
R E V I E W Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Kim et al. Cardiovascular Diabetology           (2026) 25:17 
https://doi.org/10.1186/s12933-025-03023-w

Introduction
Intracellular calcium (Ca2⁺) is a universal second mes-
senger that regulates diverse cellular processes, including 
contraction, secretion, gene expression, and metabolic 
regulation. Precise regulation of Ca2⁺ dynamics is essen-
tial for proper organ function, particularly in excit-
able tissues such as cardiac and skeletal muscle, and is 
increasingly recognized as critical in metabolically active 
non-excitable cells like hepatocytes [1, 2]. Central to 
this regulation is the sarco/endoplasmic reticulum Ca2⁺-
ATPase (SERCA), which actively sequesters cytosolic 
Ca2⁺ into the endoplasmic or sarcoplasmic reticulum 
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Abstract
Intracellular calcium (Ca2+) homeostasis is a central determinant of cardiometabolic physiology, integrating 
excitation–contraction coupling, metabolic signaling, and stress adaptation across multiple organs. The sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA), regulated by the micropeptides phospholamban (PLN) and dwarf 
open reading frame (DWORF), governs ER/SR Ca2+ reuptake and thereby shapes Ca2+-dependent signaling 
dynamics. Dysregulation of the SERCA–PLN–DWORF axis is increasingly recognized as a shared pathogenic 
mechanism in type 2 diabetes–related complications, including diabetic cardiomyopathy and heart failure with 
preserved ejection fraction (HFpEF), where reduced SERCA2a activity prolongs diastolic Ca2+ clearance and 
promotes calcineurin–NFAT activation and mitochondrial Ca2⁺ overload. In the liver, loss of SERCA2b activity 
promotes chronic ER stress, Ca2+–phosphoinositide complex formation, insulin resistance, and fibrotic activation, 
thereby linking Ca2+ dysregulation to progressive metabolic liver injury in metabolic dysfunction–associated 
fatty liver disease (MAFLD) and steatohepatitis (MASH). These observations position Ca2+ dysregulation as a 
unifying mechanism across the cardiometabolic disease continuum, spanning myocardial dysfunction, systemic 
insulin resistance, and progressive fatty liver disease. Therapeutic strategies targeting the SERCA–PLN–DWORF 
axis, including SERCA activators, PLN-directed antisense oligonucleotides, DWORF gene therapy, and CRISPR-
based modulation, have demonstrated efficacy in preclinical models by improving Ca2⁺ handling and alleviating 
metabolic or contractile stress. Further studies are required to determine the translational feasibility, long-term 
safety, and optimal patient subsets for SERCA-targeted interventions in cardiometabolic disease.
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(ER/SR), thereby terminating cytosolic Ca2⁺ signals and 
refilling luminal stores [3–8].

SERCA function is finely modulated by small trans-
membrane peptides, known as regulins, including phos-
pholamban (PLN), and the recently discovered dwarf 
open reading frame (DWORF) [9–11]. These micropep-
tides modify SERCA’s affinity for Ca2⁺ and its enzymatic 
kinetics in a context-dependent manner, enabling tis-
sues to dynamically adjust Ca2⁺ reuptake in response to 
physiological demands or stress signals [12–15]. PLN, 
predominantly expressed in cardiac and slow-twitch skel-
etal muscle, binds and inhibits SERCA2a when dephos-
phorylated, while phosphorylation at serine 16 (Ser16) 
or threonine 17 (Thr17) relieves this inhibition dur-
ing β-adrenergic stimulation [9, 12, 16, 17]. Conversely, 
DWORF acts as an endogenous activator by displacing 
PLN and stabilizing SERCA in its active conformation, 
enhancing Ca2⁺ transport independent of phosphoryla-
tion status [10, 14, 18].

Dysregulation of this micropeptide-mediated SERCA 
control is a shared pathogenic feature in multiple dis-
eases. In heart failure, elevated PLN expression com-
bined with reduced phosphorylation impairs SERCA2a 
function, leading to delayed cytosolic Ca2⁺ clearance, 
decreased contractility, and arrhythmogenesis. Concur-
rently, DWORF expression is downregulated, worsening 
this functional imbalance [13, 19–21]. In non-contractile 
tissues such as the liver, SERCA2b is the predominant 
isoform. Although PLN is minimally expressed under 
physiological conditions, recent studies implicate PLN 
and PLN-like peptides (such as endoregulin [ELN] and 
another-regulin [ALN]) in modulating ER Ca2⁺ handling 
in hepatic stellate cells and hepatocytes, particularly 
under metabolic stress and fibrotic remodeling [22–28].

Loss of SERCA2b expression or function in the liver 
leads to ER Ca2⁺ depletion, chronic unfolded protein 
response (UPR) activation, mitochondrial Ca2⁺ overload, 
and inflammatory signaling cascades, driving progres-
sion of metabolic dysfunction-associated steatohepatitis 
(MASH) and fibrosis [3, 29–33]. Analogous defects in the 
cardiac SERCA2a and PLN balance are central to heart 
failure pathogenesis, where emerging gene therapies and 
small-molecule interventions targeting this axis show 
promising preclinical and early clinical results [34–38].

Given the conserved yet tissue-specific roles of the 
SERCA–PLN–DWORF system, a comprehensive under-
standing of its molecular architecture, regulatory dynam-
ics, and pathophysiological consequences is essential. 
This review aimed to integrate mechanistic insights from 
muscle physiology, liver metabolism, and disease models 
to elucidate the central role of this axis in Ca2⁺ homeo-
stasis. Furthermore, it aimed to discuss current and 
emerging therapeutic approaches—ranging from small-
molecule activators and gene therapy to micropeptide 

modulation—that harness this knowledge to restore Ca2⁺ 
balance and mitigate organ dysfunction in cardiometa-
bolic disease.

Overview of intracellular Ca2⁺ signaling and 
regulatory networks
Intracellular Ca2⁺ signaling plays a fundamental role in 
regulating diverse physiological processes, including 
muscle contraction, neurotransmission, hormone secre-
tion, metabolism, immune responses, and gene expres-
sion [5, 39, 40]. The steep gradient between extracellular 
(approximately 1–2 mM) and intracellular (approximately 
50–100  nM) Ca2⁺ concentrations provides a rapid and 
tightly regulated signaling mechanism, enabling cells to 
respond to external stimuli with precision and temporal 
specificity [3, 41, 42]. This homeostasis is maintained by 
an elaborate network of Ca2⁺ transport systems distrib-
uted across the plasma membrane, ER, mitochondria, 
and Golgi apparatus [3, 4]. Key regulators include plasma 
membrane Ca2⁺ ATPases (PMCAs), SERCAs, and the 
mitochondrial Na⁺/Ca2⁺/Li⁺ exchanger (NCLX), which 
extrude Ca2⁺ from the cytosol to restore basal Ca2⁺ levels 
following activation [22, 39, 42, 43]. Within the ER, Ca2⁺ 
depletion is detected by stromal interaction molecules 
STIM1 and STIM2, which translocate to ER–plasma 
membrane junctions and activate ORAI1 channels and 
Transient Receptor Potential Canonical channels. This 
process mediates store-operated Ca2⁺ entry (SOCE), a 
key mechanism for replenishing ER Ca2⁺ stores (Fig.  1, 
schematic of intracellular Ca2⁺ signaling and inter-organ-
elle communication) [44–47].

Intracellular Ca2⁺ signaling is typically initiated by the 
activation of G protein-coupled receptors (GPCRs) in 
response to hormones such as glucagon, epinephrine, or 
norepinephrine. Gq-coupled receptors primarily mediate 
Ca2⁺ release by activating phospholipase C (PLC), which 
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PI(4,5)
P2) into diacylglycerol (DAG) and inositol 1,4,5-trisphos-
phate (IP3). IP3 then binds to IP3Rs on the ER membrane, 
triggering Ca2⁺ efflux into the cytosol [48]. In contrast, 
Gαs signaling regulates cAMP/PKA pathways that indi-
rectly modulate Ca2⁺ handling—for example, by phos-
phorylating Ca2⁺ channels or sensitizing downstream 
effectors—rather than serving as a primary IP3 generator 
[40, 49, 50]. In addition, IP₃ can be sequentially phos-
phorylated into various inositol phosphates (IPs) and 
pyrophosphates (PP-IPs), which provide additional layers 
of metabolic and stress-related regulation, although their 
contribution to direct Ca2⁺ signaling is secondary [51]. 
The spatial and temporal patterns of Ca2⁺ signals—rang-
ing from localized “puffs” to global cytosolic waves—are 
shaped by stimulus strength and the availability of phos-
phoinositide cofactors such as PIP2, which primarily reg-
ulate PLC activity and certain TRP channels, indirectly 
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influencing Ca2⁺ signaling dynamics rather than directly 
modulating IP3R sensitivity [52–54].

Elevated cytosolic Ca2⁺ levels activate various Ca2-
sensitive signaling proteins, notably calmodulin (CaM), 
which undergoes conformational change upon Ca2⁺ 
binding to its EF-hand domains and subsequently acti-
vates a cascade of kinases and phosphatases [55, 56]. This 
includes Ca2⁺/calmodulin-dependent kinases (CaMKs), 
protein kinase C (PKC), and the phosphatase calcineu-
rin, each of which modulates specific transcriptional pro-
grams. As an example of tissue-specific Ca2⁺-dependent 
feedback regulation, phospholamban (PLN) in cardiac 
muscle binds to the transmembrane domain of SERCA 
and inhibits its activity in the unphosphorylated state. 
This inhibition is relieved upon phosphorylation by PKA 
(Ser16) or Ca2⁺/calmodulin-dependent kinase II (CaM-
KII; Thr17), thereby enhancing SERCA-mediated Ca2⁺ 
reuptake and promoting efficient cardiac contractility 
and relaxation during β-adrenergic stimulation [57–61]. 
For instance, CaMKs phosphorylate transcription fac-
tors such as Forkhead box O (FOXO), cAMP response 

element-binding protein (CREB), p38 mitogen-activated 
protein kinase (p38 MAPK), nuclear factor kappa-light-
chain-enhancer of activated B cells, and c-Jun N-termi-
nal kinase to influence metabolic, inflammatory, and 
survival pathways [55, 62]. Simultaneously, calcineurin 
dephosphorylates transcription factors including CREB-
regulated transcription coactivator 2 (CRTC2), myocyte 
enhancer factor-2 (MEF2), nuclear factor of activated T 
cells c, and transcription factor EB, enabling their nuclear 
translocation and activation of genes involved in metab-
olism, autophagy, lysosomal biogenesis, and immunity 
[63–65]. In addition, PKC activation is triggered by the 
concurrent rise in Ca2⁺ and DAG, which bind to its C2 
and C1 domains, respectively, promoting translocation to 
the plasma membrane and subsequent phosphorylation 
of substrates, including MAPKs, IκB, vitamin D receptor, 
and calpain [39, 66, 67]. Thus, intracellular Ca2⁺ functions 
as a versatile and highly integrated second messenger 
that governs numerous aspects of cellular physiology and 
inter-organelle communication. In this review, we focus 
specifically on the functional regulation and pathological 

Fig. 1  Integrated Overview of Intracellular Ca2⁺ Handling and SERCA Regulation. This schematic representation summarizes the major pathways coordi-
nating intracellular Ca2⁺ flux in excitable and non-excitable cells, emphasizing the β-adrenergic receptor (β-AR)–PLN–SERCA regulatory axis. β-AR activa-
tion stimulates Gsα–adenylyl cyclase signaling to elevate cAMP, which activates PKA and phosphorylates PLN at Ser1⁶, relieving its inhibition of SERCA. 
Concurrently, Ca2⁺ influx through L-type Ca2⁺ channels triggers CaMKII-dependent phosphorylation of PLN at Thr1⁷, further enhancing SERCA-mediated 
Ca2⁺ reuptake into the SR/ER. In its dephosphorylated state, PLN stabilizes SERCA in a low-affinity (E2) conformation, limiting Ca2⁺ sequestration, whereas 
phosphorylation or pentamerization inactivates PLN inhibition. Ca2⁺ release occurs through ryanodine (RyR) and IP3 receptors, the latter activated via 
GPCR–PLCβ–IP3 signaling. ER Ca2⁺ depletion engages STIM1/2-mediated activation of ORAI channels, inducing store-operated Ca2⁺ entry (SOCE). Cyto-
solic Ca2⁺ is cleared by PMCAs and buffered by mitochondria (via MCU/NCLX) and lysosomes (via TRPML channels), while Golgi Ca2⁺/Mn2⁺-ATPases main-
tain secretory pathway stores. Elevated cytosolic Ca2⁺ activates calcineurin (CnA) and CaMK, which regulate transcriptional co-activators such as CRTC2 
and FOXO to coordinate metabolic, stress-adaptive, and survival programs. Collectively, these integrated Ca2⁺ circuits ensure tight control of signaling 
amplitude and duration, with the PLN–SERCA module acting as a central determinant of Ca2⁺ clearance, excitation–contraction coupling, and organellar 
homeostasis across physiological and metabolic contexts
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dysregulation of the SERCA–PLN–DWORF axis across 
tissues, highlighting its central role in Ca2⁺ reuptake and 
its therapeutic relevance in metabolic, cardiovascular, 
and fibrotic diseases.

Tissue-specific SERCA regulation
Three major isoforms of Ca2⁺-ATPase (SERCA) are 
encoded by distinct genes (ATP2A1–3), and exhibit 
tissue-specific expression patterns critical for Ca2⁺ han-
dling in diverse cellular contexts [68–73]. SERCA2a is the 
predominant isoform in cardiac muscle and slow-twitch 
skeletal fibers, optimized for rhythmic Ca2⁺ cycling 
required during contraction–relaxation. The ubiquitously 
expressed SERCA2b variant, derived from the same gene 
as SERCA2a but possessing a longer luminal C-terminal 
tail, is the principal isoform in non-excitable tissues such 
as liver, where it maintains ER Ca2⁺ levels critical for 
metabolic and secretory functions (Fig. 2A) [74, 75]. All 
SERCA isoforms share a conserved molecular structure 
comprising cytosolic nucleotide-binding, phosphoryla-
tion, and actuator domains linked to a transmembrane 
channel that mediates Ca2⁺ transport [9, 76, 77].

SERCA function is fine-tuned by small transmem-
brane micropeptides termed regulins, including PLN, 
and DWORF, which exhibit tissue- and isoform-specific 
expression patterns [78]. PLN, a 52-residue protein, is 
highly expressed in ventricular myocardium and slow 
oxidative skeletal fibers, where it regulates SERCA2a 
[28]. DWORF, a 35-residue muscle-specific peptide, is 
detectable in cardiac and slow skeletal muscle and func-
tions as a direct SERCA activator. In cardiac tissue, PLN 

is expressed at high levels, while DWORF is expressed 
at lower levels but may be upregulated under stress or 
via gene therapy [13, 79]. In non-excitable tissues like 
the liver, SERCA2b is the dominant isoform. PLN and 
DWORF are not robustly expressed under physiological 
conditions; however, PLN messenger RNA (mRNA) has 
been detected in hepatic stellate cells (HSCs), reported in 
some datasets but with functional significance remaining 
unclear [24], and DWORF expression is limited to trace 
transcriptomic signals without confirmed protein expres-
sion or functional relevance. Other SERCA-interacting 
regulins, such as ELN and ALN, have been identified in 
endothelial and epithelial cells and may functionally sub-
stitute for PLN in non-muscle tissues (Fig.  2A) [13, 22, 
25, 78].

PLN modulates SERCA2a activity through direct inter-
action with its transmembrane domain, primarily M3. In 
its unphosphorylated state, PLN binds to SERCA and sta-
bilizes the E2 conformation, reducing the pump’s appar-
ent affinity for Ca2⁺ and thereby slowing Ca2⁺ uptake into 
the SR [9, 80, 81]. X-ray crystallography and cryo-elec-
tron microscopy studies confirm that PLN binding traps 
SERCA in the Ca2⁺-unbound state, effectively acting as a 
brake on cardiac relaxation (Fig. 2B) [10]. This inhibition 
is reversed upon phosphorylation of PLN at Ser16 [82] 
by PKA [82] or Thr17 by CaMKII, [57, 58], which shifts 
PLN into a dynamic or dissociated conformation, freeing 
SERCA to bind and transport Ca2⁺ more efficiently [12, 
16, 83]. This regulatory phosphorylation is integral to the 
β-adrenergic response, enhancing both inotropy and lus-
itropy during sympathetic stimulation.

Fig. 2  Tissue-specific and structural regulation of SERCA by micropeptides. A Tissue-specific control of SERCA isoforms. Distinct SERCA isoforms exhibit 
specialized micropeptide regulation across tissues. In cardiac muscle, SERCA2a is repressed by phospholamban (PLN) and activated by DWORF, which 
competitively displaces PLN. In non-excitable cells, SERCA2b interacts with another-regulin (ALN), whereas SERCA3, expressed in epithelial and endothe-
lial cells, is modulated by endoregulin (ELN). Each isoform drives ATP-dependent Ca2⁺ uptake into the SR or ER, counterbalanced by RyR or IP3R-mediated 
Ca2⁺ release, ensuring precise, tissue-adapted control of Ca2⁺ cycling for contraction, secretion, and metabolic homeostasis. B Structural basis of PLN 
and DWORF regulation. SERCA’s transmembrane helices (green) form a hydrophobic groove that binds PLN (pink), which inhibits Ca2⁺ transport via key 
residues Pro15, Leu31, and Asn34. DWORF (blue) occupies the same binding pocket but acts antagonistically, displacing PLN and enhancing Ca2⁺ sequestra-
tion. This competitive interaction underscores the opposing regulatory roles of PLN and DWORF and identifies DWORF as a potential therapeutic activa-
tor of SERCA in muscle and metabolic disease
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In contrast to these inhibitory peptides, DWORF acts 
as an endogenous activator of SERCA by occupying the 
same binding groove on the transmembrane domain 
and stabilizing the Ca2⁺-bound E1 conformation [10, 13, 
14, 84]. This single-pass α-helical peptide with a helix–
linker–helix structure, stabilizes the Ca2-bound E1 con-
formation of SERCA, facilitating enhanced turnover and 
increased Ca2⁺ reuptake (Fig. 2A). DWORF not only dis-
places PLN from SERCA but also appears to exert allo-
steric effects that further enhance SERCA pump kinetics 
[10, 13]. Unlike its inhibitory counterparts, DWORF 
remains monomeric in the membrane and is the only 
known endogenous micropeptide that stimulates SERCA 
activity. DWORF is part of a growing family of small 
transmembrane peptides (collectively termed “regu-
lins”) that modulate SERCA. Other members include 
MLN, ELN, and ALN, each predominantly expressed in 
specific tissues [13, 14, 27, 78, 85]. MLN, for instance, 
is expressed in skeletal muscle and acts as an inhibi-
tor analogous to PLN, while ELN and ALN are found in 
non-muscle tissues (such as endothelial cells) and appear 
to have PLN-like functions. Uniquely, DWORF is the 
only known endogenous peptide that activates SERCA 
(Fig. 2A) [11, 14]. Its ability to enhance Ca2⁺ transport has 
made it a compelling target for therapeutic exploration.

The functional consequences of this regulatory balance 
are tissue-dependent and pathophysiologically relevant. 
In cardiac and skeletal muscle, phosphorylation of PLN 
or the presence of DWORF promotes rapid Ca2⁺ seques-
tration, enabling efficient relaxation and contractile per-
formance [10, 12]. In contrast, excess PLN activity delays 
Ca2⁺ reuptake, predisposing to diastolic dysfunction, 
arrhythmogenic Ca2⁺ waves [13, 86]. In hepatocytes, high 
SERCA2b activity sustains luminal ER Ca2⁺ concentra-
tions essential for protein folding and secretory capacity; 
its inhibition by PLN, ER stress, or lipotoxic conditions 
leads to UPR activation, mitochondrial Ca2⁺ overload, 
and hepatocellular injury [29, 87–90]. PKA signaling 
has been associated with reduced fibrogenic activation, 
potentially through Ca2⁺-dependent mechanisms rather 
than direct PLN modulation [91, 92]. Overall, the bal-
ance between SERCA inhibition and activation, whether 
through PLN, SLN, DWORF, or other regulins, emerges 
as a central determinant of Ca2⁺ signaling fidelity and 
organ function, providing a framework for therapeutic 
targeting in metabolic, cardiovascular, and fibrotic dis-
eases (Fig. 2B).

Dysregulation of the SERCA2a–PLN–DWORF 
signaling axis in heart failure (HF)
HF is a clinical syndrome of inadequate cardiac output 
due to impaired pump function, often following chronic 
stress such as hypertension, myocardial infarction, or 
genetic cardiomyopathies. A defining characteristic of 

the failing myocardium is impaired intracellular Ca2⁺ 
handling, especially during excitation–contraction cou-
pling, in contrast to the tightly regulated and efficient 
Ca2⁺ cycling observed in healthy myocardium (Fig.  3) 
[9, 12, 16, 86, 93]. In cardiomyocytes from failing hearts, 
studies have consistently found reduced SERCA2a 
expression and activity, along with elevated PLN levels 
or activity, shifting the balance toward suppressed Ca2⁺ 
reuptake [17, 37, 38, 43, 86, 94]. The result is a slower 
and incomplete removal of Ca2⁺ from the cytosol during 
diastole, leading to diastolic dysfunction (impaired relax-
ation) and a lower SR Ca2⁺ store for subsequent systoles, 
which contributes to reduced contractile force (systolic 
dysfunction) (Fig. 3B) [9].

Mechanistically, in many forms of HF (especially non-
ischemic or genetic cardiomyopathies), PLN remains in 
a largely dephosphorylated (active inhibitory) state under 
baseline conditions, because β-adrenergic signaling is 
blunted and phosphatase activity is often elevated [12, 
95]. This means the inhibition of PLN on SERCA2a is not 
adequately released, even when the failing heart attempts 
to increase output. Supporting this, failing human hearts 
have shown not only a higher PLN/SERCA protein ratio 
but also lower PLN phosphorylation at Ser16 [12, 37, 38, 
91]. The net effect is chronic depression of SERCA2a 
function, contributing to prolonged Ca2⁺ overload, sec-
ondary activation of Na⁺/Ca2⁺ exchanger (which can pro-
mote arrhythmias), and energetic inefficiency (Fig.  3B) 
[96]. A dramatic example of the pathological role of PLN 
is the hereditary PLN R14del mutation, which produces 
a mutant PLN that cannot be properly phosphorylated 
and tends to form toxic aggregates [19, 20, 34, 97, 98]. 
Patients with this mutation develop lethal dilated car-
diomyopathy at a young age, underscoring how over-
active PLN inhibition of SERCA2a (and associated ER 
stress from PLN aggregation) can alone drive HF. Mouse 
models of PLN R14del and other PLN overexpression 
similarly exhibit severe contractile dysfunction, arrhyth-
mias, and ventricular dilation [19]. Conversely, partial 
reduction of PLN (haploinsufficiency) or PKA-mediated 
hyperphosphorylation of PLN can ameliorate contractile 
deficits in various HF models [16, 93].

DWORF’s role in the heart has also gained attention. 
In healthy myocardium, DWORF modulates SERCA2a 
subtly under resting conditions. However, during height-
ened adrenergic drive (when PLN is phosphorylated), 
DWORF may bind SERCA2a and further accelerate Ca2⁺ 
uptake [28, 99, 100]. In HF, DWORF expression has been 
reported to be downregulated in several failing human 
heart samples and mouse HF models (Fig.  3B) [13, 21]. 
The loss of DWORF removes an important counterbal-
ance to PLN. Reduced DWORF in HF may reflect aspects 
of fetal gene reprogramming (since DWORF is higher in 
adult heart and lower in fetal heart), which unfortunately 
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leaves SERCA2a unopposed by inhibitors [13]. Indeed, 
transgenic DWORF overexpression in mice has been 
protective: when engineered mice with high cardiac 
DWORF were subjected to pressure overload or myocar-
dial injury, they showed preserved ejection fraction and 
less hypertrophy/fibrosis compared to controls [11, 13]. 
DWORF presumably helped maintain SERCA activity 
in those stressed hearts, preventing the typical Ca2⁺ mis-
handling and pathologic remodeling of HF.

Another contributor to Ca2⁺ dysregulation in HF is 
hyperactivation of kinases such as CaMKII, which can 
phosphorylate not only PLN (at Thr17) [57, 58] but 
also the ryanodine receptor (RyR2) [83, 101], leading to 
SR Ca2⁺ leak. In the context of HF, chronic hyperphos-
phorylation of RyR2 renders the channel leaky, leading 
to SR Ca2⁺ depletion even in the setting of impaired Ca2⁺ 
reuptake. This pathological state creates a vicious cycle 
wherein SERCA2a must function against two opposing 
forces: the inhibitory brake imposed by PLN and con-
tinuous Ca2⁺ leak through destabilized RyR2 channels 
(Fig.  3B). Experimental PLN ablation in knockout mice 
substantially enhances myocardial contractility, under-
scoring the critical role of PLN in limiting SERCA2a 
efficiency; however, in the absence of RyR2 stabilization, 
such interventions may provoke spontaneous Ca2⁺ waves 
and arrhythmias due to unrestrained SR Ca2⁺ release [20]. 

Therefore, successful therapeutic strategies must balance 
improvements in Ca2⁺ reuptake with stabilization of SR 
Ca2⁺ release. Nonetheless, the net effect in PLN knock-
out mice is improved cardiac performance, and remark-
ably, mice completely lacking PLN are viable and have 
supernormal cardiac function with no HF, although in 
humans, complete PLN deficiency has been linked to 
cardiomyopathy, suggesting species differences and pos-
sible compensatory mechanisms in mice [98, 102]. These 
findings underscore that SERCA regulation and micro-
peptide function exhibit species-dependent variability, as 
rodents display higher Ca2⁺ cycling tolerance and com-
pensatory reserve compared to humans. Therefore, trans-
lational extrapolation from murine to human systems 
requires careful validation using large-animal or human-
ized models. In summary, HF is fundamentally charac-
terized by impaired intracellular Ca2⁺ cycling, driven by 
reduced SERCA2a expression or activity and excessive 
inhibition by PLN, particularly in its hypophosphorylated 
state. This dysfunction limits Ca2⁺ reuptake into the SR, 
resulting in depleted SR Ca2⁺ stores, weakened contrac-
tile force, and diastolic dysfunction. Moreover, insuf-
ficient SR Ca2⁺ buffering contributes to pro-arrhythmic 
spontaneous Ca2⁺ release events and activates pathologi-
cal signaling cascades, including the calcineurin–nuclear 
factor of activated T cells (NFAT) axis and hypertrophic 

Fig. 3  Dysregulation of the SERCA2a–PLN–DWORF Axis in Heart Failure. A Healthy myocardium. β-adrenergic stimulation activates Gsα–AC–cAMP–PKA 
signaling, leading to PLN phosphorylation at Ser1⁶ (by PKA) and Thr1⁷ (by CaMKII). Phosphorylated PLN (pPLN) disengages from SERCA2a, enabling ef-
ficient Ca2⁺ reuptake into the SR and proper myofilament relaxation. DWORF further enhances SERCA2a activity by displacing PLN from its inhibitory site, 
maintaining balanced Ca2⁺ cycling between RyR-mediated release and SERCA2a-mediated sequestration. B Failing myocardium. Impaired β-adrenergic 
signaling reduces PKA activation and PLN phosphorylation, while pathogenic PLN variants (e.g., R14del) remain constitutively inhibitory. DWORF down-
regulation and SERCA2a suppression exacerbate SR Ca2⁺ reuptake failure, causing cytosolic Ca2⁺ overload and defective diastolic relaxation. RyR hyperac-
tivity promotes persistent Ca2⁺ leak, driving contractile dysfunction and arrhythmogenesis characteristic of heart failure
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transcriptional programs. A critical contributor to this 
pathological state is the imbalance within the SERCA2a–
PLN–DWORF regulatory axis: elevated PLN activity 
inhibits SERCA2a, while the counter-regulatory action of 
DWORF is often reduced or insufficient to restore pump 
function. Accordingly, emerging preclinical strategies 
have focused on rebalancing this axis, either by silencing 
or inhibiting PLN or by augmenting DWORF expression 
or mimetics, to reactivate SERCA2a, improve SR Ca2⁺ 
sequestration, and normalize cardiac Ca2⁺ handling and 
contractility.

Hepatic SERCA2b–PLN signaling axis in health and 
disease
In healthy hepatocytes, SERCA2b is the predominant 
SERCA isoform and plays a central role in maintaining 
intracellular Ca2⁺ homeostasis by actively transporting 
Ca2⁺ from the cytosol into the ER lumen [30, 31, 103]. 
This process supports protein folding, lipid metabolism, 
and metabolic signaling by preserving luminal Ca2⁺ lev-
els. Under basal physiological conditions, the expression 
of PLN, a well-known SERCA inhibitor in cardiac and 
slow-twitch skeletal muscle [9], is low in the liver [104]. 
Comparative protein analyses have revealed that hepatic 
PLN expression is approximately 100-fold lower than in 
cardiac muscle [104], and Northern blot confirmation of 
PLN mRNA in the liver remains limited. However, sin-
gle-cell RNA sequencing has reported PLN transcripts 
in subsets of HSCs, but the functional significance of this 
expression remains unconfirmed [24]. HSCs, as liver-
resident pericytes, regulate extracellular matrix produc-
tion and contractility in response to injury, processes that 
are highly dependent on transient cytosolic Ca2⁺ eleva-
tions [105]. SERCA2b in these cells is thought to buf-
fer cytosolic Ca2⁺ following G protein-coupled agonist 
stimulation (such as endothelin-1, angiotensin II) and 
may attenuate persistent activation. Although the regula-
tory function of PLN in liver cells remains unconfirmed, 
other SERCA-inhibiting micropeptides such as ELN and 
ALN have been identified in non-muscle cells [22, 23, 25, 
106]. These peptides are believed to interact with SER-
CA2b to modulate ER Ca2⁺ reuptake, suggesting a con-
served micropeptide-mediated regulatory system for ER 
Ca2⁺ pumps in epithelial cells, including hepatocytes and 
HSCs (Fig. 4A).

In pathological conditions such as metabolic dys-
function-associated fatty liver disease (MAFLD) and its 
progressive inflammatory form, metabolic-associated 
steatohepatitis (MASH), disruption of hepatic ER Ca2⁺ 
homeostasis emerges as a central pathophysiological 
mechanism [87, 107, 108]. Across diverse experimen-
tal models—including ob/ob mice, high-fat/high-sugar 
diet-fed mice, and the methionine/choline-deficient 
(MCD) diet-induced steatohepatitis model—a consistent 

and marked downregulation of SERCA2b expression 
and activity has been reported in hepatocytes [3, 31, 87, 
109]. These alterations are accompanied by inactivation 
of key metabolic signaling pathways, particularly pro-
tein kinase B (AKT) and PKA, which are essential for 
insulin signaling and hepatic metabolic regulation [3, 4, 
59, 109–111]. Catalucci et al. [112] demonstrated that 
Akt directly phosphorylates phospholamban (PLN) at 
Thr17, relieving its inhibition of SERCA2a and thereby 
enhancing Ca2⁺ reuptake and contractility. In transgenic 
mice expressing constitutively active Akt (Akt-E40K), 
improved Ca2⁺ handling occurred independently of CaM-
KII signaling, confirming a direct Akt–PLN interaction. 
This study provides key evidence linking insulin/IGF-1 
signaling to SERCA2a-mediated Ca2⁺ cycling in the heart, 
supporting the concept that Akt inactivation may impair 
PLN phosphorylation and SERCA function in hepato-
cytes under lipotoxic stress. Catalucci et al. [112] demon-
strated that Akt directly phosphorylates phospholamban 
(PLN) at Thr17, relieving its inhibition of SERCA2a and 
thereby enhancing Ca2⁺ reuptake and contractility. In 
transgenic mice expressing constitutively active Akt (Akt-
E40K), improved Ca2⁺ handling occurred independently 
of CaMKII signaling, confirming a direct Akt–PLN inter-
action. This study provides key evidence linking insulin/
IGF-1 signaling to SERCA2a-mediated Ca2⁺ cycling in 
the heart, supporting the concept that Akt inactivation 
may impair PLN phosphorylation and SERCA function 
in hepatocytes under lipotoxic stress.

Mechanistically, chronic cytosolic Ca2⁺ overload, a 
hallmark of SERCA2b dysfunction, has been proposed 
to induce direct interaction of Ca2⁺ with phosphory-
lated headgroups of phosphoinositides (PIPs) such 
as phosphatidylinositol 3,4-bisphosphate (PI[3,4]P2), 
phosphatidylinositol 4,5-bisphosphate (PI[4,5]P2), and 
phosphatidylinositol 3,4,5-trisphosphate (PI[3,4,5]P3), 
resulting in the formation of stable Ca2⁺–PIP complexes, 
a mechanism supported by experimental and modeling 
studies [110]. These complexes sequester PIPs into mem-
brane microdomains and impair membrane recruitment 
of pleckstrin homology (PH) domain-containing pro-
teins, including AKT, phospholipase C delta, and insulin 
receptor substrate 1, thereby disrupting PIP-dependent 
insulin signaling [4, 110]. This defect prevents the phos-
phorylation of PLN, allowing it to remain in its inhibi-
tory state and chronically suppresses SERCA2b activity 
(Fig. 4B). The resulting impairment in ER Ca2⁺ reuptake 
leads to sustained cytosolic Ca2⁺ elevation and progres-
sive ER Ca2⁺ depletion, disrupting intracellular Ca2⁺ 
dynamics and ER homeostasis [3, 4, 113].

As ER Ca2⁺ stores decline, the UPR is chronically 
activated, with upregulation of stress markers such as 
glucose-regulated protein 78/binding immunoglobulin 
protein (GRP78/BiP) and C/EBP homologous protein 



Page 8 of 18Kim et al. Cardiovascular Diabetology           (2026) 25:17 

(CHOP), eventually triggering hepatocyte apoptosis 
and progressive hepatic injury [29, 30, 114, 115]. This 
maladaptive ER stress is particularly evident at mito-
chondria-associated ER membranes (MAMs), where 
SERCA2b levels are significantly reduced in fibrotic livers 
[29, 30, 116]. Loss of SERCA2b at MAMs disrupts ER-
mitochondrial Ca2⁺ coupling, promotes mitochondrial 
Ca2⁺ overload, enhances reactive oxygen species produc-
tion, and accelerates cell death (Fig. 4B) [31, 32, 117, 118]. 
In parallel, chronic activation of three UPR branches—
protein kinase R–like ER kinase (PERK), inositol-requir-
ing enzyme 1 (IRE1), and activating transcription factor 
6 (ATF6)—shifts from adaptive to deleterious, amplifying 
hepatocellular dysfunction under sustained metabolic 
stress [119–121]. Damaged hepatocytes release damage-
associated molecular patterns [122, 123], which activate 
Kupffer cells and recruit pro-inflammatory immune cells, 

further exacerbating hepatic inflammation. Moreover, 
reduced ER luminal Ca2⁺ compromises lipid metabolic 
enzyme activity and impairs insulin signaling, thereby 
aggravating steatosis and promoting hepatic insulin resis-
tance [3, 109, 110]. Thus, the sequential events triggered 
by SERCA2b dysfunction—Ca2⁺-PIP complex formation, 
insulin signaling disruption, prolonged cytosolic Ca2⁺ 
elevation, and UPR-mediated cellular injury—represent 
a unified mechanism linking Ca2⁺ dysregulation to the 
pathogenesis of MAFLD and MASH, particularly at the 
interface of ER stress, lipid accumulation, and inflamma-
tion (Fig. 4B).

Upon liver injury or stimulation by pro-fibrotic agonists 
such as serotonin (5-HT), endothelin-1, angiotensin II, 
and platelet-derived growth factor, HSCs undergo rapid 
and sustained elevations in cytosolic Ca2⁺ concentration 
[124]. Although quiescent HSCs display only transient 

Fig. 4  Dysregulation of the SERCA2b–PLN Axis in Hepatic Ca2⁺ Homeostasis and Its Role in MAFLD/MASH Progression. A Healthy liver. In hepatocytes 
and stellate cells, SERCA2b maintains ER Ca2⁺ storage and cytosolic balance, while PLN inhibition is minimal. Alternative regulators such as ELN and ALN 
fine-tune SERCA2b activity to preserve ER–mitochondria coupling and suppress the unfolded protein response (UPR). Proper Ca2⁺ homeostasis sustains 
protein folding, redox balance, and mitochondrial integrity, preventing ER stress and supporting lipid metabolism and cell survival. B MAFLD and MASH. 
Impaired PI3K–AKT and Gsα–cAMP–PKA signaling keeps PLN unphosphorylated, suppressing SERCA2b activity. Resultant ER Ca2⁺ depletion and cytosolic 
Ca2⁺ overload trigger UPR activation (BiP, PERK, ATF6, IRE1) and formation of Ca2⁺–PIP complexes, which sequester PIPs and block AKT membrane recruit-
ment, worsening insulin resistance. Disrupted ER–mitochondrial Ca2⁺ coupling causes mitochondrial Ca2⁺ overload, ROS accumulation, and MAM desta-
bilization, promoting apoptosis and release of DAMPs that activate Kupffer cells and inflammation. In stellate cells, reduced SERCA2b further enhances 
TGF-β–driven fibrogenesis, leading to collagen deposition and fibrosis. Collectively, these Ca2⁺-dependent maladaptations drive hepatic apoptosis, in-
flammation, and fibrotic remodeling—key hallmarks of MAFLD/MASH pathogenesis
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and modest Ca2⁺ responses, activated HSCs, transdiffer-
entiated into myofibroblast-like cells, acquire the capac-
ity to generate prolonged Ca2⁺ transients essential for 
maintaining the fibrogenic phenotype. This transforma-
tion involves upregulation of Ca2⁺ signaling machinery, 
including GPCRs (such as 5-HT2A and 5-HT2B), ER 
IP3Rs, SERCA isoforms for Ca2⁺ reuptake, and Ca2-bind-
ing chaperones such as calreticulin and calnexin [125, 
126]. Elevated cytosolic Ca2+ acts as a central intracel-
lular signal that both initiates and sustains expression of 
fibrogenic genes, including those encoding extracellular 
matrix (ECM) components such as collagen type I [125, 
127]. This process is tightly linked to Ca2-dependent acti-
vation of the TGF-β signaling, particularly via SMAD-
mediated transcription, which promotes pathological 
ECM deposition and liver fibrosis [128].

In this context, SERCA2b plays a critical role in termi-
nating cytosolic Ca2⁺ signals by resequestering Ca2⁺ into 
the ER. However, its function is susceptible to inhibi-
tion by PLN. Although PLN expression in hepatocytes 
is negligible under physiological conditions [104],], its 
possible expression in HSCs raises the hypothesis that 
PLN may theoretically inhibit SERCA2b and sustain 
cytosolic Ca2⁺ elevation, but this remains to be experi-
mentally validated [125, 126]. Supporting this hypothesis, 
activation of the cAMP/PKA pathway has been shown 
to suppress HSC activation and fibrogenesis, potentially 
through mechanisms involving Ca2⁺ handling rather than 
direct PLN modulation (Fig.  4B) [91]. Further evidence 
comes from fibrotic liver models, where HSCs exhibit 
persistent SOCE and enhanced STIM1 activation, reflec-
tive of chronic ER Ca2⁺ depletion [129, 130]. Moreover, 
CISD2-deficient mice, lacking a SERCA2b-stabilizing 
factor, develop age-dependent non-alcoholic steatohepa-
titis (NASH) and liver fibrosis, underscoring the causal 
role of impaired SERCA2b function in hepatic fibrogen-
esis [131]. Notably, the consequences of hepatic Ca2⁺ 
dysregulation extend beyond the liver. In patients with 
cirrhosis, systemic manifestations such as cirrhotic car-
diomyopathy are associated with abnormal myocardial 
PLN phosphorylation, suggesting a possible link whereby 
liver-derived inflammatory or endocrine mediators may 
influence SERCA–PLN signaling in the heart [132].

Disruption of ER Ca2⁺ homeostasis is also implicated 
in drug-induced liver injury. Pharmacological agents 
such as sorafenib, acetaminophen, and volatile anesthet-
ics can impair ER Ca2⁺ balance either by directly inhib-
iting SERCA2b or inducing Ca2⁺ leakage, contributing to 
hepatocellular stress and death [133]. Similarly, herbal 
compounds like saikosaponins, known SERCA inhibitors, 
have been linked to hepatotoxicity and cardiotoxicity 
[30]. Importantly, restoring or enhancing SERCA2b func-
tion shows therapeutic potential. In MCD diet-fed mice, 
the augmenter of liver regeneration restored SERCA2b 

expression, preserved ER Ca2⁺ stores, and mitigated 
hepatic steatosis and apoptosis [30]. Likewise, the natu-
ral compound matrine increased SERCA2b expression 
in palmitate-challenged hepatocytes, reducing cytosolic 
Ca2⁺ overload and UPR activation [134]. Conversely, 
hepatic Serca2b knockdown in healthy mice induced 
steatosis, glucose intolerance, and ER stress, highlight-
ing its essential role in hepatic metabolic integrity [135]. 
Sustained cytosolic Ca2⁺ overload in HSCs—driven by 
receptor activation, ER Ca2⁺ leakage, and SERCA2b inhi-
bition—thus represents a central mechanism promoting 
HSC activation, ECM production, and fibrosis. SERCA2b 
dysfunction, whether through direct inhibition, regula-
tory suppression by PLN, or loss of stabilizing factors like 
CISD2, integrates ER stress, mitochondrial dysfunction, 
and pro-fibrotic signaling. Therefore, restoring SERCA2b 
expression or activity, potentially alongside inhibition of 
negative regulators such as PLN, offers a compelling ther-
apeutic strategy against fibrogenesis and progression of 
metabolic liver disease.

Targeting SERCA regulation: pharmacologic 
activation, PLN suppression, and gene-based 
upregulation
Therapeutic interventions targeting the PLN–SERCA–
DWORF axis focus on restoring Ca2⁺ homeostasis 
through three principal strategies: direct pharmacologic 
activation of SERCA, suppression of PLN-mediated inhi-
bition, and upregulation of SERCA expression (Fig.  5). 
Small-molecule SERCA activators, such as CDN1163, 
have demonstrated efficacy in hepatic models of fatty 
liver disease by restoring SERCA2b function, reducing 
ER stress, improving redox balance, and ameliorating 
systemic metabolic dysfunction [74, 87]. In the cardiac 
setting, istaroxime has shown similar benefit by directly 
activating SERCA2a independent of PLN phosphoryla-
tion, improving diastolic relaxation and cardiac output in 
patients with acute HF without inducing arrhythmias [36, 
136]. Indirect pharmacological approaches, including 
atractylenolide II, have been reported to upregulate SER-
CA2b transcription via FXR activation, thereby reducing 
hepatic steatosis [29]. Complementing these therapeutic 
strategies, PLN inhibition has emerged as an effective 
approach to relieve SERCA2a suppression, particularly 
in hereditary cardiomyopathies caused by the patho-
genic R14del mutation. The R14del variant results in the 
deletion of a conserved arginine residue adjacent to the 
cytoplasmic phosphorylation sites of PLN, abolishing its 
ability to be phosphorylated at Ser16 and Thr17. This ren-
ders PLN constitutively inhibitory toward SERCA2a and 
promotes the formation of aberrant pentamers and toxic 
oligomeric aggregates within the SR membrane, which 
exert dominant-negative effects on Ca2⁺ handling and 
protein homeostasis [19, 20]. Antisense oligonucleotides 
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(ASOs) targeting PLN mRNA reduce the expression of 
both wild-type and mutant PLN, thereby resolving toxic 
aggregates, alleviating SERCA2a inhibition, and restor-
ing physiological Ca2⁺ cycling—collectively leading to 
improved cardiac function and survival in preclinical 
mouse models of PLN-R14del cardiomyopathy. In par-
allel, CRISPR/Cas9-mediated allele-specific editing of 
the mutant PLN offers a conceptually curative genomic 
strategy that has shown efficacy in preclinical systems 
but has not yet reached clinical translation (Fig. 5) [34]. 
Additional methods—such as phosphomimetic PLN 
peptides [93], PP1 inhibition to sustain PLN phosphory-
lation, and monoclonal antibodies or intrabodies to dis-
rupt SERCA–PLNbinding—are also under development. 
Although gene therapy with AAV1/SERCA2a in the 
CUPID trial demonstrated safety and suggested poten-
tial benefit rather than definitive efficacy due to vector 
delivery limitations, it confirmed the feasibility of SERCA 
overexpression in human HF [35]. In parallel, hepatic 
overexpression of SERCA2b has proven effective in alle-
viating ER stress and metabolic derangements in MAFLD 

models [30, 31], supporting the feasibility of liver-tar-
geted SERCA gene therapy.

In contrast to strategies that activate or disinhibit 
SERCA, augmentation of DWORF represents a novel 
and mechanistically distinct approach. As a micro-
peptide that competes with PLN for SERCA binding, 
DWORF overexpression has been shown in cardiac 
models to enhance contractile function, suppress ven-
tricular remodeling, and provide protection against HF 
progression in settings such as dilated cardiomyopathy 
and Duchenne muscular dystrophy [13, 84]. Its action is 
independent of β-adrenergic or kinase signaling, making 
it particularly attractive for end-stage or genetic cardio-
myopathies where upstream signaling is compromised. 
Although DWORF therapy has not yet been explored 
in hepatic models, it remains a hypothetical approach 
that requires experimental validation; AAV-mediated 
DWORF delivery could conceivably enhance SERCA2b 
function and attenuate hepatic fibrosis if proven fea-
sible. Peptide-based delivery remains technically chal-
lenging due to the transmembrane structure of DWORF; 

Fig. 5  Therapeutic modulation of the SERCA–PLN–DWORF axis in cardiac and hepatic Ca2⁺ Homeostasis. This schematic illustration summarizes major 
therapeutic strategies targeting the PLN–SERCA–DWORF regulatory network and Ca2⁺ signaling pathways. In the heart, β-adrenergic activation increases 
cAMP and PKA-mediated phosphorylation of PLN (Ser1⁶/Thr1⁷), relieving its inhibition on SERCA2a and promoting Ca2⁺ reuptake. In PLN-R14del cardio-
myopathy, mutant PLN resists phosphorylation and forms toxic oligomers; ASO or CRISPR/Cas9 approaches silence or correct the mutant allele, while 
AAV-DWORF gene delivery restores SERCA2a function by competitively displacing PLN. Additional interventions include istaroxime (direct SERCA2a acti-
vator) and AAV1-SERCA2a therapy, both improving contractile Ca2⁺ cycling. Rycal compounds stabilize RyR to prevent SR Ca2⁺ leak, and CaMKII inhibitors 
protect against hyperphosphorylation-induced dysfunction. In the liver, SERCA2b supports ER Ca2⁺ homeostasis and can be therapeutically enhanced 
by CDN1163, atractylenolide II (via FXR activation), or AAV-SERCA2b expression. Restoration of ER Ca2⁺ levels alleviates stress signaling and preserves 
mitochondrial–ER coupling. Pharmacologic SOCE inhibitors targeting STIM1/ORAI further prevent cytosolic Ca2⁺ overload. Downstream, Ca2⁺-activated 
calcineurin (CnA) and CaMK pathways modulate transcriptional regulators CRTC2 and FOXO, linking Ca2⁺ homeostasis to metabolic and stress adaptation. 
Together, these interventions underscore the therapeutic potential of SERCA activation, PLN inhibition, and DWORF augmentation as convergent strate-
gies to normalize intracellular Ca2⁺ cycling in cardiac and hepatic diseases
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however, mRNA–lipid nanoparticle formulations are 
under investigation to enable transient, titratable expres-
sion. Importantly, DWORF overexpression in vivo has 
exhibited minimal off-target or pro-arrhythmic effects 
[34] (Fig. 5).

To complement the direct targeting of the SERCA–
PLN–DWORF axis, several adjunctive strategies have 
been developed to further stabilize intracellular Ca2⁺ 
handling. Stabilization of RyR2 with rycal compounds 
reduces pathological SR Ca2⁺ leak and preserves SR Ca2⁺ 
stores, thereby potentiating the effects of SERCA activa-
tors. Other strategies, such as administration of exog-
enous Ca2⁺ buffers like parvalbumin or upregulation 
of endogenous chaperones including calreticulin, aim 
to reduce cytosolic Ca2⁺ overload, though they must be 
carefully balanced to avoid disrupting physiological sig-
naling [20]. In hepatic stellate cells, blockade of SOCE 
via STIM1 or ORAI1 inhibition reduces Ca2⁺ influx and 
attenuates fibrogenic activation [131]. Particularly in 
HF, chronic overactivation of CaMKII leads to excessive 
phosphorylation of PLN at Thr17 and RyR2 at Ser2814, 
driving SR Ca2⁺ leak, reduced Ca2⁺ content, and impaired 
relaxation. Targeted inhibition of CaMKII—either genet-
ically or pharmacologically—ameliorates these maladap-
tive changes by decreasing pathological phosphorylation 
events and stabilizing Ca2⁺ homeostasis (Fig. 5) [59, 101, 
137]. Together, these convergent strategies offer a mul-
tifaceted therapeutic framework to restore efficient Ca2⁺ 
cycling and protect against metabolic and contractile 
dysfunction across multiple organ systems.

Experimental models and translational evidence
A wide array of experimental systems has delineated 
the physiological and pathological roles of the SERCA–
PLN–DWORF axis and its translational potential. In 
vitro cellular models, such as rodent and human induced 
pluripotent stem cell-derived cardiomyocytes, have 
reveal that PLN knockdown or DWORF overexpression 
enhances SERCA activity and Ca2⁺ reuptake into the SR, 
improving contractile function, though the magnitude 
of effect in human cells remains modest and requires 
further validation [13]. Hepatocyte cultures exposed 
to fatty acids (such as palmitate) replicate MAFLD-
like stress responses, where SERCA2b overexpression 
or treatment with activators such as CDN1163 restores 
ER Ca2⁺ homeostasis and reduces UPR markers and 
cell death [29]. LX-2 stellate cells, while not yet tested 
for PLN/DWORF expression, exhibit reduced collagen 
output upon SERCA modulation independent of con-
firmed PLN/DWORF expression [91]. In vivo, trans-
genic and knockout mice have confirmed the protective 
roles of DWORF and the detrimental consequences of 
PLN overexpression in cardiac models of stress and HF 
[9, 138]. In the liver, dietary models such as HFD, MCD, 

and Western Diet consistently show decreased Serca2b 
levels and increased ER stress, which are ameliorated 
by SERCA activators, ALR overexpression, or in CISD2-
deficient models that spontaneously develop liver injury 
[3, 30, 74, 87, 131]. Organ-level assays, such as Langen-
dorff-perfused hearts and isolated liver perfusions, have 
provided mechanistic insights into how SERCA modula-
tion alters Ca2⁺ dynamics and function under hormonal 
or pharmacological stimuli [139]. MAM assays in NASH 
liver models have revealed aberrant ER-mitochondria 
Ca2⁺ flux, normalized by SERCA reactivation [30]. 
Human biopsy studies, reported in several datasets, sup-
port these findings: failing hearts display reduced SER-
CA2a and DWORF mRNA with increased PLN levels 
[13, 86], and NASH liver tissue exhibits ER stress con-
sistent with impaired Ca2⁺ sequestration. Safety stud-
ies using large animals (such as PLN knockout pigs or 
planned/early-stage AAV-DWORF studies in primates) 
and off-target screening for SERCA activators are essen-
tial for clinical translation, as SERCA shares structural 
homology with other P-type ATPases. Collectively, these 
integrated models validate the SERCA–PLN–DWORF 
axis as a modifiable regulator of Ca2-dependent pathol-
ogy and provide a rational basis for ongoing therapeutic 
development.

Clinical translation of the SERCA–PLN–DWORF 
signaling axis: opportunities, challenges, and 
future directions in cardiometabolic disease
The PLN–SERCA–DWORF signaling axis has emerged 
as a central regulator of intracellular Ca2⁺ homeostasis, 
with direct implications for cardiac, hepatic, and skel-
etal muscle pathophysiology. Preclinical studies have 
established its relevance in disease contexts character-
ized by SR/ER Ca2⁺ dysregulation, including HF, MASH, 
and muscle-based metabolic disorders. Translating these 
insights into clinical therapies is now an active frontier, 
particularly in cardiology, with expanding potential in 
hepatology and skeletal muscle disease.

In cardiovascular medicine, the most advanced clini-
cal efforts focus on SERCA2a gene therapy, particu-
larly in the context of HF with reduced ejection fraction 
(HFrEF). Human trials such as CUPID [140] and MUSIC-
HFrEF (ClinicalTrials.gov ID NCT04703842) have estab-
lished proof-of-concept for AAV1-SERCA2a delivery, 
with ongoing refinements in vector design, targeted 
myocardial delivery, and patient stratification based on 
baseline SERCA activity [35]. Despite promising preclini-
cal efficacy, significant translational challenges remain, 
including immune responses to viral vectors, limited 
transduction efficiency in diseased tissue, and potential 
off-target Ca2⁺ modulation. Long-term safety and dos-
age optimization will therefore be critical before clinical 
implementation. For HF with preserved ejection fraction 
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(HFpEF), characterized by diastolic dysfunction, SER-
CA2a augmentation may enhance active relaxation and 
improve compliance. Parallel to this, DWORF gene ther-
apy (AAV9-DWORF), designed to displace PLN from 
SERCA2a, has shown promising preclinical efficacy and 
is nearing first-in-human testing, with considerations 
for optimal dosing, cardiac-specific expression, and re-
dosing potential [13, 21]. In addition to gene therapy, 
pharmacologic agents targeting the SERCA axis are in 
development. Istaroxime, a dual Na⁺/K⁺-ATPase inhibitor 
and SERCA2a activator, has demonstrated hemodynamic 
improvement in acute HF and may be reformulated for 
chronic use [36]. In genetic cardiomyopathies such as 
those caused by the PLN-R14del mutation, ASOs and 
CRISPR-derived base editing technologies offer the 
potential to specifically silence pathogenic PLN variants, 
restore SERCA function, and reverse disease phenotypes 
(Fig. 6) [34].

In hepatology, while direct clinical application remains 
in its early stages, a growing body of mechanistic 

evidence supports SERCA2b as a therapeutic target. FXR 
agonists [141, 142], such as obeticholic acid, developed 
for NASH, have been shown to upregulate SERCA2b 
expression and reduce ER stress. GLP-1 analogs and 
emerging antifibrotics may indirectly support SERCA2b 
function by alleviating lipotoxicity and fibrogenic signal-
ing. Notably, SERCA activators such as CDN1163 could 
be integrated into combination regimens with meta-
bolic or anti-inflammatory agents to enhance efficacy in 
NASH [87, 143]. Although liver-targeted SERCA gene 
therapy [144] has not yet reached the clinic, it is techni-
cally feasible due to the hepatotropic properties of AAV 
serotypes, raising the possibility of AAV-SERCA2b or 
AAV-DWORF delivery for conditions such as acute liver 
failure, ER stress-driven hepatic injury, or Ca2⁺ dysregula-
tion syndromes. Biomarker-based patient selection, using 
serum indicators (such as BiP and FGF21) or biopsy-
derived ER stress markers (such as CHOP), may enable 
precision targeting in future trials (Fig.  6). Beyond the 
PLN–SERCA–DWORF axis itself, genetic and functional 

Fig. 6  Translational and Clinical Landscape of SERCA–PLN–DWORF-Targeted Therapies in Heart and Liver. This figure summarizes the current and emerg-
ing therapeutic strategies targeting the PLN–SERCA–DWORF axis across major organ systems. In the heart, AAV1-mediated SERCA2a gene therapy (CUPID 
trials) has established clinical proof-of-concept and is being extended to HFpEF. DWORF gene therapy remains in preclinical development for advanced 
heart failure, while PLN-R14del cardiomyopathies are under investigation for ASO and CRISPR-based correction to relieve SERCA inhibition. The small-
molecule activator istaroxime has completed phase II trials, showing benefits in acute heart failure. In addition, peptide-based therapeutics are emerging 
as a versatile modality for direct modulation of SERCA regulatory proteins. Phospho-mimetic PLN inhibitors alleviate diastolic Ca2⁺ clearance defects in 
HFpEF and diabetic cardiomyopathy, while engineered mini-DWORF analogs competitively displace PLN to enhance SERCA activity in pressure-overload 
and metabolic heart disease. These peptides provide a protein-level strategy to restore cardiomyocyte Ca2⁺ homeostasis and complement existing 
gene- and small-molecule approaches. In the liver, FXR agonists (Phase III for NASH) and GLP-1 receptor agonists indirectly enhance SERCA2b activity, al-
leviating ER stress and metabolic dysfunction. Antifibrotic agents and AAV-based SERCA2b or DWORF gene therapies are being explored for hepatic Ca2⁺ 
disorders and fibrosis. Safety monitoring includes circulating BiP (GRP78) and biopsy-based ER stress and SERCA2b markers. Collectively, these strategies 
underscore a multi-organ therapeutic framework centered on restoring Ca2⁺ homeostasis via SERCA activation, PLN suppression, and DWORF augmenta-
tion—offering a unified pathway for treating cardiometabolic and fibrotic diseases
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abnormalities in SERCA isoforms have been directly 
linked to human diseases, underscoring the transla-
tional importance of Ca2⁺ pump regulation. Pathogenic 
mutations in ATP2A1 (SERCA1) cause Brody disease 
[145–147], an autosomal recessive myopathy; ATP2A2 
(SERCA2) mutations underlie Darier disease [71, 148–
150]; and reduced ATP2A2/ATP2A3 expression has been 
implicated in heart failure [151–153], MAFLD/MASH, 
and type 2 diabetes [154, 155]. These findings collectively 
demonstrate that both genetic and acquired SERCA dys-
functions contribute to the pathogenesis of cardiometa-
bolic disorders (Table 1).

However, the lack of tissue-specific delivery systems 
remains a barrier, especially given the risk of off-target 
cardiac effects, including arrhythmias from excessive 
SERCA activation in the heart. Given the multifaceted 
roles of this axis, combination therapies are expected to 
be necessary. In HF, SERCA-based interventions may 
complement β-blockers, renin–angiotensin system inhib-
itors, or sodium–glucose co-transporter 2 inhibitors, 
though care must be taken with β-agonist co-administra-
tion due to possible pro-arrhythmic synergy. In MASH, 
concurrent use of GLP-1 receptor agonists, PPAR ago-
nists, or FXR modulators may optimize metabolic and 
anti-inflammatory outcomes. Patient stratification will be 
critical: individuals with high PLN expression, low SER-
CA2a activity, or impaired SR Ca2⁺ cycling may be ideal 
candidates for cardiac applications, while those with ele-
vated ER stress markers in hepatic tissue (such as CHOP) 
may benefit most in the MASH setting (Fig.  6). Collec-
tively, modulation of the SERCA–PLN–DWORF axis 
represents a paradigm shift in cardiometabolic therapy, 
offering disease-modifying potential by restoring intra-
cellular Ca2⁺ homeostasis. Future success will depend on 
the development of tissue-specific delivery platforms, 
rigorous safety profiling, and precision medicine strate-
gies integrating biomarkers, combination regimens, and 
patient-tailored intervention protocols.

Conclusion and perspectives
The discovery and functional elucidation of the SERCA–
PLN–DWORF axis has substantially advanced our 
understanding of how intracellular Ca2⁺ homeostasis is 
precisely regulated across diverse tissue types. At the core 
of this system, SERCA pumps act as key effectors of Ca2⁺ 
sequestration into the ER/SR, maintaining Ca2⁺ gradients 
essential for muscle contractility, metabolic flux, and pro-
tein folding. Micropeptides such as PLN and DWORF 
are highly specialized regulators that fine-tune SERCA 
activity in response to physiological stimuli, developmen-
tal stages, and pathophysiological stressors [12–14].

In cardiac tissue, the balance between PLN-mediated 
inhibition and DWORF-driven activation of SERCA2a 
dictates the amplitude and timing of Ca2⁺ cycling critical 
for contractile performance. HF exemplifies how disrup-
tion of this balance—marked by increased PLN activity 
and diminished DWORF expression—leads to defective 
relaxation, Ca2⁺ overload, and contractile dysfunction 
[19, 20]. Emerging evidence indicates that SERCA2b and 
its micropeptide regulators in hepatocytes and hepatic 
stellate cells play similarly important roles in maintaining 
ER Ca2⁺ homeostasis, suppressing ER stress, and prevent-
ing fibrotic remodeling under metabolic or inflamma-
tory stress [3, 4, 24, 30]. Although the cardiac, skeletal 
muscle, and hepatic systems exhibit distinct SERCA iso-
forms and micropeptide profiles, they share a conserved 
regulatory logic based on phosphorylation dynamics, 
Ca2⁺-dependent feedback, and stress-induced remodel-
ing. This cross-organ comparison highlights the SERCA–
PLN–DWORF axis as a unifying Ca2⁺ control module 
with context-specific adaptations.

Targeting the SERCA–PLN–DWORF axis is being 
explored as a potential strategy for treating Ca2-depen-
dent diseases. SERCA activators (such as CDN1163, 
istaroxime), PLN inhibitors (antisense oligonucleotides, 
CRISPR-based editing), and DWORF overexpression 
have demonstrated encouraging preclinical effects in pre-
clinical studies in improving contractile function, reduc-
ing ER stress, and restoring metabolic balance in models 
of HF, MAFLD/MASH, and skeletal muscle dysfunction 

Table 1  Pathogenic SERCA (ATP2A) gene variants, associated diseases, and functional consequences
SERCA isoform 
(Gene)

Disease/syndrome Mutation/expression Functional consequence Refer-
ences

SERCA1 (ATP2A1) Brody disease (autosomal recessive 
myopathy)

Missense (e.g., E918K, 
G211V)

Reduced Ca2⁺ transport in skeletal muscle → impaired 
relaxation and exercise-induced stiffness

[145–
147]

SERCA2 (ATP2A2) Darier disease (keratosis follicu-
laris); Acrokeratosis verruciformis

Missense/nonsense (e.g., 
L565P, G769R)

ER Ca2⁺ depletion → abnormal keratinocyte adhesion, 
ER stress; certain variants linked to cardiac arrhythmia

[71, 
148–
150]

SERCA2a/ SERCA2b 
(ATP2A2)

Heart failure (HF), MAFLD/MASH, 
ER stress–linked metabolic 
disorders

Reduced expression/activity 
(non-mutational)

Decreased SERCA2a/2b function → impaired Ca2⁺ 
reuptake, ER stress, mitochondrial Ca2⁺ overload, 
insulin resistance

[151–
153]

SERCA3 (ATP2A3) Type 2 diabetes, endocrine dys-
function (pancreatic β-cells)

Downregulated expression 
rather than mutation

Impaired ER Ca2⁺ uptake → defective insulin secretion, 
oxidative stress, altered glucose homeostasis

[154, 
155]
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[13, 34, 87]. However, several challenges remain for clini-
cal translation. The tissue-specific expression and iso-
form diversity of SERCA and its regulators necessitate 
precision-targeted delivery to avoid off-target effects, 
particularly in excitable tissues. Moreover, the long-term 
safety and dosage optimization of SERCA activators and 
gene therapies must be rigorously evaluated, especially in 
chronic disease contexts where prolonged Ca2⁺ modula-
tion could inadvertently trigger maladaptive signaling or 
arrhythmias.

Parallel to this, DWORF gene therapy (AAV9-
DWORF), designed to displace PLN from SERCA2a, has 
shown preclinical efficacy and early translational poten-
tial, with considerations for optimal dosing, cardiac-spe-
cific expression, and re-dosing potential. Human trials 
such as CUPID and MUSIC-HFrEF have demonstrated 
safety and suggested modest benefit for AAV1-SERCA2a 
delivery, with ongoing refinements in vector design, tar-
geted myocardial delivery, and patient stratification based 
on baseline SERCA activity. In genetic cardiomyopathies 
such as those caused by the PLN-R14del mutation, ASOs 
and CRISPR-derived base editing technologies have 
shown preliminary potential to specifically silence patho-
genic PLN variants, restore SERCA function, and reverse 
disease phenotypes in preclinical models. Although liver-
targeted SERCA gene therapy has not yet reached the 
clinic, it is technically feasible due to the hepatotropic 
properties of AAV serotypes, though immunogenic-
ity and dosing remain significant challenges for clinical 
translation. Collectively, these translational efforts under-
score the therapeutic potential of SERCA activation and 
PLN suppression in cardiometabolic contexts while high-
lighting the need for precision targeting and long-term 
safety validation before human applications.

Future research should focus on three major directions. 
First, expanding the characterization of novel regulins 
across tissue types—including hypothesized micrope-
ptides in the liver and pancreas predicted by transcrip-
tomic studies—to determine whether tissue-specific 
brakes on SERCA exist and can be therapeutically mod-
ulated. Second, structural and kinetic studies of SERCA 
and its micropeptide complexes are critical for design-
ing selective small molecules and peptides that enhance 
SERCA activity without disrupting physiological regula-
tion. Third, developing integrative therapeutic strategies 
combining SERCA modulation with other metabolic or 
anti-inflammatory agents (such as GLP-1 receptor ago-
nists or FXR modulators) represents a promising but 
largely unexplored approach, particularly in complex dis-
eases like NASH or HFpEF.

Although the present review consolidates the cur-
rent mechanistic and translational knowledge of the 
SERCA–PLN–DWORF axis, several limitations must 
be acknowledged. First, much of the evidence is derived 

from preclinical and animal models, and interspecies 
variability in SERCA isoform expression, PLN phos-
phorylation dynamics, and DWORF regulation lim-
its direct extrapolation to humans. Second, the lack of 
comprehensive quantitative data on hepatic and skel-
etal muscle micropeptide interactions precludes defini-
tive cross-organ comparisons. Third, therapeutic studies 
remain largely proof-of-concept, with long-term safety, 
delivery efficiency, and off-target Ca2⁺ modulation 
remaining unresolved. Finally, as this study is a narrative 
review rather than a meta-analysis, potential publication 
bias and incomplete inclusion of negative findings can-
not be excluded. These limitations should be considered 
when interpreting the translational potential of SERCA-
targeted interventions.

In conclusion, the SERCA–PLN–DWORF axis repre-
sents a key regulatory system for Ca2⁺ homeostasis across 
excitable and metabolic tissues. Modulating this axis may 
help improve Ca2⁺ handling and mitigate cellular stress 
responses relevant to cardiometabolic disease, but fur-
ther validation in human models is needed to clarify its 
therapeutic feasibility and long-term safety.
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