCN1, TPCN2
and TPCN3 in sea urchin) TPCN genes, TPCN1 and TPCN2
being the most universal isoforms (Brailoiu et al. 2009).

TPCNs are expressed exclusively in acidic organelles such as
endosomes and lysosomes in animals (Brailoiu et al. 2009;
Calcraft et al. 2009; Zong et al. 2009) and vacuoles in plants
(Peiter et al. 2005), and they have been firstly described as Ca2+

release channels activated through the second messenger nico-
tinic acid adenine diphosphate (NAADP) (Brailoiu et al. 2009;
Calcraft et al. 2009; Ruas et al. 2010; Dionisio et al. 2011;
Pereira et al. 2014). However, other authors have also demon-
strated that TPCNs are Na+-selective channels activated by
phospho-inositol 3,5-diphosphate (PI(3,5)P2) (Wang et al.
2012; Cang et al. 2013) and regulated via mammalian target
of rapamycin (mTOR) (Cang et al. 2013). These findings are in
agreement with the TPCN structural homology with voltage-
gated Na+ and Ca2+ channels (Ishibashi et al. 2000), suggesting
that they can act as both Na+ and Ca2+ channels.

Several studies have shown that TPCN1 and/or TPCN2
activation participate in the regulation of diverse biological
processes, including cell differentiation (Aley et al. 2010;
Notomi et al. 2012; Zhang et al. 2013; Parrington and Tunn
2014), acrosome exocytosis (Arndt et al. 2014), cytokinesis
(Horton et al. 2015), angiogenesis (Favia et al. 2014) and,
interestingly, autophagy (Lu et al. 2013) and muscle con-
traction (Tugba Durlu-Kandilci et al. 2010), both of them
being mechanisms of special relevance in tissues highly
specialised and differentiated as is the case of the cardiac
tissue (Terman and Brunk 2005). Moreover, different studies
performed in mice lacking TPCN genes have proved the
implication of these novel channels in the pathophysiology
of metabolic disorders such as obesity (Lear et al. 2014),
fatty liver disease (Grimm et al. 2014) and type 2 diabetes
mellitus (T2DM) (Tsaih et al. 2014), all of them conditions
that are well known to be implicated in the development of
metabolic syndrome and in the pathophysiology of cardio-
vascular diseases (Bastien et al. 2013; Bang and Cho 2015;
Grundy 2015).

In a previous study, we showed the upregulation of both
TPCN1 and TPCN2 genes in left ventricular (LV) tissue of
patients with heart failure (Garcia-Rua et al. 2012), which is
a pathological state characterised by several metabolic alter-
ations, ranging from changes in substrate use to mitochon-
drial dysfunction, ultimately resulting in ATP deficiency and
impaired contractility (Wang et al. 2014). Here we aimed to
explore the possible role of these novel voltage-gated ion
channels in the cardiac physiology, focusing on the identifi-
cation of candidate proteins that could mediate TPCN1 im-
plication in cardiac metabolism regulation. To this purpose,

we developed proteomics approaches to characterise the
cardiac proteome of mice lacking the TPCN1 gene by mass
spectrometry techniques, and in vitro approaches to deter-
mine the implication of the absence of TPCN1 in energy
substrates uptake by cardiomyocytes.

2. Material and methods

All reagents were obtained from Sigma Aldrich (US) unless
otherwise stated.

2.1 Ethics statement

The study protocol was approved by the Galician Clinical
Research Ethics Committee (2007/304). All animals were
maintained and killed following protocols approved by the
Animal Care Committee of the University of Santiago de
Compostela in accordance with European Union Directive
2010/63.

2.2 Animals

Hearts from TPCN1 knockout (KO) male mice and their
corresponding wild-type (WT) mice of the same age (9
months), sex (male) and background (C57Bl/6;129) were a
kind gift from Dr John Parrington and Dr Pamela Lear
(Department of Pharmacology, Oxford University, UK).
The TPCN1 KO mouse line (showing no detectable expres-
sion of either TPCN1A or TPCN1B, a newly identified
alternative transcript (Ruas et al. 2014)) has been previously
described (Ruas et al. 2014).

Neonatal (1- to 3-day-old) Sprague–Dawley rats were
killed by cervical dislocation, and their hearts were used
for establishment of primary cardiomyocyte cultures (see
below).

2.3 Protein extraction

Proteomic analysis and two-dimensional electrophoresis (2-
DE) Western blot were conducted using LV from TPCN1
KO and WT mice. LVs were dissected from the hearts (n=3)
and lyophilized. The powder was resuspended in 2-DE ex-
traction buffer (65 mM DTT, 65 mM CHAPS, 5 M urea, 2 M
thiourea, 0.15 M NDSB-256, 200 nM tributylphosphine, 100
nM NaF, 1 M Na3VO4, and 1 M benzamidine) and stored at
–80°C until further use. The resuspended protein was centri-
fuged at 13000g for 5 min and subsequently quantified prior
to use (RC DC Protein Assay, BioRad Lab, US).

One-dimensional electrophoresis (1-DE) Western blot
was performed using cardiac LV tissue from TPCN1 KO
and WT mice. LV tissue was lysed with Triton X-100 1%
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buffered in 50 mM Tris-HCl, 150 mM NaCl, 5 mM ethyl-
enediaminetetraacetic acid (EDTA), 0.1 M NaF, 1 mM phe-
nylmethylsulphonylfluoride (PMSF), 10 μg/mL leupeptin,
10 μg/mL aprotinin, 10 μg/mL trypsin inhibitor and 1 mM
Na3VO4. The lysate was subsequently centrifuged at 13000g
for 16 min at 4°C and quantified prior to use (RC DC Protein
Assay, BioRad Lab, US).

2.4 Isoelectric focusing and 2-DE

Isoelectric focusing (IEF) was performed in pH 4-7 immo-
bilized pH gradient (IPG) strips of 24 cm (GE Healthcare,
UK). 500 μg of protein from LV of TPCN1 KO and WT
mice independently was applied to each strip, and subjected
to passive rehydration in 250 μL of 2-DE extraction buffer
supplemented with ampholytes (0.1% servalyte 3–10, 0.05%
servalyte 9-10 (SERVA, DE)) during 24 h after centrifuga-
tion at 13000g for 5 min. Passive rehydration was followed
by active rehydration at 50 V during 12 h before IEF,
performed in a Protean IEF Cell focusing unit (BioRad,
USA) until 20000 V/total h were reached.

Subsequently to IEF, the IPG strips were equilibrated for
15 min in 4 M urea, 2 M thiourea, 50 mM Tris pH 6.8, 2%
sodium dodecyl sulphate (SDS), 12 mM dithiothreitol (DTT)
and 30% glycerol. SDS polyacrylamide gel electrophoresis
(SDS-PAGE) was performed on 12% polyacrylamide gels
using a Protean Plus Dodeca Cell (BioRad, USA) at 15 mA/
gel for 12 h or until the dye front reached the bottom of the
gel, at 18°C constant temperature.

The 2-DE gels were stained with Sypro Ruby (Lonza,
CH) following manufacturer’s instructions.

2.5 Image acquisition and software analysis of 2-DE gels

The Sypro Ruby stained 2-DE gels were scanned using a
Typhoon fluorescence scanner (GE Healthcare, UK). The
scanned images were processed using the Progenesis
SameSpots software (Version 4.5) (Nonlinear Dynamics,
NZ). Both manual and automatic alignment were used to
align the images. All of the gels were compared, and the
fold-changes (FC) and p values of all of the spots were
calculated using the SameSpots software with 1-way
ANOVA analysis. The differential protein expression was
considered significant when the FC was at least 1.8 and the
p value was <0.05.

2.6 Tryptic digestion

The digestion of the spots from 2-DE was manually performed
according to the protocol of Shevchenko et al. (1996), with
minor modifications. Briefly, the spots selected from represen-
tative 2-DE gels were excised and washed with a solution

containing 50 mM NH4HCO3 and 50% MeOH (HPLC grade,
Scharlau, ES). The proteins were reduced with 10 mM DTT in
50 mMNH4HCO3 and alkylated with 55 mM iodoacetamide in
50 mMNH4HCO3. Subsequently, the proteins were rinsed with
50 mM NH4HCO3 in 50% MeOH, dehydrated through the
addition of acetonitrile (ACN) (HPLC grade, Scharlau, ES)
and dried in a Speed Vac (Thermo Scientific, USA). Modified
porcine trypsin (Promega, USA) was added to the dried gel
slices at a final concentration of 20 ng/μL in 20 mMNH4HCO3,
followed by incubation at 37°C for 16 h. The peptides were
extracted three times by incubation in 40 μL of 60% ACN in
0.5% formic acid (HCOOH) for 20 min. The resulting peptide
extracts were pooled, concentrated in a Speed Vac and stored at
−20°C. Prior to 2-DE-MALDI-MS identification, the dried
samples were dissolved in 4 μL of 20%ACN in 0.5%HCOOH.

In a separate experiment, 200 μg of the LV extracted
protein from TPCN1 KO and WT mice was loaded onto a
10% SDS-polyacrylamide. 1-DE was conducted until the
dye front was 3 mm into the resolving gel (Bonzon-Kuli-
chenko et al. 2011; Perez-Hernandez et al. 2013; Roca-
Rivada et al. 2015). The protein concentrate was visualized
through Sypro Ruby fluorescent staining (Lonza, CH), and
the protein digestion was assessed as described above. Prior
to at a flow rate of 300 LC-MALDI-MS identification, the
peptide mix was dissolved in 10–20 μL of 0.1 % HCOOH in
2% ACN (A solution).

2.7 Protein identification through 2-DE/LC-MALDI-MS

MALDI-MS analysis of the peptides digested from spots
was performed by mixing equal volumes (0.5 μL) of peptide
and matrix solution (3 mg of α-cyano-4-hydroxycinnamic
acid (CHCA) dissolved in 1 mL of 50% ACN in 0.1%
trifluoroacetic acid (TFA)). The mixture was deposited onto
a 384 Opti-TOF MALDI plate (Applied Biosystems, USA)
using the thin layer method. Separation of the resulting
tryptic peptide mixtures from 1-DE electrophoresis was per-
formed using nanoscale reversed-phase LC. The nanoLC
Ultra 1D Plus (EKsigent, AB Sciex Boston, USA) was
coupled to a MALDI-spotter (Eksigent, AB Sciex). The
peptides mixtures were re-dissolved in A solution (0.1%
HCOOH, 2% ACN) and injected into the trapping column
(ChromXP nanoLC Trap column 350 μm id × 0.5 mm,
ChromXP C18 3 μm 120 Å, AB Sciex) at a flow rate of 10
μl/min (0.1% HCOOH, 2% ACN). After 15 min, the trapped
peptides were separated by reversed-phase chromatography
on a nanocolumn (ChromXP nanoLC column 75 μm id × 15
cm, ChromXP C18 3 μm 120 Å, AB Sciex) at a flow rate of
300 mL/min in a linear elution gradient from 95% A solution
to 60% B solution (90% ACN, 0.1% HCOOH) over 80 min,
followed by an increase to 95% B solution over 5 min. The
eluted peptides were mixed with a matrix solution containing
3 mg CHCA dissolved in 1 mL of 50% ACN in 0.1% TFA,
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and 10 fmol/μL angiotensin I (as an internal standard) was
deposited onto an Opti-TOF LC/MALDI insert (AB Sciex,
USA) at a speed of one spot per 12 seconds.

MS data were obtained in an automated analysis loop
using a 4800 MALDI-TOF/TOF Analyzer (Applied Biosys-
tems, USA). The MS spectra were acquired in reflector
positive-ion mode with a Nd:YAG, 355-nm wavelength
laser, averaging 1000 laser shots, and at least three trypsin
autolysis peaks were used as an internal calibration for
peptides derived from spots and the 1296.685 angiotensin I
peak for peptides separated by LC. All MS/MS spectra were
performed after selecting precursors with a relative resolu-
tion of 300 (FWHM) and metastable suppression. The auto-
mated analysis of mass data was achieved using 4000 Series
Explorer software V3.5. The MS and MS/MS spectra data
from 2-DE were combined using GPS Explorer software
v3.6 and Mascot software v2.1. (Matrix Science) to search
against a non-redundant database (SwissProt release 56.0).
The peptides and proteins from LC were identified using
Protein Pilot software version 4.0.80.85 (AB Sciex, USA)
with the Paragon Algorithm, and the MS/MS data were
searched against the UniProt/Swiss-Prot database of protein
sequences (July 2014; Swiss-Prot, Switzerland). The
searches were restricted to Mus musculus taxonomy using
carbamidomethyl cysteine as a fixed modification and oxi-
dized methionine as a variable modification, with 30 ppm
precursor tolerance, 0.35 Da MS/MS fragment tolerance and
one missed cleavage. All spectra and database results were
manually inspected using the aforementioned software. Pro-
teins scores greater than 56 were accepted as significant
(p<0.05), and a protein score CI% (Confidence Interval)
greater than 98 was considered to be a positive identification.
For MS/MS spectra, a total ion score CI% greater than 95
was considered to be a positive identification.

2.8 Neonatal rat cardiomyocytes primary cultures

Neonatal rat cardiomyocytes were cultured as previously
described (González-Juanatey et al. 2003) and seeded at
50000 cells/cm2.

2.9 siRNA transfection

The cardiomyocytes, 24 h after plating, were incubated for
6 h with 200 nM of small interfering RNA (siRNA) negative
control (SIC 001, Sigma Aldrich) or 200 nM siRNAs target-
ing TPCN1 (SASI_Rn01_00107855 and SASI_R-
n01_00107855_AS, Sigma Aldrich, USA) in conjunction
with Thermo Scientific DharmaFECT 1 transfectant in
Opti-MEM medium according to the manufacturer’s
instructions.

2.10 Real-time quantitative PCR (RT-qPCR)

RT-qPCR was performed on RNA extracted using the Nucle-
oSpin Kit, according to the manufacturer’s instructions
(Macherey-Nagel, DE). For relative quantification, we per-
formed a reverse-transcription reaction using 500 ng of RNA
and the Transcriptor First Strand cDNA Synthesis kit (Roche,
DE). RT-qPCR was performed using the master mix, specific
primers and TaqMan-MGB probes provided by Roche:
TPCN1: 68 bp, Assay Id 50591 RefSeq NM_139332 4, and
18S: 78 bp, Assay Id 502300 RefSeq XO1117. The amplifica-
tion conditions were 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 60 s. The results were analysed
using MxPro v4 software (Stratagene, USA).

2.11 Western blot analysis

The protein extracted from TPCN1 KO and WT mice left
ventricle was subjected to 2-DE Western blot analysis.
100 μg of protein was loaded onto pH 4-7 (heart-type fatty
acid-binding protein (HFABP) and enolase) or 3-10 (phos-
phoglycerate kinase 1 (PGK1)) 7 cm IPG strips (GE Health-
care , UK). 2-DE was per formed on 12% SDS-
polyacrylamide gels. At the same time, we performed 1-DE
SDS-PAGE/Western blot as previously described (Gonzá-
lez-Juanatey et al. 2003). We used antibodies against
HFABP (Santa Cruz Biotechnology, USA), enolase (Santa
Cruz Biotechnology, USA) and PGK1 (R&D systems, USA)
according to manufacturer instructions. The membranes
were subsequently incubated with a horseradish-
peroxidase-conjugated secondary antibody (Santa Cruz Bio-
technology, USA) and subjected to chemiluminescence de-
tection (Millipore Corporate, USA). In all cases,
densitometric analyses were performed using the UVP EC3
Imaging System (Ultra-Violet Products Ltd) and the Image J
program (V1.43 q; Rasband 1997-2008).

2.12 BODIPY-labelled fatty acid uptake

After 48 h post-transfection, neonatal rat cardiomyocytes
were treated with PBS containing 10 μM 4,4-difluoro-5-
methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid
(BODIPY 500/510 C1, C12; Life Technologies, USA) and
20 μM fatty acid-free BSA for 30 sec. Cells were also
stained with propidium iodide (1 μM) to identify dead cells
and analysed in a FACSCALIBUR flow cytometer (Becton
Dickinson, USA) using the Cell Quest program.

2.13 Glucose uptake assay

After 48 h post-transfection, neonatal rat cardiomyocytes
were serum-deprived for 2.5 h. Treatment for 1 h with
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insulin (100 nM) was used as a positive control. The cells
were washed twice in a glucose-free HEPES-buffered sa-
line solution (140 mM NaCl, 5 mM KCl, 2.5 mM MgSO4,
1 mM CaCl2, and 20 mM HEPES, pH 7.4), and glucose
uptake was determined as previously described using 2-
deoxy-D-[3H] glucose (PerkinElmer, USA) (Feijóo-Ban-
dín et al. 2013). Glucose uptake was measured using a
Tri-Carb Liquid Scintillation Counter (Perkin Elmer,
USA). Non-specific glucose uptake was determined in
the presence of 10 μM cytochalasin B and subtracted from
the data.

2.14 Immunocytofluorescence labelling and confocal
microscopy

After 48 h post-transfection, neonatal rat cardiomyocytes
were serum-deprived for 2.5 h and processed as previously
described (Feijóo-Bandín et al. 2013) using anti-GLUT4
antibodies (Abcam, UK) at 1:100 dilution. Quantitative con-
focal microscopy was performed using a LeicaDMIRE2
confocal microscope (Leica, DE) and the software ImageJ
was used to compare GLUT4 concentrations in the cell
peripherals with those in the cytoplasm and perinuclear
region as previously described (Feijóo-Bandín et al. 2013).
A total of 108 cells were analysed.

2.15 Statistical analysis

All experiments were made at least with three biological
replicates. For LC-MALDI-MS analysis, technical replicates
were made using the same samples in a 30 min separation
through the nanocolumn (data not shown). For 2-DE-
MALDI-MS proteomic analysis, the statistical significance
of the differences between mean values was determined with
one-way ANOVA test using the SameSpots Version 4.5
software (Nonlinear Dynamics, UK). Comparison of mean
values between two groups was assessed using the Student’s
t-tests, and FC respect to controls were assessed with Wil-
coxon signed rank tests using the Prism V.5 (GraphPad
Software, USA).

3. Results

3.1 Proteomics analysis of LV from TPCN1 KO mice
hearts using 2-DE-MALDI-MS

An effective separation of cardiac LV proteome was
obtained through 2-DE by applying a linear 4–7 pH gradient
(in the first dimension) and using 12% SDS-polyacrylamide
gels (in the second dimension), which adequately resolves
proteins in the range of 10 to 150 kDa (figure 1). Software
for statistical analysis of Sypro Ruby stained gels revealed

1072 protein spots, with 50 spots differentially regulated (49
upregulated and only 1 downregulated, p<0.05) in the car-
diac LV from TPCN1 KO vs. WT mice (supplementary
table 1).

All of the 50 but 3 spots were identified by MALDI-MS,
29 of them represented in just 1 spot (supplementary tables 1
and 2), and 17 represented in more than 1 spot (supplemen-
tary table 1).

The different proteins identified by 2-DE-MALDI-MS in
cardiac LV of TPCN1 KO with altered expression vs. WT
mice were further classified using the NCBI, PantherDB,
and Uniprot databases into 5 groups based on their biological
function (figure 2) (supplementary tables 1 and 2): (1) pro-
teins associated with metabolic processes, subdivided into 4
different subgroups: glycolysis, lipid metabolism, tricarbox-
ylic acid cycle (TCA) and respiratory electron transport
chain; (2) proteins associated with muscle contraction; (3)
proteins associated with cytoskeleton organization; (4) trans-
port proteins and (5) the chaperone protein stress-70 protein
(supplementary table 2).

Figure 1. Representative 2-DE virtual map of the cardiac left
ventricle from TPCN1 KO vs. WT mice. Three subjects per group
were selected to develop the corresponding analysis using the
SameSpots software. The proteins were separated over a pI range
of 4 to 7 in the first dimension and on 12% SDS-polyacrylamide
gels in the second dimension. The gels were stained with Sypro
Ruby and 1072 protein spots were observed. The differentially
expressed protein spots are numbered and were considered signif-
icant when the FC was at least 1.8 and the p value was <0.05. pI:
isoelectric point, MW: molecular weight.
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3.2 Proteomics analysis of LV from TPCN1 KO mice
hearts using LC-MALDI-MS

We performed LC-MALDI-MS analysis as an alternative
method to complement the 2-DE results and to saturate the
cardiac proteomic map. A total of 108 proteins were identi-
fied in the 3 cardiac LV from TPCN1 KO and WT mice
(supplementary table 3). A total of 22 proteins were identi-
fied in TPCN1 KO mice (supplementary table 4), 15 proteins
were identified in TPCN1 WT mice (supplementary table 4),
and 71 proteins were identified in common in both condi-
tions (supplementary table 5; supplementary figure 1).

The proteins identified by LC-MALDI-MS in cardiac LV
of TPCN1 KO with altered expression vs. WT mice (at least
in 2 of the 3 mice) were further classified. According to the
NCBI, PantherDB, and Uniprot databases, proteins were

divided into 8 groups based on their biological function
( figure 3 and supplementary table 6): (1) proteins asso-
ciated with metabolic processes, subdivided into 5 dif-
ferent subgroups: glycolysis, lipid metabolism, TCA,
respiratory electron transport chain and others; (2) mus-
cle contraction; (3) cellular component organization or
biogenesis; (4) cellular processes; (5) developmental
processes; (6) immune system processes; (7) localization
and (8) calcium homeostasis.

Among the proteins differentially identified in TPCN1
KO vs. WT mice, 15 were exclusively obtained by 2D-
MALDI-MS and 11 only by LC-MALDI-MS, while 21
proteins were identified in common with the use of both
techniques (supplementary figure 2 and figure 4). Thus, we
confirmed that the use of LC-MALDI-MS complements the
proteomic map obtained by 2D-MALDI-MS, being both

Figure 2. Results from 2-DE-MALDI-MS analysis. Diagram showing the classification of proteins identified to have altered expression in
the left ventricle of TPCN1 KO vs. WT mice by 2-DE-MALDI-MS according to their biological function using the NCBI, PantherDB and
UniProt databases. Proteins were divided into 5 groups: (1) proteins associated with metabolic processes, subdivided into 4 different groups:
glycolysis, lipid metabolism, tricarboxylic acid cycle and respiratory electron transport chain; (2) proteins associated with muscle
contraction; (3) proteins associated with cytoskeleton organization; (4) transport proteins and (5) the chaperone protein stress-70 protein.

Figure 3. Results from LC-MALDI-MS analysis. Diagram showing the classification of the 22 proteins identified just in the left ventricle
of TPCN1 KO mice by LC-MALDI-MS according to their biological function using the NCBI, PantherDB and UniProt databases. Proteins
were divided into 8 groups based on their biological function: (1) proteins associated with metabolic processes, subdivided into 5 different
groups: glycolysis, lipid metabolism, tricarboxylic acid cycle, respiratory electron transport chain and others; (2) muscle contraction; (3)
cellular component organization or biogenesis; (4) cellular processes; (5) developmental processes; (6) inmune system processes; (7)
localization and (8) calcium homeostasis.
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techniques a good approach to achieve a better resolution of
the cardiac proteome.

3.3 Validation by Western blot of HFABP,
enolase and PGK1

As the majority of the proteins deregulated in LV cardiac
tissue of TPCN1 KO mice were identified as key enzymes of
metabolic regulation by 2-DE-MALDI-MS and LC-
MALDI-MS (figure 4), we performed 2-DE and 1-DE West-
ern blot analysis to validate three of them: HFABP, enolase
and PGK1, which are all of them essential enzymes taking
part in the first steps of fatty acid and glucose metabolism in
the cytoplasmic cellular portion. We used 1-DE Western blot
to identify changes in total protein expression, and 2-DE
Western blot to explore possible post-translational modifica-
tions that can be unperceived in 1-DE Western blot.

HFABP plays a key role in cardiac intracellular lipid
transport and mobilization, fuel selection and metabolic ho-
meostasis regulation (Binas et al. 1999). 2-DE Western blot
showed three modified versions of HFABP due to post-
translational modifications that go to an acidic pH (theoret-
ical HFABP pI = 6.11 (‘ExPASy - Compute pI/Mw tool’
n.d.)), corresponding to phosphorylated forms (Bravo et al.
2011) and being just one of them (spot 1) upregulated in
TPCN1 KO vs. WT mice (F.C.=2.36±0.63, p<0.05, n=4)
(figure 5A). As well, 1-DE Western blot for HFAPB showed
increased levels of this protein in TPCN1 KO vs. WT mice
(F.C. =2.24, p<0.001, n=6) (figure 5B).

The eno la se ca t a lyses t he conve r s i on of 2 -
phosphoglycerate to phosphoenolpyruvate during glycoly-
sis, but it has been shown to play also an important role in
other biological/pathological processes such as myogenesis
(Keller et al. 2007), regulation of ATP-sensitive K+ channels
in cardiomyocytes (Hong et al. 2011) and development of
ischemic (Mizukami et al. 2004) and hypertrophic (Zhou
et al. 2006) cardiovascular diseases. 2-DE Western blot for
enolase showed different post-translational modifications
that go to a basic pH (theoretical enolase pI = 6.37 (‘ExPASy
- Compute pI/Mw tool’ n.d.)), corresponding to dephos-
phorylated forms (Bravo et al. 2011) and being just one of
them (spot 2) upregulated in TPCN1 KO vs. WT mice
(F.C.=3.4, p<0.01, n=3) (figure 6A). However, 1-DE West-
ern blot does not show differences in enolase total protein
expression in TPCN1 KO vs. WT (figure 6B).

PGK1 catalyses the conversion of 1,3-diphosphoglycerate
to 3-phosphoglycerate during glycolysis, and has it been
suggested to play a role in cardiac contraction (Wang et al.
2008). 2-DE Western blot showed different post-
translational modifications of PGK1 (theoretical PGK1 pI
= 8.02 (‘ExPASy - Compute pI/Mw tool’ n.d.)), being just
the spot 3 upregulated in TPCN1 KO vs. WT mice
(F.C.=6.40, p<0.01, n=3) (figure 8A), while 1-DE Western

blot does not show differences in PGK1 total protein expres-
sion in TPCN1 KO vs. WT mice (figure 7B).

3.4 Effect of TPCN1 gene silencing on glucose and fatty
acids uptake

We next aimed to determine whether glucose and fatty acids
uptake were affected by the absence of TPCN1. For that
purpose, we performed in vitro experiments with siRNAs
directed against the TPCN1 gene in cultured neonatal rat
cardiomyocytes (TPCN1 gene expression knockdown was
≥60%, as previously described (García-Rúa et al. 2016)
(data not shown)). Despite the fact that HFABP was found
to be upregulated in mice lacking TPCN1 by 2-DE Western
blot, the fatty acid uptake was unaffected by TPCN1 gene
silencing in cultured neonatal rat cardiomyocytes (data not
shown).

On the other hand, the downregulation of TPCN1 gene
expression significantly increased 2-deoxy-D-[3H]-glucose
uptake in primary cultured neonatal rat cardiomyocytes by
36.1±10.4% (p<0.05, n=5) (Figure 8.A), an increase similar
to that induced by the positive control (100 nM insulin for 1
h, 33.3±7.2%, p<0.01, n=5). Analysis of confocal images of
cultured neonatal rat cardiomyocytes with fluorescence-
labelled glucose transporter type 4 (GLUT4, the main glu-
cose transporter in the heart (Montessuit and Lerch 2013))
showed that TPCN1 gene silencing caused a significant
translocation of GLUT4 to cell peripherals (p<0.0001,
n=103) (figure 8B).

4. Discussion

TPCNs have been recently implicated in the pathophysiolo-
gy of different metabolic disorders, including obesity (Lear
et al. 2014), fatty liver disease (Grimm et al. 2014) and type
2 diabetes mellitus (T2DM) (Tsaih et al. 2014), which are all
of them closely related to the development of cardiovascular
diseases (Bang and Cho 2015; Bastien et al. 2013; Grundy
2015). In this work, we aimed to describe the effect of the
absence of TPCN1 on cardiac metabolism regulation.

Proteomics strategies have been repeatedly followed in
the last 10 years to increase the understanding of the molec-
ular mechanisms of numerous biological systems and to
identify new biomarkers of disease (Chiou and Wu 2011).
Gel-based proteomics is the most popular and versatile
method of global protein separation and quantification
(Chevalier 2010). However, the identification of trace-level
proteins, low-molecular-weight proteins, and some post-
translational modified proteins is difficult due to the limita-
tions of the 2-DE system (López 2007). In the last years, the
mainstream proteomics approaches that involve ‘shotgun’
proteomics, in which complex protein mixtures are digested
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Figure 4. Schematic overview of the differentially expressed proteins associated with cardiac metabolism in the cardiomyocytes of
cardiac left ventricles of TPCN1 KO mice. Proteins identified by 2-DE-MALDI-MS are represented with the number 1, and the proteins
identified by LC-MALDI-MS are represented with the number 2. LCFA: long chain fatty acids, FABPpm: plasma membrane-associated
fatty acid binding protein, CD36: fatty acid translocase, CPT1: carnitine palmitoyltransferase 1, CPT2: carnitine palmitoyltransferase 2,
CACT: carnitine/acylcarnitine translocase, CitC: cytochrome C.
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Figure 5. Western blot analysis of HFABP. (A) 2-DE Western blot analysis of the protein samples obtained from the cardiac left
ventricles of TPCN1 KO and WT mice. There were found three modified versions of HFABP due to post-translational modifications that go
to an acidic pH (theoretical HFABP pI = 6.11 (‘ExPASy - Compute pI/Mw tool’ n.d.)), corresponding to phosphorylated forms (Bravo et al.
2011) and being just one of them (spot 1) upregulated in TPCN1 KO vs. WT mice (F.C.=2.36±0.63, p<0.05, n=4). (B) 1-DE Western blot
of the protein samples obtained from the cardiac left ventricles of TPCN1 KO and WT mice. There were found increased levels of HFABP
in TPCN1 KO vs. WT mice (F.C.=2.24, p<0.001, n=6). *p<0.05, ***p<0.001, a.u: arbitrary units.

Figure 6. Western blot analysis of enolase. (A) 2-DEWestern blot analysis of the protein samples obtained from the cardiac left ventricles
of TPCN1 KO and WT mice. There were found 5 different post-translational modifications that go to a basic pH (theoretical enolase pI =
6.37 (‘ExPASy - Compute pI/Mw tool’ n.d.)), corresponding to dephosphorylated forms (Bravo et al. 2011) and being just one of them
(spot 2) upregulated in TPCN1 KO vs. WT mice (F.C.=3.4, p<0.01, n=3). (B) 1-DE Western blot analysis of the protein samples obtained
from the cardiac left ventricles of TPCN1 KO and WT mice. There were no changes found in total enolase protein levels between both mice
(n= 4). **p<0.01, a.u: arbitrary units.
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into peptides, which are subsequently separated through
reverse-phase liquid chromatography (LC) and analysed us-
ing mass spectrometry (MS), have been widely used and
improved (Roca-Rivada et al. 2015; Tuli and Ressom
2009). This technique resolves the peptides prior to mass
spectrometry analysis, thus dramatically increasing the num-
ber of protein identifications and sequence coverage in com-
plex samples (Faça et al. 2014). LC/MS has good selectivity
and sensitivity and is a fast and accurate bioanalytical tool
for proteomics (Zhang et al. 2010). Thus, this technology
has been used for the molecular characterization of different
human diseases, such as myocardial infarction (Alonso-
Orgaz et al. 2014), obesity-induced diabetes (Bollineni
et al. 2014) and biomarker cancer discovery (Shevchenko
et al. 2013; Bergamini et al. 2014). In our study, we con-
firmed that LC-MALDI-MS not only represent a comple-
mentary method to validate the results from 2-DE-MALDI-
MS, but also provides additional information missed by 2-
DE, so that the combination of both techniques represent an
appropriate method to increase our cardiac proteomic map.

To determine the possible role of TPCN1 in cardiac
metabolism, we used these two proteomics techniques in
LV of TPCN1 KO vs. WT mice, facilitating the construc-
tion of a 2-DE map of the TPCN1 KO vs. WT mice in
cardiac tissue and the identification of altered proteins. This
approach showed differential expression of key proteins
implicated in energy metabolism regulation between both
mice. Using 2-DE-MALDI-MS, we identified in TPCN1
KO vs. WT mice 5 proteins upregulated which were in-
volved in the regulation of the glycolytic pathway (beta-

enolase, gamma-enolase, pyruvate dehydrogenase E1 com-
ponent and L-lactate dehydrogenase B chain) (supplemen-
tary table 2). Also, using LC-MALDI-MS, we identified 22
proteins in TPCN1 KO mice, 2 of which were also key
metabolic enzymes of glycolysis (alpha-enolase and PGK1)
(supplementary table 4). The validation of enolase and
PGK1 by 2-DE-Western blot confirmed the increased ex-
pression of one of the post-translational modifications of
these proteins in cardiac LV tissue of TPCN1 KO vs. WT
mice, while 1-DE Western blot did not show changes in
total protein levels, which reveals the importance of the use
of 2-DE proteomics approaches. TPCN1 gene silencing in
neonatal rat cardiomyocytes induced an increase in glucose
uptake and GLUT4 mobilization to cell peripherals, sup-
porting the possible role of TPCN1 in glycolysis regulation,
as suggested by proteomics assays.

As the major consumer of energy in the body, the heart
requires large amounts of adenosine triphosphate (ATP) to
sustain contractile function (Lopaschuk et al. 2010). It is
widely accepted that fatty acids are the main energy sub-
strates used by the normal adult myocardium, providing
~70% of ATP (Lopaschuk et al. 2010). However, the heart
is highly flexible in using other substrates depending on its
patho/physiological conditions and on the energetic context,
being able to use carbohydrates, lipids, amino acids or ke-
tone bodies for ATP generation in the mitochondria, a con-
cept known as metabolic flexibility of the heart (Kolwicz
et al. 2013). Although the normal heart preferentially oxi-
dizes fatty acids, the increased energy requirements of hearts
subjected to high workload are met by the carbohydrate

Figure 7. Western blot analysis of PGK1. (A) 2-DE Western blot analysis of the protein samples obtained from the cardiac left ventricles
of TPCN1 KO and WT mice. There were found 4 post-translational modifications of PGK1 (theoretical PGK1 pI = 8.02 (‘ExPASy -
Compute pI/Mw tool’ n.d.)), being just the spot 3 upregulated in TPCN1 KO vs.WTmice (F.C.=6.40, p<0.01, n=3). (B) 1-DEWestern blot
analysis of the protein samples obtained from the cardiac left ventricles of TPCN1 KO and WT mice. There were no changes found in total
PGK1 protein levels between both mice (n= 4). **p<0.01, a.u: arbitrary units.
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Figure 8. Effect of TPCN1 gene silencing on glucose uptake and GLUT4 mobilization. (A) Uptake of 2-deoxy-D-[3H]-glucose by
neonatal rat cardiomyocytes after 48 h post-transfection with TPCN1 siRNA relative to untransfected controls. Downregulation of TPCN1
gene expression significantly increased 2-deoxy-D-[3H]-glucose uptake in primary cultured neonatal rat cardiomyocytes by 36.1±10.4%
(p<0.05, n=5), an increase similar to that induced by the positive control (100 nM insulin for 1 h, 33.3±7.2%, p<0.01, n=5). (B) Confocal
microscopy analysis of glucose transporter GLUT4 translocation to the cell peripherals in response to TPCN1 gene silencing in neonatal rat
cardiomyocytes. TPCN1 gene silencing caused a significant translocation of GLUT4 to cell peripherals by 17.70±2.75% (p<0.0001,
n=103), decreasing its amount in the cytoplasmic perinuclear area of the cardiomyocytes. Scale bar corresponds to 50 μm. TO-PRO 3:
nuclear staining. n=108, *p<0.05, **p<0.01, ***p<0.001.
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oxidation (Sen et al. 2013), and accelerated glycolysis has
been suggested to potentially stimulate muscle glucose up-
take (Wasserman et al. 2011). Our results are the first showing
an alteration in glucose uptake and metabolism in heart tissue
due to the absence of TPCN1. In this line, several studies have
suggested an interplay between different ion channels activity
and glucose metabolism in cardiomyocytes: the calcium-
permeable cation channel TRPM2 (transient receptor potential
cation channel, subfamily M, member 2) deficiency has been
shown to enhance insulin sensitivity in diet-induced obese
mice, partially reflecting a significant increase in skeletal mus-
cle and cardiac glucose metabolism (Zhang et al. 2012); also, it
has been shown that the inhibition of a key enzyme of glucose
catabolism, glucose-6-phosphate dehydrogenase, can reduce
the activity of L-type Ca2+ channels (Rawat et al. 2012); and
it has also been demonstrated that the increase of intracellular
Ca2+ levels can increase the insulin-stimulated glucose trans-
porter 4 (GLUT4) expression in L6muscle cells (Wright 2007);
and, finally, the Ca2+ channel inositol 1,4,5-triphosphate (IP3)
receptor is required for GLUT4 translocation and glucose up-
take in cardiomyocytes (Contreras-Ferrat et al. 2010).

TPCNs regulation by NAADP has been suggested to
participate in the control of circulating glucose levels
through the control of glucose-induced Ca2+ signals in pan-
creatic β-cells that induce insulin release (Arredouani et al.
2015), and it was suggested that they could act as nutrient
sensors linked to mTOR action and ATP levels (Cang et al.
2013; Jha et al. 2014; Lin et al. 2015). So that, it seems
reasonable that they could also participate in the regulation
of cardiac metabolism. In fact, our group has previously
demonstrated in cultured cardiomyocytes that starvation in-
duced a significant increase in TPCN1 and TPCN2 transcript
and protein levels that paralleled an increase in autophagy,
and that siRNA depletion of TPCN2 alone or together with
TPCN1 impairs the autophagic flux both under basal con-
ditions and in response to serum starvation, suggesting that
TPCNs are regulated by nutrient status at cardiac level and
that under conditions of severe energy depletion, changes in
the autophagic flux occur either when TPCNs are down-
regulated (García-Rúa et al. 2016). As well, we have also
demonstrated in a previous work that TPCN1 and TPCN2
gene expression is upregulated in LV tissue of patients with
heart failure (Garcia-Rua et al. 2012), which is a patholog-
ical state characterised by several metabolic alterations,
ranging from changes in substrate use to mitochondrial dys-
function, ultimately resulting in ATP deficiency and im-
paired contractility (Wang et al. 2014).

Regarding lipid metabolism, using 2-DE-MALDI-MS,
we identified in TPCN1 KO vs. WT mice a differential
pattern of protein expression of apolipoprotin AI and

HFABP (supplementary tables 1 and 2). Due to the impor-
tance of HFABP in cardiac intracellular lipid transport and
mobilization, fuel selection and metabolic homeostasis reg-
ulation (Binas et al. 1999), we validated this result by 2-DE
Western blot, identifying three spots, one of them upregu-
lated in TPCN1 KO mice, and observing an increase in total
protein levels by 1-DE Western blot. This result could sug-
gest that the absence of TPCN1 might induce changes in
myocardial lipid metabolism. However, we did not observe
any change in BODIPY-labelled fatty acid uptake by neona-
tal rat cardiomyocytes when the TPCN1 gene expression
was silenced (data not shown). This technique was used as
a first approximation to the study of the physiological rele-
vance of TPCN1 on lipid metabolism at cardiac level. The
lack of changes observed in the BODIPY-labelled fatty acids
uptake in cultured cardiomyocytes do not exclude that the
alteration in HFABP revealed by the proteomic study in
TPCN1 KO mice could have physiological consequences
on cardiomyocyte lipid metabolism. These results could be
due to (1) HFABP is involved not only in long chain fatty
acids uptake de novo by the cells but also in the intracellular
metabolism and/or transport of long-chain fatty acids (Binas
et al. 1999), and (2) in vivo KO animals and in vitro knock-
down experiments are two experimental approaches that
have different degree, timing and characteristics of gene
silencing, and that have been shown to often lead to different
phenotypes (Stainier et al. 2015).

Using LC-MALDI-MS, we identified 22 proteins in
TPCN1 KO vs. WT mice, 3 of which were also related
to lipid metabolism (carnitine O-palmitoyltransferase 2,
long-chain-fatty-acid-CoA ligase 1 and trifunctional en-
zyme subunit beta) (supplementary table 4). Some of these
enzymes are directly implicated in lipid catabolism, being
the fatty acid entry into the mitochondria the main check-
p o i n t , a p r o c e s s r e g u l a t e d b y Ca r n i t i n e O -
palmitoyltransferase 1 (CPT1) through the conversion of
long-chain acyl CoA to long-chain acylcarnitine (LCA) for
subsequent transport to the mitochondria (Lopaschuk et al.
2010). Once in the mitochondrial matrix, LCA is con-
verted back to long-chain acyl CoA by CPT2 (identified
in TPCN1 KO mice), a 70-kDa enzyme located in the
inner mitochondrial membrane (Lopaschuk et al. 2010).
Therefore, these results suggest that TPCNs might play a
role in lipid metabolism at cardiac level. Recently, it has
been proposed that the double KO mice for TPCN1 and
TPCN2 show mature-onset obesity due to reduced lipid
availability and use at systemic level (Lear et al. 2014),
and that the TPCN2 KO mice have higher susceptibility to
develop fatty liver disease due to a dysfunction of the
endolysosomal degradation pathway most likely on the
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level of late endosome to lysosome fusion (Grimm et al.
2014), raising the possibility of TPCNs participation in
lipid management. Consistently, it has been proposed that
other ion channels, such as the mammalian transient re-
ceptor potential canonical (TRPC), a family of calcium-
permeable channels (Venkatachalam and Montell 2007),
could act as lipid-sensing receptors (Beech et al. 2009).

In our study, we identified in cardiac tissue a different
expression pattern of several key enzymes of the tricar-
boxylic acid cycle (TCA) (succinyl-CoA ligase [ADP-
forming] subunit beta, isocitrate dehydrogenase [NAD]
subunit and malate dehydrogenase) and of the respiratory
electron transport chain (cytochrome b-c1 complex subunit
l, ATP synthase subunit beta, succinate dehydrogenase
[ubiquinone] flavoprotein subunit, NADH dehydrogenase
[ubiquinone] iron-sulphur protein 3, ATP synthase-
coupling factor 6, NADH dehydrogenase [ubiquinone]
flavoprotein 2) in TPCN1 KO vs. WT mice by 2-DE-
MALDI-MS (supplementary table 2). LC-MALDI-MS
analysis reinforced these results identifying proteins relat-
ed to TCA (2-Oxoglutarate dehydrogenase and dihydroli-
poyl dehydrogenase), and to the respiratory electron
transport chain (ATP synthase subunit O, NADH dehy-
drogenase [ubiquinone] iron-sulphur protein 2 and
NADH-ubiquinone oxidoreductase 75 kDa subunit, ATP
synthase subunit gamma) in TPCN1 KO vs. WT mice
(supplementary table 4). However, it is important to note
that the absence of protein identification by LC-MALDI-
MS do not exclude the possibility of protein presence in
the sample, so that when proteins are expressed in low
quantity or are highly hydrophilic/hydrophobic, they can
not be well detected by this technique. In summary, all
these results infer the possible involvement of TPCN1 in
the regulation of ATP synthesis (a common end point of
both glucose and fatty acid metabolism (Osellame et al.
2012)) at cardiac level.

On the whole, the results of our work provide an overview
of candidate proteins involved in metabolic regulation that
have altered expression due to the absence of TPCN1, and
confirm a potential role for TPCNs in cardiac glucose up-
take. However, additional studies are needed to better under-
stand the mechanisms linking endolysosomal TPCNs to
metabolic homeostasis in cardiac cells.

5. Conclusion

The present study is the first to characterize a differential pattern
of expression of key enzymes related to glucose and fatty acid
metabolism in cardiac left ventricles of TPCN1 KO mice vs.

WT mice by the use of a proteomic approach that combines
2-DE-MALDI-MS and LC-MALDI-MS, increasing the cardiac
proteomic map. These results were accompanied by a concur-
rent increase in glucose uptake in the primary culture of neona-
tal rat cardiomyocytes, where TPCN1 gene expression was
downregulated, suggesting a possible association between
TPCNs and cardiac metabolism regulation. Additional future
works should be performed in order to assess the specific
intracellular signalling cascades that link TPCN1 to cardiac
metabolic regulation.
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