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The mitochondrial calcium uniporter (MCU) is a transmembrane
protein that is responsible for mediating mitochondrial calcium
(mCa2+) uptake. Given this critical function, the MCU has been
implicated as an important target for addressing various human
diseases. As such, there has a been growing interest in
developing small molecules that can inhibit this protein. To
date, metal coordination complexes, particularly multinuclear
ruthenium complexes, are the most widely investigated MCU

inhibitors due to both their potent inhibitory activities as well
as their longstanding use for this application. Recent efforts
have expanded the metal-based toolkit for MCU inhibition. This
concept paper summarizes the development of new metal-
based inhibitors of the MCU and their structure-activity relation-
ships in the context of improving their potential for therapeutic
use in managing human diseases related to mCa2+ dysregula-
tion.

Introduction

Intracellular calcium ions (Ca2+) play a key role in signal
transduction within a wide range of biological events.[1,2] At any
given instance, the level of intracellular Ca2+ is tightly
controlled by a combination of metal-ion buffering biomole-
cules, importers, exporters, and exchangers. Alterations in Ca2+

homeostasis contribute to various pathological conditions,
reflecting the importance of its precise regulation.[3] The
increase of intracellular Ca2+ levels is a consequence of both
influx from extracellular milieu and Ca2+ release from endoplas-
mic reticulum (ER) and sarcoplasmic reticulum (SR). One key
organelle that maintains Ca2+ homeostasis is the mitochondria,
which act as a Ca2+ sink when excessive concentrations of this
ion are present within the cytosol.[4,5] Mitochondrial calcium
(mCa2+) uptake is primarily mediated by a transmembrane
protein known as the mitochondrial calcium uniporter
(MCU).[6–8]

The MCU subunit comprises two transmembrane helices,
which assemble as a tetramer to form a Ca2+-selective pore
(Figure 1).[9–12] These two transmembrane helices are connected
by a highly conserved and solvent-exposed DXXE motif,[13]

where D and E are aspartate and glutamate residues,
respectively, and X refers to other amino acid residues that vary
within different organisms. This motif functions as a Ca2+

-selective filter by directly interacting with this ion and
cooperating with various regulatory proteins,[10,14–16] including
MICU1,[17] MICU2,[18] and EMRE.[19] At low cytosolic Ca2+ concen-
trations, MICU1 and MICU2 block the entrance of the uniporter
and subsequently inhibit the uptake of Ca2+. At elevated Ca2+

concentrations, however, the Ca2+-binding EF hand domains of
MICU1 and MICU2 trigger a conformational change that leads

to their dissociation from the pore entry, enabling Ca2+

uptake.[20]

Although MCU-mediated mCa2+ uptake is critical for
bioenergetics,[4,5] excessive Ca2+ influx through this transporter
causes mCa2+ overload, initiating a pathway that opens the
mitochondrial permeability transition pore (mPTP) and triggers
irreversible cell damage and death.[21] This phenomenon of
mCa2+ overload plays a key role in a number of different
pathological conditions,[22–24] including ischemia-reperfusion
injury,[25,26] cancer,[27–29] and neurodegenerative disorders.[30–33]

Therefore, preventing mCa2+ overload via the chemical inhib-
ition of the MCU represents a promising therapeutic strategy.[34]

Although many organic compounds have been screened for
this purpose,[35–37] metal coordination complexes, particularly
those of ruthenium, remain the most prominent and well-
studied inhibitors of the MCU.[38] In this concept paper, we will
summarize the progress in the development of metal-based
MCU inhibitors and their structure-activity relationships (SARs),
with an emphasis on dinuclear ruthenium and osmium
inhibitors. Readers are referred elsewhere for a more general
overview of MCU inhibitors including both organic and
inorganic drug candidates.[38]

Ruthenium-Based Inhibitors

The most well-known MCU inhibitor is the oxo-bridged
trinuclear ruthenium complex ruthenium red (RuRed, Fig-
ure 2).[39,40] This compound was initially used as a cytological
stain,[41] but was later found to inhibit MCU-mediated mCa2+

uptake.[42–45] Commercial sources of RuRed, however, contain a
large amount of impurities (>20%).[46] The impurities comprise
several different ruthenium ammine complexes, causing off-
target effects such as the inhibition of other ion channels.[47]

The discovery that the purification of RuRed actually leads to
poorer MCU-inhibitory activities suggested that this property
actually arises from a different complex present within
commercial samples of RuRed.[46] Accordingly, it was later
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discovered that one of the impurities, Ru360 (Figure 2), is
responsible for the MCU-inhibitory activity of RuRed.[48,49] The
name Ru360 comes from its intense absorption at 360 nm. This
oxo-bridged dinuclear ruthenium complex can potently and
selectively inhibit the MCU in permeabilized cells at nanomolar
concentrations (Figure 3).[50] Such activity has led to the
extensive use of Ru360 for studies of mCa2+-related patholog-
ical conditions including ischemia-reperfusion injury,[51,52] gluta-
mate excitotoxicity,[53] and Aβ-induced apoptosis.[54]

In aqueous solution, Ru360 readily undergoes rapid ligand
substitution to form the diaqua-capped product, Ru360’ (Fig-

ure 2).[49] Because this ligand substitution process starts almost
instantaneously under physiological conditions, the aquated
complex is presumed to be the active species that is
responsible for inhibiting the MCU, a hypothesis that is also
supported by the fact that the independently synthesized
Ru360’ is a highly potent MCU inhibitor.[55] Regarding the
molecular target of these inhibitors, the current understanding
is that Ru360 or Ru360’ inhibits the MCU by interacting with the
DXXE region of the MCU pore, as indicated by site-directed
mutagenesis experiments,[10,15,16,56] molecular docking,[57] and
NMR studies.[57] Notably, mutation of the D261 (Figure 1) and

Figure 1. Representative topology diagram of the MCU complex. Only two subunits of the tetrameric MCU protein are shown for clarity. Pink balls represent
Ca2+. With low Ca2+ in the intermembrane space (IMS), MICU1 and MICU2 block mCa2+ uptake. At elevated Ca2+ concentration, MICU1 and MICU2 bind this
ion and undergo a conformational change that allows the passage of Ca2+ into the mitochondrial matrix through the uniporter. The highly conserved DXXE
motif directly interacts with Ca2+ and serves as a cation-selective filter. Adapted from ref [16]. Copyright (Phillips et al.). The reference is distributed under a
Creative Commons Attribution License, which permits the unrestricted use and redistribution provided the original author and source are credited.

Figure 2. Structures of ruthenium-based MCU inhibitors RuRed, Ru360, and Ru265, as well as their aquated products Ru360’ and Ru265’, the presumed active
species responsible for their inhibitory activities.
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S259 residues in the human MCU attenuates the inhibitory
activity of Ru360, suggesting that these residues are involved in
its interaction.

Despite the wide use of Ru360 for studying mCa2+ dynamics
in permeabilized cells, the practical application of this complex
in intact cells is significantly limited by its high affinity for the
cell membrane,[50] low tissue accumulation in vivo,[52] and
challenging purification procedures,[49] features which often
lead to inconsistent results in biological assays.[53] To develop
complexes with more favorable biological properties, our group
synthesized structural analogues of Ru360 with various mod-
ifications. Our initial SAR studies found that dinuclear com-
plexes are required for MCU-inhibitory activity, based on the
observation that mononuclear ruthenium polyammine com-
plexes including cis-[Ru(NH)4Cl2]

+, trans-[Ru(NH3)4Cl2]
+, [Ru-

(NH3)5Cl]
2+, and [Ru(NH3)6]

3+ do not inhibit mCa2+ uptake in
permeabilized cells at a relatively high concentration (10 μM).[58]

Given these results, we next sought to explore the effects of
changing the identity of the bridging ligand. These efforts
resulted in the nitrido-bridged analogue Ru265 (Figure 2),
named for its strong absorbance at 265 nm,[59] which was
synthesized based on a literature procedure.[60] In comparison
to Ru360, Ru265 exhibits significantly greater cell uptake,
enabling it to inhibit the MCU in both permeabilized (Figure 3A)
and intact (Figure 3B) cells. Consequently, Ru265 was able to
induce protective effects in both an in vitro hypoxia-reoxygena-
tion injury model (Figure 4A) and in vivo model of ischemic
stroke (Figure 4B and 4 C).[61] It is worth noting at a high dose
(10 mg/kg), Ru265 can cause seizure-like behaviors in mice. The
cause of this dose-limiting effect is unclear and requires more
investigations.

The mechanism of Ru265 is considered to be similar to that
of Ru360. Under physiological conditions, Ru265 aquates to
Ru265’ (Figure 2) with a half-life of several minutes, suggesting

Figure 3. A. Dose-response curve of mCa2+ uptake inhibition in permeabilized HEK293T cells. B. Representative mCa2+ uptake in intact HeLa cells treated with
50 μM of Ru360 or Ru265. The mCa2+ uptake was stimulated by the addition of histamine and the degree of uptake was quantified by the fluorescence turn-
on (F/F0) of the Rhod-2AM dye. Adapted from ref [59]. Copyright (2019), with the permission from the American Chemical Society (ACS). https://pubs.acs.org/
doi/10.1021/acscentsci.8b00773. Further permission related to the material excerpted should be directed to the ACS.

Figure 4. A. Comparison of cell viability in cortical neuron cultures treated with Ru265 (green bar) or Ru360 (red bar) and subjected to 90 min of lethal
oxygen� glucose deprivation, an in vitro model of ischemic stroke. The blue bar represents the relative viability of the untreated cells. B. Brain sections of mice
treated with saline (8 mL/kg) or Ru265 (3 mg/kg) and subjected to a model of ischemic stroke. C. Quantified size of the mice brain infarct. Ru265 decreases the
infarct size compared to the saline control, suggesting that this compound has promising therapeutic potential for the management of ischemic stroke.
Adapted from ref [61]. Copyright (Novorolsky et al., 2020), with permission from the SAGE Publishing.
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that – like Ru360 – the diaqua product is the active MCU
inhibitor.[58,62] With respect to the nature of the interaction of
this compound with the MCU, a D261A mutation within the
DXXE region of the human MCU suppressed the inhibitory
activity of Ru265. In addition, molecular docking studies
suggest that Ru265’ interacts with this region of the MCU pore
by engaging in significant hydrogen-bonding interactions with
D261 and E264 residues (Figure 5).[63] The observation that
Ru265, but not Ru360, is an effective MCU inhibitor in intact
cells was puzzling given their structural similarities and the fact
that they appear to target the same region of the MCU. To
address this difference, we thoroughly compared their physical
properties and identified redox activity to be a key factor.[58]

Specifically, Ru360 is unstable in the presence of the biological
reductants, leading to products that are not effectively internal-
ized by cells or capable of inhibiting the MCU. By contrast, the
strongly donating nitrido ligand of Ru265 makes this compound
redox-inert, rendering it stable towards reduction within the

biological milieu. Thus, Ru265 can be taken up by cells and
remains intact intracellularly, enabling it to inhibit the MCU.
This result highlights the importance of the bridging ligand,
which controls the redox stability and consequently modulates
the biological properties of this compound class.

Capitalizing on the success of Ru265, this compound was
further functionalized in order to fine-tune its pharmacological
profile and to understand the role of each of its ligands on the
overall biological activity (Figure 6). We first examined the
importance of the ammine ligands on the MCU-inhibitory
activity by synthesizing analogues of Ru265 with different
equatorial ligands including chloride,[58] polypyridines,[64] and
ethylenediamine.[59] Complexes bearing the chloride and poly-
pyridine ligands failed to block mCa2+ uptake, whereas the
ethylenediamine analogue showed MCU-inhibitory activity,
albeit with less potency than Ru265. These results suggest that
hydrogen-bonding donor ligands are required for inhibitory
activity.

Figure 5. A. Molecular docking study of Ru265’ in the MCU. Predicted hydrogen-bonding interactions are shown as black lines. Atom colors: green=Ru,
blue=N, red=O, white=H, grey=C. B. Top-down view of Ru265’ docked into the MCU. The surface is colored by amino acid hydrophobicity (lime
green=hydrophilic, orange=hydrophobic). Adapted from ref [63]. Copyright (2021), with permission from the Royal Society of Chemistry.

Figure 6. Different components of diruthenium-based MCU inhibitors.
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In continuing an investigation of the SARs, modifications to
the axial ligands of Ru265 were next investigated. Replacing the
axial chlorides of Ru265 with carboxylates gave rise to the
carboxylate-capped species 1–4 (Figure 7A).[65] Under physiolog-
ical conditions, 1–4 underwent aquation with half-lives on the
order of hours, a timescale that is significantly longer than that
of the chloride-capped Ru265, for which this process occurs
within a few minutes. In their intact forms, carboxylate-capped
derivatives are less potent inhibitors of the MCU than Ru265.
Nevertheless, upon aquation, the MCU-inhibitory properties of
these complexes increases as they form the potent diaqua
complex Ru265’ (Figure 8). These results provided the first
example of using this axial ligand modification strategy to

afford MCU inhibitor prodrugs with improved biological stability
(Figure 6).

In addition to optimizing aquation kinetics and prodrug
activation rates, the implementation of different axial ligands
can be leveraged to impart additional functionalities to this
class of MCU inhibitors (Figure 7B). For instance, we have
employed ferrocenecarboxylates as axial ligands. The ferrocene
moieties are redox active and also highly lipophilic.[66] Accord-
ingly, the resulting complex RuOFc exhibits reversible electro-
chemistry and is also substantially more lipophilic than Ru265.
This latter property contributed to its enhanced cellular uptake,
which is 10-fold higher than that of Ru265 under identical
conditions. This improvement of uptake also results in a modest
increase in MCU-inhibitory activity in intact cells. Another axial
ligand-functionalized example is RuOCou, a Ru265 derivative
containing coumarin fluorophores (Figure 7B).[67] In its intact
form, this complex is not fluorescent because the Ru centers
quench the radiative decay of the coumarin-based excited
states. Upon aquation, however, the coumarin ligands are
released concomitantly with Ru265’, leading to an increase in
both the fluorescence intensity and MCU-inhibitory activity.
This turn-on fluorescence response enables the aquation of
RuOCou to be monitored in both HeLa cell lysates and live
HeLa cells. Thus, the implementation of fluorescent axial ligands
demonstrates RuOCou to be a fluorogenic prodrug, whose
activation via aquation can be monitored by fluorescence
spectroscopy and microscopy. Collectively, these studies dem-
onstrate that axial modification of Ru265 is a promising
approach for tuning the pharmacological properties and
installing new functionalities for this class of MCU inhibitors.

Figure 7. Carboxylate-capped Ru265 derivatives. A. Alkyl carboxylate derivatives of Ru265 (1–4) are MCU inhibitor prodrugs with prolonged half-lives. B.
RuOFc and RuOCou are Ru265 derivatives with functional axial ligands that introduce new features into the system.

Figure 8. Time-dependent normalized mCa2+ uptake rate within permeabi-
lized HEK293T cells treated with acetate-capped Ru265 derivative 2 (Fig-
ure 7A). The mCa2+ uptake rate was obtained by monitoring the
fluorescence response of the Calcium Green 5 N sensor over time. Adapted
from ref [65]. Copyright (2022), with permission from the American Chemical
Society.
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Osmium-Based Inhibitors

As reflected by the discussion above, the equatorial, bridging,
and axial ligands within these dinuclear MCU inhibitors play
important and distinct roles in modulating their biological
activities. Likewise, it was expected that the nature and identity
of the metal center would be critical in their MCU-inhibitory
properties.

As the 5d congener of ruthenium, osmium can form
structurally similar complexes, thus presenting a rational
starting point for exploring the importance of the metal center
within this compound class. Accordingly, the osmium analogue
of Ru265, named Os245 based on its strong absorbance at
245 nm (Figure 9), was successfully synthesized[68] based on
procedures within the literature.[60,69,70] Like Ru265, Os245 under-
goes aquation to the diaqua-capped Os245’ under physiologi-
cally relevant conditions. However, this process is significantly
slower (11.7 h) for Os245. This observation is consistent with
the known high relative inertness of 5d transition metals
compared to their 4d and 3d congeners. Furthermore, in
contrast to Ru265, the MCU-inhibitory activities of the dichlor-
ide Os245 and its diaqua analogue Os245’ are different.
Specifically, Os245’ is two orders of magnitude more potent
than Os245, achieving an inhibitory activity that is equivalent to
that of Ru265. The difference in inhibitory activities between
Os245 and Os245’ indicates that the chloride ligands of Os245
are detrimental to MCU inhibition, presumably because they are
less effective than water in engaging in relevant hydrogen-
bonding interactions with this transporter. By contrast, the
rapid aquation of Ru265 to Ru265’ prevented the observation of
different inhibitory properties of these complexes. This result
also highlights that the slow ligand substitution kinetics plays
an important role in the biological activities of these osmium
analogues.. Building on these results, we next evaluated the
therapeutic potential of these osmium derivatives. Similar to
Ru265, both Os245 and Os245’ can protect primary cortical
neurons against oxygen� glucose deprivation, an in vitro model
for ischemic stroke. In vivo, however, a dose-limiting toxic side
effect of seizure induction is observed when these compounds
are administered to mice at a dose of 10 mg/kg. This side effect
is identical to that observed for mice treated with Ru265.[61] The
time for seizure onset induced by the osmium-complexes,
however, is delayed compared to Ru265. This result highlights
that the slow ligand substitution kinetics of Os245 also
manifests in vivo. Thus, modifying ligand substitution kinetics

via alteration of the metal center provides another means of
generating complexes with distinct pharmacological properties
and therapeutic profiles.

Other Metal-Based Inhibitors

Although the dinuclear complexes discussed above have been
thoroughly studied for their MCU-inhibitory properties, early
reports have also shown that mononuclear amine complexes of
Co3+, Cr3+, and Rh3+ inhibit mCa2+ uptake in isolated mitochon-
dria without negatively affecting the mitochondrial membrane
potential.[71,72] The mechanism of action and SARs of these
molecules, however, were not fully elucidated. Building upon
these prior studies, we investigated a series of different cobalt
amine complexes that led to the identification of promising
candidates that can inhibit mCa2+ uptake in permeabilized cells
with nanomolar potency (Figure 10).[63,73] These efforts revealed
[Co(sen)]3+ to be an MCU inhibitor that can operate in intact,
non-permeabilized cells.[73] In addition, docking and site-
directed mutagenesis studies revealed that these compounds
most likely interact with the DXXE region of the MCU pore.[63]

Thus, unsurprisingly, this critical motif appears to be a common
target for most MCU inhibitors. Although these first-row
transition metal complexes are generally much less potent than
the ruthenium and osmium inhibitors mentioned above, their
earth abundance, low cost, and facile syntheses make them
attractive alternatives that warrant further investigations. Lastly,
several trivalent lanthanide ions have also been reported to
inhibit mCa2+ uptake in isolated mitochondria.[74–77] These ions
are similar to Ca2+ with respect to their charge-to-ionic radius
ratios and ligand donor atom preferences, properties that
enable them to inhibit the MCU in a competitive fashion. Off-
target effects such as membrane binding and bone-localization
have been reported for these lanthanide ions. Further studies
are needed to establish their mechanism of action and viability
as MCU inhibitors in intact cells.

Conclusions

Although mCa2+ plays a key role in normal cellular functions,
dysregulation of its homeostasis, primarily through mCa2+

overload, is a key contributor to various human diseases. As
such, the MCU has arisen to be an important therapeutic target.

Figure 9. Structures of Os245 and its aquation product Os245’ with their IC50 values for mCa
2+ uptake inhibition in permeabilized HeLa cells.
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Within recent years, various research groups have developed
both inorganic and organic small molecules that inhibit MCU-
mediated mCa2+ uptake. In comparing these two classes of
inhibitors, organic MCU inhibitors have typically been discov-
ered via combinatorial screening efforts from libraries of
compounds with known biological activities. As such, organic
MCU inhibitors often possess alternative biological properties
and have poorly defined SARs. By contrast, the metal-based
inhibitors were initially discovered based on their MCU-
inhibitory activities and have a pattern of SARs that is beginning
to be elucidated, as summarized here. Dinuclear ruthenium
inhibitors are the most commonly used, due in part to the initial
discoveries of the inhibitory properties of RuRed and Ru360. As
summarized here, Ru265 has emerged as the new state-of-art
MCU inhibitor, which exhibits favorable cell permeability and
redox stability compared to Ru360. These unique properties of
Ru265 have been demonstrated in both in vitro and in vivo
models to confer protective effects against ischemic injury.

Despite the potential of Ru265 and other metal-based MCU
inhibitors, many fundamental questions regarding their mecha-
nisms of action still remain. For instance, the exact nature of the
interactions between these metal complexes and the DXXE
residues of MCU pore is still inconclusive. In addition, little is
known about the in vitro and in vivo fate of these metal
complexes, despite the extensive studies on their behaviors in
aqueous solutions. Further investigations are required in order
to shed light on these important questions, which when
answered will enable the design of improved analogues.

From the perspective of drug development, Ru265 requires
significant optimization efforts. A key dose-limiting side effect
of this compound and its analogues is the induction of seizure-
like behaviors in mice.[61,68] This side effect has also been
observed in animals treated with RuRed,[78,79] suggesting that a
common mechanism is at play with these compounds. To
overcome this drawback, identifying the origin of this side
effect is critical, as that information will enable the design of
compounds with optimized selectivity and pharmacokinetic
properties. Fortunately, as noted here, this class of dinuclear
complexes has many different possibilities for modification,
which provides a means of rationally improving them. Specifi-
cally, as demonstrated in this review, the physical and biological
properties of these dinuclear MCU inhibitors can be fine-tuned

by altering axial, equatorial, and bridging ligands, as well as the
metal centers. Importantly, the pharmacological profiles of
these compounds can be rationally tailored for different
therapeutic applications. For instance, most complexes reported
in this review are not cytotoxic, which render them beneficial
for cytoprotective applications such as managing ischemia-
reperfusion injury and neurodegeneration. However, it is
possible to intentionally confer these complexes with cytotoxic
activity via their conjugation to bioactive ligands to enable their
use as anticancer agents that simultaneously inhibit the MCU.
Overall, these results highlight the power and versatility of
synthetic coordination chemistry, which has facilitated the
discovery of SARs and the expansion of this library of metal-
based MCU inhibitors. Moving forward, modifying these MCU
inhibitors, based on the SARs outlined above, will enable
improved compounds for different biological applications.

Acknowledgements

This research was supported by Cornell University and the United
State National Science Foundation (NSF) under award number
CHE-1750295.

Conflict of Interest

The authors declare no competing financial interests.

Keywords: Bioinorganic chemistry · Ion channels · Osmium ·
Ruthenium · Structure-activity relationships

[1] M. J. Berridge, M. D. Bootman, H. L. Roderick, Nat. Rev. Mol. Cell Biol.
2003, 4, 517–529.

[2] D. E. Clapham, Cell 2007, 131, 1047–1058.
[3] M. Brini, D. Ottolini, T. Calì, E. Carafoli, in Metal Ions in Life Sciences (Eds.:

A. Sigel, H. Sigel, R. K. O. Sigel), Springer, Dordrecht, 2013, pp. 81–137.
[4] R. Rizzuto, D. De Stefani, A. Raffaello, C. Mammucari, Nat. Rev. Mol. Cell

Biol. 2012, 13, 566–578.
[5] C. Giorgi, S. Marchi, P. Pinton, Nat. Rev. Mol. Cell Biol. 2018, 19, 713–730.
[6] Y. Kirichok, G. Krapivinsky, D. E. Clapham, Nature 2004, 427, 360–364.
[7] D. De Stefani, A. Raffaello, E. Teardo, I. Szabó, R. Rizzuto, Nature 2011,

476, 336–340.

Figure 10. Structures of three cobalt-based MCU inhibitors with their IC50 values for mCa
2+ uptake inhibition in permeabilized HeLa cells.

ChemMedChem
Concept
doi.org/10.1002/cmdc.202300106

ChemMedChem 2023, 18, e202300106 (7 of 8) © 2023 Wiley-VCH GmbH

Wiley VCH Dienstag, 06.06.2023

2312 / 297990 [S. 19/20] 1

 18607187, 2023, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300106 by C

ornell U
niversity, W

iley O
nline L

ibrary on [03/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/nrm1155
https://doi.org/10.1038/nrm1155
https://doi.org/10.1016/j.cell.2007.11.028
https://doi.org/10.1038/nrm3412
https://doi.org/10.1038/nrm3412
https://doi.org/10.1038/s41580-018-0052-8
https://doi.org/10.1038/nature02246
https://doi.org/10.1038/nature10230
https://doi.org/10.1038/nature10230


[8] K. J. Kamer, V. K. Mootha, Nat. Rev. Mol. Cell Biol. 2015, 16, 545–553.
[9] R. Baradaran, C. Wang, A. F. Siliciano, S. B. Long, Nature 2018, 559, 580–

584.
[10] C. Fan, M. Fan, B. J. Orlando, N. M. Fastman, J. Zhang, Y. Xu, M. G.

Chambers, X. Xu, K. Perry, M. Liao, L. Feng, Nature 2018, 559, 575–579.
[11] N. X. Nguyen, J.-P. Armache, C. Lee, Y. Yang, W. Zeng, V. K. Mootha, Y.

Cheng, X. Bai, Y. Jiang, Nature 2018, 559, 570–574.
[12] J. Yoo, M. Wu, Y. Yin, M. A. Herzik, G. C. Lander, S.-Y. Lee, Science 2018,

361, 506–511.
[13] A. G. Bick, S. E. Calvo, V. K. Mootha, Science 2012, 336, 886.
[14] K. Oxenoid, Y. Dong, C. Cao, T. Cui, Y. Sancak, A. L. Markhard, Z.

Grabarek, L. Kong, Z. Liu, B. Ouyang, Y. Cong, V. K. Mootha, J. J. Chou,
Nature 2016, 533, 269–273.

[15] M. Paillard, G. Csordás, K.-T. Huang, P. Várnai, S. K. Joseph, G. Hajnóczky,
Mol. Cell 2018, 72, 778–785.

[16] C. B. Phillips, C.-W. Tsai, M.-F. Tsai, eLife 2019, 8, e41112.
[17] G. Csordás, T. Golenár, E. L. Seifert, K. J. Kamer, Y. Sancak, F. Perocchi, C.

Moffat, D. Weaver, S. de la Fuente Perez, R. Bogorad, V. Koteliansky, J.
Adijanto, V. K. Mootha, G. Hajnóczky, Cell Metab. 2013, 17, 976–987.

[18] M. Plovanich, R. L. Bogorad, Y. Sancak, K. J. Kamer, L. Strittmatter, A. A.
Li, H. S. Girgis, S. Kuchimanchi, J. De Groot, L. Speciner, N. Taneja, J.
OShea, V. Koteliansky, V. K. Mootha, PLoS One 2013, 8, e55785.

[19] Y. Sancak, A. L. Markhard, T. Kitami, E. Kovács-Bogdán, K. J. Kamer, N. D.
Udeshi, S. A. Carr, D. Chaudhuri, D. E. Clapham, A. A. Li, S. E. Calvo, O.
Goldberger, V. K. Mootha, Science 2013, 342, 1379–1382.

[20] M. Patron, V. Checchetto, A. Raffaello, E. Teardo, D. V. Reane, M.
Mantoan, V. Granatiero, I. Szabò, D. De Stefani, R. Rizzuto, Mol. Cell
2014, 53, 726–737.

[21] S. Orrenius, B. Zhivotovsky, P. Nicotera, Nat. Rev. Mol. Cell Biol. 2003, 4,
552–565.

[22] N. Nemani, S. Shanmughapriya, M. Madesh, Cell Calcium 2018, 74, 86–
93.

[23] C. Mammucari, G. Gherardi, R. Rizzuto, Front. Oncol. 2017, 7, 139.
[24] D. M. Arduino, F. Perocchi, J. Physiol. 2018, 596, 2717–2733.
[25] K. Shintani-Ishida, M. Inui, K. Yoshida, J. Mol. Cell. Cardiol. 2012, 53, 233–

239.
[26] E. J. Lesnefsky, Q. Chen, B. Tandler, C. L. Hoppel, Annu. Rev. Pharmacol.

Toxicol. 2017, 57, 535–565.
[27] A. H. L. Bong, G. R. Monteith, Biochim. Biophys. Acta Mol. Cell Res. 2018,

1865, 1786–1794.
[28] A. Vultur, C. S. Gibhardt, H. Stanisz, I. Bogeski, Pfluegers Arch. 2018, 470,

1149–1163.
[29] C. Delierneux, S. Kouba, S. Shanmughapriya, M. Potier-Cartereau, M.

Trebak, N. Hempel, Cells 2020, 9, 432.
[30] M. J. Devine, J. T. Kittler, Nat. Rev. Neurosci. 2018, 19, 63–80.
[31] K.-S. Lee, S. Huh, S. Lee, Z. Wu, A.-K. Kim, H.-Y. Kang, B. Lu, Proc. Natl.

Acad. Sci. USA 2018, 115, E8844–E8853.
[32] E. Pchitskaya, E. Popugaeva, I. Bezprozvanny, Cell Calcium 2018, 70, 87–

94.
[33] E. Nam, J. Han, J.-M. Suh, Y. Yi, M. H. Lim, Curr. Opin. Chem. Biol. 2018,

43, 8–14.
[34] C. Giorgi, C. Agnoletto, A. Bononi, M. Bonora, E. De Marchi, S. Marchi, S.

Missiroli, S. Patergnani, F. Poletti, A. Rimessi, J. M. Suski, M. R.
Wieckowski, P. Pinton, Mitochondrion 2012, 12, 77–85.

[35] N. Kon, M. Murakoshi, A. Isobe, K. Kagechika, N. Miyoshi, T. Nagayama,
Cell Death Discovery 2017, 3, 17045.

[36] D. M. Arduino, J. Wettmarshausen, H. Vais, P. Navas-Navarro, Y. Cheng,
A. Leimpek, Z. Ma, A. Delrio-Lorenzo, A. Giordano, C. Garcia-Perez, G.
Médard, B. Kuster, J. García-Sancho, D. Mokranjac, J. K. Foskett, M. T.
Alonso, F. Perocchi, Mol. Cell 2017, 67, 711–723.

[37] A. De Mario, A. Tosatto, J. M. Hill, J. Kriston-Vizi, R. Ketteler, D. V. Reane,
G. Cortopassi, G. Szabadkai, R. Rizzuto, C. Mammucari, Cell Rep. 2021,
35, 109275.

[38] J. J. Woods, J. J. Wilson, Curr. Opin. Chem. Biol. 2020, 55, 9–18.
[39] J. M. Fletcher, B. F. Greenfield, C. J. Hardy, D. Scargill, J. L. Woodhead, J.

Chem. Soc. 1961, 2000–2006.
[40] J. H. Luft, Anat. Rec. 1971, 171, 347–368.
[41] J. H. Luft, Anat. Rec. 1971, 171, 369–415.
[42] C. L. Moore, Biochem. Biophys. Res. Commun. 1971, 42, 298–305.
[43] F. D. Vasington, P. Gazzotti, R. Tiozzo, E. Carafoli, Biochim. Biophys. Acta

Bioenerg. 1972, 256, 43–54.
[44] C. S. Rossi, F. D. Vasington, E. Carafoli, Biochem. Biophys. Res. Commun.

1973, 50, 846–852.

[45] E. J. Griffiths, FEBS Lett. 2000, 486, 257–260.
[46] K. M. Broekemeier, R. J. Krebsbach, D. R. Pfeiffer, Mol. Cell. Biochem.

1994, 139, 33–40.
[47] G. Hajnóczky, G. Csordás, S. Das, C. Garcia-Perez, M. Saotome, S.

Sinha Roy, M. Yi, Cell Calcium 2006, 40, 553–560.
[48] W.-L. Ying, J. Emerson, M. J. Clarke, D. R. Sanadi, Biochemistry 1991, 30,

4949–4952.
[49] J. Emerson, M. J. Clarke, W.-L. Ying, D. R. Sanadi, J. Am. Chem. Soc. 1993,

115, 11799–11805.
[50] M. A. Matlib, Z. Zhou, S. Knight, S. Ahmed, K. M. Choi, J. Krause-Bauer, R.

Phillips, R. Altschuld, Y. Katsube, N. Sperelakis, D. M. Bers, J. Biol. Chem.
1998, 273, 10223–10231.

[51] G. de J. García-Rivas, A. Guerrero-Hernández, G. Guerrero-Serna, J. S.
Rodríguez-Zavala, C. Zazueta, FEBS J. 2005, 272, 3477–3488.

[52] G. de J. García-Rivas, K. Carvajal, F. Correa, C. Zazueta, Br. J. Pharmacol.
2006, 149, 829–837.

[53] A. Y. Abramov, M. R. Duchen, Biochim. Biophys. Acta Bioenerg. 2008,
1777, 953–964.

[54] N. Xie, C. Wu, C. Wang, X. Cheng, L. Zhang, H. Zhang, Y. Lian, Brain Res.
2017, 1676, 100–106.

[55] S. R. Nathan, N. W. Pino, D. M. Arduino, F. Perocchi, S. N. MacMillan, J. J.
Wilson, Inorg. Chem. 2017, 56, 3123–3126.

[56] J. M. Baughman, F. Perocchi, H. S. Girgis, M. Plovanich, C. A. Belcher-
Timme, Y. Sancak, X. R. Bao, L. Strittmatter, O. Goldberger, R. L. Bogorad,
V. Koteliansky, V. K. Mootha, Nature 2011, 476, 341–345.

[57] C. Cao, S. Wang, T. Cui, X.-C. Su, J. J. Chou, Proc. Natl. Acad. Sci. USA
2017, 114, E2846–E2851.

[58] J. J. Woods, J. Lovett, B. Lai, H. H. Harris, J. J. Wilson, Angew. Chem. Int.
Ed. 2020, 59, 6482–6491; Angew. Chem. 2020, 132, 6544–6553.

[59] J. J. Woods, N. Nemani, S. Shanmughapriya, A. Kumar, M. Zhang, S. R.
Nathan, M. Thomas, E. Carvalho, K. Ramachandran, S. Srikantan, P. B.
Stathopulos, J. J. Wilson, M. Madesh, ACS Cent. Sci. 2019, 5, 153–166.

[60] M. J. Cleare, W. P. Griffith, J. Chem. Soc. A 1970, 1117–1125.
[61] R. J. Novorolsky, M. Nichols, J. S. Kim, E. V. Pavlov, J. J. Woods, J. J.

Wilson, G. S. Robertson, J. Cereb. Blood Flow Metab. 2020, 40, 1172–
1181.

[62] J. J. Woods, J. A. Spivey, J. J. Wilson, Eur. J. Inorg. Chem. 2022, 2022,
e202100995.

[63] J. J. Woods, M. X. Rodriguez, C.-W. Tsai, M.-F. Tsai, J. J. Wilson, Chem.
Commun. 2021, 57, 6161–6164.

[64] J. Urgiles, S. R. Nathan, S. N. MacMillan, J. J. Wilson, Dalton Trans. 2017,
46, 14256–14263.

[65] N. P. Bigham, Z. Huang, J. Spivey, J. J. Woods, S. N. MacMillan, J. J.
Wilson, Inorg. Chem. 2022, 61, 17299–17312.

[66] Z. Huang, J. A. Spivey, S. N. MacMillan, J. J. Wilson, Inorg. Chem. Front.
2023, 10, 591–599.

[67] Z. Huang, S. N. MacMillan, J. J. Wilson, Angew. Chem. Int. Ed. 2023, 62,
e202214920.

[68] J. J. Woods, R. J. Novorolsky, N. P. Bigham, G. S. Robertson, J. J. Wilson,
RSC Chem. Biol. 2023, 4, 84–93.

[69] S.-H. Kim, B. A. Moyer, S. Azan, G. M. Brown, A. L. Olins, D. P. Allison,
Inorg. Chem. 1989, 28, 4648–4650.

[70] A. L. Olins, B. A. Moyer, S.-H. Kim, D. P. Allison, J. Histochem. Cytochem.
1989, 37, 395–398.

[71] M. Crompton, L. Andreeva, Biochem. J. 1994, 302, 181–185.
[72] J. F. Unitt, K. L. Boden, A. V. Wallace, A. H. Ingall, M. E. Coombs, F. Ince,

Bioorg. Med. Chem. 1999, 7, 1891–1896.
[73] N. P. Bigham, J. J. Wilson, Eur. J. Inorg. Chem. 2023, 2023, e202200735.
[74] C. F. Doggenweiler, S. Frenk, Proc. Nat. Acad. Sci. 1965, 53, 425–430.
[75] L. Mela, Arch. Biochem. Biophys. 1968, 123, 286–293.
[76] L. Mela, Biochemistry 1969, 8, 2481–2486.
[77] K. C. Reed, F. L. Bygrave, Biochem. J. 1974, 140, 143–155.
[78] R. Tapia, G. Meza-Ruíz, L. Durán, R. R. Drucker-Colín, Brain Res. 1976, 116,

101–109.
[79] G. García-Ugalde, R. Tapia, Exp. Brain Res. 1991, 86, 633–640.

Manuscript received: February 23, 2023
Revised manuscript received: April 1, 2023
Accepted manuscript online: April 4, 2023
Version of record online: April 21, 2023

ChemMedChem
Concept
doi.org/10.1002/cmdc.202300106

ChemMedChem 2023, 18, e202300106 (8 of 8) © 2023 Wiley-VCH GmbH

Wiley VCH Dienstag, 06.06.2023

2312 / 297990 [S. 20/20] 1

 18607187, 2023, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300106 by C

ornell U
niversity, W

iley O
nline L

ibrary on [03/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/nrm4039
https://doi.org/10.1038/s41586-018-0331-8
https://doi.org/10.1038/s41586-018-0331-8
https://doi.org/10.1038/s41586-018-0330-9
https://doi.org/10.1038/s41586-018-0333-6
https://doi.org/10.1126/science.aar4056
https://doi.org/10.1126/science.aar4056
https://doi.org/10.1126/science.1214977
https://doi.org/10.1038/nature17656
https://doi.org/10.1016/j.molcel.2018.09.008
https://doi.org/10.1016/j.cmet.2013.04.020
https://doi.org/10.1371/journal.pone.0055785
https://doi.org/10.1126/science.1242993
https://doi.org/10.1016/j.molcel.2014.01.013
https://doi.org/10.1016/j.molcel.2014.01.013
https://doi.org/10.1038/nrm1150
https://doi.org/10.1038/nrm1150
https://doi.org/10.1016/j.ceca.2018.06.006
https://doi.org/10.1016/j.ceca.2018.06.006
https://doi.org/10.1113/JP274959
https://doi.org/10.1016/j.yjmcc.2012.05.012
https://doi.org/10.1016/j.yjmcc.2012.05.012
https://doi.org/10.1146/annurev-pharmtox-010715-103335
https://doi.org/10.1146/annurev-pharmtox-010715-103335
https://doi.org/10.1016/j.bbamcr.2018.05.015
https://doi.org/10.1016/j.bbamcr.2018.05.015
https://doi.org/10.1007/s00424-018-2162-8
https://doi.org/10.1007/s00424-018-2162-8
https://doi.org/10.3390/cells9020432
https://doi.org/10.1038/nrn.2017.170
https://doi.org/10.1016/j.ceca.2017.06.008
https://doi.org/10.1016/j.ceca.2017.06.008
https://doi.org/10.1016/j.cbpa.2017.09.009
https://doi.org/10.1016/j.cbpa.2017.09.009
https://doi.org/10.1016/j.mito.2011.07.004
https://doi.org/10.1016/j.molcel.2017.07.019
https://doi.org/10.1016/j.celrep.2021.109275
https://doi.org/10.1016/j.celrep.2021.109275
https://doi.org/10.1016/j.cbpa.2019.11.006
https://doi.org/10.1039/jr9610002000
https://doi.org/10.1039/jr9610002000
https://doi.org/10.1002/ar.1091710302
https://doi.org/10.1002/ar.1091710303
https://doi.org/10.1016/0006-291X(71)90102-1
https://doi.org/10.1016/0005-2728(72)90161-2
https://doi.org/10.1016/0005-2728(72)90161-2
https://doi.org/10.1016/0006-291X(73)91322-3
https://doi.org/10.1016/0006-291X(73)91322-3
https://doi.org/10.1016/S0014-5793(00)02268-7
https://doi.org/10.1007/BF00944201
https://doi.org/10.1007/BF00944201
https://doi.org/10.1016/j.ceca.2006.08.016
https://doi.org/10.1021/bi00234a016
https://doi.org/10.1021/bi00234a016
https://doi.org/10.1021/ja00078a019
https://doi.org/10.1021/ja00078a019
https://doi.org/10.1074/jbc.273.17.10223
https://doi.org/10.1074/jbc.273.17.10223
https://doi.org/10.1016/j.bbabio.2008.04.017
https://doi.org/10.1016/j.bbabio.2008.04.017
https://doi.org/10.1016/j.brainres.2017.08.035
https://doi.org/10.1016/j.brainres.2017.08.035
https://doi.org/10.1021/acs.inorgchem.6b03108
https://doi.org/10.1038/nature10234
https://doi.org/10.1002/anie.202000247
https://doi.org/10.1002/anie.202000247
https://doi.org/10.1002/ange.202000247
https://doi.org/10.1021/acscentsci.8b00773
https://doi.org/10.1039/j19700001117
https://doi.org/10.1177/0271678X20908523
https://doi.org/10.1177/0271678X20908523
https://doi.org/10.1039/D1CC01623G
https://doi.org/10.1039/D1CC01623G
https://doi.org/10.1039/C7DT03085A
https://doi.org/10.1039/C7DT03085A
https://doi.org/10.1021/acs.inorgchem.2c02930
https://doi.org/10.1039/D2QI02183H
https://doi.org/10.1039/D2QI02183H
https://doi.org/10.1039/D2CB00189F
https://doi.org/10.1021/ic00325a022
https://doi.org/10.1177/37.3.2465337
https://doi.org/10.1177/37.3.2465337
https://doi.org/10.1042/bj3020181
https://doi.org/10.1016/S0968-0896(99)00166-2
https://doi.org/10.1073/pnas.53.2.425
https://doi.org/10.1016/0003-9861(68)90136-7
https://doi.org/10.1021/bi00834a034
https://doi.org/10.1042/bj1400143
https://doi.org/10.1016/0006-8993(76)90251-1
https://doi.org/10.1016/0006-8993(76)90251-1

