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Abstract

Heart failure (HF) is steadily increasing in prevalence and poses a major global health challenge, with substantial medical and economic
burdens. HF represents the terminal stage of diverse cardiac disorders and is characterized by poor prognosis despite the availabil-
ity of conventional pharmacological treatments, underscoring the urgent need for novel therapeutic approaches. Accumulating evidence
highlights a strong association between HF andmitochondrial dysfunction, of which dysregulated mitochondrial calcium (mCa2+) home-
ostasis plays a pivotal role in disease pathogenesis. Ca2+ serves as an essential signaling messenger that regulates energy metabolism
and also governs cell survival and myocardial contractility. Thus, this review introduces the mechanisms of mCa2+ uptake and efflux
and the association of these processes with HF and emerging therapeutic strategies. We also discuss mCa2+ uniporter (MCU) inhibitors
and Elamipretide, a mitochondria-targeted peptide. Collectively, this work provides novel insights and preclinical evidence supporting
mitochondria-based interventions for HF.
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1. Introduction
Heart failure (HF) is a major global health challenge,

characterized by persistently high incidence and mortality
rates [1]. The prevalence of HF continues to rise due to ag-
ing of the population, increases in cardiovascular risk fac-
tors, and improved survival through advances in medical
care. It is estimated that over 64 million people worldwide
are currently affected by HF, accounting for approximately
1–3% of the global population. HF significantly impairs
the patients’ quality of life and imposes a substantial health-
care and economic burden on society due to its high mor-
tality rate, frequent hospitalizations, and considerable treat-
ment cost [1–3]. For patients with HFwith reduced ejection
fraction (HFrEF), the current standard of care is guideline-
directed medical therapy (GDMT) [4]. Although the im-
plementation of GDMT has been shown to reduce two-year
mortality by up to 73%, its global utilization rate is less than
25% [1,5]. The EMPEROR-Preserved trial demonstrated
that treatment with the sodium-glucose co-transporter 2 in-
hibitor (SGLT2i) empagliflozin significantly reduced the
composite risk of cardiovascular death or hospitalization in
patients with HF with preserved ejection fraction (HFpEF).
SGLT2i is therefore an established first-line option for HF-
pEF [6,7].

Mounting evidence suggests a close association be-
tween HF and mitochondrial dysfunction, with the clinical
manifestations reflecting impaired energy metabolism [8].
Mitochondria are the primary generation site for adenosine
triphosphate (ATP), the cellular energy source [9]. More-

over, mitochondria regulate cytosolic calcium (cCa2+)
homeostasis, oxidative stress, and apoptosis, thereby play-
ing a central role in maintaining metabolic balance and cell
survival [10,11].

Ca2+ is a critical second messenger in eukaryotic
cells, participating in diverse physiological processes such
as muscle contraction, neuronal excitation, and protein reg-
ulation [12,13]. Mitochondria can dynamically regulate
cCa2+ homeostasis through Ca2+ uptake and release [14].
The mitochondrial Ca2+ concentration (m[Ca2+]) directly
influences ATP synthesis, opening of themitochondrial per-
meability transition pore (mPTP), and broader Ca2+ sig-
naling pathways [15]. Optimal m[Ca2+] promotes effi-
cient ATP generation, while excessive Ca2+ induces mi-
tochondrial dysfunction and impaired energy metabolism
[16]. Dysregulated mitochondrial Ca2+ (mCa2+) home-
ostasis has been associated with the pathogenesis and pro-
gression of various diseases, including HF [17,18]. Given
the crucial role of mCa2+ in cellular physiological pro-
cesses, it is essential that cells maintain mCa2+ homeosta-
sis. Targeting the molecular mechanisms of mCa2+ regula-
tion is therefore considered to be a highly promising strat-
egy for the treatment of HF. This review summarizes the
regulatorymechanisms ofmCa2+ and their associationwith
the development of HF. Furthermore, we introduce sev-
eral recent advances in mitochondria-targeted therapeutic
approaches for HF.
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2. Regulation of Mitochondrial Calcium
The mitochondrial uptake and release of Ca2+ in

cardiomyocytes is a fundamental biological process, with
Ca2+ influx into mitochondria being essential for ATP pro-
duction and contractile function. Mitochondria can ad-
just their handling of Ca2+ in response to cellular de-
mands [19]. Physiologically, mitochondria do not retain
Ca2+ indefinitely, but instead act as dynamic Ca2+ buffers.
This prevents excessive fluctuation in the cytoplasmic Ca2+
concentration ([Ca2+]c), thereby safeguarding intracellular
homeostasis [20,21]. A key question raised by these ob-
servations is: what are the mechanisms by which Ca2+ is
transferred across the mitochondrial membrane?

2.1 Mitochondrial Calcium Uptake System
Because mitochondria are double-membrane or-

ganelles, Ca2+ entry requires passage across both the outer
mitochondrial membrane (OMM) and the inner mitochon-
drial membrane (IMM). The transfer of Ca2+ from the cy-
tosol into the intermembrane space (IMS) is primarilymedi-
ated by voltage-dependent anion channels (VDACs), which
serve as primary ion channels on the OMM [17].

2.1.1 Voltage-Dependent Anion Channels
In mammals, VDACs exist in three isoforms:

VDAC1, VDAC2, and VDAC3. Although VDAC1 is the
most highly expressedVDAC in cardiac tissue, studies have
shown that overexpression or knockout of any of these iso-
forms can affect mCa2+ uptake [22–24]. VDACs can also
form macromolecular complexes with the Ca2+ channels
of other organelles, thereby facilitating Ca2+ flux across
the OMM. For instance, Szabadkai et al. [25] and Harada

et al. [26] independently demonstrated that VDAC1 and
VDAC2 can bind to inositol 1,4,5-trisphosphate receptor
(IP3R) via the molecular chaperone glucose-regulated pro-
tein 75 (GRP75). Dysregulation of VDAC function has
been implicated in various pathological conditions, includ-
ing cardiovascular diseases [27].

2.1.2 Mitochondrial Calcium Uniporter Complex

After entering the IMS, Ca2+ must traverse the IMM
to reach the mitochondrial matrix. This process is medi-
ated by the mitochondrial Ca2+ uniporter (MCU) complex
[28]. Core components of the MCU complex in mammals
include theMCU, theMCU dominant negative beta subunit
(MCUb), the Essential MCU Regulatory Element (EMRE),
and Mitochondrial Ca2+ Uptake protein 1/2 (MICU1/2)
[29,30]. These components are expressed in virtually all
mammalian tissues [31]. Some of the core components of
the MCU complex are briefly described in Table 1 (Ref.
[29,30,32–39]) below.

Fan et al. [29] elucidated the overall structure of hu-
man MCU under low Ca2+ conditions, providing direct
visualization. An interesting phenomenon with the hu-
man MCU complex is that under resting conditions or low
[Ca2+]c, the MICU1–MICU2 complex blocks the MCU
pore, thereby preventing Ca2+ influx into the mitochondria.
In contrast, when cells are stimulated or the [Ca2+]c rises
above a certain threshold, the complex allows the MCU
pore to open, enabling mCa2+ uptake [29,37]. Wu et al.
[30] summarized three representative models proposed to
describe the interaction between these two regulators.

Gherardi et al. [40] reported that oleuropein can
bind to MICU1 to stimulate mCa2+ uptake and transiently

Table 1. Core components of the MCU complex.
Component name Full name Key characteristics & functions

MCU Mitochondrial Ca2+

Uniporter
This pore-forming subunit is widely expressed in most mammals and is an essential
component of the ion channel. Downregulation of MCU may affect Ca2+ uptake

[29,30,32].
MICU1 Mitochondrial Ca2+

Uptake Protein 1
MICU1 is located in the IMS and is also widely expressed in most mammals,
functioning as a Ca2+-sensing protein [33]. In the resting state, MICU1 plays a

gatekeeper role by blocking access of Ca2+ to the MCU channel [34,35].
MICU2 Mitochondrial Ca2+

Uptake Protein 2
MICU2 is distributed in visceral organs and is a paralog of MICU1 [34]. There is a

general consensus that MICU1 and MICU2 modulate the process of Ca2+

permeation together, with the functional role of MICU2 being dependent on
MICU1 [36,37].

EMRE Essential MCU
Regulatory Element

EMRE is widely expressed in mammals and serves as an essential auxiliary subunit
of the MCU. In the absence of EMRE, mitochondria may fail to efficiently uptake

Ca2+, even when MCU is normally expressed [30]. This is supported by
observations that Ca2+ permeation is significantly impaired in systemic knockout
mouse models of EMRE, as well as in vitro cell experiments with specific EMRE

knockdown [33,36,37].
MCUb MCU dominant negative

beta subunit
MCUb is a critical negative regulator whose primary function is to suppress Ca2+

uptake, thus preventing Ca2+ overload [38,39]. It is abundantly expressed in
cardiac and pulmonary tissues, and can interact with MCU [33].
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Fig. 1. The Ca2+ flux in MAMs of cardiomyocyte. RyR, ryanodine receptor; IP3R, inositol 1,4,5-trisphosphate receptor; GRP75,
glucose-regulated protein 75; MCU,mitochondrial Ca2+ uniporter; VDAC, voltage-dependent anion channel; OMM, outermitochondrial
membrane; IMM, inner mitochondrial membrane; MAMs, mitochondria-associated endoplasmic reticulum membranes. First, Ca2+ is
released from the SR through IP3R or RyR. Next, the released Ca2+ crosses the OMM via VDAC into the IMS. Finally, Ca2+ is
transported into the mitochondrial matrix through the MCU.

increase mCa2+ levels within the physiological range,
thereby promoting energy metabolism in both young and
aged mice. Although the primary experiment focused on
skeletal muscle, the same core components are also present
in cardiomyocytes. Therefore, we speculate that a similar
mechanism may apply to cardiomyocytes, although further
experimental validation is required.

Another recent study from Zaglia et al. [41] found that
overexpression of MCU enhances mCa2+ uptake, which
exerts a positive effect on the heart’s adaptation to chronic
pressure overload, and revealed the mechanism of this com-
pensatory response: retrograde mCa2+/reactive oxygen
species (ROS)/protein kinase B (Akt) signaling. This pro-
vides a potential therapeutic target for interventions aimed
at preventing the progression from pathological cardiac hy-
pertrophy to HF.

2.1.3 Mitochondria-Associated Endoplasmic Reticulum
Membranes

The endoplasmic/sarcoplasmic reticulum (ER/SR)
and mitochondria serve as key Ca2+ reservoirs. Re-
searchers have discovered a connecting structure between
these organelles, referred to as “mitochondria-associated
endoplasmic reticulummembranes” (MAMs) [21,42]. This

critical functional platform provides an efficient path for
Ca2+ transport between the two organelles [43]. Ca2+ orig-
inating in the ER is precisely conveyed to the mitochondria
through MAMs, then transduced into physiological signals
that regulate several fundamental cellular processes, includ-
ing energy metabolism and apoptosis [44,45].

The mitochondrial uptake through MAMs of Ca2+
released from the SR involves three main steps [46] (see
Fig. 1).

These proteins do not function independently. Some
protein complexes play an important regulatory role in the
cardiovascular system, with IP3R1 serving as a key regula-
tor in the development of cardiac hypertrophy [47,48].

MAMs play a pivotal role in the regulation of car-
diovascular function. When the integrity of MAMs is dis-
rupted, the ability of mitochondria to buffer cCa2+ de-
creases, leading to abnormal elevation of the [Ca2+]c and
ultimately promoting the progression of pathological car-
diac hypertrophy and HF [49]. The structure and func-
tion of MAMs are frequently impaired in the context of
HF. This impairment compromises mitochondrial energy
metabolism, further exacerbates cardiomyocyte death, and
accelerates disease progression [44,50]. Mutations in the
RYR2 gene in mice have been shown to increase the Ca2+
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flux into mitochondria via MAMs, thereby triggering HF
[51]. Additionally, certain proteins located on MAMs ex-
ert a protective effect on cardiomyocytes, which may play
a positive role in delaying the onset and progression of HF
[52]. MAMs are also closely associated with the production
of ROS, as well as with the occurrence of oxidative stress.

Gong et al. [53] reported that Mtus1A improves mi-
tochondrial function in cardiomyocytes by preserving ER-
mitochondria communication, suggesting it has potential as
a therapeutic target following myocardial infarction.

2.2 Mitochondrial Calcium Efflux System
The efficient export of Ca2+ is essential in order to

maintain mCa2+ homeostasis. This efflux is mediated
by specialized transporters, notably the Na⁺/Ca2+/Li⁺ ex-
changer (NCLX), which serves as the primary mechanism
for Ca2+ extrusion in cardiac mitochondria [28,54,55].

2.2.1 Na⁺/Ca2⁺/Li⁺ Exchanger
NCLX plays a central role in maintaining cCa2+

homeostasis. It not only exports Ca2+ from the mitochon-
dria, but also transfers Ca2+ to the SR. Studies have shown
that NCLX is spatially and functionally coupled with the
SR/ER Ca2+ ATPase. Mathematical models based on the
structural characteristics of these proteins provide valuable
insights into how the inhibition of NCLX impacts the re-
uptake of SR Ca2+ in HL-1 cardiomyocytes [56]. The bal-
ance of mCa2+ uptake depends on the coordinated action
of NCLX and other mitochondria-localized proteins, which
facilitate the timely transport of Ca2+ into the cytosol [57].
Research has also shown that inhibition of NCLX decreases
the generation of ROS induced by hypoxia, without alter-
ing mitochondrial respiratory function. This highlights the
specific role of NCLX in the mechanism of ROS genera-
tion [58]. A recent study from Fan et al. [59] has revealed
that NCLX serves a transport function as an H+/Ca2+ ex-
changer.

2.2.2 Mitochondrial Permeability Transition Pore
An optimal m[Ca2+] is essential for cardiomyocyte

function, as Ca2+ activates metabolic enzymes to meet cel-
lular energy demands. However, excessive m[Ca2+] can
trigger opening of the mPTP in the IMM, mediating the re-
lease of Ca2+. While transient opening of the mPTP reg-
ulates m[Ca2+] and energy metabolism, prolonged open-
ing leads to the collapse of membrane potential, inhibition
of ATP synthesis, and ultimately to cell death [23,55,60].
NCLX plays an important role in combating Ca2+ over-
load [55]. In adult mouse models, specific knockdown of
NCLX in the heart results in mCa2+ overload, leading to
severe cardiac dysfunction. In contrast, the overexpression
of NCLX can effectively rescue cell death and prevent HF
in post-myocardial infarction models [23]. Recent studies
suggest that NCLX may be a potential therapeutic target,
particularly for the prevention of cardiac hypertrophy, car-

diogenic sudden death, and other cardiovascular diseases
[61,62]. Furthermore, recent work confirms that NCLX is
a key physiological pathway for mCa2+ efflux in cardiomy-
ocytes [63,64].

The mPTP is also considered to be associated with HF,
although the mechanism underlying its activation remains
incompletely understood [65]. Albanese et al. [66] reported
finding newmolecules that can inhibit opening of themPTP
in an in vitro cardiac model.

Furthermore, studies have found that naringenin and
melatonin may inhibit the opening of mPTP. This pro-
vides an opportunity to study their potential as therapeutic
agents for diseases associated with mitochondrial dysfunc-
tion linked to mPTP opening [67,68].

3. Pathological Associations Between
Mitochondrial Calcium Dysregulation and
Heart Failure

HF is caused by impaired cardiac pumping function,
resulting in the inability to meet the body’s fundamental
metabolic demands. It is classified into different types
based on various indicators, as illustrated in Fig. 2.

HFrEF and HFpEF appear to be different in terms
of myocardial mCa2+ cycling. m[Ca2+] is decreased in
HFrEF, but elevated in HFpEF [69]. Although this may
seem counterintuitive, in both cases the underlying mech-
anisms ultimately lead to HF. Therapies targeting mCa2+
may have different effects between HFrEF and HFpEF. For
example, some researchers suggest that: overexpression of
MCU increases the m[Ca2+] and improves the HFrEF phe-
notype. While it has negligible effects on HFpEF. Cur-
rently, there appears to be insufficient clinical evidence for
mCa2+-targeted therapies in these two types of HF.

3.1 Energy Metabolism Dysfunction
The basis of cardiac metabolism lies in the production

and utilization of ATP, a high-energy molecule that is es-
sential for cardiac contraction, basal metabolism, and the
maintenance of normal cardiac function [70]. The heart is
a high energy-demanding organ and consumes significant
amounts of energy with each contraction. A continuous
supply of ATP is therefore critical, and any disruption in
metabolic pathways can have profound consequences for
cardiac function [70–72]. Approximately 95% of the ATP
utilized by the heart is derived frommitochondrial oxidative
metabolism. Mitochondria are therefore essential for main-
taining the internal energy supply and ensuring optimal cel-
lular function [10,73,74]. Heart dysfunction can arise from
a variety of factors, but most are intricately linked to mito-
chondrial damage. Mitochondrial dysfunction serves as a
central mechanism in the development of HF by compro-
mising the energy supply [71,75].

mCa2+ is a key signaling molecule in the regulation
of ATP synthesis [72,75]. Additionally, mCa2+ can stim-
ulate the activity of key enzymes, thereby facilitating ef-
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Fig. 2. The typical categories of HF. HF is classified into different types based on various indicators. Based on the site of occurrence,
it can be classified into left HF, right HF, and total HF; based on LVEF, it can be categorized as HFrEF and HFpEF; based on the time,
speed, and severity of occurrence, it can be divided into acute HF and chronic HF.

ficient ATP production [76,77]. In response to increased
myocardial workload, mitochondria accumulate Ca2+ and
promptly upregulate energy metabolism to ensure an ad-
equate energy supply for excitation-contraction coupling
[78]. Maintaining mCa2+ homeostasis is therefore crucial
for regulating myocardial metabolism. The relationship be-
tween Ca2+ and HF mentioned above is summarized in
Fig. 3 below.

3.2 Oxidative Stress and Cell Death

A central pathological feature of HF is the widespread
dysregulation of cCa2+ homeostasis. The perturbation of
Ca2+ homeostasis precipitates mCa2+ overload, further ex-
acerbating mitochondrial dysfunction and oxidative stress,
and accelerating the progression of HF [79].

Mitochondria are the primary site of ROS produc-
tion in cardiomyocytes. Under physiological conditions,
ROS are produced at low levels and function as signaling
molecules in cellular regulation. They can be effectively
neutralized by endogenous antioxidant systems. However,
when ROS production exceeds the clearance capacity, ox-

idative stress ensues, leading to significant damage to my-
ocardial structure and function [80]. In HFmodels, elevated
levels of ROS are detected within the mitochondrial ma-
trix, accompanied by the depletion of antioxidant reserves
[71,78].

Impaired mCa2+ uptake represents a critical event in
the pathogenesis and progression of HF. This defect weak-
ens the reducing capacity of critical coenzyme pairs, re-
sulting in disruption of redox homeostasis. The imbalance
in redox status leads to insufficient ATP production and
triggers oxidative stress with a substantial accumulation of
ROS. Excess ROS further activates calmodulin-dependent
protein kinase II, thereby exacerbating the dysregulation of
Ca2+ to form a vicious cycle [69,75]. A close, bidirec-
tional regulatory relationship exists among Ca2+, ROSwith
mPTP (see Fig. 4).

Opening of the mPTP increases permeability of the
IMM, which is normally tightly regulated by several fac-
tors. mCa2+ overload and ROS accumulation are the pri-
mary triggers for mPTP opening [81]. A halt in ATP synthe-
sis occurs under conditions of sustained opening [70,75,82].

Fig. 3. The relationship between Ca2+ and HF. Different Ca2+ levels may lead to HF. Low Ca2+ can cause impaired energy pro-
duction, thereby affecting muscle contraction and ultimately resulting in HF. However, high Ca2+ can induce Ca2+ overload, leading to
cardiomyocyte death and eventually triggering HF.
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Fig. 4. Schematic representation of the interplay among ROS, Ca2+, with mPTP. ROS, reactive oxygen species; mPTP, mitochon-
drial permeability transition pore. The generation of ROS is critically dependent on Ca2+, and ROS can facilitate Ca2+ influx into the
mitochondria. Ca2+ and ROS promote the opening of mPTP, and its opening leads both Ca2+ and ROS to efflux.

Furthermore, mitochondria undergo swelling and rupture of
the OMM, resulting in the release of pro-apoptotic factors
that can drive either apoptosis or necrosis.

4. Mitochondria-Targeted Therapy
Antioxidants, mitochondria-targeted agents, and car-

dioprotective drugs have all shown potential in improv-
ing mitochondrial function [83]. The regulation of
mCa2+ channel proteins might be a promising strategy for
mitochondria-targeted therapy.

The MCU serves as the primary pathway for Ca2+ en-
try into the mitochondria. However, studies have shown
that excessive reliance on MCU-mediated mCa2+ uptake
is detrimental for adaptation by the heart under sustained
hemodynamic stress, and may also lead to cardiomyocyte
injury [84]. Consequently, the MCU is recognized as a po-
tential therapeutic target [85,86].

4.1 MCU Inhibitors
Ruthenium-based compounds are the most exten-

sively studied class of MCU inhibitors. Ru360 has been
shown to effectively block mCa2+ uptake and confer ben-
eficial effects in animal models. However, its clinical
translation remains limited due to challenges such as poor
delivery efficiency, high toxicity, and off-target effects
[87,88]. To overcome these limitations, novel ruthenium-
based compounds have been developed, such as Ru265.
Compared to Ru360, Ru265 exhibits enhanced cell mem-
brane permeability and reductive stability, while also effec-

tively inhibiting mCa2+ influx in intact cells [89,90]. Fluo-
rescent probe–type MCU inhibitors, such as RuOCou, have
both therapeutic and imaging functions, thus offering new
possibilities for theranostic strategies [91].

Berberine, a Food and Drug Administration (FDA)-
approved drug with a well-established safety profile, was
recently reported to be an effective inhibitor of MCU.
Mechanistically, berberine blocks excessive mCa2+ uptake
via disrupting the interaction between MCU and EMRE,
providing a potential strategy for the treatment of diseases
associated with an imbalance of mCa2+ homeostasis [92].

DS16570511 (DS) can effectively suppress the ac-
tivity of the MCU complex and attenuate mCa2+ influx
[93], but its precise mechanism remains incompletely un-
derstood. Current experimental evidence indicates that the
effects of DS vary across different cells and mitochondria
[94].

4.2 Elamipretide

Elamipretide is a highly selective, mitochondria-
targeted tetrapeptide. It has attracted considerable atten-
tion as a therapeutic candidate due to its ability to specifi-
cally bind to cardiolipin within the IMM. Elamipretide pre-
vents aberrant opening of the mPTP and blocks the initi-
ation of apoptotic signaling [95–97]. In preclinical mod-
els and early clinical trials, Elamipretide has been shown
to attenuate some diseases with mitochondrial dysfunction,
such as aging-associated sarcopenia and HF [96,97]. It also
shows therapeutic potential in the treatment of rare disor-
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Table 2. Research progress of several drugs.
Category Drug Clinically Validated Preclinical models

MCU inhibitor

Ru360 No TBI rats [87]
Ru265 No HEK293T cells [100]
RuOCou No HeLa cells [91]
Berberine Yes [92] -

DS No Rat liver cells [94] and cortical neurons [93]
Tetrapeptide Elamipretide Yes [98] -
MCU, mitochondrial Ca2+ uniporter; DS, DS16570511; TBI, traumatic brain injury.

Table 3. Mitochondria-targeted drugs in HF models.
Authors Strategy Agent Outcome HF model

Jia et al. [103] Endogenous
anti-oxidation

Aerobic exercise Attenuation of mitochondrial
injury

Male mice, HF induced by a left
ventricular pressure overload

established by TAC
Bradley et al. [104] Mitochondrial DNA

repair
Exscien1-III Substantial protection against

myocardial ischemia
Male C57/BL6J mice, HF induced
by myocardial ischemia-reperfusion

injury and TAC
Zhang et al. [105] Inhibition of ferroptosis Resveratrol Decelerated fibrosis progression Mice, HF with aortic coarctation in

Sirt1 knockout
Park et al. [106] Mitochondrial

di-carbonyl scavenging
MitoGamide Improved diastolic function Akita mice

Kim et al. [107] Mitochondrial-targeted
anti-oxidant

MitoQ Improvement of cardiac
mitochondrial network integrity

C57BL/6J mice, HF induced by
AAC

Filipiak et al. [108] Dietary therapy Coenzyme Q10 Effective production of ATP Patients
HF, heart failure; TAC, transverse aortic constriction; AAC, ascending aortic constriction; ATP, adenosine triphosphate.

ders, including Barth syndrome [98]. Preliminary clinical
data suggests that Elamipretide exhibits a favorable safety
profile, and may improve cardiac hemodynamic parame-
ters at higher doses. However, the long-term efficacy and
safety of this agent remain to be further validated [99]. The
research progress of some drugs is shown in Table 2 (Ref.
[87,91–94,98,100]).

Luongo et al. [101] and Garbincius et al. [54] demon-
strated that overexpression of NCLX has a beneficial ef-
fect in delaying the progression of HF. Transgenic mice
with a neuron-specific knockout of the NCLX gene recapit-
ulated an Alzheimer’s disease-like pathology [102]. While
these results support the targeting of NCLX activity as a
promising therapeutic strategy for various diseases, its clin-
ical translation requires a better understanding of the mech-
anisms regulating NCLX function. The latest findings from
Fan et al. [59] on NCLX may provide clues for its clinical
translation.

In addition to the drugs related to mCa2+ previously
discussed, several agents that target mitochondria in HF
models are shown in Table 3 (Ref. [103–108]). Although
these strategies relate to mitochondria, they have no clear
association with mCa2+.

5. Conclusion
Mitochondrial dysfunction is closely associated with

the pathogenesis of various common diseases, and dysreg-
ulation of mCa2+ is a critical factor in the pathological pro-
gression of HF. In order to advance novel therapeutic ap-
proaches aimed at mitigating the burden of HF, it is im-
perative to gain a deeper understanding of the molecular
mechanisms governing mCa2+ uptake, along with its asso-
ciated regulatory pathways [79,83]. Importantly, most of
the aforementioned drug candidates have yet to enter clini-
cal trials, and their safety and efficacy profiles remain to be
determined. The dosage of medication should be taken into
consideration accounting for health and safety. Further-
more, the potential cytotoxicity of some compounds must
be considered, as they could exacerbate HF by damaging
cardiomyocytes. Besides, delivery and off-target effects re-
main challenges that need to be addressed. Research has
found that acute deletion of NCLX in mature cardiomy-
ocytes leads to mCa2+ overload and HF [109], whereas
cardiac-specific overexpression of NCLX enhances mCa2+
clearance and prevents HF [101]. Thus, NCLX gene ther-
apy may represent a promising strategy for treating HF.

Author Contributions
MTL and YPJ contributed greatly to the conception

of the manuscript. Both authors wrote and revised the

7

https://www.imrpress.com


manuscript. Both authors read and approved the final
manuscript. Both authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Khan MS, Shahid I, Bennis A, Rakisheva A, Metra M,

Butler J. Global epidemiology of heart failure. Nature Re-
views. Cardiology. 2024; 21: 717–734. https://doi.org/10.1038/
s41569-024-01046-6.

[2] Becher PM, Lund LH, Coats AJS, Savarese G. An update on
global epidemiology in heart failure. European Heart Journal.
2022; 43: 3005–3007. https://doi.org/10.1093/eurheartj/ehac
248.

[3] Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC,
Coats AJS. Global burden of heart failure: a comprehensive
and updated review of epidemiology. Cardiovascular Research.
2023; 118: 3272–3287. https://doi.org/10.1093/cvr/cvac013.

[4] Ambardekar AV, El Rafei A. Guideline-Directed Medical Ther-
apy in Heart Failure: The Treatment Is Not Worse Than the Dis-
ease. JACC. Heart Failure. 2023; 11: 437–439. https://doi.org/
10.1016/j.jchf.2023.01.005.

[5] Rashid AM, Khan MS, Fudim M, DeWald TA, DeVore A, But-
ler J. Management of Heart FailureWith Reduced Ejection Frac-
tion. Current Problems in Cardiology. 2023; 48: 101596. https:
//doi.org/10.1016/j.cpcardiol.2023.101596.

[6] Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Böhm
M, et al. Empagliflozin in Heart Failure with a Preserved Ejec-
tion Fraction. The NewEngland Journal ofMedicine. 2021; 385:
1451–1461. https://doi.org/10.1056/NEJMoa2107038.

[7] Redfield MM, Borlaug BA. Heart Failure With Preserved Ejec-
tion Fraction: A Review. JAMA. 2023; 329: 827–838. https:
//doi.org/10.1001/jama.2023.2020.

[8] von Hardenberg A, Maack C. Mitochondrial Therapies in Heart
Failure. Handbook of Experimental Pharmacology. 2017; 243:
491–514. https://doi.org/10.1007/164_2016_123.

[9] Harrington JS, Ryter SW, Plataki M, Price DR, Choi AMK. Mi-
tochondria in health, disease, and aging. Physiological Reviews.
2023; 103: 2349–2422. https://doi.org/10.1152/physrev.00058.
2021.

[10] Li A, Gao M, Liu B, Qin Y, Chen L, Liu H, et al. Mitochon-
drial autophagy: molecular mechanisms and implications for
cardiovascular disease. Cell Death & Disease. 2022; 13: 444.
https://doi.org/10.1038/s41419-022-04906-6.

[11] Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and
mitochondrial quality control. Redox Biology. 2015; 4: 6–13.
https://doi.org/10.1016/j.redox.2014.11.006.

[12] Pikor D, Hurła M, Słowikowski B, Szymanowicz O, Poszwa J,
Banaszek N, et al. Calcium Ions in the Physiology and Pathol-
ogy of the Central Nervous System. International Journal of

Molecular Sciences. 2024; 25: 13133. https://doi.org/10.3390/
ijms252313133.

[13] Shah K, Seeley S, Schulz C, Fisher J, Gururaja Rao S. Calcium
Channels in the Heart: Disease States and Drugs. Cells. 2022;
11: 943. https://doi.org/10.3390/cells11060943.

[14] Giorgi C, Marchi S, Pinton P. The machineries, regulation and
cellular functions of mitochondrial calcium. Nature Reviews.
Molecular Cell Biology. 2018; 19: 713–730. https://doi.org/10.
1038/s41580-018-0052-8.

[15] Tanwar J, Singh JB, Motiani RK. Molecular machinery regulat-
ing mitochondrial calcium levels: The nuts and bolts of mito-
chondrial calcium dynamics. Mitochondrion. 2021; 57: 9–22.
https://doi.org/10.1016/j.mito.2020.12.001.

[16] Walkon LL, Strubbe-Rivera JO, Bazil JN. CalciumOverload and
Mitochondrial Metabolism. Biomolecules. 2022; 12: 1891. http
s://doi.org/10.3390/biom12121891.

[17] Garbincius JF, Elrod JW. Mitochondrial calcium exchange in
physiology and disease. Physiological Reviews. 2022; 102:
893–992. https://doi.org/10.1152/physrev.00041.2020.

[18] Xu X, Pang Y, Fan X. Mitochondria in oxidative stress, inflam-
mation and aging: from mechanisms to therapeutic advances.
Signal Transduction and Targeted Therapy. 2025; 10: 190. https:
//doi.org/10.1038/s41392-025-02253-4.

[19] Lai L, Qiu H. The Physiological and Pathological Roles of Mi-
tochondrial Calcium Uptake in Heart. International Journal of
Molecular Sciences. 2020; 21: 7689. https://doi.org/10.3390/ij
ms21207689.

[20] Cartes-Saavedra B, Ghosh A, Hajnóczky G. The roles of mi-
tochondria in global and local intracellular calcium signalling.
Nature Reviews. Molecular Cell Biology. 2025; 26: 456–475.
https://doi.org/10.1038/s41580-024-00820-1.

[21] Hamilton S, Terentyev D. ER stress and calcium-dependent ar-
rhythmias. Frontiers in Physiology. 2022; 13: 1041940. https:
//doi.org/10.3389/fphys.2022.1041940.

[22] Rosencrans WM, Aguilella VM, Rostovtseva TK, Bezrukov
SM. α-Synuclein emerges as a potent regulator of VDAC-
facilitated calcium transport. Cell Calcium. 2021; 95: 102355.
https://doi.org/10.1016/j.ceca.2021.102355.

[23] Hulsurkar MM, Lahiri SK, Karch J, Wang MC, Wehrens XHT.
Targeting calcium-mediated inter-organellar crosstalk in car-
diac diseases. Expert Opinion on Therapeutic Targets. 2022; 26:
303–317. https://doi.org/10.1080/14728222.2022.2067479.

[24] Naumova N, Šachl R. Regulation of Cell Death by Mito-
chondrial Transport Systems of Calcium and Bcl-2 Proteins.
Membranes. 2020; 10: 299. https://doi.org/10.3390/membrane
s10100299.

[25] Szabadkai G, Bianchi K, Várnai P, De Stefani D, Wieckowski
MR, Cavagna D, et al. Chaperone-mediated coupling of endo-
plasmic reticulum and mitochondrial Ca2+ channels. The Jour-
nal of Cell Biology. 2006; 175: 901–911. https://doi.org/10.
1083/jcb.200608073.

[26] Harada T, Sada R, Osugi Y, Matsumoto S, Matsuda T, Hayashi-
Nishino M, et al. Palmitoylated CKAP4 regulates mitochon-
drial functions through an interaction with VDAC2 at ER-
mitochondria contact sites. Journal of Cell Science. 2020; 133:
jcs249045. https://doi.org/10.1242/jcs.249045.

[27] Sander P, Gudermann T, Schredelseker J. A Calcium Guard
in the Outer Membrane: Is VDAC a Regulated Gatekeeper
of Mitochondrial Calcium Uptake? International Journal of
Molecular Sciences. 2021; 22: 946. https://doi.org/10.3390/ijms
22020946.

[28] Boyman L, Greiser M, Lederer WJ. Calcium influx through the
mitochondrial calcium uniporter holocomplex, MCUcx. Journal
of Molecular and Cellular Cardiology. 2021; 151: 145–154. ht
tps://doi.org/10.1016/j.yjmcc.2020.10.015.

[29] FanM, Zhang J, Tsai CW, Orlando BJ, RodriguezM, XuY, et al.

8

https://doi.org/10.1038/s41569-024-01046-6
https://doi.org/10.1038/s41569-024-01046-6
https://doi.org/10.1093/eurheartj/ehac248
https://doi.org/10.1093/eurheartj/ehac248
https://doi.org/10.1093/cvr/cvac013
https://doi.org/10.1016/j.jchf.2023.01.005
https://doi.org/10.1016/j.jchf.2023.01.005
https://doi.org/10.1016/j.cpcardiol.2023.101596
https://doi.org/10.1016/j.cpcardiol.2023.101596
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1001/jama.2023.2020
https://doi.org/10.1001/jama.2023.2020
https://doi.org/10.1007/164_2016_123
https://doi.org/10.1152/physrev.00058.2021
https://doi.org/10.1152/physrev.00058.2021
https://doi.org/10.1038/s41419-022-04906-6
https://doi.org/10.1016/j.redox.2014.11.006
https://doi.org/10.3390/ijms252313133
https://doi.org/10.3390/ijms252313133
https://doi.org/10.3390/cells11060943
https://doi.org/10.1038/s41580-018-0052-8
https://doi.org/10.1038/s41580-018-0052-8
https://doi.org/10.1016/j.mito.2020.12.001
https://doi.org/10.3390/biom12121891
https://doi.org/10.3390/biom12121891
https://doi.org/10.1152/physrev.00041.2020
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.3390/ijms21207689
https://doi.org/10.3390/ijms21207689
https://doi.org/10.1038/s41580-024-00820-1
https://doi.org/10.3389/fphys.2022.1041940
https://doi.org/10.3389/fphys.2022.1041940
https://doi.org/10.1016/j.ceca.2021.102355
https://doi.org/10.1080/14728222.2022.2067479
https://doi.org/10.3390/membranes10100299
https://doi.org/10.3390/membranes10100299
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1242/jcs.249045
https://doi.org/10.3390/ijms22020946
https://doi.org/10.3390/ijms22020946
https://doi.org/10.1016/j.yjmcc.2020.10.015
https://doi.org/10.1016/j.yjmcc.2020.10.015
https://www.imrpress.com


Structure and mechanism of the mitochondrial Ca2+ uniporter
holocomplex. Nature. 2020; 582: 129–133. https://doi.org/10.
1038/s41586-020-2309-6.

[30] Wu W, Zheng J, Jia Z. Structural characterization of the mito-
chondrial Ca2+ uniporter provides insights into Ca2+ uptake
and regulation. iScience. 2021; 24: 102895. https://doi.org/10.
1016/j.isci.2021.102895.

[31] Kamer KJ, Mootha VK. The molecular era of the mitochon-
drial calcium uniporter. Nature Reviews. Molecular Cell Biol-
ogy. 2015; 16: 545–553. https://doi.org/10.1038/nrm4039.

[32] D’Angelo D, Rizzuto R. The Mitochondrial Calcium Uni-
porter (MCU): Molecular Identity and Role in Human Dis-
eases. Biomolecules. 2023; 13: 1304. https://doi.org/10.3390/
biom13091304.

[33] Alevriadou BR, Patel A, NobleM, Ghosh S, Gohil VM, Stathop-
ulos PB, et al. Molecular nature and physiological role of the mi-
tochondrial calcium uniporter channel. Cell Physiology. 2021;
320: C465–C482. https://doi.org/10.1152/ajpcell.00502.2020.

[34] Stevens TL, Cohen HM, Garbincius JF, Elrod JW. Mitochon-
drial calcium uniporter channel gatekeeping in cardiovascular
disease. Nature Cardiovascular Research. 2024; 3: 500–514.
https://doi.org/10.1038/s44161-024-00463-7.

[35] Tomar D, Elrod JW. Metabolite regulation of the mitochondrial
calcium uniporter channel. Cell Calcium. 2020; 92: 102288. ht
tps://doi.org/10.1016/j.ceca.2020.102288.

[36] Li Y, Hu H, Chu C, Yang J. Mitochondrial calcium uniporter
complex: An emerging therapeutic target for cardiovascular dis-
eases (Review). International Journal of Molecular Medicine.
2025; 55: 40. https://doi.org/10.3892/ijmm.2024.5481.

[37] Yoo J. Structural basis of Ca2+ uptake by mitochondrial cal-
cium uniporter in mitochondria: a brief review. BMB Reports.
2022; 55: 528–534. https://doi.org/10.5483/BMBRep.2022.55.
11.134.

[38] Ghatge M, Nayak MK, Flora GD, Kumskova M, Jain A, Patel
RB, et al. Mitochondrial calcium uniporter b deletion inhibits
platelet function and reduces susceptibility to arterial thrombo-
sis. Journal of Thrombosis and Haemostasis: JTH. 2023; 21:
2163–2174. https://doi.org/10.1016/j.jtha.2023.04.002.

[39] Delgado de la Herran H, Vecellio Reane D, Cheng Y, Katona M,
Hosp F, Greotti E, et al. Systematic mapping of mitochondrial
calcium uniporter channel (MCUC)-mediated calcium signaling
networks. The EMBO Journal. 2024; 43: 5288–5326. https://do
i.org/10.1038/s44318-024-00219-w.

[40] Gherardi G, Weiser A, Bermont F, Migliavacca E, Brinon B,
Jacot GE, et al. Mitochondrial calcium uptake declines during
aging and is directly activated by oleuropein to boost energy
metabolism and skeletal muscle performance. Cell Metabolism.
2025; 37: 477–495.e11. https://doi.org/10.1016/j.cmet.2024.10.
021.

[41] Zaglia T, Campo A, Moro N, Di Mauro V, Borile G, Menabò
R, et al. Enhancement of mitochondrial calcium uptake is car-
dioprotective against maladaptive hypertrophy by retrograde
signaling uptuning Akt. Proceedings of the National Academy
of Sciences of the United States of America. 2025; 122:
e2402639122. https://doi.org/10.1073/pnas.2402639122.

[42] Zhang Y, Yao J, Zhang M, Wang Y, Shi X. Mitochondria-
associated endoplasmic reticulum membranes (MAMs): Possi-
ble therapeutic targets in heart failure. Frontiers in Cardiovascu-
lar Medicine. 2023; 10: 1083935. https://doi.org/10.3389/fcvm
.2023.1083935.

[43] Guo M, Liu R, Zhang F, Qu J, Yang Y, Li X. A new perspec-
tive on liver diseases: Focusing on the mitochondria-associated
endoplasmic reticulum membranes. Pharmacological Research.
2024; 208: 107409. https://doi.org/10.1016/j.phrs.2024.107409.

[44] Chang H, He P, Liu W, Wu H, Wang Z. Unraveling mito-
chondrial crosstalk: a new frontier in heart failure pathogene-

sis. Frontiers in Cardiovascular Medicine. 2025; 12: 1641023.
https://doi.org/10.3389/fcvm.2025.1641023.

[45] Liu Y, Gong X, Xing S. Mitochondrial endoplasmic reticulum
crosstalk: Molecular mechanisms and implications for cardio-
vascular disease (Review). Molecular Medicine Reports. 2025;
32: 275. https://doi.org/10.3892/mmr.2025.13640.

[46] Luan Y, Luan Y, Yuan RX, Feng Q, Chen X, Yang Y. Structure
and Function of Mitochondria-Associated Endoplasmic Reticu-
lumMembranes (MAMs) and Their Role in Cardiovascular Dis-
eases. Oxidative Medicine and Cellular Longevity. 2021; 2021:
4578809. https://doi.org/10.1155/2021/4578809.

[47] Yeh CH, Chou YJ, Kao CH, Tsai TF. Mitochondria and Cal-
cium Homeostasis: Cisd2 as a Big Player in Cardiac Ageing.
International Journal of Molecular Sciences. 2020; 21: 9238.
https://doi.org/10.3390/ijms21239238.

[48] Ding Y, Liu N, Zhang D, Guo L, Shang Q, Liu Y, et al.
Mitochondria-associated endoplasmic reticulum membranes as
a therapeutic target for cardiovascular diseases. Frontiers in
Pharmacology. 2024; 15: 1398381. https://doi.org/10.3389/fpha
r.2024.1398381.

[49] Gao P, Yan Z, Zhu Z. Mitochondria-Associated Endoplasmic
Reticulum Membranes in Cardiovascular Diseases. Frontiers in
Cell and Developmental Biology. 2020; 8: 604240. https://doi.
org/10.3389/fcell.2020.604240.

[50] Zhao WB, Sheng R. The correlation between mitochondria-
associated endoplasmic reticulum membranes (MAMs) and
Ca2+ transport in the pathogenesis of diseases. Acta Pharma-
cologica Sinica. 2025; 46: 271–291. https://doi.org/10.1038/
s41401-024-01359-9.

[51] Santulli G, Xie W, Reiken SR, Marks AR. Mitochondrial cal-
cium overload is a key determinant in heart failure. Proceedings
of the National Academy of Sciences of the United States of
America. 2015; 112: 11389–11394. https://doi.org/10.1073/pn
as.1513047112.

[52] Diokmetzidou A, Soumaka E, Kloukina I, Tsikitis M, Makri-
dakis M, Varela A, et al. Desmin and αB-crystallin interplay in
the maintenance of mitochondrial homeostasis and cardiomy-
ocyte survival. Journal of Cell Science. 2016; 129: 3705–3720.
https://doi.org/10.1242/jcs.192203.

[53] Gong Y, Lu X, Wang X, Wang Y, Shen Z, Gao Y, et al. Mito-
chondrial Tumor Suppressor 1A Attenuates Myocardial Infarc-
tion Injury by Maintaining the Coupling Between Mitochondria
and Endoplasmic Reticulum. Circulation. 2025; 152: 183–201.
https://doi.org/10.1161/CIRCULATIONAHA.124.069737.

[54] Garbincius JF, Salik O, Cohen HM, Choya-Foces C, Man-
gold AS, Makhoul AD, et al. TMEM65 regulates and is re-
quired for NCLX-dependent mitochondrial calcium efflux. Na-
ture Metabolism. 2025; 7: 714–729. https://doi.org/10.1038/
s42255-025-01250-9.

[55] Takeuchi A, Matsuoka S. Physiological and Pathophysiologi-
cal Roles of Mitochondrial Na+-Ca2+ Exchanger, NCLX, in
Hearts. Biomolecules. 2021; 11: 1876. https://doi.org/10.3390/
biom11121876.

[56] Takeuchi A, Matsuoka S. Spatial and Functional Crosstalk be-
tween the Mitochondrial Na+-Ca2+ Exchanger NCLX and the
Sarcoplasmic Reticulum Ca2+ Pump SERCA in Cardiomy-
ocytes. International Journal of Molecular Sciences. 2022; 23:
7948. https://doi.org/10.3390/ijms23147948.

[57] Verma M, Lizama BN, Chu CT. Excitotoxicity, calcium and
mitochondria: a triad in synaptic neurodegeneration. Transla-
tional Neurodegeneration. 2022; 11: 3. https://doi.org/10.1186/
s40035-021-00278-7.

[58] Choya-Foces C, Navarro E, Ríos CDL, López MG, Egea J,
Hernansanz-Agustín P, et al. The mitochondrial Na+/Ca2+ ex-
changer NCLX is implied in the activation of hypoxia-inducible
factors. Redox Biology. 2024; 77: 103364. https://doi.org/10.

9

https://doi.org/10.1038/s41586-020-2309-6
https://doi.org/10.1038/s41586-020-2309-6
https://doi.org/10.1016/j.isci.2021.102895
https://doi.org/10.1016/j.isci.2021.102895
https://doi.org/10.1038/nrm4039
https://doi.org/10.3390/biom13091304
https://doi.org/10.3390/biom13091304
https://doi.org/10.1152/ajpcell.00502.2020
https://doi.org/10.1038/s44161-024-00463-7
https://doi.org/10.1016/j.ceca.2020.102288
https://doi.org/10.1016/j.ceca.2020.102288
https://doi.org/10.3892/ijmm.2024.5481
https://doi.org/10.5483/BMBRep.2022.55.11.134
https://doi.org/10.5483/BMBRep.2022.55.11.134
https://doi.org/10.1016/j.jtha.2023.04.002
https://doi.org/10.1038/s44318-024-00219-w
https://doi.org/10.1038/s44318-024-00219-w
https://doi.org/10.1016/j.cmet.2024.10.021
https://doi.org/10.1016/j.cmet.2024.10.021
https://doi.org/10.1073/pnas.2402639122
https://doi.org/10.3389/fcvm.2023.1083935
https://doi.org/10.3389/fcvm.2023.1083935
https://doi.org/10.1016/j.phrs.2024.107409
https://doi.org/10.3389/fcvm.2025.1641023
https://doi.org/10.3892/mmr.2025.13640
https://doi.org/10.1155/2021/4578809
https://doi.org/10.3390/ijms21239238
https://doi.org/10.3389/fphar.2024.1398381
https://doi.org/10.3389/fphar.2024.1398381
https://doi.org/10.3389/fcell.2020.604240
https://doi.org/10.3389/fcell.2020.604240
https://doi.org/10.1038/s41401-024-01359-9
https://doi.org/10.1038/s41401-024-01359-9
https://doi.org/10.1073/pnas.1513047112
https://doi.org/10.1073/pnas.1513047112
https://doi.org/10.1242/jcs.192203
https://doi.org/10.1161/CIRCULATIONAHA.124.069737
https://doi.org/10.1038/s42255-025-01250-9
https://doi.org/10.1038/s42255-025-01250-9
https://doi.org/10.3390/biom11121876
https://doi.org/10.3390/biom11121876
https://doi.org/10.3390/ijms23147948
https://doi.org/10.1186/s40035-021-00278-7
https://doi.org/10.1186/s40035-021-00278-7
https://doi.org/10.1016/j.redox.2024.103364
https://doi.org/10.1016/j.redox.2024.103364


1016/j.redox.2024.103364.
[59] Fan M, Tsai CW, Zhang J, Zhang J, Krishnan AR, Liu TY, et

al. Structure and mechanism of the mitochondrial calcium trans-
porter NCLX. Nature. 2025; 646: 1272–1280. https://doi.org/
10.1038/s41586-025-09491-0.

[60] Assali EA, Sekler I. Sprinkling salt on mitochondria: The
metabolic and pathophysiological roles of mitochondrial Na+
signaling mediated by NCLX. Cell Calcium. 2021; 97: 102416.
https://doi.org/10.1016/j.ceca.2021.102416.

[61] Katoshevski T, Ben-Kasus Nissim T, Sekler I. Recent studies on
NCLX in health and diseases. Cell Calcium. 2021; 94: 102345.
https://doi.org/10.1016/j.ceca.2020.102345.

[62] Natarajan GK, Glait L, Mishra J, Stowe DF, Camara AKS,
Kwok WM. Total Matrix Ca2+ Modulates Ca2+ Efflux via
the Ca2+/H+ Exchanger in Cardiac Mitochondria. Frontiers in
Physiology. 2020; 11: 510600. https://doi.org/10.3389/fphys.
2020.510600.

[63] Garbincius JF, Luongo TS, Jadiya P, Hildebrand AN, Kolmet-
zky DW, Mangold AS, et al. Enhanced NCLX-dependent mi-
tochondrial Ca2+ efflux attenuates pathological remodeling in
heart failure. Journal of Molecular and Cellular Cardiology.
2022; 167: 52–66. https://doi.org/10.1016/j.yjmcc.2022.03.001.

[64] Kolitsida P, Saha A, Caliri A, Assali E, Riera AM, Itskanov S,
et al. Mfn2 induces NCLX-mediated calcium release from mi-
tochondria. bioRxiv. 2024. https://doi.org/10.1101/2024.08.05.
606704. (preprint)

[65] Bonora M, Giorgi C, Pinton P. Molecular mechanisms and con-
sequences of mitochondrial permeability transition. Nature Re-
views. Molecular Cell Biology. 2022; 23: 266–285. https://doi.
org/10.1038/s41580-021-00433-y.

[66] Albanese V, Pedriali G, Fabbri M, Ciancetta A, Ravagli S,
Roccatello C, et al. Design and synthesis of 1,4,8-triazaspiro
[4.5] decan-2-one derivatives as novel mitochondrial permeabil-
ity transition pore inhibitors. Journal of Enzyme Inhibition and
Medicinal Chemistry. 2025; 40: 2505907. https://doi.org/10.
1080/14756366.2025.2505907.

[67] Nesci S, Algieri C, Tallarida MA, Stanzione R, Marchi S,
Pietrangelo D, et al. Molecular mechanisms of naringenin mod-
ulation ofmitochondrial permeability transition acting on F1FO-
ATPase and counteracting saline load-induced injury in SHRSP
cerebral endothelial cells. European Journal of Cell Biology.
2024; 103: 151398. https://doi.org/10.1016/j.ejcb.2024.151398.

[68] Algieri C, Bernardini C, Cugliari A, Granata S, Trombetti F, Gl-
ogowski PA, et al. Melatonin rescues cell respiration impaired
by hypoxia/reoxygenation in aortic endothelial cells and affects
themitochondrial bioenergetics targeting the F1FO-ATPase. Re-
dox Biology. 2025; 82: 103605. https://doi.org/10.1016/j.redox.
2025.103605.

[69] Shou J, Huo Y. Changes of calcium cycling in HFrEF and HF-
pEF. Mechanobiology in Medicine. 2023; 1: 100001. https:
//doi.org/10.1016/j.mbm.2023.100001.

[70] Pietrangelo D, Lopa C, Litterio M, Cotugno M, Rubattu S,
Lombardi A. Metabolic Disturbances Involved in Cardiovas-
cular Diseases: The Role of Mitochondrial Dysfunction, Al-
tered Bioenergetics and Oxidative Stress. International Journal
of Molecular Sciences. 2025; 26: 6791. https://doi.org/10.3390/
ijms26146791.

[71] Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED. Car-
diac Energy Metabolism in Heart Failure. Circulation Research.
2021; 128: 1487–1513. https://doi.org/10.1161/CIRCRESAHA
.121.318241.

[72] Balderas E, Lee SHJ, Rai NK, Mollinedo DM, Duron HE,
Chaudhuri D. Mitochondrial Calcium Regulation of Cardiac
Metabolism in Health and Disease. Physiology (Bethesda, Md.).
2024; 39: 0. https://doi.org/10.1152/physiol.00014.2024.

[73] Hinton A, Jr, Claypool SM, Neikirk K, Senoo N, Wanjalla CN,

Kirabo A, et al. Mitochondrial Structure and Function in Human
Heart Failure. Circulation Research. 2024; 135: 372–396. https:
//doi.org/10.1161/CIRCRESAHA.124.323800.

[74] Da Dalt L, Cabodevilla AG, Goldberg IJ, Norata GD. Cardiac
lipid metabolism, mitochondrial function, and heart failure. Car-
diovascular Research. 2023; 119: 1905–1914. https://doi.org/
10.1093/cvr/cvad100.

[75] Watson WD, Arvidsson PM, Miller JJJ, Lewis AJ, Rider OJ. A
Mitochondrial Basis for Heart Failure Progression. Cardiovas-
cular Drugs and Therapy. 2024; 38: 1161–1171. https://doi.org/
10.1007/s10557-024-07582-0.

[76] Diaz-Juarez J, Suarez JA, Dillmann WH, Suarez J. Mitochon-
drial calcium handling and heart disease in diabetes melli-
tus. Biochimica et Biophysica Acta. Molecular Basis of Dis-
ease. 2021; 1867: 165984. https://doi.org/10.1016/j.bbadis
.2020.165984.

[77] Velmurugan S, Liu T, Chen KC, Despa F, O’Rourke B, Despa
S. Distinct Effects of Mitochondrial Na+/Ca2+ Exchanger Inhi-
bition and Ca2+ Uniporter Activation on Ca2+ Sparks and Ar-
rhythmogenesis in Diabetic Rats. Journal of the American Heart
Association. 2023; 12: e029997. https://doi.org/10.1161/JAHA
.123.029997.

[78] Popoiu TA, Maack C, Bertero E. Mitochondrial calcium signal-
ing and redox homeostasis in cardiac health and disease. Fron-
tiers in Molecular Medicine. 2023; 3: 1235188. https://doi.org/
10.3389/fmmed.2023.1235188.

[79] Dridi H, Santulli G, Bahlouli L, Miotto MC,Weninger G, Marks
AR. Mitochondrial Calcium Overload Plays a Causal Role in
Oxidative Stress in the Failing Heart. Biomolecules. 2023; 13:
1409. https://doi.org/10.3390/biom13091409.

[80] WuC, Zhang Z, ZhangW, Liu X.Mitochondrial dysfunction and
mitochondrial therapies in heart failure. Pharmacological Re-
search. 2022; 175: 106038. https://doi.org/10.1016/j.phrs.2021.
106038.

[81] Angelova PR, Abramov AY. Interplay of mitochondrial calcium
signalling and reactive oxygen species production in the brain.
Biochemical Society Transactions. 2024; 52: 1939–1946. https:
//doi.org/10.1042/BST20240261.

[82] Neginskaya MA, Pavlov EV, Sheu SS. Electrophysiological
properties of the mitochondrial permeability transition pores:
Channel diversity and disease implication. Biochimica et Bio-
physica Acta. Bioenergetics. 2021; 1862: 148357. https://doi.or
g/10.1016/j.bbabio.2020.148357.

[83] Ahmad SS, Ansari JA, Ansari TM, Zaidi SMH. Mitochondrial
Dysfunction in Cardiac Diseases: Insights into Pathophysiology
and Clinical Outcomes. Current Cardiology Reviews. 2025. http
s://doi.org/10.2174/011573403x379197250417061904. (online
ahead of print)

[84] Garbincius JF, Luongo TS, Lambert JP, Mangold AS, Mur-
ray EK, Hildebrand AN, et al. MCU gain-and loss-of-function
models define the duality of mitochondrial calcium uptake in
heart failure. bioRxiv. 2023. https://doi.org/10.1101/2023.04.
17.537222.

[85] Rodríguez-Prados M, Huang KT, Márta K, Paillard M, Csor-
dás G, Joseph SK, et al. MICU1 controls the sensitivity of the
mitochondrial Ca2+ uniporter to activators and inhibitors. Cell
Chemical Biology. 2023; 30: 606–617.e4. https://doi.org/10.
1016/j.chembiol.2023.05.002.

[86] Márta K, Hasan P, Rodríguez-Prados M, Paillard M, Hajnóczky
G. Pharmacological inhibition of the mitochondrial Ca2+ uni-
porter: Relevance for pathophysiology and human therapy.
Journal of Molecular and Cellular Cardiology. 2021; 151: 135–
144. https://doi.org/10.1016/j.yjmcc.2020.09.014.

[87] Chitturi J, Santhakumar V, Kannurpatti SS. Traumatic brain
injury metabolome and mitochondrial impact after early stage
Ru360 treatment. Mitochondrion. 2021; 57: 192–204. https:

10

https://doi.org/10.1038/s41586-025-09491-0
https://doi.org/10.1038/s41586-025-09491-0
https://doi.org/10.1016/j.ceca.2021.102416
https://doi.org/10.1016/j.ceca.2020.102345
https://doi.org/10.3389/fphys.2020.510600
https://doi.org/10.3389/fphys.2020.510600
https://doi.org/10.1016/j.yjmcc.2022.03.001
https://doi.org/10.1101/2024.08.05.606704
https://doi.org/10.1101/2024.08.05.606704
https://doi.org/10.1038/s41580-021-00433-y
https://doi.org/10.1038/s41580-021-00433-y
https://doi.org/10.1080/14756366.2025.2505907
https://doi.org/10.1080/14756366.2025.2505907
https://doi.org/10.1016/j.ejcb.2024.151398
https://doi.org/10.1016/j.redox.2025.103605
https://doi.org/10.1016/j.redox.2025.103605
https://doi.org/10.1016/j.mbm.2023.100001
https://doi.org/10.1016/j.mbm.2023.100001
https://doi.org/10.3390/ijms26146791
https://doi.org/10.3390/ijms26146791
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1152/physiol.00014.2024
https://doi.org/10.1161/CIRCRESAHA.124.323800
https://doi.org/10.1161/CIRCRESAHA.124.323800
https://doi.org/10.1093/cvr/cvad100
https://doi.org/10.1093/cvr/cvad100
https://doi.org/10.1007/s10557-024-07582-0
https://doi.org/10.1007/s10557-024-07582-0
https://doi.org/10.1016/j.bbadis.2020.165984
https://doi.org/10.1016/j.bbadis.2020.165984
https://doi.org/10.1161/JAHA.123.029997
https://doi.org/10.1161/JAHA.123.029997
https://doi.org/10.3389/fmmed.2023.1235188
https://doi.org/10.3389/fmmed.2023.1235188
https://doi.org/10.3390/biom13091409
https://doi.org/10.1016/j.phrs.2021.106038
https://doi.org/10.1016/j.phrs.2021.106038
https://doi.org/10.1042/BST20240261
https://doi.org/10.1042/BST20240261
https://doi.org/10.1016/j.bbabio.2020.148357
https://doi.org/10.1016/j.bbabio.2020.148357
https://doi.org/10.2174/011573403x379197250417061904
https://doi.org/10.2174/011573403x379197250417061904
https://doi.org/10.1101/2023.04.17.537222
https://doi.org/10.1101/2023.04.17.537222
https://doi.org/10.1016/j.chembiol.2023.05.002
https://doi.org/10.1016/j.chembiol.2023.05.002
https://doi.org/10.1016/j.yjmcc.2020.09.014
https://doi.org/10.1016/j.mito.2021.01.003
https://doi.org/10.1016/j.mito.2021.01.003
https://doi.org/10.1016/j.mito.2021.01.003


//doi.org/10.1016/j.mito.2021.01.003.
[88] Xu X, Zhou B, Liu J, Ma Q, Zhang T, Wu X. Ru360 Allevi-

ates Postoperative Cognitive Dysfunction in Aged Mice by In-
hibitingMCU-MediatedMitochondrial Dysfunction. Neuropsy-
chiatric Disease and Treatment. 2023; 19: 1531–1542. https:
//doi.org/10.2147/NDT.S409568.

[89] Woods JJ, Lovett J, Lai B, Harris HH,Wilson JJ. Redox Stability
Controls the Cellular Uptake and Activity of Ruthenium-Based
Inhibitors of the Mitochondrial Calcium Uniporter (MCU).
Angewandte Chemie (International Ed. in English). 2020; 59:
6482–6491. https://doi.org/10.1002/anie.202000247.

[90] Huang Z, Spivey JA, MacMillan SN, Wilson JJ. A ferrocene-
containing analogue of theMCU inhibitor Ru265 with increased
cell permeability. Inorganic Chemistry Frontiers. 2023; 10: 591–
599. https://doi.org/10.1039/d2qi02183h.

[91] Huang Z, MacMillan SN, Wilson JJ. A Fluorogenic Inhibitor
of the Mitochondrial Calcium Uniporter. Angewandte Chemie
(International Ed. in English). 2023; 62: e202214920. https://do
i.org/10.1002/anie.202214920.

[92] ZhaoH, Chen S, CaoN,WuW, Liu G, Gao J, et al. Berberine is a
Novel Mitochondrial Calcium Uniporter Inhibitor that Disrupts
MCU-EMRE Assembly. Advanced Science (Weinheim, Baden-
Wurttemberg, Germany). 2025; 12: e2412311. https://doi.org/
10.1002/advs.202412311.

[93] Belosludtsev KN, Sharipov RR, Boyarkin DP, Belosludtseva
NV, Dubinin MV, Krasilnikova IA, et al. The effect of
DS16570511, a new inhibitor of mitochondrial calcium uni-
porter, on calcium homeostasis, metabolism, and functional state
of cultured cortical neurons and isolated brain mitochondria.
Biochimica et Biophysica Acta. General Subjects. 2021; 1865:
129847. https://doi.org/10.1016/j.bbagen.2021.129847.

[94] Yamada A, Watanabe A, Nara A, Inokuma T, Asano M, Shino-
hara Y, et al. Multiple Inhibitory Mechanisms of DS16570511
Targeting Mitochondrial Calcium Uptake: Insights from Bio-
chemical Analysis of Rat Liver Mitochondria. International
Journal of Molecular Sciences. 2025; 26: 2670. https://doi.or
g/10.3390/ijms26062670.

[95] Tung C, Varzideh F, Farroni E, Mone P, Kansakar U, Jankauskas
SS, et al. Elamipretide: A Review of Its Structure, Mechanism
of Action, and Therapeutic Potential. International Journal of
Molecular Sciences. 2025; 26: 944. https://doi.org/10.3390/ijms
26030944.

[96] Mitchell W, Pharaoh G, Tyshkovskiy A, Campbell M, Marcinek
DJ, Gladyshev VN. The Mitochondria-Targeted Peptide Ther-
apeutic Elamipretide Improves Cardiac and Skeletal Muscle
Function During Aging Without Detectable Changes in Tis-
sue Epigenetic or Transcriptomic Age. Aging Cell. 2025; 24:
e70026. https://doi.org/10.1111/acel.70026.

[97] Sabbah HN. Barth syndrome cardiomyopathy: targeting the mi-
tochondria with elamipretide. Heart Failure Reviews. 2021; 26:
237–253. https://doi.org/10.1007/s10741-020-10031-3.

[98] Jacob N, Schecter D, Marshall M, Bansal N, Lamour J, Vernon
H, et al. Elamipretide in the Management of Barth Syndrome:

Current Evidence and a Case Report. Molecular Genetics and
Metabolism. 2025; 146: 109220. https://doi.org/10.1016/j.ym
gme.2025.109220.

[99] Obi C, Smith AT, Hughes GJ, Adeboye AA. Targeting
mitochondrial dysfunction with elamipretide. Heart Failure
Reviews. 2022; 27: 1925–1932. https://doi.org/10.1007/
s10741-021-10199-2.

[100] BighamNP, Huang Z, Spivey J,Woods JJ, MacMillan SN,Wil-
son JJ. Carboxylate-Capped Analogues of Ru265 Are MCU In-
hibitor Prodrugs. Inorganic Chemistry. 2022; 61: 17299–17312.
https://doi.org/10.1021/acs.inorgchem.2c02930.

[101] Luongo TS, Lambert JP, Gross P, Nwokedi M, Lombardi AA,
Shanmughapriya S, et al. The mitochondrial Na+/Ca2+ ex-
changer is essential for Ca2+ homeostasis and viability. Nature.
2017; 545: 93–97. https://doi.org/10.1038/nature22082.

[102] Jadiya P, Cohen HM, Kolmetzky DW, Kadam AA, Tomar D,
Elrod JW. Neuronal loss of NCLX-dependent mitochondrial cal-
cium efflux mediates age-associated cognitive decline. iScience.
2023; 26: 106296. https://doi.org/10.1016/j.isci.2023.106296.

[103] Jia H, Song Y, Hua Y, Li K, Li S, Wang Y. Molecular Mech-
anism of Aerobic Exercise Ameliorating Myocardial Mitochon-
drial Injury in Mice with Heart Failure. International Journal of
Molecular Sciences. 2025; 26: 2136. https://doi.org/10.3390/ij
ms26052136.

[104] Bradley JM, Li Z, Organ CL, Polhemus DJ, Otsuka H, Is-
lam KN, et al. A novel mtDNA repair fusion protein attenuates
maladaptive remodeling and preserves cardiac function in heart
failure. American Journal of Physiology. Heart and Circulatory
Physiology. 2018; 314: H311–H321. https://doi.org/10.1152/aj
pheart.00515.2017.

[105] ZhangW, Qian S, Tang B, Kang P, Zhang H, Shi C. Resveratrol
inhibits ferroptosis and decelerates heart failure progression via
Sirt1/p53 pathway activation. Journal of Cellular and Molecular
Medicine. 2023; 27: 3075–3089. https://doi.org/10.1111/jcmm
.17874.

[106] Park M, Nishimura T, Baeza-Garza CD, Caldwell ST, Pun
PBL, Prag HA, et al. Confirmation of the Cardioprotective
Effect of MitoGamide in the Diabetic Heart. Cardiovascular
Drugs and Therapy. 2020; 34: 823–834. https://doi.org/10.1007/
s10557-020-07086-7.

[107] Kim S, Song J, Ernst P, Latimer MN, Ha CM, Goh KY, et al.
MitoQ regulates redox-related noncoding RNAs to preserve mi-
tochondrial network integrity in pressure-overload heart failure.
American Journal of Physiology. Heart and Circulatory Physi-
ology. 2020; 318: H682–H695. https://doi.org/10.1152/ajpheart
.00617.2019.

[108] Filipiak KJ, Surma S, Romańczyk M, Okopień B. Heart
Failure-Do We Need New Drugs or Have Them Already? A
Case of Coenzyme Q10. Journal of Cardiovascular Develop-
ment and Disease. 2022; 9: 161. https://doi.org/10.3390/jcdd
9050161.

[109] Garbincius JF, Elrod JW. Mitochondrial sodium-calcium
exchange-Can TMEM65 do it alone? Cell Metabolism. 2025;
37: 1927–1928. https://doi.org/10.1016/j.cmet.2025.09.005.

11

https://doi.org/10.2147/NDT.S409568
https://doi.org/10.2147/NDT.S409568
https://doi.org/10.1002/anie.202000247
https://doi.org/10.1039/d2qi02183h
https://doi.org/10.1002/anie.202214920
https://doi.org/10.1002/anie.202214920
https://doi.org/10.1002/advs.202412311
https://doi.org/10.1002/advs.202412311
https://doi.org/10.1016/j.bbagen.2021.129847
https://doi.org/10.3390/ijms26062670
https://doi.org/10.3390/ijms26062670
https://doi.org/10.3390/ijms26030944
https://doi.org/10.3390/ijms26030944
https://doi.org/10.1111/acel.70026
https://doi.org/10.1007/s10741-020-10031-3
https://doi.org/10.1016/j.ymgme.2025.109220
https://doi.org/10.1016/j.ymgme.2025.109220
https://doi.org/10.1007/s10741-021-10199-2
https://doi.org/10.1007/s10741-021-10199-2
https://doi.org/10.1021/acs.inorgchem.2c02930
https://doi.org/10.1038/nature22082
https://doi.org/10.1016/j.isci.2023.106296
https://doi.org/10.3390/ijms26052136
https://doi.org/10.3390/ijms26052136
https://doi.org/10.1152/ajpheart.00515.2017
https://doi.org/10.1152/ajpheart.00515.2017
https://doi.org/10.1111/jcmm.17874
https://doi.org/10.1111/jcmm.17874
https://doi.org/10.1007/s10557-020-07086-7
https://doi.org/10.1007/s10557-020-07086-7
https://doi.org/10.1152/ajpheart.00617.2019
https://doi.org/10.1152/ajpheart.00617.2019
https://doi.org/10.3390/jcdd9050161
https://doi.org/10.3390/jcdd9050161
https://doi.org/10.1016/j.cmet.2025.09.005
https://www.imrpress.com

	1. Introduction
	2. Regulation of Mitochondrial Calcium
	2.1 Mitochondrial Calcium Uptake System
	2.1.1 Voltage-Dependent Anion Channels
	2.1.2 Mitochondrial Calcium Uniporter Complex
	2.1.3 Mitochondria-Associated Endoplasmic Reticulum Membranes

	2.2 Mitochondrial Calcium Efflux System
	2.2.1 Na⁺/Ca2⁺/Li⁺ Exchanger
	2.2.2 Mitochondrial Permeability Transition Pore


	3. Pathological Associations Between Mitochondrial Calcium Dysregulation and Heart Failure
	3.1 Energy Metabolism Dysfunction
	3.2 Oxidative Stress and Cell Death

	4. Mitochondria-Targeted Therapy
	4.1 MCU Inhibitors
	4.2 Elamipretide

	5. Conclusion
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

