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Bile acids are potent inhibitors of rat P2X2 receptors
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Abstract

Extracellular adenosine triphosphate (ATP) regulates a broad variety of physiological functions in a number of tissues partly via
ionotropic P2X receptors. Therefore, P2X receptors are promising targets for the development of therapeutically active molecules.
Bile acids are cholesterol-derived amphiphilic molecules; their primary function is the facilitation of efficient nutrient fat digestion.
However, bile acids have also been shown to serve as signaling molecules and as modulators of different membrane proteins and
receptors including ion channels. In addition, some P2X receptors are sensitive to structurally related steroid hormones. In this study,
we systematically analyzed whether rat P2X receptors are affected by micromolar concentrations of different bile acids. The taurine-
conjugated bile acids TLCA, THDCA, and TCDCA potently inhibited P2X2, whereas other P2X receptors were only mildly
affected. Furthermore, stoichiometry and species origin of the P2X receptors affected the modulation by bile acids: in comparison
to rat P2X2, the heteromeric P2X2/3 receptor was less potently modulated and the human P2X2 receptor was potentiated by TLCA.
In summary, bile acids are a new class of P2X receptor modulators, which might be of physiological relevance.

Keywords P2X - Bileacid - Cation channel

Abbreviations

BA Bile acid

BASIC  Bile acid-sensitive ion channel
ENaC Epithelial Na* channel
GHDCA  Glycohyodeoxycholic acid
HDCA  Hyodeoxycholic acid

TCA Taurocholic acid

TCDCA  Taurochenodeoxycholic acid
TDCA Taurodeoxycholic acid
THDCA  Taurohyodeoxycholic acid
TLCA Taurolithocholic acid
TUDCA  Tauroursodeoxycholic acid
Introduction

P2X receptors are Ca**-permeable cation channels that are
activated by extracellular ATP. Purinergic signaling via
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ionotropic P2X-receptors plays a pivotal role in many physi-
ological processes, both in excitable and non-excitable mam-
malian cells. Modulation of synaptic transmission [1, 2] and of
the vascular tone through initiation of smooth muscle con-
traction [3], fine tuning of immune responses [4], and
platelet aggregation [4] exemplify the variety of physiolog-
ical and pathophysiological settings P2X receptors are in-
volved in. Because of their broad functions, P2X receptors
are valuable targets for the development of therapeutically
active molecules.

In vertebrates, the P2X receptor family comprises seven
genes coding for seven receptors: P2X1 to P2X7. Functional
P2X receptors assemble either as homo- or heterotrimers [5,
6]. Each subunit is composed of a large extracellular domain
(ECD), which harbors the ATP binding site, and two trans-
membrane domains (TMDs). The N- and C-termini protrude
into the cytosol. The overall shape of each subunit resembles
that of a jumping dolphin with the head domain, the upper and
lower body domains, and the fluke of the dolphin represented
by the ECD and the two TMD helices, respectively [5]. The
responses to prolonged application of ATP vary between dif-
ferent P2X receptors: while P2X1, P2X3, and P2X4 desensi-
tize upon ATP application, P2X2 is characterized by a
sustained non-desensitizing current [7, 8].

ATP binding at the interface of two adjacent subunits
induces cleft closure between the head and dorsal fin
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domains and pushes the left flipper domain outward
[9-11]. These initial conformational rearrangements are
transmitted to the lower body, resulting in an outward
flexing movement of the 3 strands directly coupled to the
TM1 and TM2 helices, which eventually causes the helices
to expand outward and thereby opening the ion channel
pore [9, 10].

A common pharmacological feature of P2X receptors is
their inhibition by the antiprotozoal molecule suramin [12].
Drugs that specifically act on P2X receptors, however, have
not been approved yet [13, 14].

Together with P2X4 and P2X7, P2X2 is the predominant
receptor type in neurons of the brain [15]. However, it is also
found in neurons of the enteric nervous system, mainly in the
myenteric plexus, where P2X2 is involved in fast synaptic
transmission [16, 17].

Bile acids are derivatives of cholesterol, synthesized by
hepatocytes in the liver and secreted into the gallbladder
and subsequently released at millimolar concentrations in-
to the duodenum to enable efficient solubilization and
digestion of nutrient fats. Besides this classical physiolog-
ical role of bile acids, they have more recently been
shown to function as signaling molecules [18]. In the
liver, bile acids mediate signaling cascades controlling
their synthesis and secretion mainly via two receptors,
the nuclear farnesoid receptor (FXR) and the G protein—
coupled receptor TGRS [19-21]. In other tissues like the
intestinal tract or immune cells, TGRS is also expressed
and mediates bile acid—dependent responses [22, 23].
TGRS is also found in the brain [24], and some data
suggest that bile acids are present at low concentrations
in the brain, both under physiological and pathophysio-
logical conditions like liver failure [25-27]. In addition to
the receptors FXR and TGRS, the bile acid—sensitive ion
channel (BASIC) was recently identified as an ionotropic
bile acid receptor [28, 29]. The physiological role of
BASIC is, however, not clear [30]. Related ion channels
like the epithelial Na* channel (ENaC) and acid-sensing
ion channels (ASIC) are also modulated by bile acids
[31-33].

Since various P2X receptors are found in many tissues
in mammals, several of them might be in direct or indi-
rect contact with bile and its main constituent bile acids.
Furthermore, some P2X receptors are sensitive to struc-
turally related steroid hormones [8]. Therefore, we tested
whether bile acids could affect ATP-gated currents of
various P2X receptors. We found that rat P2X2 is strong-
ly inhibited by lithocholic, chenodeoxycholic, and
hyodeoxycholic acid. In contrast, P2X1, P2X3, P2X4,
and P2X7 were only mildly affected. Taken together,
these data suggest that bile acids represent a new class
of modulators of P2X receptors, with P2X2 being the
most susceptible representative.

@ Springer

Materials and methods
Molecular biology

The ¢cDNAs of rat P2X1, rat P2X2, rat P2X3, and human
P2X2 were cloned in the oocyte expression vector pRSSP
[34]. Rat P2X4 and rat P2X7 were cloned in pNKS2 [35,
36]. Rat P2X4 and rat P2X7 contained a 6xHis-tag at the N-
terminus. Capped cRNA was synthesized by SP6 RNA poly-
merase from linearized cDNA, using the SP6 mMessage
mMachine kit (Ambion, USA).

Two-electrode voltage clamp in Xenopus laevis
oocytes

Surgical removal of oocytes was performed as described pre-
viously [37]. Anesthetized frogs were killed after the final
oocyte collection by decapitation. Animal care and surgery
of frogs were conducted under protocols approved by the
State Office for Nature, Environment and Consumer
Protection (LANUV) of North Rhine-Westphalia (NRW),
Germany, and were performed in accordance with LANUV
NRW guidelines. cRNAs were injected into stage V or VI
oocytes of Xenopus laevis at the following concentrations:
rP2X2 0.04 ng, P2X2/P2X3 0.25 and 0.5 ng, hP2X2
0.04 ng, rP2X1 4 ng, rP2X3 4 ng, rP2X4 4 ng, and rP2X7
0.25 ng. Oocytes were incubated in OR-2 medium (in mM,
140 NaCl, 2.5 KCI, 1 Na,HPO,, 5.0 HEPES, 1.0 MgCl,, 1
CaCl,, and 0.5 mg/ml polyvinylpyrrolidone, pH 7.3) at 19 °C.
Whole-cell currents were recorded 24—72 h post-injection at
room temperature (20-25 °C) with a TurboTec 03X amplifier
(npi electronic, Tamm, Germany). P2X2, P2X2/3, and P2X7
expressing oocytes were superfused using an automated, fast,
pump-driven solution exchange system (npi electronic). Data
acquisition and solution exchange were controlled using
CellWorks 5.1.1 (npi electronic). Data were filtered at 20 Hz
and acquired at 200 Hz. For oocytes expressing P2X1, P2X3,
or P2X4, a solution exchange system based on a pipetting
robot was used (npi screening tool). In this case, data were
filtered at 20 Hz and acquired by CellWorks 6.1.2 (npi elec-
tronic) at 500 Hz. In both cases, the holding potential was —
70 mV. Standard bath solution for two-electrode voltage
clamp measurements contained (in mM) 140 NaCl, 2.8
MgCl,, and 10 HEPES, pH 7.4. Free ATP concentrations
reported were calculated online (http://maxchelator.stanford.
edu/MgATP-TS.htm).

Chemicals

Taurolithocholic acid (TLCA), taurochenodeoxycholic acid
(TCDCA), taurodeoxycholic acid (TDCA), taurocholic acid
(TCA), taurohyodeoxycholic acid (THDCA),
glycohyodeoxycholic acid (GHDCA), hyodeoxycholic acid


http://maxchelator.stanford.edu/MgATP-TS.htm
http://maxchelator.stanford.edu/MgATP-TS.htm

Purinergic Signalling (2019) 15:213-221

215

(HDCA), and taurine were purchased from Sigma-Aldrich
(Germany). Tauroursodeoxycholic acid was purchased from
Merck (Germany). All other chemicals were purchased from
Sigma-Aldrich (Germany). Bile acids and taurine were dis-
solved in water at a concentration of 20 mM and subsequently
diluted in standard bath solution.

Data analysis and statistics

Data were visualized and quantified using the software
CellWorks Reader 6.2.2 (npi electronic, Tamm, Germany).
Subsequent statistical analysis was performed in Microsoft
Excel. Data represented in figures were plotted using Igor
Pro 5.0.3 (WaveMetrics, Portland, USA). All experiments
were performed using at least two independent batches of
oocytes. In experiments with rP2X2, hP2X2, or rP2X2/3

Fig. 1 Bile acids inhibit rat
P2X2 at micromolar a
concentrations. a Representative
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amplitude of the two peak currents preceding and following
bile acid application. P values were determined by student’s
paired ¢ test and subsequently multiplied by two, the number
of bile acids that were tested per oocyte (Bonferroni correc-
tion). Ratios of currents in the presence of bile acids divided
by the mean of the preceding and following current are
depicted for simplicity. For P2X7, we used a procedure like
for P2X1, P2X3, and P2X4, but currents were quantified at the
time points immediately before solution was exchanged. Data
are reported as mean + S.E.M, concentrations of half maximal
activation (ECs) or inhibition (ICsq) were determined by Hill
fits. Values are reported as mean + S.E.M.

Results

Various bile acids inhibit rat P2X2 To test modulation of P2X2
by bile acids, we activated P2X2 heterologously expressed in
oocytes by a long (60 s) application of ATP (10 uM) (Fig. 1a).
At this concentration, P2X2 only slightly desensitized (Fig.
1a). Within the activation by ATP, we co-applied the following
taurine-conjugated bile acids at a concentration of 20 puM:
taurolithocholic acid (TLCA), taurochenodeoxycholic acid
(TCDCA), tauroursodeoxycholic acid (TUDCA),
taurodeoxycholic acid (TDCA), taurocholic acid (TCA), or
taurohydodeoxycholic acid (THDCA) (Fig. 1). The co-
application of bile acids reduced the ATP-induced currents
with the following rank order (from strong to weak reduction):
TLCA (21 +7%) > THDCA (34 £ 11%) > TCDCA (46 + 6%)
> TDCA (73£12%) > TUDCA (81 +13%) (n=7-11,
p<0.01; Fig. 1b); only TCA had no significant effect
(p>0.99). The two most effective bile acids were TLCA
and THDCA (Fig. 1b). Control measurements, in which we
exchanged only the ATP, resulted in a relative current of 107
+4% (n=9). When applied alone, bile acids did not affect
P2X2, ruling out that bile acids are partial agonists of P2X2
that inhibit it by competing with the full agonist ATP (Fig. 1d).
Taken together, bile acids, in particular, TLCA and THDCA,
potently reduced P2X2-activated currents.

Since we used taurine-conjugated bile acids to inhibit
P2X2 and taurine contains a sulfonic acid group (Fig. 2a),
which is also present in the prototypical P2X inhibitor
suramine [12], we tested if the sulfonic acid group might be
essential for P2X inhibition by bile acids. We co-applied with
10 uM ATP either 20 uM of the glycine-conjugated HDCA
(GHDCA) or 20 uM of the unconjugated bile acid
hyodeoxycholic acid (HDCA) or 20 uM of taurine to P2X2-
expressing oocytes. GHDCA had a similar effect as THDCA
(reduction to 56 = 8%, n=14; p <0.001), while the unconju-
gated bile acid HDCA strongly reduced the ATP-gated current
to 6+5% (n=11, p<0.001). In contrast, taurine did not sig-
nificantly alter P2X2 current amplitude (n = 13, p =0.21) (Fig.
2b and c¢). We conclude that bile acids alone are effective in
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Fig. 2 The sulfonic acid group of taurine is not required for the
inhibitory effect of THDCA. a Structure of HDCA with possible
taurine or glycine conjugates. b Representative current traces of
Xenopus laevis oocytes expressing rat P2X2, which was activated
by ATP (10 uM, black bar). Colored bars indicate the addition of
THDCA, GHDCA, HDCA (20 uM), or 20 uM taurine. ¢ Mean
current amplitudes in the presence of the indicated bile acids
relative to the ATP-activated current prior to substance application.
Control measurements are same as in Fig. 1. Error bars represent
standard error of the mean (S.E.M.). ¥**p<0.001; n=7-14

inhibiting P2X2 and that the sulfonic group in the conjugated
taurine is not required for inhibition.
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Effects of bile acids on rP2X1, rP2X3, rP2X4, and rP2X7 Next,
we asked whether the inhibition of rP2X2 by bile acids is
specific for this receptor or if other rP2X receptors are simi-
larly inhibited. We tested the effect of 20 uM THDCA and
200 uM TLCA, the most potent inhibitors of P2X2, on P2X1,
P2X3,P2X4, and P2X7. Since P2X1, P2X3, and P2X4 quick-
ly desensitize, we activated them by repetitive application of
ATP. We used 300 nM ATP for P2X1 and P2X3 and 3 uM for
P2X4 in order to produce a low desensitization rate. Under
these conditions, peak currents were constant after three acti-
vations (Fig. 3a). We then pre- and co-applied THDCA or
TLCA with ATP (Fig. 3a). THDCA and TLCA had no signif-
icant effect on the amplitudes of ATP-activated currents of
these three P2X receptors (Fig. 3b). Yet, the application of
200 uM TLCA weakly decreased P2X1 currents to 84 +£7%
(n=13; p=0.08) and increased P2X4 currents to 164 + 6%
(n=8; p=0.05) (Fig. 3b). To test if P2X7 is affected by bile
acids, we activated P2X7 by applying 1.7 mM ATP (yielding
124 uM free ATP), which induced a typical slowly and

Fig. 3 Only TLCA mildly
modulated rP2X1 and rP2X4 ATP
currents. a Representative current .
traces of P2X1, P2X3, and P2X4 ]
expressed in Xenopus laevis
oocytes repetitively activated by
ATP (P2X1, P2X3 0.3 uM; P2X4
3 uM). THDCA (20 uM) or
TLCA (200 uM) (black bars)
were pre- and co-applied as
indicated by the blue bars. b ¥
Mean current amplitudes in the
presence of the indicated bile acid
relative to the average of the
previous and the subsequent ATP-
activated currents, n=8-13. ¢ AIP
Representative current trace of A
P2X7 expressed in Xenopus
laevis oocytes activated by ATP
(1.7 mM). Pre- and co-application
of THDCA (20 uM) or TLCA
(200 uM) (blue bars) or control
(gray bar) did not affect current
amplitude. d Mean current
amplitudes in the presence of the
indicated bile acid relative to the
average of the current amplitude
before and after bile acid co-
application. n = 6-9; error bars c
represent S.E.M.
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P2X7 currents (n = 6-9) (Fig. 3d). Taken together, micromolar
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while P2X1 and P2X4 were slightly modulated by TLCA.
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and P2X3 with 1 uM of «,3-meATP alone or in combination
with either 20 uM THDCA or 20 uM TLCA, the two bile
acids with the most potent effect on the P2X2 homomeric
receptor. Only THDCA decreased the current to 87 +3%
(n=10; p<0.01), while the application of control solution
or TLCA resulted in a relative current of 99+2% or 100+
4% (n=10-11, p=0.8) (Fig. 4a). In conclusion, of the two
bile acids THDCA and TLCA, only TLCA inhibited the
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Fig. 4 THDCA weakly inhibits
P2X2/P2X3 heteromers, while
TLCA strongly potentiates
human P2X2. a Left,
representative current traces of
Xenopus laevis oocytes
expressing P2X2/P2X3, activated
by of «,[3-meATP (1 uM, black
bar). Blue bars indicate the
addition of THDCA or TLCA
(20 uM); gray bar indicates
control (solution exchange only).
Right, mean currents in the
presence of the indicated bile
acids relative to the ATP-activated
current prior to substance
application, **p <0.001; n=10—
11. b Left, representative current
traces of Xenopus laevis oocytes
expressing human P2X2,
activated by ATP (1 puM, black
bar). Colored bars indicate the
addition of THDCA or TLCA
(20 uM). Right, mean currents in
the presence of the indicated bile
acids relative to the ATP-activated
current prior to substance
application, ***p <0.001; n="7-

8. Error bars represent standard
error of the mean (S.E.M.)

P2X2/P2X3 heteromeric receptor significantly; however, the
potency was strongly reduced compared with the P2X2
homomeric receptor.

The current of human P2X2 is increased by TLCA but not
THDCA We next asked whether bile acids also affect the human
P2X2 ortholog. We applied the same experimental protocol
for human P2X2 as for rat P2X2. When 20 uM of TLCA was
co-applied with 10 uM of ATP, the current increased to 170 +
8% of control (n=7, p<0.001). In contrast, control solution
or 20 uM THDCA had no effects on the current amplitude
(108 +5%, n=8 or 98 £ 7%, n=8) (Fig. 4b). These findings
uncover a strong species dependence of P2X2 modulation by
bile acids.

Concentration dependency of bile acid modulation of P2X2
Bile acids may inhibit rat P2X2 by either reducing the potency
or the efficacy of ATP. To address this question, we recorded
ATP concentration-response curves in the absence or presence
of 20 uM THDCA. Increasing concentrations of ATP induced
responses with increasing amplitudes. During ATP applica-
tion, we co-applied 20 uM THDCA, which decreased the
current amplitude. The resulting concentration-response curve
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for ATP in the absence of THDCA resulted in an EC;, value
of 63 £4 uM, which is in agreement with the literature [38]. In
contrast, the presence of THDCA shifted the concentration-
response curve resulting in an ECs value of 122 +8 uM (n =
11, p<0.001), showing that the potency for ATP was de-
creased by THDCA. In contrast, at the maximal concentration
of ATP (1 mM), current amplitude was almost not decreased
by THDCA (Fig. 5a), suggesting that the bile acid did not
affect the efficacy of ATP to activate P2X2.

We then determined the apparent affinity of P2X2 for
THDCA when activated by 10 uM ATP. ATP was applied
continuously and increasing THDCA concentrations were ap-
plied. The ATP-activated current was inhibited in a
concentration-dependent manner with an ICsy value of 10.7
+ 1.1 uM (n = 10) (Fig. 5b). Taken together, these results show
that bile acids represent a new class of P2X2 modulators.

Discussion

Bile acids were long considered natural detergents solely re-
quired for the efficient digestion of nutrient fats. Nowadays,
they are more and more appreciated as enteroendocrine
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Fig. 5 THDCA decreases the
ATP affinity of rP2X2 and
inhibits P2X2 currents in a
concentration-dependent manner.

a
ATP [uM]
N

TN N

. |
aLeft, representative current trace [ | [ |

showing the application of -
increasing ATP concentrations
and intermitted co-application of
20 uM THDCA to rP2X2
expressed in Xenopus laevis
oocytes. Right, concentration-
response curve for ATP in the
absence or presence of 20 uM
THDCA normalized to the
application of 1 mM ATP alone,
n=12. b Left, representative
current trace showing the b
activation of rP2X2 by ATP

(10 uM) and the inhibitory effect
of increasing concentrations of
THDCA (white-blue bar). Right,
concentration-response curve of
THDCA in the presence of

10 uM ATP normalized to the
current in absence of THDCA,

n = 10. Error bars represent
S.E.M.

hormones, which play important roles for the regulation of
various aspects of mammalian physiology [39]. In this study,
we describe for the first time the effect of bile acids on differ-
ent P2X receptors and show that some bile acids potently
inhibit rat P2X2.

While a positive modulatory effect of bile acids on other
channels like the bile acid—sensitive ion channel and the epi-
thelial Na* channel (ENaC) requires millimolar concentrations
[29, 31], the effect of bile acids on P2X2 receptors described in
the present study occurred at low micromolar concentrations.
This concentration is reached not only in the intestinal tract but
also in other tissues like the brain, where bile acids may func-
tion as hormone-like signaling molecules [27, 39, 40]. Two
bile acid—sensitive receptors are known, the nuclear FXR re-
ceptor and the TGRS receptor. Both require low micromolar
concentrations of various bile acids for activation [41, 42].
P2X2 therefore represents a new receptor, which is a possible
target for bile acid-signaling. Since P2X2 is involved in, for
example, fast synaptic transmission in neurons of the brain and
the enteric nervous system [16, 17], bile acids might modulate
transmission at these synapses. Especially, neurons of the en-
teric nervous system could represent targets for a combined
regulation by ATP and bile acids. Thus, our findings add an-
other layer of regulatory complexity to P2X2 receptors.

P2X2 showed the most pronounced effects in our study and
was inhibited by five of the six bile acids tested; only TCA did
not affect P2X2. The secondary bile acids TLCA and THDCA
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were the most potent inhibitory bile acids tested followed by
TCDCA, TDCA, and TUDCA. The effects of bile acids on the
other P2X receptors (P2X1, P2X3, P2X4, and P2X7) were
only mild and did not reach statistical significance after
correcting for multiple testing by the Bonferroni procedure.
TLCA inhibited P2X1 but, unlike P2X2, the inhibition was
only subtle. P2X4 activity on the other hand was increased by
TLCA, contrary to the effect of TLCA on P2X2, suggesting a
subunit-specific effect of bile acids. The structural difference
between the bile acids used in this study, is the number and
steric orientation of the hydroxyl groups at the steroid back-
bone. While TCA has two hydroxyl groups at the steroid
backbone, TCDCA, TDCA, TUDCA, and THDCA have
one and TLCA has no hydroxyl group (see Fig. lc).
Because our results show clearly that the taurine conjugate is
not required for the inhibitory effect, the differences of the
inhibitory potency on P2X2 can only be attributed to location
and orientation of the hydroxyl groups. Whether the hydroxyl
groups are sterically relevant for binding to the channel or
whether the degree of hydrophilicity that is conferred by the
hydroxyl groups is important for the modulatory effect of bile
acids on P2X receptors will be an interesting question to fol-
low in further studies.

What is the mechanism of inhibition of rat P2X2 by bile
acids? A previous study has shown that P2X2 is sensitive to
alteration of the plasma membrane induced by membrane-
active substances [43]. Bile acids are amphiphilic molecules
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and thus can affect the properties of the plasma membrane.
One possible mechanism of P2X2 inhibition might therefore
involve modulation of the plasma membrane by bile acids,
which then indirectly influences the activity of the P2X recep-
tor. However, a modulation of the plasma membrane of
Xenopus oocytes by bile acids that has an impact on the ac-
tivity of Deg/ENaC channels like BASIC probably requires
higher concentrations [43]. Thus, either P2X2 is more sensi-
tive to membrane alterations or bile acids directly bind to
P2X2, either in the ECD or in the TMDs. Because THDCA
affected ATP potency and did almost not inhibit P2X2 at high
ATP concentrations (Fig. 5a), an open pore block by ATP can
be excluded. Several P2X receptors are antagonized by
suramin, the underlying mechanism being an inhibition of
gating [44, 45]. Suramin is a polysulfonated multicyclic mol-
ecule, with larger dimensions than bile acids. Bile acids might
act similarly via interference with gating processes. The po-
tentiating effect of TLCA on P2X4 also supports the modula-
tion of P2X receptor gating by bile acids. Since ATP and bile
acids are structurally unrelated, it is unlikely that bile acids
compete with ATP for its binding site. Thus, bile acids most
likely allosterically affect ATP potency.

A surprising finding of our study is the striking difference
between rat and human P2X2 with regard to their modulation
by different bile acids. While THDCA and TLCA strongly
inhibited rP2X2, THDCA had no effect on hP2X2 and
TLCA even increased hP2X2 currents. This may represent
an adaptation to the species-specific bile acid pool: THDCA
is present in rodents and absent from human. However, this
cannot explain why TLCA inhibits rP2X2 but increased
hP2X2 currents. We have recently shown that, for the bile
acid—sensitive ion channel BASIC, the cell system, which is
used for studying the channel, strongly affects the biophysical
properties of the channel and can account for strong differ-
ences between species orthologs [46]. This may also be the
case for rat and human P2X2 expressed in Xenopus laevis
oocytes. Further studies will be necessary to unravel the de-
tails of bile acid modulation of P2X receptors.

Under physiological conditions, bile acids are in direct con-
tact with hepatocytes and cholangiocytes in the liver and with
cells of the intestinal tract. Various P2X receptors, including
P2X2, are found in these tissues, P2X4 being the predominant
receptor in cholangiocytes and hepatocytes [47, 48].
Identifying bile acids as naturally occurring modulators of
P2X receptors may open a new perspective on regulation
and fine tuning of these receptors in their specific sites of
expression. Under pathophysiological conditions, e.g., gall-
stones, bile acids may also reach the pancreas leading to pan-
creatitis. Since P2X1, P2X4, and P2X7 are also found in the
pancreas [49], bile acid-mediated modulation of P2X activity
may be involved in the pathogenesis of pancreatitis.

In summary, we have shown that bile acids are natural
modulators of P2X receptors, in particular P2X2.
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