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ABSTRACT: Cardiovascular disease remains a major cause of morbidity and mortality, with heart failure representing the
common and often irreversible end stage, for which current therapies are largely palliative rather than restorative. Cardiac
microcurrent therapy delivers a low-intensity, nondepolarizing direct current across the myocardium and has been proposed
to modulate fibrosis, inflammation, and remodeling in heart failure with reduced ejection fraction. In Cardiac Microcurrent |
(New York Heart Association 1l nonischemic heart failure with reduced ejection fraction), left ventncular ejection fraction
increased by 12.6% at 6 months, 6-minute walk distance improved by 191 m, and 8 of 10 patle ) improved to New York
Heart Association | within 2 weeks. In the randomized Cardiac Microcurrent Il trial, patients show d fuftter improvements,
including a 5.1% increase in left ventricular ejection fraction, a reduction in New York Heart Association class (up to 69%),
and a 38 m increase in 6-minute walk distance. However, NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels did
not show a consistent corresponding reduction: In"vitro, microcurrent altered the myofibroblast phenotype and reduced the
expression of transforming growth factor-B1, collagen, e-smooth-muscle actin, and fibronectin. Transcriptomics revealed
downregulation of inflammatory and immune pathways, while cardiomyocytes from spontaneously hypertensive rats exhibited
enhanced survival and stress resistance. This review. combines early. clinical observations and preclinical findings to examine
potential mechanisms of action and bioelectrical effects of cardiac microcurrent therapy. Given the limited clinical evidence
and largely in vitro nature of the data, the current mechanistic findings should be considered preliminary. We highlight key
knowledge gaps and propose future studies to define molecular mechanisms, discover biomarkers, analyze key signaling
pathways, and evaluate clinical outcomes in adequately powered, sham-controlled trials, which could further validate this
therapeutic approach.
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morbidity and mortality worldwide, with heart fail-

ure representing the common end stage of many
cardiac pathologies. A central limitation in recovery is
the heart's limited regenerative capacity, along with
maladaptive, adverse remodeling of the myocardium.’
Myocardial injury triggers fibroblast activation and a
fibrotic response characterized by excessive accumu-
lation of activated myofibroblasts and deposition of
extracellular matrix (ECM), leading to increased myo-
cardial stiffness, adverse remodeling, and progressive

Cardiovascular diseases remain a leading cause of

structural and functional decline2® Although initially
reparative, this process ultimately contributes to heart
failure progression.

For decades, researchers and clinicians have sought
strategies to preserve viable myocardium, slow the
progression of fibrosis, and promote tissue repair. Yet,
despite major advances in pharmacology, device technol-
ogy, and cell-based therapies, current therapies remain
insufficient in directly targeting myofibroblast activation
and fibrosis, highlighting a critical unmet need for novel
therapeutic approaches that can address the underlying
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Nonstandard Abbreviations and Acronyms

C-MIC cardiac microcurrent

ES electric stimulation

ECM extracellular matrix

HFrEF heart failure with reduced ejection
fraction

LVEF left ventricular ejection fraction

NYHA New York Heart Association

mechanisms of adverse remodeling and heart failure

progression.

Microcurrent therapy is a bioelectrical approach that
uses low-intensity, nondepolarizing currents and has
been applied in wound healing and sports medicine. More
recently, implantable microcurrent devices have marked a
new era of bioelectronic medicine, extending their potential
into cardiovascular applications.®"" Early clinical data from
patients with heart failure suggest functional improvement
beyond simple pacing or resynchronization.'”” The transi-
tion from surgical epicardial to less-invasive subcutaneous
delivery further expands its translational potential, high-
lighting the critical need for a deeper understanding of the
underlying cellular and molecular mechanisms.

This review broadly provides an overview of evidence
across clinical and experimental domains to:

» Summarize findings from clinical trials and emerging
data from the cardiac microcurrent (C-MIC) therapy
program.

* Evaluate in vitro-and in-vivo effects of microcurrent.on
cardiomyocytes-and myofibroblasts.

* Present emerging hypotheses on the mechanisms by
which microcurrent influences fibrosis, cardiac remod-
eling, and overall cardiac function.

* Bridge clinical observations with existing molecu-
lar insights to address a critical gap in the current
literature.

LITERATURE SEARCH AND REVIEW
METHODOLOGY

We aimed to identify both clinical and experimental stud-
ies examining the application of electrical stimulation
(ES) for cardiac repair, cellular modulation, and functional
improvement. We used 2 primary search strategies using
the PubMed database, covering literature published up to
December 2025:

1. (“cardiac stimulation” OR “electrical stimulation”
OR microcurrent) AND (“cardiomyocytes” OR “car-
diac cell” OR “heart cell” OR myocytes)

9. (“electrical stimulation” OR “cardiac stimulation”
OR microcurrent) AND (“heart tissue” OR “car-
diovascular” OR “LVEF" OR “cardiac function” OR
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‘LVED" OR *NYHA" OR “myocytes” OR “cardiac

cell”) NOT (nerve OR brain OR cranial OR wound

OR bone)
These searches were designed to capture preclinical,
translational, and clinical studies investigating the effects
of electrical stimulation on cardiac cell behavior and ther-
apeutic potential in heart failure. Key outcomes of inter-
est included effects on cell proliferation, differentiation,
electrophysiology, fibrosis, contractility, and remodeling,
as well as functional end points such as left ventricu-
lar ejection fraction (LVEF), New York Heart Association
(NYHA) class, NT-proBNP (N-terminal pro-B-type natri-
uretic peptide), and survival.

To ensure relevance, studies on noncardiac applica-
tions (eg, nervous system, cranial tissues, bone) were
excluded. Titles and abstracts were manually screened
to retain studies examining the effects of electrical or
microcurrent stimulation on cardiac tissue, particularly
those that provided mechanistic insights, and the refer-
ence lists of relevant reviews were examined to identify
additional studies.

Vifew

The concept of bioelectricity dates back centuries.
Luigi Galvani,first demonstrated that ES could induce
muscle contractions in frog legs, marking the discovery
of endogenous electrical signaling in biology.'® Endog-
enous bioelectric signals, generated by ion gradients
across cell membranes, are not just signs of metabo-
lism but also serve as endogenous cues that regulate
biological processes™ and play essential roles in tissue
repair,’®>'" embryonic development,'® stem cell differen-
tiation,’®?% and cell migration,'®?" among other functions.

Electrical stimulation is widely used in regenerative
medicine and tissue engineering, involving modalities
like Transcutaneous Electrical Nerve Stimulation, Electri-
cal Muscle Stimulation, Functional ES, and microcurrent-
based approaches.?? Across neural regeneration, bone
repair, and wound healing, ES has consistently dem-
onstrated its capacity to guide complex tissue repair
processes.?3%

Microcurrent therapy represents a distinct form of bio-
electric medicine that operates in the milliampere range,
significantly lower than those used in cardiac pacing,
cardiac resynchronization therapy, or cardiac contractil-
ity modulation, which trigger myocardial contractions,
terminate arrhythmias, or depolarize the cell membrane
through continuous electrical impulses.

In the heart, cardiac remodeling from cellular pathol-
ogy involves myocyte hypertrophy, necrosis, apoptosis,
collagen accumulation, and fibrosis, among other pro-
cesses. These changes are partly influenced by endog-
enous electric fields, especially injury currents resulting
from cell membrane disruption?~2° Given that cells
inherently generate and respond to biological electrical
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signals, microcurrent treatment may serve to modulate
this endogenous electrical activity to promote repair and
regeneration.®®

Collectively, existing studies indicate that microcurrent
therapy exerts biologically meaningful effects across a
wide range of tissues and cell types. A better under-
standing of its mechanisms could expand its use in the
treatment of more cardiovascular disease states.

C-MIC Trial Outcomes and Observations

C-MIC therapy delivers ultra-low-amplitude direct cur-
rents through an implanted system, consisting of intracar-
diac leads, a power source, and an external Programming
and Uploading Tool (Figure 1). It has been assessed in a
series of early-phase studies in patients with heart failure
with reduced ejection fraction (HFrEF).

In the first-in-human C-MIC | pilot study, patients
(n=10) with chronic nonischemic dilated cardiomyopathy
and refractory NYHA class Il symptoms received C-MIC
therapy.'® The procedure was safe and feasible, with no
device-related adverse events. Within 6 months, patients
experienced significant improvements in LVEFR 6-
minute walk distance, NYHA class, and quality of life, with
8 of 10 patients improving to NYHA class | as early as
2 weeks post-implantation. The C-MIC | long-term.study
evaluated the durability of these effects'in 7 patients for
up to 2 years after initial therapy, with deactivation at
6 months. Improvements in LVEF (+12.6%, P=0.002),
6-minute walk distance (+191 meters; £0.0001),
NYHA class, and SF-36 quality-of-life scores were sus-
tained over the entire follow-up period, with no device-
related adverse events and only 1 noncardiac death®'
These findings suggest a durable therapeutic effect even
after therapy is discontinued.

The randomized, controlled, open-label C-MIC Il trial
(n=70) confirmed these findings.®? At 6 months, C-MIC
therapy led to significantly greater improvements in LVEF
(mean difference, +5.1%; /<0.001), functional class
(69% improved by >1 NYHA class; £<0.001), KCCQ
quality-of-life score (60% with >5-point improvement;
P<0.001), and 6-minute walk distance (38% with >30%
increase; P=0.002) compared with controls®? Collec-
tively, available clinical data suggest safety and sustained
functional improvements (6—24 months) in nonischemic
HFrEF3192

Biomarker analyses from the trials reveal a complex
picture. NT-proBNP did not show a significant reduction
at 6 months, despite functional improvement, although
patients exhibited an early transient rise followed by a
gradual decline.®? This suggests that the mechanisms
underlying the observed benefits may not be fully cap-
tured by conventional biomarkers of myocardial stress,
or that the relationship between microcurrent ther-
apy, myocardial remodeling, and biomarker responses
remains incompletely understood. This observation is
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further supported by the relatively modest changes in
LV end-diastolic diameter observed at 6 months, which
may indicate that the early clinical benefits are not solely
attributable to rapid reductions in ventricular wall stress.
In addition, it remains unknown whether microcurrent
therapy directly influences the synthesis, secretion, or
clearance of natriuretic peptides, which could further
complicate the interpretation of NT-proBNP responses.
Furthermore, the study lacked sufficient power to rule out
significant changes in this biomarker. Additional analyses
from the C-MIC Il trial data and its ongoing follow-up
studies will evaluate the correlation between changes in
NT-proBNP and structural remodeling.

Long-term echocardiography data indicate progres-
sive and sustained improvements in cardiac function and
structure up to 24 months after stopping C-MIC ther-
apy.'9392 Whether these changes overlap with classical
reverse remodeling or represent a distinct bioelectric-
driven remodeling process remains an open question.
C-MIC preclinical work links electrical field changes to
edema dysfunction, suggesting that edema resolution
may contribute to much of the benefit.3233

Current clinical evidence |ST|p|§ééfmby study design.
C-MIC I was a single-arm pilot study without a control
group and was primarily designed to assess safety and
feasibility while providing preliminary evidence of potential
clinical benefit. C-MIC Il was an open-label, randomized
controlled trial without blinding or a sham control, limiting
the ability to fully exclude placebo effects, observer bias,
and other sources of performance bias. In addition, both
studies enrolled patients with nonischemic HFrEF, which
may limit the generalizability of the findings to other heart
failure populations, including those with'ischemic cardio-
myopathy, HFmrEF heart failure with preserved ejection
fraction, or less advanced disease stages.

Observed Cellular and Physiological Effects

Although the aforementioned clinical outcomes are
encouraging, mechanistic in vitro studies are essential to
define how microcurrent stimulation influences cardiac
cells and remodeling processes.

To elucidate the biological effects of microcurrent
therapy, simplified in vitro microcurrent platforms were
developed to deliver controlled direct electrical currents
to cultured cells3* Initial studies showed reproducible,
cell-specific effects of microcurrent, especially in cardiac
myofibroblasts and cardiomyocytes. Treatment modu-
lates fibroblast activation, reduces profibrotic signals,
reverses ECM remodeling, and supports cardiomyocyte
survival.34-3¢

Myofibroblast modulation is particularly promising,
given the central role these cells play in pathological myo-
cardial fibrosis and impaired cardiac function. Fibrosis is
driven by the activation of cardiac fibroblasts, excess
ECM deposition between cardiomyocytes, in areas of
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Figure 1. Proposed mechanism of microcurrent therapy in cardiac fibrosis and remodeling.

This figure illustrates the molecular and cellular mechanisms underlying microcurrent therapy in cardiac repair. Microcurrent therapy has been
shown to modulate profibrotic and proinflammatory signaling pathways in preclinical studies, including downregulation of TGF-B1 (transforming
growth factor 31) in cultured cardiac myofibroblasts. These findings have led to the hypothesis that microcurrent therapy may promote
favorable myocardial remodeling-in vivo. These effects lead to decreased myofibroblast activation, suppressed fibrotic gene expression, a more
physiological fibroblast phenotype, reduced extracellular matrix (ECM).accumulation, and enhanced cardiomyocyte survival. These molecular
and cellular changes translate into reduced fibrosis and improved tissue remodeling, shifting the myocardium from progressive fibrotic

remodeling toward structural and functional recovery.

cell death, and around blood vessels, leading to adverse
remodeling and disruption of the myocardium.®” These
fibrotic changes are a key mechanism in most heart fail-
ure types, including HFrEF and heart failure with pre-
served ejection fraction, and are associated with poor
treatment response and increased risk of heart failure
progression and mortality.*” Antifibrotic strategies that
target cardiac fibrosis as a common end point, through
pathways such as the renin-angiotensin-aldosterone
system and TGF-f3 signaling, inflammation, myofibroblast
activation, epigenetic regulators, and fibroblast-specific
surface molecules have provided important mechanis-
tic insights and led to meaningful reductions in fibro-
sis. However, despite the clinical significance of these
approaches, patient responses have remained modest,
primarily due to redundancy among signaling pathways
and systemic side effects that hinder effective, fibrosis-
specific reversal.%® |n this context, microcurrent therapy

Circ Heart Fail. 2026;19:e014407. DOI: 10.1161/CIRCHEARTFAILURE.126.014407

is a novel, potentially disease-modifying approach that
can modulate myofibroblast activation and influence
ECM remodeling.

In vitro, microcurrent exposure reduces the expres-
sion of key fibrotic and inflammatory markers, including
TGF-B1 (transforming growth factor 1) and procolla-
gen type |, both of which are essential for pathological
ECM accumulation. Additional decreases are seen in
ACTA2 (a-smooth muscle actin), fibronectin, and matrix
remodeling enzymes, such as MMPs (matrix metallo-
proteinases) and their TIMPs (tissue inhibitors). These
changes suggest a partial reversal of the myofibroblast
phenotype toward a less-activated state. Consequently,
microcurrent may influence ECM remodeling and tissue
stiffness in cultured cardiac myofibroblasts. The TGF-f3
pathway, a master regulator of fibrosis, is Ca?*-regulated.
ECM/remodeling genes, fibronectin, and MMPs are
regulated by Ca?*/Na*/K* signaling via ion channels
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(TRPV4, KCa3.1, voltage-gated) and membrane poten-
tial changes, implying that microcurrent affects these
pathways.*®47 Transcriptomic analyses support this phe-
notypic shift, revealing downregulation of immune and
inflammatory gene sets.3* Together, these findings sug-
gest an antifibrotic and anti-inflammatory response at
the cellular level.

Single-cell and lineage-tracing studies have high-
lighted the heterogeneity of cardiac fibroblasts in injury
and heart failure, including their distinct proinflammatory,
profibrotic, and reparative substates that actively engage
in immune crosstalk and ECM regulation. This has shifted
emerging therapeutic approaches toward selectively
modulating fibroblast activity, including targeting mecha-
nosensitive pathways (as reviewed in*8). In this context,
microcurrent therapy may influence fibroblast activity
and downstream ECM remodeling, offering a potential
mechanistic explanation for the clinical observations in
C-MIC studies.

In cardiomyocytes, the direct effect of microcurrent
on contractile function remains only partially under-
stood. Existing evidence indicates that microcurrent
treatment improves cell survival, stress resistance, and
proliferative ability in cardiomyocytes from both young
and aged spontaneously hypertensive rats.®3 Neona-
tal and young cardiomyocytes have intrinsically higher
proliferative capacity. Young spontaneously hyperten-
sive rats showed a significant increase in cardiomyo-
cyte number after microcurrent treatment, while older
spontaneously hypertensive rats had a modest, nonsig-
nificant increase. These findings suggest a protective
and adaptive response rather than a primary prolifera-
tive effect in adult cardiomyocytes. Such effects may
help reshape the cellular environment of the injured
myocardium and contribute to improved tissue integrity
and functional recovery.

Collectively, in vitro findings support a multicellular
mechanism involving coordinated effects on fibroblasts,
extracellular matrix remodeling, and cardiomyocyte via-
bility, aligning with clinical observations, and indicating
that microcurrent therapy modulates structural remodel-
ing and inflammatory pathways as part of a tissue-level
response that improves cardiac function.3526

However, the proposed antifibrotic effects and modula-
tion of TGF-P signaling are primarily based on in vitro stud-
ies in cardiac fibroblasts and myofibroblasts, with limited
validation in human cardiac tissue. Additional mechanistic
studies in human cardiac cells and ongoing clinical trials
are needed to establish whether the in vitro antifibrotic
effects translate into meaningful clinical benefit. Further-
more, while some supportive in vivo data exist, including
findings from spontaneously hypertensive rat models, they
remain preliminary and require confirmation in larger, more
clinically relevant models. Consequently, the translational
gap between the available mechanistic evidence and the
observed clinical outcomes remains an important limitation.

Circ Heart Fail. 2026;19:e014407. DOI: 10.1161/CIRCHEARTFAILURE.126.014407
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Mechanistic Theories From Electrical
Stimulation Biology

Clinical studies with C-MIC have generated promising pre-
liminary findings, and in vitro studies suggest that micro-
current therapy may modulate cellular processes relevant
to cardiac remodeling and function. A central unresolved
question is how a microampere-scale current provokes
such significant physiological changes. Insights from years
of clinical studies, in vitro experiments, and foundational
studies with ES on cardiac physiology provide a framework.

Cardiac bioelectric therapy, dating back to the 1960s,
has evolved from arrhythmia management*®®° to appli-
cations in cardiac regeneration and tissue engineer-
ing.26%1-%3 |n vitro and engineered tissue models have
shown that ES can influence cardiomyocyte differen-
tiation,%*%° cardiomyocyte maturation®'-% alignment,*®
gene expression,”" cytoskeletal organization, contractil-
ity,®277 and functional coupling,”® including in our own
C-MIC studies.'” Early ES application upregulates car-
diac transcription factors and promotes metabolic pro-
gramming, while later stages fagilitate improved calcium
handling and structural maturafiop/5#8%926365

Multicellular coculture models further indicate that
ES can enhance coupling and organization among
cardiomyocytes, endothelial cells, and fibroblasts, sup-
porting ‘tissue maturation and function.®%"” Similarly,
human-induced pluripotent stem cell-derived cardiac
spheroids exhibit improved contractility and reduced
arrhythmogenicity with electrical cues.”®™ The C-MIC
device applies this principle throughout the myocar-
dium, promoting synchronous, functional, and structural
remodeling.

ES promotes cardiac differentiation of human-
induced pluripotent stem cells, improving their suitability
for myocardial infarction therapy,® and regulates repara-
tive pathways such as connective tissue growth factor
signaling®' In addition, preconditioning cardiac progeni-
tor cells with ES boosts survival and paracrine signal-
ing, improving function in right ventricular heart failure
models.#2 While C-MIC does not involve cell transplan-
tation, in vitro findings align with broader mechanistic
understanding, including effects on proinflammatory and
profibrotic pathways, and also enhance cardiomyocyte
survival, suggesting a reparative phenotype. Whether
microcurrent can activate resident progenitors in the
adult human heart opens intriguing avenues for exploring
its regenerative potential, especially given the observed
long-term structural changes in treated patients.

Electrical cues influence cardiac electrophysiology,
structure, and biochemistry, forming the basis for modern
device-based approaches. Clinically, ES-based devices
have reshaped the management of chronic heart fail-
ure, especially in patients with reduced ejection fraction.
Fudim et al®® highlight a rapid expansion in the devel-
opment and clinical application of implantable devices.
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Cardiac resynchronization therapy addresses electrical
dyssynchrony and improves ventricular coordination®485;
cardiac contractility modulation delivers nonexcitatory
signals during the refractory period to enhance con-
tractility’"; the Barostem aims to harness bioelectric
and biologic cues to promote myocardial repair® All 3
approaches emphasize the broader principle that electri-
cal modulation promotes myocardial remodeling beyond
electrophysiological effects. C-MIC offers advantages
over cardiac resynchronization therapy, cardiac contrac-
tility modulation, and Barostem by using ultra-low, nonex-
citatory microcurrents that prevent pacing artifacts and
enable lasting reverse remodeling for up to 24 months
(Figure 2).

Microcurrent-Specific Mechanistic Theories

Microcurrent therapy uses bioelectric cues to modulate
cellular signaling, involving ions such as Na*, K*, CI-, and
Ca?* that generate voltage gradients and charge trans-
fer at the electrode interface. It is currently the only car-
diac bioelectric device in clinical trials, aiming for reverse
remodeling as the primary end point.®'

Evidence from in vivo and in vitro studies, along with
years of ES research, supports a multifactorial mecha-
nism that exerts therapeutic effects through multiple
pathways, integrating antifibrotic, anti-inflammatory, and
proregenerative effects.

Evidence-based mechanisms:

» Antifibrotic: ~ Attenuates = myofibroblast " activa-
tion, ECM deposition, fibrosis, and - wallstiffness,
aligning with_gradual reverse remodeling seen by
echocardiography.®'=*

Microcurrent Therapy in Cardiac Repair

¢ Anti-inflammatory: Suppresses profibrotic and inflam-
matory signaling, enhances functional status (NYHA
class, quality of life), and reduces myocardial stress.®'=*

» Cytoprotective: Preserves cardiomyocyte viability and
survival, contributing to long-term improvement of
LVEF.ST,SB,SG
Speculative mechanisms:

* Electro-osmosis may reduce myocardial edema
through microcurrent-induced fluid shifts, improving
tissue compliance and cardiac output, as suggested
by preclinical observations.®®

* lon channel modulation: Bioelectrical cues can alter
membrane potential, redox balance, metabolism, and
mitochondrial function, subtly influencing cellular
responses to injury.

* Regeneration: May involve activating resident pro-
genitor cells or paracrine signaling, leading to ongoing
structural remodeling and continuous improvements.

The proposed antifibrotic mechanism is supported by early

preclinical and in vitro studies with limited in vivo validation

and remains to be confirmed in translational settings.

American

FUTURE DIRECTIONS #@RW"‘ECHANISMS,
TRANSLATION, AND CLINICAL EXPANSION

Future studies will take a mechanistic and translational
approach'to define how microcurrent influences cardiac
tissue beyond direct cellular effects. One unexplored
mechanism is' the modulation of intercellular signaling
networks,-including paracrine and bioelectrical coupling.
Another potential-mechanism-is-the extracellular ionic
and redox environment. Ongoing research using special-
ized electrode setups aims to distinguish electric-field

Primary mechanistic
targets

Myocardial
microenvironment:
fibroblasts/myofibroblasts,
cardiomyocytes, ECM,
interstitial space

Failing cardiomyocytes in

Stimulation parameters

Continuous or long-duration
ultra-low amplitude non-
depolarizing direct current

(DC) 90pA

Intermittent, high amplitude

biphasic non-excitatory pulses

Cellular and molecular
effects

Myofibroblast phenotype
reversal, reduced Tg/-81,
aSma, Collal, fibronectin,
and enhanced cardiomyocyte
survival

Enhanced Ca®* handling (e.g.,
SERCA/PLN), improved

Restoration of synchronized
LV-RV contraction, reduced

CCM RV septum and adjacent during the absolute refractory
myocardium period, 7.5 V; 15-50 mA contractile force
current
Ventricular activation Conventional excitatory pacing
CRT pattern, synchrony, wall pulses ~2-5 V, 0.1-0.4 ms

stress

Carotid baroreceptors,
autonomic nervous system

Low to moderate excitatory
pulse with amplitude of 2-10
mA, pulse width of 60-500 ps,
and a frequency of 20-100 Hz,
in bursts

MR, and wall stress reduction

Reduced sympathetic tone,
increased parasympathetic
activity, and improved
natriuresis

Clinical outcomes

LVEF increased by ~10-12%,

improved NYHA class,
6MWT distance, QoL, and
improved tissue compliance

5-7% LVEF gain, NYHA
class improvement, better
6MWT and QoL scores, and

improvement in contractility.

Increased stroke volume,
improved LV function,
NYHA class improvement,
and mortality reduction

Lower heart rate and BP,
improved autonomic
balance, ~10% LVEF
improvement at 12 months,
better 6SMWT and QoL, and
reduced NT-proBNP

Main biological pathway

Tissue-level bio-electrical conditioning =
Promotes anti-fibrotic, anti-inflammatory,
and pro-survival signaling;

possible anti-edema and metabolic effects;
promotes reverse remodeling

Improved Ca2+ handling, reversal of
maladaptive fetal gene expression, and
myocyte-level remodeling

Reduced wall stress and MR, system-level
correction of hemodynamics, and
secondary reverse remodeling

Neurchormonal modulation =

Reduced BP and volume; improved
remodeling via reduced sympathetic and
enhanced parasympathetic tone

Figure 2. Mechanistic comparison of cardiac device-based therapies.

The schematic summarizes and compares 4 device-based therapies for heart failure with reduced ejection fraction (HFrEF): cardiac
microcurrent (C-MIC), cardiac contractility modulation (CCM), cardiac resynchronization therapy (CRT), and baroreflex activation therapy
(Barostim). Each therapy is mapped according to its primary biological targets, downstream cellular and molecular effects, and key clinical
outcomes, linking the mechanism of action to functional improvements, cardiac remodeling, and enhanced cardiac performance.
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effects from byproducts by monitoring pH shifts, ion
variations, and redox changes. These changes may
impact pathways involved in calcium handling and ROS-
mediated signaling.®3#

In terms of the translational roadmap, current in vitro
models of fibrosis and hypoxia will be extended to primary
human cardiac cells and clinically relevant animal mod-
els. In parallel, molecular profiling approaches, including
multiomics and targeted gene expression analyses, will
be important for identifying biomarkers of microcurrent
response, clarifying the underlying mechanisms of action,
and establishing links between mechanistic findings and
clinical outcomes.

Given the shared roles of fibrosis, inflammation, and
maladaptive remodeling across cardiovascular diseases,
the potential effects of microcurrent therapy could be
evaluated in a broad range of conditions, including heart
failure with preserved ejection fraction, postmyocardial
infarction remodeling, diabetic cardiomyopathy, hyperten-
sive heart disease, valvular heart disease associated with
left ventricular remodeling, and fibrotic cardiomyopathies.
For example, myocardial fibrosis and increased ventric-
ular stiffness are central pathophysiological features
of heart failure with preserved ejection fraction, while
postmyocardial infarction remodeling is characterized by
inflammation, scar formation, and progressive ventricular

Figure 3. Configurations of the cardiac microcurrent (C-MIC) delivery system.

A, Surgical configuration: the original C-MIC setup showing an epicardial left ventricular (LV) patch electrode implanted via a left mini-
thoracotomy and positioned directly on the LV epicardial surface to deliver continuous microcurrent across the myocardium. B, Subcutaneous
configuration: a less invasive configuration in which the LV patch electrode is positioned subcutaneously on the chest wall rather than directly
on the epicardium. This setup is combined with an intracardiac lead to allow microcurrent delivery across the myocardium while avoiding

surgical thoracotomy and epicardial access.
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remodeling that contribute to long-term cardiac dysfunc-
tion. In these conditions, the potential effects of micro-
current therapy on fibroblast activity, extracellular matrix
remodeling, and tissue repair warrant further investiga-
tion. At present, however, the potential role of microcurrent
therapy beyond nonischemic HFrEF remains speculative.
Dedicated mechanistic studies, disease-specific preclini-
cal models, and appropriately designed clinical trials will
be required to determine whether the biological effects
observed to date translate into meaningful clinical ben-
efits across these diverse disease states.

A subcutaneous microcurrent delivery approach has
been developed to improve the translational potential of
C-MIC therapy by reducing invasiveness while maintain-
ing its biological effects. It uses a subcutaneous electrode
and an intracardiac lead to deliver ultra-low-amplitude
direct current across the myocardium, performed in the
catheterization laboratory under conscious sedation with-
out thoracotomy or surgical epicardial access (Figure 3A
and 3B), using techniques familiar to interventional cardi-
ologists and electrophysiologists experienced in implant-
ing pacemakers, implantable cardioverter-defibrillators,
and other implantable cardiac electronic devices. This
approach may improve safety, simplify implementation,
and broaden application to patients, including those
unsuitable for surgery or advanced therapies, such. as
patients with mild-reduction LVEF from_ischemic- and
nonischemic etiologies and patients with early-stage
heart failure. The subcutaneous system .is currently
being evaluated in the ongoing C-MIC IlI 'study (REG-
ISTRATION: URL: https://www.clinicaltrials.gov; Unique
identifier: NCTO6920030) for feasibility and safety.
Building on these data, a double-blind, sham-controlled
trial (C-MIC IV) is planned as the critical next step to
rigorously evaluate the safety and efficacy of subcutane-
ous microcurrent therapy, while controlling for placebo
effects and other potential sources of bias. The subcu-
taneous microcurrent platform represents an important
advancement by combining the mechanistic rationale of
microcurrent therapy with a less invasive, more scalable
implantation approach. If proven safe and effective, this
platform could facilitate broader adoption and expand
access to microcurrent therapy.

CONCLUSIONS

Microcurrent therapy is a promising approach to car-
diac repair through modulation of endogenous bioelec-
tric signals. Preclinical studies suggest potential effects
on fibrosis, inflammation, and cardiomyocyte survival in
vitro, supporting a multifactorial mechanism of action.
However, the underlying signaling pathways remain
incompletely understood, and their relevance to human
tissue has yet to be established. Continued investigation
in physiologically relevant preclinical models, together
with rigorous controlled clinical studies, will be essential
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to further define the mechanisms of action, validate the
biological effects observed to date, and determine the
therapeutic potential of microcurrent therapy in heart
failure and other cardiovascular diseases.
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