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H I G H L I G H T S

• Naringenin inhibits the functional ac-
tivity of plant and human TPC chan-
nels.

• Naringenin impairs VEGF-induced
neoangiogenis.

• Molecular docking defines specific
binding regions between naringenin
and TPCs.
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A B S T R A C T

The inhibitory effect of the flavonoid naringenin on plant and human Two-Pore Channels (TPCs) was assessed by
means of electrophysiological measurements. By acting on human TPC2, naringenin, was able to dampen in-
tracellular calcium responses to VEGF in cultured human endothelial cells and to impair angiogenic activity in
VEGF-containing matrigel plugs implanted in mice. Molecular docking predicts selective binding sites for nar-
ingenin in the TPC structure, thus suggesting a specific interaction between the flavonoid and the channel.

1. Introduction

The first functional recordings of TPC channels were performed by
Rainer Hedrich, in the Erwin Neher Nobel laureate's laboratory, on
sugar beet vacuoles and were published in 1987 [1].

Among the various differences between animal and plant cells, there
is the presence in the latter of a large compartment, the vacuole, which
can occupy 90% of the intracellular space. It is generally difficult to
apply the patch-clamp technique to plant protoplasts, probably be-
cause, due to the removal of the cell wall, the plasma membrane is not
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entirely clean; to improve success rate, tricks, such as for instance the
use of trivalent ions in the external solution, can be exploited [2–5].
Since lanthanum (La3+ at 1 mM concentration) and gadolinium (Gd3+

at 100–200 μM concentration) may act as blockers [6–8], their action
on the channel under study must be experimentally verified. On the
contrary, vacuole is easy to isolate and patch-clamp technique results to
be very effective on this type of preparation [9]. As a consequence,
similar to the oocyte system for plasma membrane channels (see as
examples [10,11]), the vacuole was used as an expression system for
plant vacuolar channels ([12,13] or animal lysosomal channels and
transporters, see below) or as a convenient model to characterize the
functional properties of channel-forming peptides [14–16]. The plant
TPC currents have outward rectification, i.e. they are activated by po-
sitive (respect to the vacuolar lumen) cytosolic potentials and have
cation selectivity [17,18]. Potassium and sodium have similar perme-
ability [19]. Calcium ion permeability has been the subject of strong
discussions but it is now consolidated that Ca2+ can permeate, together
with potassium ions, the plant TPC channels [20,21]. When depolar-
izing potentials are applied, plants TPC currents are activated slowly,
reaching the steady state in times of the order of seconds; for this
reason, this type of channels has been given the name of Slow Vacuolar,
or SV channel [1]. Edgar Peiter, in 2005, definitively discovered that SV
currents are mediated by one protein, TPC1, which in Arabidopsis is
encoded by a single gene [22]. TPC1 protein consists of two covalently
linked subunits. Each subunit, similar to the shaker-type subunit, a
fundamental unit of the voltage dependent channels, is formed by six
transmembrane segments, with a so-called P-type loop (P stands for
pore) between the S5 and S6 segments. Since four P-type segments form
a permeation pore, the AtTPC1 channel has a dimeric form. It should be
noted that it has only one permeation pore and therefore the name two
pore channel is misleading; for TPCs one should actually talk about two
pore loop forming domain channels. S4 and S10 segments give to the
channel the voltage dependence due to the presence of multiple argi-
nine residues. In the cytosolic portion, which binds the two shaker-like
subunits, two EF-hands domains responsible for the dependence of the
channel on cytosolic calcium can be observed [23]. In addition to cy-
tosolic calcium, plant TPC channels have a variety of modulations
among which we recall:, reducing and oxidising agents [17,24–26],
magnesium [27], nickel [28–30], antibiotics [31], voltage protocol
[32,33], polyunsaturated fatty acids [34]. Interestingly, the phosphoi-
nositides PI(3,5)P2, recently discovered as a modulator of the vacuolar
anion/proton antiporter AtClCa [35], is a powerful activator of animal
TPCs but has no effect on plant AtTPC1 [36].

It should be noted that inside the vacuole there is a high free cal-
cium concentration larger than 50–100 μM; given the remarkable
physiological effects of intracellular calcium, calcium permeation
pathways on tonoplast are expected to be strongly controlled.
Accordingly, it is found that TPC channels are normally closed and they
open at calcium concentrations and tonoplast potentials far from the
conditions that should be present in vivo [20]; therefore, an unknown
modulation factor that would allow the channel to open at physiolo-
gical conditions should exist. This is the reason which led us to in-
vestigate the effects of Naringenin (Nar), a hydrophobic molecule
produced in the cytosol of plant cells, on TPC channels activity. How-
ever, the experimental results indicate that Nar is an inhibitor of the
activity of plant and animal TPC channels.

2. Naringenin

Flavonoids have become an interesting object of research thanks to
their biological properties supported by epidemiological studies that
propose the existence of a correlation between the consumption of
foods rich in flavonoids and low in fatty acids and a reduced risk of
certain diseases in humans such as cardiovascular disease, diabetes and
cancer. Because of their antioxidants properties, flavonoids seem to
play a key role in countering the aging process, tissue damage and

inflammatory processes [37]. Moreover, they exert a potential anti-in-
vasive and/or anti-metastatic activity in a wide range of cancer types
[38]. Nar (5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-one), whose
structure is shown in Fig. 1, is a flavanone, a type of flavonoid, pre-
dominantly found in grapefruit but also in a variety of vegetables and
fruits, whose consumption through the diet is associated to a reduced
incidence of metabolic and chronic-degenerative diseases [39,40]. Nar
has been pharmacologically evaluated as a potential anti-inflammatory,
chemo-preventive, antioxidant and anti-degenerative agent [41]. The
potential of Naringenin, and its glycosylated form Naringin, for the
treatment of metabolic and cardiovascular disorders has been assessed
by pre-clinical studies [40]. Moreover, Nar has been proved to have
anticancer activity as it is able to block the progression and the for-
mation of metastasis [42]. It is known that Nar affects the activity of
several calcium-activated or calcium-permeable ion channels and hence
to have healing effects by modulating their activity [43]. Despite the
evidence of the pharmacological effectiveness of Nar, a complete view
of its mechanism of action is still lacking.

3. Inhibition of plant TPC by naringenin

We applied the patch-clamp technique to mechanically isolated
carrot vacuoles and imposed defined ionic solutions both inside the
pipette (corresponding to the vacuolar lumen) and in the extracellular
bath solution (corresponding to the cytosolic side), so as to record the
SV currents mediated by TPC channels. In Fig. 2a, it can be observed
that the application of Nar 200 μM from the cytosolic side inhibited the
current elicited by a potential of +80 mV by approximately 50%. In-
creasing Nar concentration to 1 mM led to a complete inhibition of the
current, as shown in Fig. 2b. TPC cationic currents were composed by
two components, due to the permeation of potassium and calcium. In
order to quantify the contribution of both ions, Gradogna et al. (2009,
[44]) had combined the patch-clamp with detection of Ca2+ variations
by using the fura-2 fluorescent probe. This technique was called FLEP:
FLuorescence combined with Excised Patch. The experiments were
conducted in the cytosolic side-out excised patch configuration, fo-
cusing the photomultiplier on the tip of the recording pipette where the
fluorescent dye was present. This excised configuration has two ad-
vantages with respect to the whole-vacuole mode: 1) a lack of delay in
loading the fluorophore inside the vacuolar lumen; 2) the absence of
photobleaching due to a quasi-infinite fluorophore reservoir inside the
pipette. Moreover, the high density of SV channels allows recording
macroscopic currents also in such a configuration. Using a symmetrical
potassium concentration of 105 mM and a cytosolic calcium con-
centration of 2 mM, necessary to activate the channel, it was calculated
that the fractional calcium current (ICa / (ICa + IK)) (where ICa and IK
were the contribution to the current due to the calcium and potassium

Fig. 1. Naringenin structure in sticks. Carbon atoms in grey, hydrogen atoms in
white and oxygen atoms in red. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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ion respectively) was equal to 10% at high positive potentials. This ratio
decreased to about 5% when cytosolic calcium was decreased to
0.5 mM [45]. We repeated this kind of measurements in order to
quantify the effects of Nar on the passage of calcium through TPC
channels. In Fig. 3a, it is possible to observe that Nar 200 μM halved the
fluorescence signal due to the passage of Ca2+ through carrot TPC
channels, while there was a complete inhibition of the fluorescence
signals when Nar concentration was increased to 1 mM, Fig. 3b. Taken
together, data in Figs. 2 and 3 indicated that Nar inhibited carrot TPC
channels with an affinity of about 200 μM and its inhibition did not
interfere with the ion permeation mechanism through the selective
pore.

Since the in vivo concentration of flavonoids in the cytosol is con-
sidered to be in the micromolar range [46] therefore much lower than
the affinity that Nar presents for TPC channels, it seems unlikely that
the effects of Nar on TPC channels can occur under physiological con-
ditions. Nevertheless, flavonoids are accumulated in the vacuole in
glycosylated form at concentrations larger than 1 mM; under stress
conditions endogenous β-glucosidases may produce high aglycone
(deglycosilated form of the relative flavonoid) concentrations [47].
Therefore, Nar inhibition of TPC channels could play a role in the
metabolic response of the plant to the stress.

4. Inhibition of human TPCs by naringenin

While plant TPC1 is a tonoplast protein, the human counterparts,
namely TPC1 and TPC2, are endo-lysosomal channels [48]. Human TPC
channels are involved in different pathologic conditions such as in
neoangiogenesis processes linked to vascularization of solid tumors
[49], in neurodegenerative Parkinson's disease [50], in Ebola virus in-
fections [51] and in melanoma metastasis [52]. While hTPC2 expres-
sion is predominantly lysosomal, hTPC1 presents a wider distribution
within the endolysosomal system, being localized in lysosomes, early
and recycling endosomes.

The ability of Nar to modulate hTPCs channel activity, was tested in
a recent study by Pafumi et al. (2017, [53]) by using a novel

heterologous system [54,55], i.e. Arabidopsis vacuoles lacking en-
dogenous TPCs. Electrophysiological measurements performed by Pa-
fumi et al. [53] clearly demonstrated that the addition of 500 μM Nar to
cytosolic solution led to a strong voltage-independent decrease in the
activity of both hTPC1 and TPC2 currents. Interestingly, Nar inhibition
was fully reversible. Moreover, Nar was able to dampen intracellular
Ca2+ responses of human endothelial cells stimulated with VEGF, his-
tamine or NAADP-AM, but was ineffective upon application with
NAADP-independent stimuli, such as ATP and Angiopoietin-1. Since
hTPC2 but not hTPC1 was known to be involved in this pathway, data
from Pafumi et al. [53] strongly suggested that the reduced Ca2+ re-
lease was due to the inhibition of hTPC2 by Nar. In order to explore the
anti-angiogenic effects of Nar, VEGF-dependent angiogenesis was
evaluated in different experimental models [53]. HUVECs are able to
form capillary-like tubes in vitro, characteristic usually considered as
representative of later, differentiative steps of angiogenesis. This in vitro
assay could be exploited to analyse the anti-angiogenic effects of Nar.
Endothelial cells plated onto matrigel matrix adhered, migrated and,
within a few hours, differentiated into capillary-like structures; in cells
stimulated with VEGF in the presence of 500 μM Nar there was a sig-
nificant reduction in the number of closed polygons compared with
samples stimulated with VEGF alone. Again, Nar had no significant
effect in limiting polygon formation when cells were challenged with
Angiopoietin-1. These results by Pafumi et al. [53] highlighted the

Fig. 2. Effects of naringenin on SV currents recorded on isolated carrot va-
cuoles.
(a) SV currents responses upon voltage stimulation to +80 mV from a holding
potential of −80 mV in control and in the presence of Nar = 200 μM. (b) Effect
of 1 mM naringenin on SV currents. The traces below, displayed on an expanded
time scale, showed the typical activation, left, and deactivation, right, of the
TPC mediated currents. Dotted lines in both panels indicated the zero current
level. Pipette and bath solution as in [45].

Fig. 3. Naringenin inhibited calcium permeation through carrot SV channels.
(a) Changes in fura-2 fluorescence in control conditions were elicited by a
voltage step to +80 mV from a holding potential of −80 mV (see lower panel
illustrating the applied voltage). The fluorescence signals at 380 and 340 re-
spectively decreased and increased due to the increase of calcium concentration
in the tip of the recording pipette caused by the permeation of Ca2+ through
carrot SV channels. In the presence of 200 μM naringenin fluorescence signals
were reduced of about 0.5 when compared to the control condition. The effect
was fully reversible after washout of naringenin (recovery). (b) No fluorescence
responses were present when Nar = 1 mM was applied.
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ability of Nar to regulate VEGF-induced capillary-type formation in vitro
specifically inhibiting the NAADP/TPC2-mediated Ca2+ signalling. In
an in vivo murine model [49], it was demonstrated that VEGF-treated
plugs implanted in the flank of wild type mice were not vascularized
both if treated with Ned-19, a membrane-permeant non-competitive
antagonist of NAADP, and also, more strikingly, in TPC2 knockout
mice. Furthermore, vascularization was not inhibited in plugs from
TPC1 knockout mice, thus supporting the specific role of TPC2. The
inhibitory effect of Nar on neoangiogenis was verified in this model
[53]. It came out that while VEGF alone induces significant vascular-
ization, plugs treated with VEGF plus Nar remain virtually avascular.
Interestingly, these in vivo results by Pafumi et al. [53] open a new
outlook toward a potential therapeutic use of Nar although the possi-
bility that targets other than TPC2 may contribute to this anti-
angiogenic effect cannot be excluded.

5. Simulation of the binding of naringenin to TPC channels

In order to dissect at molecular level possible interactions of fla-
vonoids and TPC channels one can employ molecular docking. Widely
used, the molecular docking procedure is being able to provide a list of
the possible binding sites with computational costs not too high, com-
patible with a virtual screening [56]. The list of binding sites can be
either paired with the already existing experimental knowledge re-
presenting a valuable asset in understanding of rather complex ligand-
protein interactions, or used as a predictive tool to guide and prepare
ad-hoc experiments. The knowledge of the TPC literature can be used to
guide docking in specific regions, such as selectivity filter & voltage
sensitive domain (VSD) regions. Mutational studies have shown [48]
that a perturbation of the pore selectivity filter can lead to slowing of
the ion permeation or inactivation of the channel [57]. Multiple in-
stances of inhibitors are known to bind in the selectivity filter or in

Fig. 4. Poses of naringenin from blind docking on the four main hTPC2 clusters sampled during a 400 ns all-atom Molecular Dynamics simulation. In all four clusters
a pose occupy the central region near the ligand-gated hydrophobic region.

Table 1
Naringenin vs verapamil binding properties.

Naringenin Verapamil

Pore center VSD regions Pore center VSD regions

Initial structure −7.68 −7.46 −5.44 −5.93
Energy kcal/mol −8.25 −8.23 −7.29 −7.89
Ki predicted (μM) 0.899 (experimental: 180 ± 20 μM) 0.932 4.56 1.64
Hbonds ASN1406, SER1434 GLY766, ASN305, ASN1439 No hydrogen bond formed

GLU1168
Closed contacts with a distance cutoff of 3.2 Å VAL651, THR1023, PR0788, VAL1435, THR271, LEU1302, PHE1290,

VAL1438, VAL1435, LEU1114, MET304, ASN305, PHE295, LEU229,
VAL652, TRP1430, VAL1117, VAL1438, SER300, PHE1256, ILE298,
TRP1407, ASN653, ALA792, LEU1021, TRP1430, PHE291, ARG1306,
THR1022, GLN1408, LEU1118, LEU1442, VAL1403, PHE1305, SER1291,
VAL1404, ALA1024, GLU1168, LEU1059, ASN1439, VAL1328, PHE230,
SER1434, ASN1405 GLY766, LEU301, SER1434, LEU303, HIS226,
MET1056, ASN1406 TYR1169, MET1059 VAL294, ILE 1303

PR01167
VAL786
VAL786
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hydrophobic gate and effectively block the channel activity [58–60].
Although coming at the affordable computational cost, downside of

the docking procedure lies in its initial conditions: too frequently the
docking is performed on a single structure. This can lead to undesired
artefacts and possible report of artificial binding sites or even more so,
overestimation of particular amino-acid residues importance. The latter
can specifically be the case when homology modeling is being used as a
tool for grasping the target protein structure. Therefore, if one wants to
elevate the precision of the docking, the target protein structure should
be an ensemble that samples intrinsic and subtle changes of protein
conformation. Unfortunately, this can be true only for the structures
obtained via NMR. An X-ray structure represents an average, which can
indeed provide misleading docking results. Our approach is therefore to
combine docking to Molecular Dynamics (MD) simulations, which
supply us with the necessary flexibility of proteins and statistics [61].
Together, homology modeling, MD simulations and molecular docking,
represent a potent theoretical toolbox that can tackle ligand-protein
interactions in general and provide solid and trustful results. We ob-
tained the hTPC2 model coordinates with modeller [62] using as
homology protein the X-ray structure of atTPC1 (pdbid: 5TUA, se-
quence identity 25%) [63]. A high sequence identity is observed in the
pores filters that are highly conserved in TPC channels.

Thus we performed a 400 ns molecular dynamics simulations on the
hTPC2 embedded in a phospholipid bilayer and solvated with water
with the code ACEMD [64]. We classified the sampled conformations
with the cluster analysis employing the Root Mean Square Distance as
parameter. We performed blind docking of Nar on the four most po-
pulated clusters, covering 99% of all the conformations, with the code
Autodock4.6 [65]. Fig. 4 gives an overview of the blind docking results
obtained. The binding site in the central region is present in all clusters
analyzed, and potentially can block the activity of the channel in-
hibiting the diffusion of ions. Nar is in contact with the hydrophobic
residues that constitute the gate of the pore, creating an additional
barrier to the unselective passage of ions, as demonstrated with elec-
trophysiology. Further investigation will focus on the new ligand-acti-
vated X-ray structures available [66].

Another request for a good inhibitor is its selectivity. In order to
investigate it, we performed docking with verapamil, belonging to
Phenylalkylamines (PAAs) class of Ca2+ channels inhibitors. We ob-
serve that verapamil binds in the same regions as Nar, however a one-
to-one comparison showed that the binding energy is always higher for
Nar. The overview of the naringenin vs verapamil binding properties is
given in Table 1. We observe that the nature of ligand-protein inter-
actions is very similar with an exception in VSD regions where ver-
apamil doesn't engage in H-bonding interaction with the TPC.

6. Conclusion

By means of electrophysiological and fluorescence measurements
we were able to demonstrate the inhibition of plant TPC by naringenin.
Nar was also effective to impair the activity of human TPCs. In parti-
cular, the inhibition of hTPC2 correlated with the ability of Nar to act as
anti angiogenic factor in different experimental models. A computer-
driven simulation approach determined selective binding sites for Nar
in hTPC2 structural composition. Future studies, i.e. site-directed mu-
tagenesis combined with electrophysiological functional characterisa-
tion, are needed to definitely confirm if the recorded effects are due to a
specific interaction between naringenin and TPCs.
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