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Abstract

Introduction: Inositol 1,4,5-trisphosphate receptors (IP3Rs) are intracellular calcium (Ca2*)
release channels located on the endoplasmic/sarcoplasmic reticulum. The availability of the
structure of the ligand-binding domain of IP3Rs has enabled the design of compatible ligands, but
the limiting step remains their actual effectiveness in a biological context.

Areas covered: This article summarizes the compelling literature on both agonists and
antagonists targeting IP3Rs, emphasizing their strengths and limitations. The main challenges
toward the discovery and development of IP3 receptor modulators are also described.

Expert opinion: Despite significant progress in recent years, the pharmacology of IP3R still has
major drawbacks, especially concerning the availability of specific antagonists. Moreover, drugs
specifically targeting the three different subtypes of IP3R are especially needed.
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1. Introduction

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are intracellular calcium (Ca2*) release
channels located on the sarco/endoplasmic reticulum (SR/ER), the major Ca2* store in the
cells. IP3Rs are the link between many extracellular stimuli and the initiation of intracellular
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Ca?* signaling, which controls several responses, including cell division, synaptic
transmission, and gene expression [1, 2].

Three different subtypes of IP3Rs are expressed in mammalian cells, namely IP3R1-2-3,
which show ~70% of homology, despite originating from different genes.

Organized in a “mushroom-like” structure, IP3Rs consist of a tetrameric complex in which
each monomer includes five domains: suppressor domain, IP3 binding core domain,
regulatory domain, transmembrane domain, and C-terminus domain [3-9]. The intrinsic
complexity of IP3R structure, with multiple regulatory sites, contemplates the potential
participation of the receptor to a dense network of cellular processes [10-18]. However, the
current knowledge of IP3R in human disease remain quite limited and one of the aspects
contributing to the relative low number of investigations about IP3R-related disease
pathogenesis is the inadequate availability of drugs effectively and selectively targeting these
receptors. This limitation raises not trivial issues for studying the receptor behavior in a
disease-context. The interest in developing novel ligands of IP3R has always been
substantial. The first studies designed in order to develop IP3R drugs aimed to clarify the
complex mechanisms of receptor activation, mapping the key residues for ligand-receptor
interaction. The structure of the ligand-binding domain of IP3R has enabled the design of
compatible ligands [2, 5, 6, 19], although the limiting step remains their actual effectiveness
in biological context.

Here we provide an overview of the drugs currently known to target IP3R, agonists, and
antagonists. A comprehensive and rational analysis of the available literature is fundamental
to overcome the current limitations and to highlight the need for specific molecules targeting
IP3R. Indeed, the development of effective drugs could produce important advances in the
biomedical research on IP3R. On one side, it can prompt the design of new and attractive
therapeutic strategies for diseases with certain pathogenic implications of IP3R. On the other
side, the availability of effective drugs can be useful to better understand the biology of
IP3R, exploring its putative involvement in other settings.

2. IP3R agonists

The endogenous ligand of IP3Rs is IP3 (Figure 1A), a water-soluble second messenger
produced by hydrolysis of phosphatidylinositol 4,5-bisphosphate. Specifically, IP3 interacts
with the inositol binding core (IBC) of IP3R, an allosteric site that, after the interaction with
IP3, triggers the opening of its intrinsic Ca2* channel [20]. The crystal structure of IP3R1
has revealed that the IBC consists of two subdomains, p and a; the interface between B and
a domains creates a positively charged pocket optimal for the allocation of phosphates
groups of IP3 [19]. Site-directed mutagenesis studies demonstrated that several Arg and Lys
residues in this pocket are directly involved in the interaction with IP3, which is supposed to
induce a conformational change of IP3R structure, leading to channel opening [21]. Of
course, the development of synthetic ligands of IP3R has exploited the molecular structure
of IP3 as a model to obtain effective analogs.
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In 1993, two potent agonists of IP3Rs, adenophostins A and B, were isolated from the
culture broth of Penicillium brevicompactum SANK 11991 and SANK 12177 [22]. In
particular, they were more effective (nearly 10-fold) then the endogenous ligand, showing
their potent action on all three IP3R subtypes. The structure of adenophostin A and B
(Figure 1B) inspired many groups in synthesizing new ligands with additional modifications
and properties. For instance, 3”-dephospho-AdA is an analog of AdA-A that lacks a
phosphate group (5°-P), as shown in Figure 1C. This synthetic compound was tested in
DT40 cells (chicken B cell line derived from an avian leukosis virus induced bursal
lymphoma) devoid of native IP3R and stably expressing single subtypes of mammalian
IP3Rs, showing that this analog is effective as the parental compound, and does not have a
selective action for a specific IP3R subtype [23, 24]. To better understand the role of the
different phosphate groups and of the adenosine-motif in the interaction and activation of
IP3Rs, another group synthesized all three possible bisphosphate analogs of AdA [25]. The
study provided new information on the functional role of the chemical groups in the IP3
structure. In particular, the compound harboring 4,5 bisphosphates displayed an efficacy
only 4-fold less potent than IP3; the 5-dephospho (1,4 bisphosphates) conserved an optimal
activity, in line with the previous study on 3”-dephospho-AdA [23]. This evidence
challenges the paradigm that the two vicinal bisphosphate groups (4,5) are critical for IP3-
like activity. Conversely, the compound that was lacking the 2’-AMP was 400-fold weaker
than endogenous ligand [25]. This finding strongly suggests that adenosine has a key role in
determining the affinity and the interaction with IP3R, while only two phosphates groups
(even not adjacent) are enough to ensure the interaction. This brilliant investigation offered
new and precious information for designing new compounds as potent IP3R agonists.
Another potent IP3R ligand was synthesized conjugating an aromatic group at the 5’-
position of AdA, and this addition was well tolerated in the receptor binding [26]. The
parental structure of AdA was also modified by replacing adenine with a triazole ring,
without compromising the overall compound potency [27].

Since IP3R has a tetrameric structure, the idea to produce a tetrameric ligand more effective
than the AdA monomer, also emerged. As the triazole substitution did not affect the
compound potency, the same research group synthesized four homodimers of triazole-AdA
analogs, connecting them by oligoethylene glycol chains. However, the resultant tetrameric
structure was equipotent to AdA and its triazole-derivate [28].

Several studies have explored in detail the possible modifications of AdA, producing a high
number of analogs with structural differences in phosphate groups, nucleobase motif, and at
both sugars [29]. These investigations have been useful to produce an accurate model of
ligand-IP3R interaction, allowing the selection of structural elements necessary for the
agonist efficacy. Although the essential pharmacophore is well characterized, none of the
analogs reported above is more potent than the parental compound AdA. Only recently, an
agonist able to produce the same effect of AdA but at a lower concentration was produced
[30], harnessing a chemical modification approach never explored before. Specifically, the
bisphosphorylated glucose moiety was replaced by a cyclitol bisphosphate (d-chiro-inositol),
changing an element thought to be crucial in mimic IP3 pharmacophore; despite the
potentially hazardous choice, the resultant d-chAiro-inositol adenophostin (Figure 2) remains
among the most potent known agonists of IP3Rs, nearly 2-fold more potent than the original
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AdA [30]. The interesting result of using d-cAiro-inositol has since then inspired other
research studies focused on the application of this new approach to other AdA analogs,
combining different strategies.

For instance, Mills and collaborators have recently obtained a novel potent agonist [31]
starting from the simplest produced AdA derivate, the glucopyranoside 2”,3,4-trisphosphate
(Glc(2’,3,4)P3, Figure 2), obtained by removing adenine and part of ribose [32]. This
compound is 10-fold less potent than the endogenous ligand, IP3, in inducing Ca2* release
via IP3Rs, but with the advantage of a resistance to degradation carried out by the enzymes
that metabolize the endogenous IP3. To improve the potency of Glc(2”,3,4)P3 keeping the
advantage of its metabolic resistance, the ribose—sugar was reintroduced, producing the
ribophostin compound. Then, applying the strategy of glucose substitution with d-chiro-
inositol, as previously done for AdA [30], the obtained compound, the d-chiro-inositol
ribophostin (Figure 2) was more potent than parental compounds in evoking Ca?* release,
producing a new ligand with high efficacy and resistance to degradation [31]. More recently,
Shipton and colleagues have generated novel active ligands for IP3R starting from d-glucose
and I-glucose templates as inositol surrogates [33].

Another approach to stimulate IP3Rs is the use of caged IP3 analogs, which provide a
convenient way to evaluate IP3-mediated Ca2* liberation bypassing upstream signaling
events and enabling a precise control of the timing and relative concentration of cytosolic
IP3 [34-37].

Hence, the literature offers a plethora of agonists designed for IP3Rs. Nonetheless, all the
available compounds derived from the endogenous IP3, resembling its structure. The IP3-
like structure confers to synthetic-agonists a high specificity for IP3R, avoiding side effects
on other receptors. However, the agonist-action on a specific IP3R subtype remains arduous,
as IP3 is the ligand of all three receptor subtypes. This issue is also emphasized by the high
degree of similarity in amino acid sequence within the IP3 binding domain of each IP3R
subtype. Several studies have been conducted to find differences in recognition properties
among the three-receptor subtypes, in order to use this information in designing subtype-
selective ligands; these studies revealed that the three receptor subtypes have different
affinity for IP3: type 2 > type 1 > type 3 [38-44]. Moreover, the 2- and 3- positions of IP3
were identified as key determinants of subtype selectivity [45, 46].

3. IP3R antagonists

If the synthesis of IP3R agonists can exploit the structure of the natural ligand as a guide, the
development of receptor antagonists is more challenging. Most of the available antagonists
act competing with IP3 for its binding site on IP3Rs. To achieve a good affinity in order to
compete with the endogenous ligand, the antagonists should have a similar structure to IP3,
too. However, their IP3-like structure increases the risk of a partial-agonist action. Few
molecules have different structural nature, but often their exact mechanism of action is
unknown.
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3.1 Xestospongins

Xestospongin (Xe) A, B, C, and D, a group of macrocyclic bis-1-oxaquinolizidines (Figure
3) which induce relaxation of blood vessels /n vivo, were isolated from the Australian
marine sponge Xestospongia exigua, by Nakagawa and Endo in 1984 [47, 48]. These
alkaloids share the macrocyclic 1-oxaquinolizidine structure with other vasoactive
compounds including araguspongine B, C, 7S-Hydroxyxestospongin A (7-OHXeA), and
demethylxestospongin B (DMXeB), which were extracted from the Xestospongia exigua
and muta [49, 50]. Gafni et al. in 1997 demonstrated that XeA, C, D, dimethyl-xestospongin
B (DMXeB), and araguspongine B (ArB) are able to block in a dose-dependent manner the
IP3R-mediated CaZ* release from in microsomes isolated from rabbit cerebellum [51].
Additionally, the same authors characterized the potency of these compounds to inhibit
IP3R, showing that XeC exhibited the highest IP3R blockage with the half-maximal
inhibitory concentration (1Csp) of 358 nM, a 7-fold higher potency compared to XeA,;
instead, the DM XeB displayed the lowest IP3R Ca2* release inhibition, >16-fold decreased
in potency relative to XeC, with an ICgq of 5865 nM [51]. These results on IP3R inhibition
were later confirmed and extended to the hydroxylated Xe derivatives 7-OH-XeA and
araguspongin C (ArC), characterized by 10- to 15-fold lower potency to block IP3R-induced
Ca?* release as compared to XeC [52].

Xestospongins have been widely used as membrane-permeant pharmacological inhibitors of
IP3R-evoked Ca?* release, and in particular, XeC has found an extensive application for
intact-cell assays, as confirmed by several authors [52-59]. Nevertheless, over the years the
xestospongins inhibitory mechanism remained elusive, because Gafni et al. had reported that
the blockage of IP3Rs occurs without the interaction with its IP3-binding site [51], and only
a few later studies directly addressed the effects of xestospongins on IP3Rs [54, 55].

Several authors have observed that XeC is able to inhibit additional targets, including SR/ER
Ca?* ATPase (SERCA pump) [59-61], Ca%* store and capacitative Ca2* entry [62], L-type
Ca?* channels, and Ca2*-activated K* channels [55]; interestingly, XeC has been shown to
maintain its selectivity as IP3Rs blocker in permeabilized cells, but not in intact cells [55].
On the other hand, studies on XeC and XeB activity on SERCA pumps from isolated SR/ER
membrane fractions did not evidence SERCA inhibition while they confirmed the
competitive inhibition of IP3R [63, 64]. Equally important, neither XeC nor XeD, 7-
OHXeA, and araguspongin C (at <50 uM) inhibit or interfere with SERCA1 and SERCAZ2 in
the skeletal or cardiac SR [52]. In the same work, XeC led to weak inhibition of type 1
ryanodine receptor (RyR1), in partial agreement with a previous observation of a lack of
RyR inhibition in smooth muscle SR membranes treated with XeC [55]. Instead,
Xestospongins hydroxylated structures, including XeD, ArC, and 7-OH-XeA, used within
the same concentration range used to observe IP3R inhibition, were found to sensitize
RyR1-mediated CaZ*-induced Ca?* release (CICR) in SR cerebellum vesicles, [52].

As discussed until here, even if the pharmacological selectivity was questionable among the
different works, many researchers reported the inhibition of IP3Rs after treatment with
xestospongins, with XeC having the highest potency as IP3Rs blocker. However, several
other studies reported major challenges concerning the actual and effective XeC and XeD
inhibition of IP3Rs.
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For instance, Solovyova and colleagues observed that XeC failed to inhibit IP3R-evoked
Ca?* release in cultured dorsal root ganglion neurons, concluding that it is not possible to
consider XeC as a specific inhibitor of IP3Rs [61]. Similarly, Duncan et al. reported a trend
in the elevation of intracellular Ca%* concentration, indicating an incomplete block of IP3Rs
by XeD [65].

A work by Saleem and collaborators further supports the previous objections about the
efficacy of XeC and XeD as IP3Rs inhibitors. The authors tested in intact (DT40) and
permeabilized (HEK) cells two purified xestospongins, within a range of 5 UM (previously
reported by Gafni et al. [51]) to 20 uM for XeC, and 10 uM (reported by Gafni et al. [51]) to
20 pM for XeD. Although XeC and XeD caused a statistically significant small inhibition of
the maximal evoked response from IP3R1 and IP3R2, these effects were considered not
sufficient to be useful as pharmacological inhibition, and only attainable at the highest
concentration of XeC and XeB [66].

3.2 2-Aminoethoxydiphenyl Borate (2-APB)

2-Aminoethoxydiphenyl Borate (2-APB, Figure 4) has been extensively used as a
membrane-permeable modulator of IP3R evoked Ca2* release [67-69]; yet, this compound
has many additional effects. 2-APB inhibits the SERCA pumps [68, 69], as well as the store-
operated Ca2* entry (SOCE) and Ca2* release-activated Ca2* current (ICRAC) [70].
Interestingly, in an attempt to develop a more potent and selective 2-APB inhibitor, Goto and
collaborators identified two structurally isomeric 2-APB analogs that were 100-fold more
potent than 2-APB itself; however, the selectivity of these compounds failed since one of the
2-APB analogs activates and inhibits endogenous SOCE, depending on the concentration,
while the other one inhibits SOCE [70].

The inhibitory efficacy of 2-APB at different concentrations was tested in permeabilized
DT40 cells, showing that 50 uM 2-APB did not affect Ca2* uptake by the ER, in accordance
with the max concentrations of 2-APB causing inhibition of SERCA; higher concentrations
of 2-APB reduced the steady-state Ca2* content [66]. In DT40-1P3R1 cells, 2-APB led to a
concentration-dependent inhibition of IP3R, with a marked decreased sensitivity of IP3R1 at
50 UM 2-APB. The same concentration of 2-APB (50 uM) in permeabilized IDT40-1P3R2
and DT40-1P3R3 cells, did not show significant effects on IP3R-evoked Ca2* release;
instead, 2-APB at a concentration of 100 pM caused inhibition of IP3R3 and reduced Ca?*
uptake, but did not affect IP3-evoked Ca2* release via IP3R2 [66].

3.3 Benzene derivatives

The class of aromatic polyphosphate derivatives has potential applicability in the field of
phosphoinositides. In 1993, the compound benzene 1,2,4-trisphosphate [ Bz(Z,2,4)P3)],
harboring phosphates groups arranged in an IP3-like manner (Figure 5A), was synthesized
and its ability to bind cellular proteins physiologically interacting with 1P3 was tested [71].
Specifically, the Bz(1,2,4)P3binding capacity to IP3-kinase, IP3 phosphatase, and the IP3
receptor was evaluated [71]. Despite the resistance of the compound to the phosphatase and
kinase action, Bz(1,2,4)P3was able to weakly interact with IP3R, competitively blocking
the binding of 3H-1P3 in the performed assay. However, this compound retained very low
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action, and another study revealed that it was also able to IP3-kinase activity /n vitro,
emphasyzing its low specificity [72]. Yet, Bz(1,2,4)P3was a good starting point to develop
other aromatic antagonists of IP3R. In this regard, Vandeput and coworkers tested the
biphenyl derivative BiPh(2,3°,4,5",6)P5, which displayed a moderately potent capacity in
inhibiting IP3R, with an ICsq value in the low micromolar range [73]. Later, the same group
explored the strategy of the dimerization of benzene-derivative compounds, as an increasing
binding capacity was reported for IP3—dimer [74]. In particular, two new types of dimeric
benzene phosphate derivatives were generated, demonstrating their efficacy in antagonized
Ca?* release through the IP3R in saponin-permeabilized L15 fibroblasts, at a sub-
micromolar dose [75]. However, the study did not evaluate the specificity of these
compounds, and/or if they could affect the activity of other phosphatidylinositol partners.

3.4 Heparin

Due to its high affinity for the IP3 active site, heparin is considered a membrane-
impermeable competitive antagonist of IP3-evoked Ca2* release [76]. However, this
compound has many additional non-specific effects, including the uncoupling of receptors
from G-proteins [77, 78], the activation of RyRs [79], and the inhibition of IP3-kinase [80].
The effects of heparin incubation were tested on permeabilized DT40 cells expressing each
IP3R subtype, assessing the effects of IP3 on Ca2* release from the intracellular stores [66];
In DT40-1P3R1 cells, heparin application caused parallel rightward shifts of the
concentration-responses for IP3-evoked Ca2*. These results were in accord with previous
works in which adenophostin A (AdA, see Figure 1), a high-affinity agonist of IP3Rs (see
above: Paragraph 2), was used to evoke Ca2* release [23, 81]. A similar analysis conducted
in DT40-1P3R1 cells was replicated in DT40-1P3R2 and DT40-1P3R3 cells, assessing the
effects of heparin on IP3-evoked Ca2* release. The DT40-1P3R2 line revealed an IP3R
competitive antagonism response consistent with DT40-IP3R1 [66]. An IP3R3 competitive
antagonism in DT40 cells was also reported, consistent with the response from DT40-IP3R2
and DT40-1P3R3 lines, however, in this last assay it was difficult to achieve maximal IP3R3-
evoked Ca?* release, therefore, the authors used IP3 concentrations able to evoke a release
of 40% Ca2* from intracellular stores [66]. These results were consistent with previous
observations showing that IP3R3 are less sensitive to IP3 than the other subtypes [23, 82].

These functional analyses contributed to define the heparin competitive antagonism with 1P3
for the 3 subtypes of IP3R, founding different heparin affinities for each subtype (IP3R3 >
IP3R1 = IP3R2). These results were consistent with another study testing IP3 binding to
mammalian IP3R expressed in Sf9 cells, showing pKD values and rank order of heparin
affinity (IP3R3 > IP3R1 ~ IP3R2) [45].

3.5 Other antagonists

myo-Inositol 1,3,4,5-tetrakisphosphate (Figure 5B) and its derivatives display IP3R
inhibitory action, but only at high concentrations [83]. In particular, phospho-derivatives of
tetrakisphosphate are competitive antagonists of IP3R in platelets, but they are also able to
act as partial agonists inducing the release of Ca2* [84-86]. One tetrakisphosphate-derivative
with methylphosphonate group was able to act as a selective competitive antagonist but at
millimolar concentration [87]. Caffeine has been described as an effective antagonist of
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IP3R and has the advantage to be cell-permeant and to act in non-competitive manner
respect to IP3 [66]. However, the main issue remains the capacity of caffeine to also act as
an activator of RyR [88-91].

4. An endogenous antagonist of IP3R

In 2003, a novel antagonist was isolated from a high salt extract of crude rat brain
microsomes using an affinity column with immobilized N-terminal cytoplasmic region of
IP3R1 (residues 1-2217), performing the elution with IP3 [92]. Because of its isolation
procedure, the compound has been named IP3R-Binding protein released with Inositol
1,4,5-Trisphosphate (IRBIT). It is composed by 530 amino acids, with an S-
adenosylhomocysteine homologous domain in C-terminal extremity, while the N-terminal
portion contains multiple phosphorylation sites.

The IRBIT binding site on IP3R was mapped to the IP3 binding core, suggesting that a
competitive relationship occurs between the two molecules (IP3 and IRBIT). Hence, IRBIT
inhibits IP3R by preventing the binding of the activator ligand (IP3). The interaction
between IRBIT and IP3R has later been confirmed in a physiological context through
studies of immunohistochemistry and of co-immunoprecipitation [92].

The mechanism of IP3R regulation by IRBIT emerged as unique, generating several
questions and prompting other investigations. Soon, it emerged that the N-terminal domain
of IRBIT was essential for the interaction with the receptor, and its phosphorylation status
could modulate the inhibitory activity of IRBIT on IP3Rs [93]. Indeed, when IRBIT was
exposed to alkaline phosphatase, it became no longer able to suppress receptor-1P3 binding.
The concentration of IRBIT causing 50% inhibition of IP3 binding was about 0.1 mM.
IRBIT can be defined as a pseudo-ligand, able to regulate the sensitivity of the receptor to its
activator. This finding suggests the possibility that other cellular events can affect IP3R
activity and function, for instance, by determining a different phosphorylation status of
IRBIT. IRBIT released from the activated IP3R could also act as a signaling molecule
downstream to the receptor, opening new research horizons [94-98]. Henceforth, the
structure and the mechanism of action of IRBIT can be used to design new compounds and
strategies to effectively antagonize IP3R.

5. Conclusions

Notwithstanding the great research progress in the discovery and development of effective
drugs targeting IP3Rs, much more work is needed, especially in terms of specificity towards
the different IP3R subtypes.

Most of the drug development studies are mainly focused on the chemistry of the ligand-
receptor interaction. In numerous cases, the investigators report the receptor-kinetics
evaluated in isolated-system, like microsomes. In other terms, the current studies often lack
the biological approach, without testing the drug efficacy in the complexity of the entire cell
or, even better, whole organism. This is the reason why the results are frequently unreliable
when the developed molecules are tested in biological studies. If the combination of several
strategies of chemical synthesis, including dimerization, and dephosphorylation, has been
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successful in producing a wide spectrum of potential IP3R ligands, the next step should be
the combination with a pure biological approach, aiming to test the putative drugs in
biological systems, both in physiological and pathological conditions.

6. Expert Opinion

Despite the desperate needs of IP3R targeting drugs, the pharmacology of this channel still
has major drawbacks, especially in the design of specific antagonists. The available
molecules exhibit low specificity or low receptor-affinity. For instance, Xestospongins which
seem to be selective, exhibit weak inhibitory action on 1P3-mediated Ca2* release. 2-APB is
more effective but has important off-target effects, including modulation SOCE and SERCA.
When an investigator wants to know the effects of IP3R inhibition in a specific experimental
setting, we suggest to use at least two different inhibitors (e.g. Xestospongins and 2-APB).
Other issues are linked to membrane-impermeability of such potential effective molecules,
heparin for instance. In addition to its incapacity to cross plasma-membrane, heparin also
produces side effects by modulating G-proteins uncoupling.

The development of new antagonists should take into consideration the new insights
emerged by the characterization of IRBIT. Albeit identified exclusively for IP3R1, IRBIT is
an endogenous antagonist used physiologically by the cell, and it could be a good starting
point to design effective antagonist molecules.

Another important current limitation is the lack of selectivity for the different IP3R
subtypes. Most of the mammalian cells express more than one IP3R subtype. The exact
functional differences among receptor subtypes remain to be established. However, different
roles have emerged; for instance, IP3R1 regulates the induction of long term depression,
while IP3R3 regulates apoptosis [99, 100]. In many contexts, it could be useful to target one
specific receptor subtype. As some tissues or cell types exclusively express one receptor
subtype, the availability of a subtype-selective drug could ensure a tissue-specific drug
action. Moreover, we believe that ligands selective for the different IP3R subtypes would
greatly benefit studies designed to assess the different functional role of the receptor
subtypes.
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HIGHLIGHTS BOX

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are intracellular calcium (Ca2*)
release channels located on the endoplasmic reticulum, the major Ca%*
reservoir within the cell.

Three different subtypes of IP3Rs are expressed in mammalian cells, namely
IP3R1, IP3R2, and IP3R3.

The intrinsic complexity of the recently solved structure of IP3R envisages
the potential participation of the receptor to a dense network of processes.

The structure of the ligand-binding domain of IP3Rs has facilitated the design
of compatible ligands, but the limiting step remains their actual effectiveness
in biological context.

The availability of effective drugs targeting IP3Rs can be harnessed to better
comprehend the biology of IP3R, exploring its involvement in various
settings.

Expert Opin Drug Discov. Author manuscript; available in PMC 2022 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gambardella et al.

Inositol 1,4,5-trisphosphate: Ins(1,4,5)P3
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Figure 1.
Structures of Inositol 1,4,5-trisphosphate (IP3, A) and adenophostins (B,C).
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Figure 2.
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Structures of Glucopyranoside 2”,3,4-trisphosphate (A), D-chiro-Inositol Adenophostin (B)

and D-chiro-Inositol Ribophostin (C).
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Figure 3.
Structures of Xestospongin A (A), Xestospongin B (B), Xestospongin C (C), and

Xestospongin D (D).
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/O\/\NHQ

Figure 4.
Structure of 2-Aminoethoxydiphenyl Borate (2-APB).
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Figure 5.

Structures of Benzene 1,2,4-trisphosphate [Bz(1,2,4)P3] (A) and myo-Inositol 1,3,4,5-
tetrakisphosphate (B).

Expert Opin Drug Discov. Author manuscript; available in PMC 2022 June 01.



	Abstract
	Introduction
	IP3R agonists
	IP3R antagonists
	Xestospongins
	2-Aminoethoxydiphenyl Borate (2-APB)
	Benzene derivatives
	Heparin
	Other antagonists

	An endogenous antagonist of IP3R
	Conclusions
	Expert Opinion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

