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Ventricular assist devices (VADs) have been considered a reasonable alternative strategy in advanced heart failure

(HF), widely used as a bridge to heart transplantation or candidacy. Mechanical unloading supports the function of

a failing heart and the perfusion of vital organs through reduced workload placed on the ventricles. In clinical

practice, it might initiate a healing response with even myocardial recovery, making heart transplantation and

mechanical support no longer required. 
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1. Mechanical Unloading of Failing Heart

1.1. Ventricular Assist Devices (VADs)

Ventricular assist devices (VADs) are mechanical pumps that reduce the workload of the heart, providing support

for the left ventricle (LVAD), the right ventricle (RVAD), or both ventricles (BIVAD). They are attached to the heart

through cannulae that allow blood to enter a pumping chamber from which it is ejected into the systemic and/or

pulmonary circulation. Devices are classified as pulsatile or continuous-flow based on how blood is pumped into

the devices. The main goal of VADs is to restore cardiac output and stress relief before a failing heart leads to

irreversible end-organ dysfunction, including pulmonary hypertension, renal failure, liver dysfunction, and cardiac

cachexia. Currently, VADs might provide 1–2 weeks of support with ECMO and IMPELLA devices (short-term), 30

days by external centrifugal pumps (medium-term), or longer than 30 days via HeartMate3 and EXCOR pumps

(long-term). Short-term VADs are intended for a wide range of clinical conditions, such as high-risk invasive

coronary artery procedures for the management of cardiogenic shock, acute decompensated heart failure, or

cardiopulmonary arrest. Among mid- and long-term VADs, LVAD is the most common type that has revolutionized

the treatment of end-stage heart failure .

1.2. The Current Status of Left Ventricular Assistance Devices (LVADs) Therapy in
Heart Failure

Over the past decade in the United States, 25,551 patients with heart failure underwent continuous-flow LVADs

placement . According to the 2021 European Society of Cardiology (ESC) Guidelines, LVAD implantation may be

recommended when symptoms persist, despite optimal medical treatment, and the absence of severe right
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ventricular dysfunction and/or tricuspid regurgitation . Furthermore, a potential patient must have at least one of

the following: LVEF < 25% and unable to exercise or able but with peak VO2 < 12 mL/kg/min and/or <50%

predicted value, ≥3 HF hospitalizations without an obvious precipitating cause (during 12 months), dependence on

inotropic therapy or temporary MCS, and progressive end-organ dysfunction. Great emphasis is also put on stable

psychosocial background and support from society. Living alone and having poor overall mental health is a

contraindication to the same extent as infection, severe renal dysfunction, and ventricular arrhythmias. Currently,

there are three therapeutic goals for LVAD implantation: bridge to transplantation (BTT), bridge to candidacy (BTC),

and destination therapy (DT). In the BTT regimen, the device supports the patient and improves physiology until a

donor becomes available. In turn, BTC provides time for the patient to become eligible for cardiac transplantation

by, for example, decreasing body mass index, achieving a required cancer-free period, or securing financial and

family support. The last alternative option is DT for patients with end-stage HF and transplantation

contraindications, which allows for discharge from the hospital and improves the quality of life.

The annual report from Interagency Registry for Mechanically Assisted Circulatory Support (Intermacs) has shown

that DT is currently the most common form of therapy . The importance of BTT has decreased and become the

rarest therapeutic target (8,9% of total implantations). The advantage of long-term use started in 2015 (nearly 50%

of total implantations), reaching its peak in 2019 (73,1%) . Interestingly, the Randomized Evaluation of

Mechanical Assistance for the Treatment of Congestive Heart Failure (RE-MATCH) showed that patients

randomized to receive LVAD as DT lived longer in better health in comparison to the subjects with optimal

pharmacological treatment . Moreover, the main cause of death was not terminal HF as in the medical group but

systemic infection and device malfunction.

1.3. Bridge to Recovery

A growing body of evidence has shown that, in respondent patients, LVAD induces structural and functional

changes at the cellular, molecular, and whole-heart levels, known as reverse remodelling . The cellular

processes are thought to be more profound and more significant than the changes observed in cardiac function.

The potential mechanism of cardiomyocyte remodelling is irreversibly connected to its stretching reduction (Figure

1). Hemodynamic support stimulates karyokinesis and favours the ability to divide, which was confirmed by

increasing diploid cardiomyocytes in myocardial samples . An increased number of circulating progenitor cells

might correlate to ongoing cardiac recovery; however, their number seems to be transient over time .

Particular attention has been paid to the specific gene expression in human unloaded hearts, such as expression

of profibrotic, contractile, involved in Ca  cycling, and proinflammatory proteins . Reduced level of

cytokines was found both in serum and myocardial tissue in patients with improved cardiac function after LVAD

implantation compared to the non-responder group . Interestingly, the signal transducer and activator of

transcription 3 (STAT3) was responsible for modulating the immune response. Moreover, pre- and post-intervention

levels of cytokine were correlated with further LV improvement, suggesting inflammation is an essential factor of

LVAD response. It has been highlighted that levels of cytokines in the myocardium, especially tumour necrosis

factor (TNF), might predict patients’ recovery . The systolic function improvement is thought to be initiated by

preserving the abundance of key regulatory proteins (sarcoplasmic reticulum calcium adenosine triphosphatase,
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SERCA) and a decrease in the Na /Ca  exchanger (NCX) during LVAD therapy . It results in greater calcium

uptake and contributes to greater cardiac contractility . Furthermore, mechanical unloading has improved

Ca  handling through significant tubule remodelling . It has been shown that the density and activity of L-type

Ca  channels and transverse tubules (t-tubule) have been normalized in the rodent model of mechanical

unloading compared to unfavourable outcomes from only HF rats. T-system defects and related-Ca  handling

aberration are features of heart failure progression and, hence, are thought to be the key to the proper functioning

of cardiomyocytes and novel predictors for functional cardiac recovery after mechanical unloading .

Mechanical support also plays an ambiguous role in extracellular matrix (ECM) remodelling. Lower profibrotic gene

expression might contribute to reduced collagen content ; however, some studies indicated increased fibrosis

in heart samples after LVAD support. It can be explained by the decreased breakdown (through decreased activity

matrix metalloproteinases activity, MMPs) and increased synthesis of collagen (via increased activity of angiotensin

I and II; Ang), which were reported . However, ECM turnover is highly related to the aetiology of the injury, RV

function, patient’s age, or type of LVAD support, making the influence of mechanical support difficult to determine

. Metabolic changes and cellular pathways play a pivotal role in reverse remodelling. It has been reported that

effective hemodynamic support induces glycolysis and increases glycolytic metabolites without directing them

through the tricarboxylic acid cycle (TCA) . To provide an alternative energy source, the increased level of amino

acids was found as a compensatory mechanism. Mitochondrial volume density and mitochondrial DNA (mtDNA),

although significantly lower at implantation time compared to the healthy control, have slightly increased during

mechanical unloading. Similar results were confirmed in further study, where up-regulated glycolysis initiated

activation of protective pathways, such as the pentose phosphate pathway and 1-carbon metabolism in post-LVAD

responders . This specific mechanism protects cells against reactive oxygen species (ROS) and increases the

synthesis of nucleotides. Furthermore, restoration of the pyruvate–lactate axis was recently highlighted as a

predictor of myocardial recovery . Overall, mechanical support causes cascades of reactions in which gene

expression, proliferation, apoptosis, fibrosis, immune response, and cardiomyocyte metabolism are modulated.

Some of these changes provide prognostic value, and others are the reason why not all LVAD patients achieve

myocardial recovery. 
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1.4. LVAD Limitations

Limitations regarding myocardial recovery might be divided into two categories: adverse events and unfavourable

changes in cardiomyocytes, both associated with prolonged mechanical unloading. In the first case, LVAD patients

struggle with many post-implantation complications, with bleeding being the most frequent but not the most

dangerous . Multisystem organ failure (16.4%), stroke (15.6%), heart failure (12.5%), and major infection (5.7%)

cause half of the deaths in the LVAD population . Continuous flow is thought to increase the risk of

gastrointestinal bleeding, lack of pulse, and thromboembolic complications . Despite technological progress and

novel medical solutions, adverse events, such as bleeding, right heart failure, and infections, continue to be limiting

factors in sustained recovery. LVAD patients should routinely assess predictor factors by echocardiographic

assessment and biochemical parameters in their referring centre, which has become difficult due to the COVID-19

pandemic . Noteworthily, LVAD is not fully implantable, and the external system controller with a driveline

protruding from the patient’s abdomen might negatively affect physical and mental health, requiring the patient’s

acceptance. Secondarily, the prolonged hemodynamical support might produce an “atrophic”, proinflammatory, and

profibrotic response, with mitochondrial dysfunction as well. Therefore, clinical improvement might occur early

during LVAD or not, with/without time regression . Overall, mechanical unloading is speculated not to be

sufficient to achieve total heart recovery without amelioration of detrimental factors. Thus, the development of a

novel target treatment is urgently needed.
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2. Combination of Mechanical Unloading and
Pharmacotherapy for Chronic Heart Failure Treatment

2.1. Potential Benefits

The effectiveness of LVAD therapy is evidenced by a sufficient myocardial recovery that allows device explantation

and life without mechanical support . To increase the number of patients who achieved those goals, combination

therapy was first proposed in 2001 to “maximize the efficacy of LVAD as BTR” . The basis of combination

therapy has become the drive to reverse cardiac remodelling, followed by the stimulation of physiological

cardiomyocyte growth. This formed the “Harefield protocol” in which LVAD therapy was enlarged by clenbuterol .

After 5 years, the Harefield protocol was tested as a combination of mechanical unloading with specific drug

therapy for 15 patients with severe HF due to nonischaemic cardiomyopathy . In the pharmacological regimen,

four HF medications reduced LV remodelling, and then clenbuterol was administered to prevent myocardial

atrophy, which had been proven in prior studies . The examination showed significant cellular and

functional improvement, which translated into a high rate of survival and recovery with combination treatment. This

is of particular note given that, at that time, LVAD therapy was associated with only a small percentage of recovery

sufficient for device explantation (5% , 8% ) and an equal chance of 1-year survival . Further, the same

strategy was enlarged to 20 patients with dilated cardiomyopathy and demonstrated great utility and effectiveness

. Concentrating on survival and durability of recovery, Birks et al. demonstrated a significantly high rate of heart

failure reversal.

The promotion of reversed remodelling has also been described in another pharmacologic regimen. In the study of

Grupper et al., patients who had ischemic cardiomyopathy were randomly assigned to the neurohormonal blockade

(NHB) therapy (receiving ACE, ARB, BB, or AA) or the control group without any NHB drug after LVAD

implantation . Achieving progressive normalization, the NHB patients experienced greater myocardial recovery

and down-regulation of neurohormones after 6 months. A different strategy might be the pre-operative use of

sacubitril–valsartan (ARNI: angiotensin receptor antagonist and neprilysin inhibitor) to reduce post-operative

mortality in patients undergoing LVAD implantation. Heder et al. reported an association with better survival

outcomes after cardiac surgery (LVAD or HTx) . According to Kaplan and Meier’s analysis, the lowest rate of

death was observed in ARNI (13.6%), then ACEi, ARB (19.4%), and, lastly, the no-vasoactive group, with the worst

30-day survival rate (62.5%; p = 0.043). It has been previously reported that angiotensin–neprilysin inhibition

reduces NT-proBNP levels in patients with acute HF, with no greater incidence of renal dysfunction, hyperkalaemia,

and symptomatic hypotension . A combined approach was also examined in a rodent model of HF using the

established and reproducible procedure of LV unloading . Since chronic support might cause alteration in

Ca  cycling, increase fibrosis, and induce myocardial atrophy , Navaratnarajah et al. selected ivabradine

(Iva) as a proven agent to counteract these deleterious effects . It has been reported that 4 weeks of combined

treatment was successful in two of three key determinants but did not prevent myocardial atrophy. 

In summary, The Harefield protocol was one of the first studies to successfully combine pharmacological agents

with LVAD. Particularly interesting are higher rates of recovery when adjuvant medical therapy is included in the
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LVAD strategy. Therefore, this strategy could modulate the detrimental effects of prolonged mechanical unloading

and promote reverse remodelling. 

2.2. Novel Pharmacotherapies for Cardiomyocyte Regeneration during LVAD
Support

2.2.1. Stimulation of Cardiomyocyte Proliferation

Mechanical unloading is associated with cardiomyocyte atrophy, resulting in a decline in myocyte densities and LV

mass continuously . The hypertrophy regression is speculated to attenuate heart recovery, but it is not fully

proven whether it is related to mechanical unloading or the pathophysiology of HF itself . However, a few

clinical strategies in which cardiomyocyte proliferation is successfully stimulated might be beneficial for durable

cardiac recovery.

Regenerative therapy is based on embryonal or adult stem cells as an effective therapeutic target for cardiogenesis

and angiogenesis. The main goal of this strategy is to boost cell production directly and then indirectly to improve

cardiac function by injecting stem cells into a wounded region of the heart . In prior experimental studies, the

function and volume of LV, as well as the size of the infarction, have been improved after receiving millions of

potential heart cells . In turn, clinical trials are not entirely consistent on whether stem-cell-based therapy

could promote cardiac recovery in HF  or the LVAD population only .

2.2.2. Regulators of Cardiac Substrate Metabolism

Cardiac metabolism plays a central role in the pathophysiology of HF . Its alterations profoundly impair cardiac

function and develop further progression. Metabolic modulators are recently thought to display therapeutic potential

in cardiovascular diseases . The reduction in fatty acid (FA) oxidation is one of the starting points. In

normoxia, FA breakdown is the main source of ATP (about 70%), alongside glucose and lactate . It should be

noted that energy production from glucose requires less oxygen than FA, which is crucial in ischemia conditions

. Therefore, decreased FA metabolism has been reported in many animal models, also related to left ventricle

dysfunction, and it is mainly observed not in an early but advanced stage of HF . It might be caused by the

lower energy demand and optimized ATP production or, as previously mentioned, directing glucose into alternative

and more beneficial pathways. Thus, the new therapeutic approach for LVAD patients might be the regulation of FA

oxidation in favour of glycolysis to generate biomolecules promoting the normal energy state of cardiomyocytes .

Perhexiline, a drug developed for angina, was proven to be simultaneously favourable for hemodynamic and

metabolic cardiac function in cardiovascular disease . It raises glucose utilization and decreases beta-

oxidation through inhibition of fatty acids mitochondrial transporter (carnitine palmitoyltransferase-1) . It has

been shown that perhexiline increases the energetic state (PCr/ATP ratio; 1.16 to 1.51) and left ventricular systolic

function (LVEF; 24% to 34%) in HF . Another mitotrope, trimetazidine, is also thought to have potential

cytoprotective effects in HF treatment . It might enhance cardiac function by preventing cardiomyocytes from

many deleterious events, such as apoptosis, fibrosis, and inflammation . Therefore, trimetazidine has been
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clinically investigated, and an increase of EF by 3.9%  or 7% alongside 17 ml left ventricular end-systolic volume

decreasing has been reported . Sodium/glucose cotransporter 2 (SGLT2) inhibitors are thought to be promising

cardioprotective agents in cardiovascular diseases. SGLT2 inhibitors are speculated to not only regulate glucose

concentration but also homeostasis and associated parameters (blood pressure, haematocrit, and sodium level)

. All these changes act favourably on circulatory unload and ventricular stress, reducing the likelihood of

cardiovascular death. Since volume overload impairs right ventricle function, leading to hypertrophy and fibrosis,

these specific inhibitors might prevent right ventricular failure and promote myocardial recovery after LVAD

implantation. The selective agonists of peroxisome-proliferator-activated receptors (PPARs) regulate the

expression of specific genes in lipid or glucose metabolism . The PPARs family belongs to three isoforms of

nuclear receptors (PPARα, PPARβ/δ, and PPARγ) with different locations, biological effects, and medical purposes.

PPAR agonists are considered to prevent cardiomyocytes from ATP depletion and enhance mitochondrial

biogenesis , important therapeutic targets in LVAD remodelling (Figure 1) . 

2.2.3. Mitochondria-Targeted Treatment

Mitochondrial biogenesis, structure, and function have been of special interest with wide clinical testing since their

improvement is thought to ameliorate cardiac function directly . The reduction in pathological ROS production is

one of the therapeutic targets and is believed to restore energetic balance in cardiomyocytes. To find the optimal

antioxidant, supplementation of coenzyme Q (CoQ) was proposed for chronic HF patients in NYHA classification III

or IV . CoQ plays a significant role in the mitochondrial electron transport chain as an electron acceptor, thereby

contributing to ROS reductions. At week 106 of supplementation, the outcomes were positive and treated patients

showed a significantly lower risk of cardiovascular deaths (p = 0.026) and HF hospitalization (p = 0.033) in

comparison to the placebo group. These results are in line with a more recent meta-analysis, where reduced

mortality and improved exercise capacity were noted in HF patients with CoQ supplementation . Moreover, the

CoQ with better mitochondrial bioavailability (MitoQ) was reported to restore mitochondrial respiration and

membrane potential in an animal model of heart failure induced by pressure overload . Another rationale for

therapeutic use might be decreased endogenous synthesis of CoQ with age  and its efficacy in lowering proBNP

and improving cardiac systolic function in an elderly population . In turn, the Szeto–Schiller (SS) peptides,

especially SS-31, have demonstrated protective properties to cardiolipin, maintaining electron carrying function and

ROS utilization . SS-31 safety and toleration have been accepted in two clinical trials, whilst a single infusion in

a high dose was beneficial for LV volume  but, in the long-term, did not decrease myocardial infarct size .

Decreased content of cardiolipin and its mitochondrial decomposition was reported in the myocardium after LVAD

support, suggesting that cardiolipin is a potential therapeutic target .

To prevent pathological heart remodelling, it is proposed to maintain the nicotinamide adenine dinucleotide (NAD+)

pool and NADH (reduced form of NAD+)/NAD+ ratio . An elevated ratio of NADH/NAD+ with cytosolic protein

hyperacetylation, including malate–aspartate shuttle proteins and oligomycin-sensitive conferring protein in ATP

synthase complex, contributed to the worsening HF in humans and in an animal model of mitochondrial complex-I

deficiency. Furthermore, Lee et al. highlighted that elevating the NAD+ level might normalize redox status and

improve cardiac function, predicting the high translational potential of the NAD+ precursors. In blood, nicotinamide
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riboside (NR) was confirmed to successfully increase the level of circulating NAD+ in healthy human voluntaries

without serious side effects . Therapeutic opportunities of NR were recently investigated in HF patients

undergoing LVAD implantation and showed that oral administration was associated with reduced pro-inflammatory

activation . 

2.2.4. Inhibition of Inflammation

The anti-inflammatory approach originated from the strong need to counteract high mortality and morbidity, along

with a better understanding of protective or harmful immune mechanisms in heart failure progression . It has

been reported that levels of circulating cytokines, such as interleukin (IL) 1, 2, or 6, and TNF, are increasing

simultaneously with the worsening status of HF patients . It might be caused by LV dysfunction (via

hypertrophy and further fibrosis) and endothelial dysfunction (through apoptosis and reduced NO synthesis),

overall contributing to myocardial failure . Hence, lowering the level of proinflammatory cytokines is thought to

initiate a healing response.

Patients with LVAD might be at particular risk of a higher level of serum TNF-α levels compared to only HF or HTx

subjects . Tabit et al. suggested that elevated levels of TNF-α directly stimulate thrombin-induced angiopoietin-

2 (Ang2) expression and jointly induce pathological angiogenesis, leading to angiodysplasia and increasing the risk

of non-surgical bleeding. Therefore, TNF-α blockade could prevent LVAD patients from high risk of these

complications. In a prior study, TNF-α inhibition failed to show improvement in symptoms and quality of life whilst

increasing the risk of hospitalization for worsening heart failure . In contrast, administration of pentoxifylline has

improved cardiac function (LVEF increased by 32%) and reduced markers of inflammation (CRP, TNF-α) with a

preserved pool of circulating TNF in ischemic cardiomyopathy . It is noteworthy that TNF might improve post-

ischemic functional recovery; therefore, the use of strong inhibition reduces the cardioprotective effect .

Anakinra is a recombinant human receptor for IL-1 and blockades successfully both isoforms (α/β) from

proinflammatory signalling. Concordant with prior studies, IL-1 inhibition has effectively dealt with an inflammatory

response in acute myocardial infarction  and LV dysfunction . Moreover, lowering IL-1 levels is believed to

boost cardiac function by restoring calcium handling and preventing cardiomyocytes from abnormal contractility

and hypotrophy . Therefore, Anakinra is also considered to be an adjuvant agent in the LVAD area. The first

outcomes from the clinical trial have convincingly demonstrated therapeutic potential . Healy et al. have shown

not only CRP reduction (about 76%) but also a 67% increase in EF after 6 months of a short course of Anakinra (2

weeks).

2.2.5. Other Strategies for Cardiac Regeneration

Restoration of SERCA2a expression is thought to prevent severe systolic and diastolic dysfunction equally to

mechanical assist devices in advanced HF treatment . Down-regulation of SERCA2a was observed in failing

heart samples, which translated to dysregulation in Ca  homeostasis and impaired myocardial contractility through

increased intracellular calcium concentrations . Therefore, therapy based on SERCA2a gene delivery was

proposed to reverse HF progression as a novel modality for treatment. A signal of potential opportunities to reduce

the number and recurrence of cardiovascular events has been described following a single dose of adeno-
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associated virus serotype 1 (AAV1) vector carrying SERCA2a (AAV1/SERCA2a) in patients with advanced heart

failure . However, the combination of gene therapy with mechanical circulatory support did not show positive

outcomes in the SERCA-LVAD trial due to the small cohort of patients and safety concerns . In turn, istaroxime

demonstrates both rapid calcium return with myocardial relaxation via SERCA2 stimulation and contractility

improvement by Na+/K+-AT P-ase inhibition . Therefore, it has also been clinically tested to examine the

occurrence of cardiac adverse events, such as arrhythmia . The 24 h infusion has shown beneficial changes in

echocardiography parameters, with a lack of major cardiac adverse effects in the acute HF patients’ cohort. These

results are in line with the recent study by Metra et al., where the inotropic effect of istaroxime increased cardiac

index with blood pressure changes and reduced left ventricular and atrial dimensions 

Many studies highlighted the cardioprotective effect of oestrogen receptors (ER) agonists and suggested

therapeutic opportunities in HF treatment . ER activation mediates several protective pathways, including

vasculature, fibrosis, energy metabolism in mitochondria, ROS production, and cardiomyocyte survival. Recently,

Iorga et al. reported a decreased local heart concentration of oestradiol (E2) and cardiac aromatase transcript

levels in the mice model of HF (induced by TAC). Moreover, exogenous treatment of E2 in the same male and

female mice improved systolic function, stimulated cardiac angiogenesis, and suppressed fibrosis .

Interestingly, the cardioprotective effect of oestrogen has been demonstrated in other animal models of HF ,

including right ventricular failure caused by pulmonary hypertension . In light of these results, hormone therapy

could represent an interesting direction in HF treatment; however, the lack of knowledge and clinical practice limits

its usefulness.

3. Conclusions

LVAD therapy is an effective rescue in acute and especially chronic cardiac failure. In several scenarios, it provides

a platform for regeneration and sustained myocardial recovery. While unloading seems to be a key element,

pharmacotherapy may provide powerful tools to enhance effective cardiac regeneration. A strategy of combining

LVAD with intensive pharmacotherapy has demonstrated more favour in cardiac, clinical, and survival outcomes,

with a higher likelihood of myocardial recovery than any other form of HF treatment. In this context, progressively

more clinical trials provide credibility to combining the benefits of LVAD therapy with novel pharmacotherapies.

Considerable potential exists in stem cell therapy, regulators of substrate oxidation, treatment targeted to

mitochondrial biogenesis, structure, and function, as well as inhibitors of a harmful immune response. Despite

sustained progress in the engineering, experimental, and clinical fields, further investigation is needed to discover

mechanisms of reverse remodelling and increase the effectiveness of the bridge to recovery strategy.
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