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Introduction

Mechanosensitive cation channels in cardiac 
fibroblasts

The ionic channels of cardiac myocytes have been pretty 
well investigated, but there is no complete information 

about the channelome of human cardiac fibroblasts (HCFs). 
Understanding the different classes of channels1 is impor-
tant for understanding the ionic mechanisms that trigger 
intracellular cascades,2–4 which are important for the regula-
tion of myocardial function.5 The channelomic properties of 
HCFs appear to be important for the excitability of the whole 
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Abstract
Human cardiac fibroblasts (HCFs) have mRNA transcripts that encode different 
mechanosensitive ion channels and channel regulatory proteins whose functions are 
not known yet. The primary goal of this work was to define the mechanosensitive ion 
channelome of HCFs. The most common type of cationic channel is the transient 
receptor potential (TRP) family, which is followed by the TWIK-related K+ channel 
(TREK), transmembrane protein 63 (TMEM63), and PIEZO channel (PIEZO) families. 
In the sodium-dependent NON-voltage-gated channel (SCNN) subfamily, only 
SCNN1D was shown to be highly expressed. Particular members of the acid-sensing 
ion channel (ASIC) (ASIC1 and ASIC3) subfamilies were also significantly expressed. 
The transcripts per kilobase million (TPMs) for Piezo 2 were almost 100 times less 
abundant than those for Piezo 1. The tandem of P domains in a weak inward rectifying 
K+ channel (TWIK)-2 channel, TWIK-related acid-sensitive K+ channel (TASK)-5, 
TASK-1, and the TWIK-related K1 (TREK-1) channel were the four most prevalent 
types in the K2P subfamily. The highest expression in the TRPP subfamily was found 
for PKD2 and PKD1, while in the TRPM subfamily, it was found for TRPM4, TRPM7, 
and TRPM3. TRPV2, TRPV4, TRPV3, and TRPV6 (all members of the TRPV 
subfamily) were also substantially expressed. A strong expression of the TRPC1, 
TRPC4, TRPC6, and TRPC2 channels and all members of the TRPML subfamily 
(MCOLN1, MCOLN2, and MCOLN3) was also shown. In terms of the transmembrane 
protein 16 (TMEM16) family, the HCFs demonstrated significant expression of the 
TMEM16H, TMEM16F, TMEM16J, TMEM16A, and TMEM16G channels. TMC3 is 
the most expressed channel in HCFs of all known members of the transmembrane 
channel-like protein (TMC) family. This analysis of the mechanosensitive ionic channel 

transcriptome in HCFs: (1) agrees with previously documented findings that all currently identified mechanosensitive channels play a 
significant and well recognized physiological function in elucidating the mechanosensitive characteristics of HCFs; (2) supports earlier 
preliminary reports that point to the most common expression of the TRP mechanosensitive family in HCFs; and (3) points to other 
new mechanosensitive channels (TRPC1, TRPC2, TWIK-2, TMEM16A, ASIC1, and ASIC3).
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Brief Communication

Impact statement

Understanding the various types of channels is cru-
cial for understanding the ionic mechanisms that 
trigger intracellular cascades, which are important 
for the regulation of myocardial function. Most of the 
recently published works do not address all possi-
ble genes and proteins in the channelome because 
they implement the reverse transcription polymer-
ase chain reaction (RT-PCR) technique with prede-
fined DNA primers for specific channel genes. The 
obtained data concerning the mechanosensitive 
ionic channel transcriptome in HCFs in this study 
support earlier preliminary reports that point to the 
most common expression of the transient receptor 
potential (TRP) mechanosensitive family and point 
to other new mechanosensitive channels (TRPC1, 
TRPC2, TWIK-2, TMEM16A, ASIC1, and ASIC3). 
We expect that newly classified participants will 
contribute to the understanding of the mechano-
electrical relationship between cardiac fibroblasts 
(CFs) and cardiomyocytes in special conditions like 
changed osmolarity, pH, or even the redox status of 
the extracellular environment.
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heart because cardiac fibroblasts (CFs) and cardiomyocytes 
can form gap junctions between each other.5–7 These gap 
junctions between cardiomyocytes and CFs (together with 
gap junctions between myocytes and endothelial cells and 
myocytes or macrophages)8 work as modulators of cardiac 
electrophysiology9 and substrates of mechanoelectrical feed-
back.10 This relationship is especially important in different 
pathological conditions, such as atrial fibrillation.11

One of the first attempts to estimate the main currents and 
their underlying channels in CFs was made by Li et al.12 They 
reported that human ventricular fibroblasts contain the fol-
lowing currents: a large conductance Ca2+-activated K+ cur-
rent (BKCa)13 expressed in 88% of fibroblasts and represented 
by KCa.1.1 channel; two types of voltage-gated Na+ currents 
(INa) with different characteristics, represented by NaV1.2, 
NaV1.3, NaV1.6, and NaV1.7 channels for INa.TTX and NaV1.5 
channels for INa.TTXR expressed in 61% of CFs; a delayed recti-
fier K+ current (IKDR), represented by Kv1.5, and Kv1.6 chan-
nels registered in 15% of CFs; a transient outward K+ current 
(Ito) represented by Kv4.2, and Kv4.3 channels registered in 
14% of CFs, an inward rectifier K+ current (IKir) represented 
by Kir2.1 and Kir2.3 channels registered in 24% of CFs, and 
chloride current (ICl) represented by Clnc3 channels regis-
tered in 7% of CFs.12

Another kind of channel identified in CFs is transient 
receptor potential (TRP) channels.14–24 These channels 
respond weekly to changes in voltage and can usually be 
turned on by different ligands, the accumulation of metab-
olites inside the cell, oxidative stress, thermal stimuli, or 
mechanical stimulation.14 The presence of TRPC2, TRPC3, 
and TRPC5 (canonical subtype) channel transcripts was 
shown in rat ventricle fibroblasts.12 TRPC1, TRPC3, TRPC6, 
and TRPC7 expression was also verified in rat ventricular 
fibroblasts.13 HCFs contain TRPC1, TRPC4, and TRPC6,14 
while human atrial fibroblasts have been reported to have 
TRPC1 and TRPC6.15 Furthermore, quantitative real-time 
polymerase chain reaction (qPCR) revealed that all TRP 
transcripts are present in murine ventricular fibroblasts.15 
Both TRPC3 and TRPC6 mediate fibrogenesis in the heart.17 
TRPC7 channels probably participate in many cell metabolic 
processes and can be inactivated by phospholipase C.16

Three isoforms of TRPM channels (melastatin subtype) 
were found in CFs: TRPM2, TRPM4, and TRPM7.20–22 Simard 
et al. found that Ca2+-activated TRPM4 channels are very 
important for the growth of atrial fibroblasts in humans.21 
Overexpression of TRPM4 in human ventricle fibroblasts 
is probably one of the reasons for cardiac fibrogenesis in 
some diseases.21 The presence of TRPM7 in CFs has been 
shown to have a key role in the response to angiotensin II.22 
In addition, during atrial fibrillation, these channels con-
tribute to transforming growth factor β1 (TGF-β1)-induced 
fibrogenesis since they are the major Ca2+-permeable chan-
nel in human atrial fibroblasts.22

TRPV2, TRPV3, and TRPV4 channels (vanilloid subtypes) 
are expressed in CFs.23–25 TRPV2 is an intracellular chan-
nel. Its role in CF is unclear, but it is known that it partici-
pates in the process of differentiation in dermal fibroblasts.23 
TRPV3 is involved in TGF-β1/cyclin-dependent kinase 2/
cyclin E (TGF-β1/CDK2/cyclin E)-induced fibroblast prolif-
eration during cardiac fibrosis under conditions of pressure 

overload.24 The regulating role of TRPV4 in the process of 
fibroblast differentiation into myofibroblasts has been shown 
in rats.25 It has the ability to react to both TGF-β1 signals and 
mechanical stimuli.25

TRPA1 (subfamily A, member 1) is the only class of 
TRPA receptors. It exhibits sensitivity to TGF-β1 signals 
and is involved in the control of fibroblast differentiation. 
This regulatory function is mediated by the calcineurin-
dependent stimulation of the nuclear factor of activated T 
cells (NFAT3).26 Some of the TRP channels described above 
show mechanical sensitivity, but one of the most important 
classes of mechanically gated channels is the Piezo family.27 
Several studies showed expression of the Piezo1 channel in 
adult murine, rat, and human CFs at levels similar to those 
of endothelial cells.28–30

It is worth noting that the authors implemented the 
reverse transcription polymerase chain reaction (RT-PCR) 
technique with predefined DNA primers for specific channel 
genes. Therefore, they were mostly unable to find all possible 
genes and proteins in the channelome. Table 1 shows the 
ion channel-encoding genes and the corresponding cationic 
channel proteins.

Proteomics is a powerful method that has recently been 
utilized to identify the huge number of membrane proteins 
in CFs.31 Despite the huge number of revealed proteins, ion 
channels and regulatory channel proteins represent only 
a small percentage.32 This finding may be due to the dif-
ficulties in utilizing typical proteomic techniques to visual-
ize proteins that have numerous transmembrane domains, 
such as ion channels.33 HCF contains mRNA despite being 
anucleate; hence, screening the transcriptome is an alternate 
method to identify HCF proteins. Gene expression micro-
array experiments over the last decade have revealed an 
ever-growing number of transcripts inside HCFs.34 Next-
generation sequencing methods have recently revealed a 
huge number of genes expressed in HCFs.34

Based on all of the above, the primary objective of this work 
was to define the mechanosensitive ion channelome of HCFs 
using transcriptomic analysis. Taking into account that HCFs 
contain mRNA transcripts that encode various mechanosensi-
tive ion channels and channel regulatory proteins that have no 
recognized function yet, this basic study will help us investi-
gate the mechanosensitive channelome of HCFs in depth. This 
research can also serve as a reference map for future research 
into this huge protein family in the HCF cell line.

Materials and methods

Cell culture

A primary culture of HCFs (adult ventricles, Catalog # 
306-05A) was purchased from Sigma-Aldrich (St. Louis, 
MI, USA). The cells were cultured as monolayers in full 
Dulbecco’s Modified Eagle Medium (DMEM), which con-
sisted of 10% fetal bovine serum (Invitrogen, Hong Kong) 
and antibiotics (100 U/mL penicillin G and 100 μg/mL strep-
tomycin). The cells were incubated at a temperature of 37°C 
in a humidified atmosphere containing 95% air and 5% CO2. 
In order to reduce variations in the expression of genes and 
functional ion channels, the cells used in this study were 
from early passages (between 2 and 4).
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RNA isolation, sequencing, and analysis

TRIzol (Invitrogen, Thermo Fisher Scientific, Inc., Dreieich, 
Germany) was used to isolate RNA for sequencing. It was 
extracted using chloroform (Sigma-Aldrich, Schnelldorf, 
Germany), in accordance with the manufacturer’s recom-
mendations. The assessment of RNA concentration and 
purity was conducted using the Nanodrop (Thermo Fisher 
Scientific, Inc.).

The RNA that was extracted underwent purification 
using the RNeasy mini kit, manufactured by Qiagen (Hilden, 
Germany), in accordance with the procedure provided by 
the manufacturer. The assessment of RNA quantity and 
quality was conducted using the Nanodrop (Thermo Fisher 
Scientific, Inc.) and the Qi-RNA kit (Thermo Fisher Scientific, 

Inc.). The samples were prepared using the NEB Ultra II RNA 
kit (New England Biolabs, Ipswich, MA, USA), following the 
provided instructions. The NEBNext Poly (A) magnetic iso-
lation module of mRNA (New England Biolabs) and unique 
dual-indexing were included throughout the preparation 
process. The concentration, size distribution, and quality of 
the resulting libraries were evaluated on a Qubit 4 fluorom-
eter (Thermo Fisher Scientific, Inc.) using a high-sensitivity 
dsDNA kit (Invitrogen, Carlsbad, CA, USA), as well as a 
4200 TapeStation with a high-sensitivity D5000 kit (Agilent, 
Santa Clara, CA, USA). On the basis of these assessments, 
the libraries were first normalized in accordance with their 
molarity, pooled, and then quantified using a library quan-
tification kit developed specifically for Illumina platforms 

Table 1.  Ion channel-encoding genes and the corresponding cationic channel proteins.

Family Subfamily Gene Channel Family Subfamily Gene Channel Family Subfamily Gene Channel

ENaC ASIC ASIC1 ASIC1 TRP TRPA TRPA1 TRPA1 TMEM16 TMEM16 ANO1 Anoctamin-1
ASIC2 ASIC2 TRPC TRPC1 TRPC1 ANO2 Anoctamin-2
ASIC3 ASIC3 TRPC2 TRPC2 ANO3 Anoctamin-3
ASIC4 ASIC4 TRPC3 TRPC3 ANO4 Anoctamin-4
ASIC5 ASIC5 TRPC4 TRPC4 ANO5 Anoctamin-5

SCNN SCNN1A SCNN1A TRPC5 TRPC5 ANO6 Anoctamin-6
SCNN1B SCNN1B TRPC6 TRPC6 ANO7 Anoctamin-7
SCNN1G SCNN1G TRPC7 TRPC7 ANO9 Anoctamin-9
SCNN1D SCNN1D TRPV TRPV1 TRPV1 ANO8 Anoctamin-8

  TRPV2 TRPV2 ANO10 Anoctamin-10
PIEZO PIEZO PIEZO1 PIEZO1 TRPV3 TRPV3  
  PIEZO2 PIEZO2 TRPV4 TRPV4 TMC TMC TMC1 TMC1
  TRPV5 TRPV5 TMC2 TMC2
K2P K2P KCNK1 TWIK-1 TRPV6 TRPV6 TMC3 TMC3

KCNK2 TREK-1 TRPM TRPM1 TRPM1 TMC4 TMC4
KCNK3 TASK-1 TRPM2 TRPM2 TMC5 TMC5
KCNK4 TRAAK TRPM3 TRPM3 TMC6 TMC6
KCNK5 TASK-2 TRPM4 TRPM4 TMC7 TMC7
KCNK6 TWIK-2 TRPM5 TRPM5 TMC8 TMC8
KCNK7 KCNK7 TRPM6 TRPM6  
KCNK9 TASK-3 TRPM7 TRPM7  
KCNK10 TREK-2 TRPM8 TRPM8  
KCNK12 THIK-2 TRPML MCOLN1 TRPML1  
KCNK13 THIK-1 MCOLN2 TRPML1  
KCNK15 TASK-5 MCOLN3 TRPML1  
KCNK16 TALK-1 TRPP/PKD PKD1 PC1  
KCNK17 TALK-2 PKDREJ PKDREJ  
KCNK18 TRESK PKD1L1 PKD1L1  

TMEM63 TMEM63 TMEM63A CSC1-like 
protein 1

PKD1L2 PKD1L2  

TMEM63B CSC1-like 
protein 2

PKD1L3 PKD1L3  

TMEM63C Calcium 
permeable 
stress-gated 
cation
channel 1

PKD2 PKD2  

  PKD2L1 PKD2L1  
  PKD2L2 PKD2L2  

ENaC: epithelial sodium channels; ASIC: acid-sensing ion channels; SCNN: sodium-dependent NON-voltage-gated channels; TWIK: tandem of P domains in a 
weak inward rectifying K+ channel; K2P: two-pore domain potassium channels; TREK: TWIK-related K+ channel; TRAAK: TWIK-related arachidonic acid-activated 
K+ channel; TASK: TWIK-related acid-sensitive K+ channel; TALK: TWIK-related alkaline-sensitive K+ channel; THIK: TWIK-related halothane-sensitive K+ channel; 
TRESK: TWIK-related spinal cord-expressed K+ channel; TMEM63: transmembrane protein 63; TRPC: transient receptor potential—canonical; TRPV: vanilloid; TRPM: 
melastatin; TRPP/PKD: polycystin; TRPML: mucolipin; TRPA: ankyrin; TRPN: “nompC”; TMEM16: transmembrane protein 16; TMC: transmembrane channel-like 
protein; PIEZO: PIEZO channel; KCNK7: potassium channel subfamily K member 7.
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(Roche, Basel, Switzerland) on a StepOnePlus qPCR machine 
(Thermo Fisher Scientific, Inc.). The pooled libraries were 
loaded onto an S2 FlowCell at a concentration of 350 pm, 
along with 1% PhiX. Paired-end sequencing (2 × 150 bp) was 
performed using a NovaSeq 6000 next-generation sequencer 
(Illumina, San Diego, CA, USA). The RNA-Seq analysis was 
performed in triplicate.

The quality of raw FASTQ-sequenced reads was first 
evaluated using FastQC v0.11.5 (http://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc/).35 We observed 
that our sequencing data were of high quality, with a high 
Q30 value and a good mapping rate, indicating a success-
ful sequencing run and reliable base calling. Base quality 
(Phred scores) along the length of the reads in each sample 
are presented in the Supplementary Materials. Subsequently, 
the reads underwent a series of processing steps for quality 
enhancement and alignment. Initially, Trimmomatic v0.36 
was employed to trim reads for quality and remove adapter 
sequences.36 Surviving trimmed read pairs then underwent 
further processing using Fastp to eliminate poly-G tails and 
address artifacts specific to Novaseq/Nextseq platforms.37 
After implementing the quality trimming protocols, the 
reads underwent a further assessment of their quality via 
FastQC.37 Following the completion of quality control and 
trimming procedures, the reads were aligned to the human 
reference genome GRCh38.p4 using HISAT2 with default 
settings.38 The resulting alignments in SAM format were sub-
sequently converted to BAM format and organized by coor-
dinates using SAM tools v1.3.1.39 These sorted alignment 
files were then processed through HTSeq-count v0.6.1p140 
with specific options (-s no -t exon -I gene_id) to generate 
raw counts for downstream analysis. Subsequently, nor-
malization of the raw counts was performed using the TPM 
(Transcripts per Kilobase Million) method to account for 
gene length and total read count differences across samples. 
This step allows for a more accurate comparison of gene 
expression levels across different genes and samples.

Unless specifically indicated otherwise, all experiments 
were conducted with a minimum of three replicates, and the 
presented data are expressed as the mean value ± standard 
deviation (SD).

Results and discussion

Consideration of ion channel stoichiometry in 
mRNA sequencing data analysis

When examining the mRNA sequencing data, it is important 
to consider the stoichiometry of the ion channel subunits 
in the formation of functional ion channels. Some cationic 
channels can form functional homo- or heteromeric channel 
tetramers, as described by Hofmann et al.41 This means that 
the channel can be composed of identical subunits (homo-
meric) or different subunits (heteromeric), both in groups of 
four, to create a functioning channel.

In heteromeric channels, different genes encode for differ-
ent subunits. Therefore, the number of functional channels 
that can be formed in a cell is often limited by the gene with 
the minimum number of transcripts. This is because even 
if one gene is highly expressed, the formation of functional 

channels would still be limited if another gene encoding for 
a different subunit in the same channel was expressed at 
lower levels.

Therefore, in our study, we made the assumption that the 
total number of functional channels is limited by the gene with 
the minimum number of transcripts. This approach allowed 
us to estimate the potential abundance of functional channels 
in the cell and get a better understanding of the transcriptional 
landscape of ion channels in the experimental context.

The families and subfamilies of mRNAs that encode the 
alpha subunits responsible for the formation of cationic 
channel pores are presented in Table 1. The TRP channels 
are the most abundant family of cationic channels, followed 
by the TWIK-related K+ channel (TREK), transmembrane 
protein 63 (TMEM63), PIEZO channel (PIEZO), and epi-
thelial sodium channels (ENaC), and to a lesser extent, the 
transmembrane protein 16 (TMEM16) and transmembrane 
channel-like protein (TMC) channels (Figure 1). As expected, 
significant disparities were seen in the relative levels of gene 
expression across several cationic channels in HCFs, provid-
ing a preliminary assessment of the respective significance 
of each channel.

Two subfamilies of ENaC have been identified: acid-
sensing ion channels (ASIC) and sodium-dependent NON-
voltage-gated channels (SCNN) (Figure 2(A)). ENaC is 
assembled as a heterotrimer composed of the following 
homologous subunits: a, b, and g or d, b, and g.42 The subu-
nits of ENaC have structural homology to a group of proteins 
found in Caenorhabditis elegans, including mec-4, mec-10, and 
deg-1.43 These proteins have been hypothesized to function as 
ion channels involved in mechanosensation,43–45 which led to 
the assumption that ENaC is responsive to membrane stretch-
ing.45 ENaC mechanosensitivity has also been investigated in 
epithelial cells.46 Only SCNN1D and SCNN1A were shown 
to be highly expressed in this study, while the other two 

Figure 1.  Profile analysis of channel gene expression in human cardiac 
fibroblasts. Families and subfamilies of mRNAs encoding pore-forming alpha 
subunits of cationic channels in human cardiac fibroblasts.
ASIC: acid-sensing ion channels; ENaC: epithelial sodium channels; SCNN: 
sodium-dependent NON-voltage-gated channels; PIEZO: PIEZO channel; TMC: 
transmembrane channel-like protein; TMEM16: transmembrane protein 16; 
TMEM63: transmembrane protein 63; TREK: TWIK-related K+ channel; TRPC: 
transient receptor potential—canonical; TRPM: melastatin; TRPML: mucolipin; 
TRPP/PKD: polycystin; TRPV: vanilloid; TWIK: tandem of P domains in a weak 
inward rectifying K+ channel; the values of the y-axis is the sum of the average 
TPM between three replicates.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 2.  Relative abundance of genes encoding ion channels in human cardiac fibroblasts. Bars represent the mean value ± SEM (n = 10).
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members of the SCNN subfamily, SCNN1G and SCNN1B, 
were represented only with a few TPMs (Figure 2(A)).

The second subfamily ASIC is represented by genes with 
several splice variants, resulting in at least eight subunits: 
ASIC1a and -b; ASIC2a and -b; ASIC3a, -b, and -c (only in 
humans); other species have only one ASIC3 and ASIC4.47 
Chronologically, the majority of ASICs had various names 
due to the history of cloning.47 Currently, there is enough 
scientific data indicating the expression of ASIC in primary 
sensory neurons and mechanoreceptor afferents.47 Defects in 
mechanotransduction were seen in several tissues, includ-
ing the arterial baroreceptors, stomach, colon, cochlea, and 
skin, as a result of disruption in the expression of different 
ASICs.46 Interestingly, the present particular members of the 
ASIC subfamily (ASIC3, ASIC1, and ASIC4) were signifi-
cantly expressed in HCFs (Figure 2(A)), while the remaining 
ASIC2 was weakly expressed (Figure 2(A)).

Lewis and Grandl48 discovered that the nonselective cat-
ion channel Piezo is inherently mechanosensitive and func-
tions as a primary force sensor in numerous cells and tissues. 
Piezo1 ion pore is selective for divalent (Ba2+, Ca2+, Mg2+, 
and Mn2+) and monovalent (K+, Na+, Cs+, and Li+) cations.49 
Piezo1 is expressed in both cardiomyocytes and fibroblasts 
inside the cardiac tissue, and its presence is required for 
normal ventricular outflow and aortic valve function,50 the 
cyclic stretch response,51 and the facilitation of homeostatic 
cardiac mechanochemical transduction.52 Both Piezo 1 and 
Piezo 2 were detected in this study; however, the TPMs for 
Piezo 2 were almost 100 times less abundant than those for 
Piezo 1 (Figure 2(B)). In tissue culture, Piezo1 reacts to a 
variety of mechanical stimuli, including lateral membrane 
tension,53–55 compression,56,57 osmotic swelling,58 and rhyth-
mic mechanical stimulations.59

K2P channels, also known as leak or background conduct-
ance channels, are a diverse group of voltage-independent K+ 
channels that regulate the resting Em in smooth muscle cells 
(SMCs).60 Based on their sequence and functional properties, 
K2P channels may be divided into six separate subfamilies. 
The weak rectifying group (which includes TWIK-1, TWIK-2, 
and K2P7.1), the mechanogated group (which includes TREK-
1, TREK-2, and TWIK-related arachidonic acid-activated K+ 
channel [TRAAK]), the acid-sensing group (which includes 
TWIK-related acid-sensitive K+ channel [TASK]-1, TASK-3, 
and TASK-5), the alkaline-sensitive group (which includes 
TWIK-related alkaline-sensitive K+ channel [TALK]-1, TALK-
2, and TASK-2), the halothane-sensitive group (which includes 
TWIK-related halothane-sensitive K+ channel (THIK)-1 and 
THIK-2), and the TWIK-related spinal cord-expressed K+ 
channel (TRESK) channel, which is predominantly expressed 
in the spinal cord. Mechanosensitive ion channels have been 
identified among the 15 distinct kinds of K2P channels, spe-
cifically the arachidonic acid-activated K+ channel (TRAAK) 
and TWIK-related K1 and K2 (TREK-1 and TREK-2, respec-
tively).60,61 Abraham et al.61 reported that only TREK-1 has 
been identified as being expressed and functional in HCFs. 
Despite this, our results showed that in the cultured HCFs, 
the most expressed type was the TWIK-2 channel, followed by 
TASK-5, TASK-1, KCNK7, TREK-1, and TWIK-1 (Figure 2(C)). 
Within the mammalian contractile organs and tissues, TREK-1 
plays a crucial role in inducing cellular hyperpolarization, 
followed by a reduction in cellular contraction in response 

to mechanical forces.62 The inherent mechanosensitivity of 
TREK-1 has been confirmed by electrophysiological studies 
of reconstituted TREK-1 channels in liposomes.63 Obtained 
recordings have shown that TREK-1 may be triggered by 
intrinsic tension of the membrane without the participation of 
additional cytoplasmic players.63,64 The obtained results based 
on the expression levels of the K2P channels represented by 
a low number of TPMs were in the following order: THIK-1, 
TASK-2, THIK-2, and TASK-3 (Figure 2(C)).

Furthermore, it was thought that TMEM63A (also called 
CSC1-like protein 1) was an ion channel that was acti-
vated by high osmolarity.65 The same authors have shown 
that TMEM63s function as ion channels that respond to 
mechanical stimuli, inducing stretch-activated currents 
upon expression in non-specialized cells.65 TMEM63A has 
two homologous counterparts, TMEM63B and TMEM63C, 
which exhibit a high degree of similarity.66 The highly 
expressed members of the TMEM63 family were found to 
be TMEM63A, whose physiological role is incompletely 
understood but mechanical sensitivity is evidenced,67 and 
TMEM63B (CSC1-like protein 2), a mammalian homolog of 
OSCA characterized as a mechanosensitive channel (Figure 
2(F)). The Ca2+-permeable channel is responsible for facili-
tating the entry of Ca2+ ions into the cells in response to 
changes in the extracellular Ca2+ concentration and hyper-
osmolarity and can alter HCF mechanosensitivity.65 In addi-
tion, TMEM63C (Ca2+ permeable stress-gated cation channel 
1), as another member of the TMEM63 family, was found to 
be weakly expressed and, as a result, does not participate in 
the mechanosensitive properties of HCFs (Figure 2(F)).

The family of TRP channels consists of cationic chan-
nels (seven subfamilies) that exhibit a range of biophysical 
properties and play various physiological roles. These sub-
families include TRPA (ankyrin), TRPC (canonical), TRPM 
(melastatin), TRPML (mucolipin), TRPN (“nompC,” families 
lacking potential mechanoreceptors), TRPP/PPD (polycys-
tin), and TRPV (vanilloid). TRP channels are involved in the 
modulation of intracellular Ca2+ levels via two mechanisms: 
direct facilitation of Ca2+ influx and indirect modification 
of the Em.45 The TRPP channels PKD2 and PKD1 exhibited 
the highest levels of expression in this study, while in the 
TRPM subfamily, the TRPM4, TRPM7, TRPM3, TRPM8, 
and TRPM2 channels were also highly expressed, whereas 
TRPM6, TRPM5, and TRPM1 were represented with only a 
few TPMs (Figure 2(G)). Among the members of the subfam-
ily TRPV, TRPV2, TRPV4, TRPV1, TRPV3, and TRPV6 were 
also highly expressed (Figure 2(G)). TRPV2 is involved in 
stretch-dependent responses in heart cells.68 The expression 
of TRPV2 is concentrated in intercalated disks that allow 
synchronous contraction of the cardiomyocytes.68 TRPV1 
expression has been observed in many cell types derived 
from murine hearts, including afferent fibers and myocytes,69 
SMC,70 endothelial cells,70 and fibroblasts.71 In mammals, 
TRPV1 functions as a mechanosensor in response to various 
mechanical stressors.70 TRPV1 functions as an osmoreceptor 
in reaction to hypotonic conditions,72 a thermosensor,73 and 
an intravascular mechanosensor for variations in blood pres-
sure,74 and in the urinary bladder and the digestive tract.75–78 
Functionally expressed TRPV1 channels in murine CFs were 
confirmed by Wang et al.71 The TRPV4 channel is Ca2+ and 
Mg2+ permeable, and its activation is triggered by a variety of 
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stimuli, including heat, osmotic swelling, mechanical stress, 
and the binding of the metabolite 5’,6’-epoxyeicosatrienoic 
acid and phorbol ester compounds.79–82 Measurements of the 
single-channel conductance of mammalian TRPV4 induced 
by applied puppet pressure indicated stretch insensitivity 
in the condition of their overexpression in HEK293 cells.79 
TRPV4 found in murine chondrocytes does not exhibit any 
changes in response to membrane stretching; however, the 
application of mechanical stress at sites where cells come into 
contact with the extracellular matrix seems to induce TRPV4-
dependent electrical currents.82 TRPV3 was also found to be 
expressed in CFs.83 Carvacrol-induced activation of TRPV3 
in a rat model of hypertrophy induced by pressure overload 
was found to exacerbate cardiac function and promote an 
increase in fibrosis.83 This study confirms a strong expression 
of the TRPC1, TRPC4, TRPC6, and TRPC2 channels and all 
members of the TRPML subfamily (MCOLN1, MCOLN2, 
and MCOLN3) (Figure 2(G)). TRPC channels appear to 
play a significant role in cardiac dysfunction, and nearly 
all of them are upregulated in HCFs,84–86 except for TRPC3, 
TRPC7, and TRPC5. The study conducted by Yamaguchi 
et al. revealed the significance of TRPC3/6/7 channels in 
the cellular response to mechanical stressors such as flow, 
stretch, and osmotic pressure.86 Among all TRPC channels 
expressed in cardiac tissue, only TRPC1 and TRPC6 exhibit 
mechanosensitivity.86,87 Despite published data by Huang et 
al.88 that TRPC1 expression is not detected in HCFs; in this, 
study, we detected significant expression of TRPC1 (Figure 
2(G)). Further studies have shown that TRPC6 exhibits mech-
anosensitivity upon activation, and it is postulated that the 
channel’s involvement in the response to mechanical stimuli 
requires PLA2/-hydroxylase metabolite pathway (20-HETE 
pathway) activation.89 Further investigation is necessary to 
determine if TRPC6 functions as a main mechanosensor or 
whether its upregulation is a result of Ca2+ influx via other 
channels, such as Orai. Despite the fact that published data by 
Löf et al.90 has not confirmed TRPC2 expression in humans; 
in this study, we confirmed TRPC2 expression in HCFs. It 
seems that TRPC channels do not play the role of major 
mechanosensors, but they still have an important role in the 
response to mechanical stressors. TRPML1 (TRP cation chan-
nel, mucolipin subfamily, member 1), as the best-expressed 
TRPML channel in this study, is believed to channel iron ions 
through the endosome/lysosome membrane into the cell.91 
It is especially important for lysosomal function and has a 
significant role in processes such as vesicular trafficking, 
exocytosis, and autophagy.92,93 TRPML2 is associated with 
the small GTPase (Arf6)-regulated trafficking pathway and 
is involved in intracellular transport through membranes 
and membrane proteins.94 Computational analyses of the 
secondary structure predict the presence of six transmem-
brane domains, an ion transport motif, and a TRP motif.

The following TRP channels were also present with 
lower TPMs: TRPM6, TRPM5, TRPM1, TRPC3, TRPC7, and 
TRPC5 (Figure 2(G)). In the TMEM16 family, HCFs showed 
that the TMEM16H, TMEM16F, TMEM16J, TMEM16A, 
and TMEM16G were the most expressed channels (Figure 
2(E)). TMEM16H stands as the only vertebrate homolog 
for which no investigation ha2s been made regarding ion 
conduction or lipid scrambling.95 TMEM16G has significant 
expression levels in the prostate and plays an important role 

in the establishment of intercellular connections,96 while 
TMEM16J is associated with the development of colorectal 
and pancreatic cancer.97 When Ca2+ enters the cell through 
the mechanosensitive channel TMEM16F, also known 
as ANO-6, it activates the phospholipid scramblase. This 
causes the exchange of cytoplasmic anionic phospholipids 
for neutral phospholipids, which relaxes dynamin and opens 
the compartments of the reserve plasma membrane.98 The 
findings show that shear stress or fluid flow upregulates 
Cl−-currents in human and mouse biliary cells and that the 
operative channel is TMEM16A-(ANO-1), a Ca2+-activated 
Cl−-channel (CaCC).99 Identification of this unique, highly 
expressed channel may shed fresh light on the mechanosen-
sitivity of HCFs. Despite extensive research on CaCC flux in 
different cell types, such as the SMC in the human airways, 
there is still ongoing debate on the precise molecular channel 
structure responsible for the Cl− conductance. The identifica-
tion of a novel protein family, known as the TMEM16 family, 
has now emerged as a possible contender for the authentic 
CaCC.99 This prompted us to examine whether the func-
tional expression of members of this family may be seen in 
cultured HCFs. Based on the obtained results, all additional 
members of the TMEM16 family in HCFs were quantified 
in the following order: ANO4, ANO9, ANO3, ANO2, and 
ANO5 (Figure 2(E)).

The TMC family is part of a seven-branch superfamily. 
TMC3 was found to be the member of the TMC family that 
was most common in HCFs. It was found to be a protein 
with mechanosensitive ion channel activity (Figure 2(D)). 
The TMC6 gene in humans encodes a protein known as 
TMC protein 6 (TMC6), which is the second most highly 
expressed member in HCFs (Figure 2(D)).100 In vivo, TMC6 
and its homolog TMC8 mutually interact and combine 
with zinc transporter 1 (SLC30A1) to form a complex, and 
both are typically situated inside the endoplasmic reticu-
lum, but they may also be found in the Golgi apparatus 
and nuclear membrane.101 The use of electrophysiological 
techniques in the examination of HEK293T cells has shown 
that TMC4 functions as a voltage-dependent Cl− channel, 
facilitating the permeation of organic anions such as glu-
conate.102 TMC7 was found to be involved in the prolifera-
tion of cancerogenic cells and oral squamous cell carcinoma 
metastasis.103 Based on the obtained TPMs, this was the last 
seriously expressed channel from the TMC family found 
in HCFs. TMC1, TMC5, and TMC2 were characterized by 
weaker expression (Figure 2(D)).

Conclusions

In short, this analysis of the mechanosensitive ionic channel 
transcriptome in HCFs (1) agrees with previously published 
data about the expression of mechanosensitive channels 
that play an important role in describing the mechanosen-
sitive properties of HCFs; (2) supports earlier preliminary 
reports that the TRP mechanosensitive family is the most 
represented in HCFs; and (3) points to other new mecha-
nosensing channels (TRPC1, TRPC2, TWIK-2, TMEM16A, 
ASIC1, and ASIC3). We anticipate that the newly categorized 
mechanosensitive channels will help in understanding the 
mechanoelectrical relationship between fibroblasts and car-
diomyocytes in certain situations, like when the osmolarity, 
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pH, or redox status of the outside environment changes. 
Anyway, more research needs to be done to figure out the 
real meaning of the newly categorized channels with mecha-
nosensitive properties.

In addition to its many strengths, this study also has 
a few weaknesses. One of the basic limitations is that the 
expression of mRNA does not consistently result in pro-
tein synthesis, and in some cases, even when protein is 
synthesized, it may not effectively translocate to the cel-
lular membrane or form a conformation that enables its 
functionality as a channel. The basic problem lies in the 
fact that cell culture passage has the potential to modify 
channel expression.
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