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Abstract

Background: Loss of brain-derived neurotrophic factor (BDNF)/tropomyosin kinase receptor 

B (TrkB) signaling accounts for brain and cardiac disorders. In neurons, β-adrenergic receptor 

(βAR) stimulation enhances local BDNF expression. It is unclear if this occurs in a 

pathophysiological relevant manner in the heart, especially in the βAR-desensitized post-ischemic 

myocardium. Nor is it fully understood whether and how TrkB agonists counter chronic post-

ischemic left ventricle (LV) decompensation, a significant unmet clinical milestone.

Methods: We conducted in vitro studies using neonatal rat and adult murine cardiomyocytes 

(CMs), SH-SY5Y neuronal cells, and umbilical vein endothelial cells. We assessed myocardial 

ischemia (MI) impact in WT, β3AR KO, or myocyte-selective BDNF KO (myoBDNF KO) mice 

in vivo (via coronary ligation (MI) or in isolated hearts with global ischemia-reperfusion (I/R).
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Results: In WT hearts, BDNF levels rose early after MI (<24 hours), plummeting at four 

weeks when LV dysfunction, adrenergic denervation, and impaired angiogenesis ensued. The TrkB 

agonist, LM22A-4, countered all these adverse effects. Compared to WT, isolated myoBDNF 

KO hearts displayed worse infarct size/LV dysfunction after I/R injury and modest benefits 

from LM22A-4. In vitro, LM22A-4 promoted neurite outgrowth and neovascularization, boosting 

myocyte function, effects reproduced by 7,8-dihydroxyflavone, a chemically-unrelated TrkB 

agonist. Superfusing myocytes with the β3AR-agonist, BRL-37344, increased myocyte BDNF 

content, while β3AR signaling underscored BDNF generation/protection in post-MI hearts. 

Accordingly, the β1AR blocker, metoprolol, via upregulated β3ARs, improved chronic post-MI 

LV dysfunction, enriching the myocardium with BDNF. Lastly, BRL-37344-imparted benefits 

were nearly abolished in isolated I/R injured myoBDNF KO hearts.

Conclusions: BDNF loss underscores chronic post-ischemic heart failure (HF). TrkB agonists 

can improve ischemic LV dysfunction via replenished myocardial BDNF content. Direct cardiac 

β3AR stimulation, or β-blockers (via upregulated β3AR), is another BDNF-based means to fend 

off chronic post-ischemic HF.
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INTRODUCTION

Early mortality after myocardial infarction (MI) declined in the last decades1. Yet long-term 

mortality remains disappointingly high due to chronic heart failure (CHF)1, and limiting 

early post-MI myocyte dropout is paramount to counter it effectively.

In neurons, BDNF and TrkB promote cell growth, connectivity, and stress response2. 

BDNF/TrkB signaling is essential for proper heart development3. In adult life, deleting 

cardiac TrkB impairs basal myocardial contractility/relaxation4,5. Conversely, reports on 

ischemic cardiomyopathy have not unanimously assigned a protective function to BDNF6–8. 

Furthermore, attention has been paid mainly to early post-MI-induced changes in BDNF 

expression. For instance, bdnf mRNA levels double in the ischemic area after MI, 

correlating with preserved sensory nerve function, but plummet to baseline levels within 

a few hours9. Consistently, elevated early post-MI BDNF improves cardiac function and 

cardiomyocyte survival10. Yet, whether lower cardiac BDNF accounts for CHF pathogenesis 

is unknown. Likewise, if TrkB stimulation (by mimicking endogenous BDNF actions) 

arrests CHF progression remains undefined. Nor is it clear whether TrkB signaling is the 

only route enriching myocardial BDNF content.

Adrenergic receptor (AR) signaling induces BDNF in neurons11, particularly β3AR 

stimulation12. Since in CHF the βAR system is downsized, cardiac BDNF generation should 

decline during CHF, contributing to its progression. BDNF exerts paracrine salutary actions 

in neurons, preserving neighboring cells, i.e., endothelial and neuronal cells. Hence, reduced 

myocardial BDNF pools could also explain sympathetic denervation/impaired angiogenesis 

in CHF13–15. Accordingly, reduced cardiac vascularity worsens post-ischemic myocyte 

loss13, while exacerbated denervation leads to arrhythmias and, ultimately, sudden cardiac 

death16. Hence, measures apt to maintain βAR sensitivity or upregulate β3ARs expression/

activity should implement cardiac BDNF content, thus improving CHF outcomes.

Here, first, we used WT mice to test whether BDNF protein expression changes 

during post-ischemic CHF, contributing to LV decompensation/remodeling. Second, we 

interrogated whether and how a TrkB agonist (LM22A-4), beneficial in experimental 

neurological disorders17,18, would attenuate CHF progression in ischemic mice. Third, we 

tested LM22A-4’s impact on neuronal growth, endothelial cells (ECs) proliferation, and 

cardiomyocyte function in vitro. Fourth, we tested its impact in WT MI mice in vivo, 

assessing innervation, angiogenesis, and myocardial function. Fifth, we subjected WT and 

myocyte-specific bdnf knockout (myoBDNF KO) mice to global ischemia/reperfusion (I/R) 

in the Langendorff to determine myocardial BDNF contribution to post-MI salvage, alone 

or after TrkB stimulation. Finally, β3AR stimulation enriches BDNF content in cells12. 

Hence, we interrogated whether TrkB agonist anti-ischemic actions partially depend on 

β3AR signaling. We used neonatal rat ventricular myocytes (NRVMs) to assess whether the 
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β3AR agonist, BRL-37344 enhances myocyte BDNF generation. Then, we tested if β3AR 

KO mice bear lower BDNF levels before and after in vivo MI. Finally, we administered 

BRL-37344, known to protect against I/R injury, to myoBDNF KO mice.

METHODS

Detailed methods are in the Supplemental Material.

Data Availability.

RESULTS

Cardiac BDNF expression is reduced in post-ischemic CHF along with impaired 
angiogenesis and sympathetic innervation

BDNF’s role in the pathogenesis of chronic post-ischemic LV decompensation, a significant 

clinical challenge still19, remains unclear. Therefore, in vivo, we subjected nine-week-old 

C57Bl/6 WT mice to MI via permanent coronary artery ligation20, using sham-operated 

animals as controls.

Cardiac BDNF protein abundance was assessed by immunoblot at 6 hours, 24 hours, one 

week, and four weeks post-MI. BDNF content was elevated 24 hours after MI (Figure 

1B). Conversely, it was sizably reduced four weeks after MI (Figure 1C), coincident with 

chronic post-MI LV decompensation (Figure 1E–F), enlarged LV dimensions (Figure 1G), 

and elevated fibrotic tissue deposition (Figure 1H). Infarcted hearts displayed a marked drop 

in capillary density in the remote and border zone compared to shams (Figure 1I). Finally, 

using tyrosine hydroxylase-positive (TH+) nerve fibers as an index of sympathetic nerve 

fiber density21, as expected16, we found a drop in cardiac sympathetic innervation (Figure 

1J–K). Thus, marked depletion of cardiac BDNF content in the ischemic myocardium 

parallels cardiac hypo-innervation/reduced capillary density, contributing to post-ischemic 

CHF pathogenesis.

TrkB stimulation boosts in vitro neuronal sprouting, endothelial cell proliferation, and 
myocyte function

Next, we interrogated whether the TrkB agonist, LM22A-4, would directly stimulate 

neuronal sprouting, endothelial cell proliferation, and isolated myocyte function.

Neuronal cells.—As shown before22, stimulating SH-SY5Y neuronal cells with 100 nM 

LM22A-4 (for 10 min), a TrkB agonist that, differently from the native BDNF peptide, has 

a long in vivo half-life17 induced a time-dependent, robust increase in mitogen-activated 

protein kinase (MAPK) ERK1/2, confirming TrkB receptor activation17(Figure 2A). Next, 

we stimulated these cells with LM22A-4 for 12 hours. This intervention increased the 

growth-associated protein 43 (GAP43), ultimately enhancing neuronal sprouting (Figure 

2B–C).

Endothelial cells.—We tested the TrkB agonist impact on human umbilical vein 

endothelial cells (HUVECs). Compared to vehicle-treated cells, stimulating HUVEC cells 
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with LM22A-4 for 15 min increased ERK activation (Figure 2D) and Akt and eNOS 

(Figure 2D–E–F). Adding LM22A-4 for 24 hours to HUVEC cells made endothelial cells 

proliferate, as witnessed by the BrdU staining results (Figure 2G).

LV myocytes.—We isolated adult ventricular myocytes from WT mice (Figure 3A) and 

conducted a vis-à-vis comparison between LM22A-4, a partial TrkB agonist23, and 7,8-

dihydroxyflavone (7,8,-DHF), a TrkB agonist chemically unrelated to LM22A-4 known 

to protect against I/R injury24. These agents dose-dependently and similarly increased 

sarcomere shortening and whole Ca2+ transient (Figure 3B–E and Figure S1). Similarly, 

they increased ERK phosphorylation to the same extent (Figure 3F). Finally, we tested 

whether the cotreatment of NVRMs with ANA12, a TrkB antagonist25, would abolish the 

LM22A-4 effect. ANA12 prevented LM22A-4-induced ERK and TrkB phosphorylation 

(Figure 3G–H). Thus, TrkB stimulation can foster neuronal sprouting and EC proliferation 

via an Akt/eNOS-dependent signaling switch-on, and sarcolemmal TrkB stimulation can 

enhance myocyte function, regardless of the agonist used.

Systemic infusion of the TrkB agonist, LM22A-4 arrests post-ischemic CHF progression

Then, we determined whether TrkB agonism would limit infarct size and LV dysfunction in 

a relevant preclinical MI model (Figure 4A and Figure S2). First, we infused LM22A-4 (or 

vehicle = saline) at a rate of 0.2 mg/kg/day (dose molded on previous studies in the brain17) 

into WT sham-operated mice. This agent did not alter basal myocardial performance (Table 

S1). Next, we administered it to WT mice, using sham-operated animals and vehicle-treated 

MI mice as controls. One week after MI, we randomized the mice to placebo or LM22A-4 

treatment (Figure S2). Four weeks post-MI, mice treated with LM22A-4 had significantly 

mitigated infarct size than control MI mice (Figure 4B), with substantially preserved 

LV function (Figure 2C) and attenuated LV adverse remodeling (Figure 2D–E), in the 

absence of a sizable impact on heart rate (HR) (Figure S3). MI led to prominent collagen 

deposition in vehicle-treated mice, an effect mitigated sizably by LM22A-4 (Figure 4F). 

This treatment also rescued vessel density (in the remote and border zone) and maintained 

myocardial sympathetic innervation (Figure 4G–H). After LM22A4 treatment, post-MI 

hearts were markedly enriched in BDNF content (Figure 4I). Finally, as shown in Figure 

S4, Akt-phosphorylation levels increased in MI hearts. Still, they returned to baseline values 

after LM22A-4, in keeping with the idea that chronically elevated Akt activity underpins 

adverse remodeling and loss of inotropy26. Thus, TrkB agonism arrests CHF progression 

via BDNF-evoked improvement of myocardial cell survival/function and preserved cardiac 

sympathetic innervation and vascularity.

Stimulating cardiac TrkB limits I/R injury in isolated WT but not myoBDNF KO hearts

TrkB stimulation induces a battery of pro-survival genes in neurons, including bdnf itself27, 

via CREB-mediated signaling28. Hence, we tested whether TrkB stimulation benefits require 

myocyte BDNF generation besides neuronal effects. We subjected WT and myoBDNF 

KO (Figure 5A) to 30 min global ischemia/2hrs reperfusion in the Langendorff, with or 

without the TrkB agonist, LM22A-4 (20 μM for 10 minutes following ischemia), or vehicle 

(perfusion buffer). LM22A-4 given to WT hearts at reperfusion substantially reduced infarct 

size (Figure 5B–C) while improving post-ischemic LV function. When subjected to I/R 
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injury, myoBDNF KO hearts showed exacerbated myocyte loss (Figure 5C–D) and LV 

dysfunction than WT hearts (Figure 5E, G–I). Of note, changes in heart rate (HR) (Figure 

5F) did not contribute to the different rate-pressure products (RPP) observed after LM22A-4 

treatment in both genotypes at reperfusion. Of note, 12–16 weeks-old WT and myoBNDF 

KO mice have similar basal LV functions (Figure 5; Figure S5/Table S2) and significantly 

abated BDNF content/expression (Figure S6C–D). Finally, the TUNEL assay29 showed 

higher TUNEL-positive myocytes in myoBDNF KO than WT (Figure 5J). Thus, lack of 

myocyte BDNF is associated with worse outcomes after I/R injury.

Β3AR-stimulation increases BDNF production in isolated myocytes, and β3AR signaling 
accounts for BDNF generation in post-ischemic hearts

In hippocampal neurons, norepinephrine (Nepi) induces BDNF11. Nepi-induced BDNF 

generation in some tumors leads to expanded β3AR-dependent intratumoral innervation12. 

Thus, we determined whether selective β3AR stimulation boosts autologous BDNF 

myocyte generation. We treated NRVMs with Nepi (10 μM) or the specific β3AR-agonist, 

BRL-37344 (1 μM). Both stimulants heightened myocyte BDNF expression significantly. 

However, BRL-37344 was more effective than Nepi (Figure 6A). Then, pre-treating NRVMs 

with the selective competitive β3AR-blocker, SR58894A, and then stimulating them with 

Nepi (for 12 hours), we found that SR58894A prevented NEpi- (Figure 6B) and BRL 

37344-induced enhanced BDNF expression (Figure 6C). Thus, β3AR activation accounts, 

at least in part, for NEpi-induced BDNF generation in the heart. We confirmed this 

eventuality by exposing NRVMs to the β1-blocker metoprolol (Meto; 10 μM, for 30 min) 

(Figure S7B). Indeed, selective β1-blockers can promote β3AR upregulation in experimental 

HF settings, accounting for β1-blockade benefits20,21,27,30. Moreover, β-blockers improve 

endothelial function and promote vasorelaxation, an effect for which β3AR activation 

chiefly accounts15,27,28. Therefore, we exposed NRVMs to either NEpi (10 μM) or BRL 

37344 (BRL, 1 μM) for 12 hrs. Congruent with data in Figure 6A, NEpi and BRL 

(each taken alone) heightened BDNF expression in NRVMs (Figure S7B). Of relevance, 

pre-treating cells with Meto potentiated NEpi’s ability to induce BDNF expression (Figure 

S7B). Thus, by making more catecholamines available to bind to β3ARs, and not to β1ARs, 

as documented20, Meto rescues β3AR-dependent BDNF expression.

Next, MI markedly downregulates β3ARs20. Thus, we speculated that lack of β3ARs 

signaling would depauperate the post-ischemic CHF heart of BDNF. Hence, as done 

before20, one week after MI, mice were assigned (in a random fashion) to 3 weeks of either 

saline or Meto. Meto prevented cardiac function deterioration occurring four weeks after 

MI (Figure S7C), preserved BDNF expression (Figure S7D), increased capillary density in 

the remote zone (compared to MI control mice, Figure S7E), and better maintained TH+ 

fiber number (Figure S7F). Thus, chronic β1AR blockade via Meto reignites cardiac β3AR/

BDNF signaling in post-ischemic CHF murine hearts.

Next, we evaluated whether BDNF protein abundance changed in WT and β3AR KO-

infarcted mice (Figure 6D–E). Sham-operated or infarcted β3AR KO hearts exhibited BDNF 

and TH protein levels and TH+ fiber amount superimposable to those found in infarcted WT 

counterparts (Figure 6F–H). Likewise, vessel density ranks were markedly lower in β3AR 
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KO sham hearts compared to WT (Figure 6I). After MI, sympathetic fiber density dropped 

equally in WT and β3AR KO, although capillary density declined less in β3AR KO mice 

(Figure 6G,I). There is a profound β3AR downregulation after MI20. Thus, it is unsurprising 

that LV dysfunction/remodeling is superimposable in WT and β3AR KO mice after MI. 

Moreover, we found that LM22A-4 recovered LV function and reduced infarct size in both 

genotypes (Figure 6 and S8). However, in β3AR KO mice, LM22A-afforded protection 

lasted only one week after MI (Figure S8). Thus, TrkB agonist anti-ischemic actions are 

partly β3AR-mediated, therefore, more prominent with preserved β3AR signaling.

β3AR benefits against I/R injury are lost in myoBDNF KO mice

Finally, we interrogated whether the selective β3 agonist administration, BRL-37344 

prevents I/R in isolated WT murine hearts and if this protection is, at least in part, 

myocyte BDNF-dependent (Figure 7A). Therefore, we inflicted global I/R injury to WT 

and myoBDNF KO mice, with or without BRL-37344 (10 μM for 10 minutes, starting at 

reperfusion). As expected, myoBDNF KO mice had larger infarct sizes and exacerbated LV 

function than WT mice (Figure 7B–H). BRL-37344 protected WT hearts against I/R injury, 

consistent with recent studies31: infarct size was reduced with BRL-37344 (Figure 7B–

C), despite no sizable LV function improvement (Figure 7D–H). Of relevance, BRL-37344-

granted protection was markedly attenuated in myoBDNF KO animals (Figure 7B–D, F–H): 

see, for instance, the larger infarct size in myoBDNF KO vs. WT mice (Figure 7B–C). Also, 

BRL-37344 treatment significantly lowered TUNEL-positive myocytes in WT hearts but 

not in myoBDNF KO ones (Figure 7I). Thus, β3-agonist anti-ischemic effects stem partly 

from myocyte BDNF generation, and altered β3AR-dependent signaling in the ischemic 

heart underscores the loss of cardiac BDNF-bestowed autocrine/paracrine beneficial actions 

(Figure 8).

DISCUSSION

Here we show that: 1) BDNF protein expression is elevated within 24hrs after MI, 

consistent with previous studies9 but reduced when CHF ensues (i.e., four weeks after MI), 

contributing to impaired angiogenesis, innervation, and cardiomyocyte function; 2) TrkB 

agonists, such as LM22A-4 arrest CHF progression, countering all these adverse effects; 

3) preventing or limiting myocyte BDNF generation (via bdnf deletion) exacerbates I/R 

injury while downsizing the benefits afforded by cardiac TrkB stimulation; 4) superfusing 

cardiomyocytes with a β3AR agonist enriches myocyte BDNF content while constitutive 

β3AR gene deletion curtails BDNF expression in vivo; 5) β3AR agonists protect isolated 

hearts from global I/R injury, an effect attenuated in myocyte bdnf-deleted hearts. Finally, 

the β-blocker Meto, by upregulating β3ARs signaling in the post-ischemic heart, improves 

chronic post-MI LV dysfunction, enriching the myocardium with BDNF.

BDNF and βAR signaling in CHF

Autocrine BDNF generation occurs in an organ-specific response in many peripheral organs 

in response to stress conditions. For instance, the contracting skeletal muscle enhances 

autologous BDNF production to increase fatty acid oxidation27, representing one source of 

incremented serum BDNF levels after exercise28. BDNF is essential in the heart for cardiac 
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development and function in adulthood3. Low levels of BDNF are associated with adverse 

cardiac remodeling and higher levels of NTproBNP32. Moreover, we recently showed that 

BDNF regulates cardiac bioenergetics by modulating the expression of the transcription 

factor Yin Yang133.

With overt HF, as in the case of chronic LV dysfunction occurring four weeks after infarcted 

in mice20, the initial compensatory sympathetic overdrive34,35 becomes maladaptive, 

altering βARs sensitivity/coupling to G proteins, ultimately lowering cardiac contractility/

inotropic reserve35. Among other signatures of adrenergic dysregulation, there is a 

substantial loss of β1AR density (≅50%) at the plasma membrane level and a marked 

dysfunction of β3AR, too20,36. Here, we report, for the first time, that an altered cardiac 

βAR signaling accounts for reduced autologous myocardial BDNF generation late after MI 

when CHF ensues.

Role of β3AR signaling.—β3AR signaling is beneficial in several forms of HF37 

including those caused by post-ischemic injury20,38. Here, we show that, in NRVMs, β3AR 

stimulation via BRL-37344 directly enriches them with BDNF, whereas β3AR blockade 

via SR58894A prevents it. Furthermore, altered β3AR signaling lowers cardiac BDNF 

content in vivo. Indeed, at baseline, β3AR KO hearts already display sizably lowered BDNF 

protein abundance, coupled to reduced TH protein/TH+ fiber content, and capillary density; 

notably, at levels comparable to found in infarcted WT mice (Figure 6F). Moreover, Meto 

that upregulates β3AR expression/activity20,30 rescues cardiac BDNF content, improving 

LV dysfunction/remodeling, while favoring neoangiogenesis and sympathetic reinnervation 

(Figure S7). Thus, defective β3AR signaling can still underscore worsened post-MI cardiac 

dysfunction/remodeling, rendering the heart insensitive (or partially responsive) to mainstay 

anti-HF drugs, such as β1/β2 blockers20 whose protective profile relies, at least partly, upon 

β3AR upregulation39. Congruently, despite an initial protection (until one week after MI, 

Figure S8), LM22A-4 benefits disappear four weeks after MI in β3AR KO mice because 

BDNF is already limited in this mouse strain.

Not surprisingly, BRL-37344 limited infarct size in I/R injured WT mice but did not 

improve post-ischemic LV function. Indeed, as reviewed40, β3AR protection could be due 

to nitric oxide/cGMP signaling that may have antioxidant, metabolic, and/or vasorelaxant 

actions, but also negative inotropic actions, especially at high concentrations41. While 

β3AR autoantibodies can exert negative chronotropy/inotropy via decreased intracellular 

Ca2+ transient/membrane L-type Ca2+ currents in cardiomyocytes42. Yet, as with β1 or 

β2 constitutive deletion43,44, knocking down β3AR from birth does not affect basal LV 

function20, likely owing to compensatory mechanisms taking over with time. Conditional 

β3AR KO mice would be of great help in further dissecting β3AR-evoked myocyte BDNF 

generation at different stages after MI.

Here we show, for the first time, that autologous myocyte BDNF production is part of the 

β3AR- and Meto-driven protective effects in the post-ischemic heart and provide the first 

evidence linking a specific βAR subtype to BDNF generation in myocytes.
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TrkB agonists and ischemic cardiomyopathy

BDNF/TrkB activation alleviates cardiac dysfunction, dilation, infarct size, and ischemia-

induced apoptosis from ischemia-reperfusion injury10. The TrkB agonist 7,8-DHF improves 

post-ischemic LV dysfunction, inhibiting excessive mitochondrial fission by activating Akt 

and reducing the proteolytic cleavage of optic atrophy 1 in isolated myocytes challenged 

with ischemia/H2O2
24. Here, we demonstrate that chronic LM22A-4 supplementation to MI 

mice enriches the myocardium with BDNF, thus confirming the existence of a virtuous loop: 

circulating BDNF - sarcolemmal TrkB stimulation – myocyte BDNF generation – whereby 

cardiac TrkB stimulation turns on pro-survival genes, including bdnf itself. This scenario 

conforms to what is found in neurons45, where BDNF/TrkB signaling regulates neurite 

outgrowth/synaptogenesis46 in an autocrine/paracrine fashion47. The post-ischemic heart is 

sympathetically denervated48 and catecholamine-depleted49, thus explaining its progression 

to CHF. Current chronic administration of LM22A-4 rescued sympathetic innervation 

and capillary density to baseline levels while attenuating fibrotic tissue deposition. The 

latter evidence suggests attenuated myocyte loss, and our present data in infarcted WT 

hearts confirmed LM22A-4’s ability to counter apoptosis50. Furthermore, two chemically-

unrelated TrkB agonists enhance sarcomere shortening/whole Ca2+ transient similarly while 

triggering ERK phosphorylation. Hence, TrkB agonists fully mimic the effects of exogenous 

(recombinant) BDNF applied to isolated murine myocytes4 or hearts51. Finally, myoBDNF 

KO hearts displayed worse outcomes than WT after global I/R injury in isolated hearts (thus 

minimizing confounding neurohormonal effects). The present evidence dovetails nicely 

with the “neurotrophin hypothesis”: only those neurons synthesizing (or retaining) enough 

neurotrophins would survive during development and under stress conditions in adulthood11. 

Accordingly, TrkB agonist protection is markedly blunted in myoBDNF KO mice, again 

validating that, by binding to sarcolemmal TrkB, exogenous BDNF triggers a virtuous 

loop involving myocyte BDNF content rise. When long applied, the TrkB agonist would 

stimulate CREB to induce pro-survival gene expression, including bndf itself51. When 

administered for a short time, it may prompt a more rapid conversion of pre-constituted 

proBDNF into mature BDNF, an intriguing possibility that remains to be tested.

Limitations and Studies in Perspective

First, we focused on four weeks after MI, when chronic post-MI LV decompensation begins 

manifesting in mice20. Second, BDNF regulates HR by mechanisms involving augmented 

brainstem parasympathetic neuron excitability52. Vagal control of myocardial function 

is altered in HF53. Hence, like endogenous BDNF that increases acetylcholine release 

from autonomic neurons and lowers cardiac myocyte beat frequency52, TrkB agonists 

may promote a more balanced sympathetic/parasympathetic reinnervation/function in CHF. 

And the unchanged HR after chronic TrkB agonist supplementation is highly suggestive 

of this possibility. Third, BDNF/TrkB stimulation enhances survival in neurons through 

several highly intermingled signaling pathways, including PI3K, ERK, and CaMK, all 

ultimately impinging on CREB signaling51,54. ERK activation subtends the pro-proliferative 

and inotropic action of TrkB agonists in neuronal, endothelial cells, and cardiomyocytes. 

However, a more nuanced dissection of BDNF/TrkB-evoked pro-survival pathways in the 

post-ischemic myocardium is warranted. Finally, LM22A-4 positive inotropy is attenuated 

in Langendorff I/R injured hearts (Figure 5), apparently at odds with the TrkB agonist-
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induced enhancement of isolated cardiomyocyte function (Figure 3). Yet, this evidence 

could be part of the well-known phenomenon of myocardial stunning, i.e., reversible loss of 

contractile activity occurring despite the restoration of adequate blood flow, ex-vivo55 and 

in vivo56. This eventuality remains to be tested. How the TrkB/β3AR interaction benefits 

post-ischemic CHF remains to be deciphered in full, keeping enhanced metabolism57 and/or 

enduring anti-apoptotic effects58 in the bull’s eye.

CONCLUSION

When impaired, the BDNF/TrkB system contributes to post-ischemic CHF pathogenesis. 

TrkB agonists attenuates CHF progression by offsetting the loss of myocyte, sympathetic 

fibers, and capillaries. Chronic TrkB stimulation in mice with I/R injury enriches the 

myocardium with autologous BDNF, thus limiting these losses while rescuing LV function. 

β3AR is another previously unrecognized route leading to myocyte BDNF production. This 

evidence explains, at least partially, why β1-blockers, such as Meto, protect the ischemic 

myocardium, i.e., via enhanced βAR3-driven BDNF generation.

Our study expands the portfolio of the heart’s compensatory systems and cardio-endocrine 

capacities against ischemic and (possibly) non-ischemic stress conditions. We propose 

a virtuous loop - cardiac TrkB-stimulation due to extrinsic BDNF to induce myocardial-
intrinsic BDNF production – as a new means to limit ischemic injury. Alone or with other 

anti-HF therapies, TrkB agonists could arrest post-ischemic CHF through the benefits of 

autocrine and paracrine BDNF.
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GAP43 growth-associated protein 43

HF heart failure

HUVEC human umbilical vein endothelial cell

LV left ventricle

MAPK mitogen-activated protein kinase
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NRVM neonatal rat ventricular myocyte
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Novelty

What Is Known?

• BDNF (via TrkB) is essential for proper heart development/function.

• BDNF levels are elevated early after ischemia.

• Neuronal BDNF protects the heart against ischemic injury

• TrkB agonists are beneficial early after MI.

What New Information Does this Article Contribute?

• Cardiac BDNF levels decline when chronic post-ischemic LV dysfunction 

ensues

• TrkB agonists promote neurite growth/angiogenesis and enhance myocyte 

function

• LM22A-4 arrests CHF progression limiting myocyte apoptosis, and loss of 

cardiac neurons/vessels

• Myocyte-specific BDNF deletion exacerbates I/R injury

• β3AR stimulation enriches cardiomyocytes with BDNF, protecting the heart 

against I/R injury: this effect is lost in myoBDNF KO mice

• Metoprolol enriches infarcted myocytes with BDNF

Significance

BDNF/TrkB signaling is essential for heart development and adult function. We show 

that, after ischemia, cardiomyocytes generate BDNF via TrkB and β3AR stimulation. 

This phenomenon declines in mice with heart failure (HF) because of β3AR down-

regulation. TrkB agonists arrest post-ischemic HF progression, enhancing myocyte 

function and rescuing cardiac innervation/vascularity: effects lost in β3AR or myoBDNF 

KO mice. Myocardial BDNF generation is part of a beneficial loop: circulating BDNF 

- sarcolemmal TrkB stimulation – myocyte BDNF production. The latter will exert 

autocrine and paracrine effects on neighboring myocardial structures. TrkB agonists 

potentially can counter chronic post-ischemic HF..
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Figure 1. Post-ischemic LV dysfunction is coupled with lower cardiac BDNF content and 
associated with reduced cardiac sympathetic nerve fibers and poor vascularization.
A) Mouse genotype: WT; Intervention: MI; B-C) Representative immunoblots/densitometric 

quantitative analysis of multiple independent experiments to evaluate BDNF expression 

levels, in total cardiac lysates of 6 hours (hrs) and 24 hrs (sham n=3, 6 hrs n=3, and 24 hrs 

n=4) (B) or 1 week and 4 weeks (sham n=4, 1wk n=5, and 4wks n=4) (C) post-MI mice. 

Sham-operated animals were used as control. GAPDH levels were used as loading control. 

D) Representative panels (merge) of DAPI (blue), α-sarcomeric actinin staining (green), 

and BDNF (red) immunofluorescence images (scale bar, 50 μm) showing data concerning 

BDNF expression in cardiac sections from sham, 6 hrs, 24 hrs, 1 and 4 weeks post-MI mice; 

E-F-G) Representative images of echocardiographic analysis (M-mode) performed at 4 

weeks post-MI and dot plots showing F) left ventricle (LV) ejection fraction (EF, %) (sham 

n=5, and MI n=4), G) LV internal diameter at diastole (LVIDd, mm) (sham n=5, and MI 

n=4) of individual mice from each of the groups: sham and MI. H) Representative images/

aquantitative data of percent cardiac fibrosis (Picro-Sirius red staining, Scale bar 200 μm) in 

cardiac sections from sham and MI mice (sham n=5, and MI n=4). I) Representative images 

of Lectin Bandeiraea simplicifolia I staining of capillaries in the ischemic vs. sham-operated 

myocardium (scale bar: 200 μm, left panels); and a bar graph showing capillary/mm2 in 

cardiac sections of sham and MI mice (sham n=3, MI remote n=3, and MI border n=3). 
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J) Representative images/quantitative data of percent tyrosine hydroxylase (TH) positive 

(+) fibers (immunofluorescence staining, scale bar (50 μm) in cardiac sections from sham 

and MI mice (sham n=5, and MI n=4). K) Representative immunoblots/densitometric 

quantitative analysis of TH protein level in total cardiac lysates of sham and MI mice 

(sham n=4, and MI n=4). GAPDH levels were used as a loading control. Data were analyzed 

utilizing a nonparametric rank-based test with Shaffer post hoc correction (B, C, I, F, G, H, 

J, and K). All data are shown as mean±s.e.m.
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Figure 2. TrkB-agonism via LM22A-4 enhances neuronal and endothelial cell function, in vitro.
A) Representative immunoblots showing ERK activation (phospho-Thr202/Tyr204) in 

total lysates from SH-SY5Y neuronal cell lysates unstimulated (Ns) or stimulated with 

LM22A-4 (100 nM) for 10 min. Total ERK (tERK) levels were used as loading control. 

B) Representative immunoblots/densitometric quantitative analysis of GAP-43 levels in 

total lysates from SH-SH5Y neuronal cell lysates Ns or stimulated with LM22A-4 (100 

nM) for 24 hours (Ns n=6, and LM22A-4 n=6). GAPDH levels were used as loading 

control. C) Representative images/quantitative data showing neurite length percentage (%) 

in SH-SY5Y Ns or stimulated with LM22A-4 (100 nM) for 24 hours (Ns n=10, LM22A-4 

n=14). D-E-F) Representative immunoblots (D) and densitometric quantitative analysis (E-
F) showing ERK activation (phospho-Thr202/Tyr204) (D); Akt activation (phospho-ser473) 

(E) and eNOS activation (phospho-ser1177) levels (F) in total lysates from HUVEC 

lysates Ns or stimulated with LM22A-4 (100 nM) for 10 min (Ns n=4, and LM22A-4 

n=4). Total ERK (tERK), tAkt, and eNOS levels were used as the loading control, 

respectively. G) Representative images/quantitative data of the EdU positive cell percentage 

(%) (immunofluorescence staining, scale bar (200 μm) in HUVEC cells. Ns or stimulated 

with LM22A-4 (100 nM) for 12 hours (Ns n=4, and LM22A-4 n=6). Data were analyzed 

via a nonparametric rank-based test with Shaffer post hoc correction (B, E, F, G, and C). All 

data are shown as mean±s.e.m.
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Figure 3. LM22A-4 and 7,8-DHF enhance inotropy and whole calcium transient in isolated adult 
murine cardiomyocyte via TrkB activation.
A-C) Representative image of adult murine isolated cardiomyocyte (scale bar 25 μm) 

(A) and quantitative data showing percentage change of sarcomere shortening (B) and 

percentage change of calcium transient (C) of isolated cardiomyocytes unstimulated (0 μM; 

n=10) or stimulated with LM22A-4 at 2.5 μM (n=10), 5 μM (n=10), and 10 μM (B, n=9 and 

C, n=10) D-E) Quantitative data showing percentage change of sarcomere shortening (D) 
and percentage change of calcium transient (E) of isolated cardiomyocytes unstimulated (0 

μM) or stimulated with 7,8-DHF at 2.5 μM, 5 μM, and 10 μM (0 μM n= 8, 2.5 μM n=8, 

5 μM n=8, and 10 μM n=8). F) Representative immunoblots and densitometric quantitative 

analysis showing ERK activation (phospho-Thr202/Tyr204) in total lysates from NRVMs Ns 

or stimulated with LM22A-4 (100 nM) or 7,8-DHF (100 nM) for 10 min (Ns n=8, LM22A-4 

n=6, and 7,8-DHF n=6). Total ERK (tERK), levels were used as the loading control. G-
H) Representative immunoblots and densitometric quantitative analysis showing (G) ERK 

activation (phospho-Thr202/Tyr204) and (H) TrkB phosphorylation (phospho-Tyr816) levels 

in total lysates from NRVMs Ns or stimulated with LM22A-4 (100 nM) for 10 min. Prior 

LM22A-4 stimulation a group of cells was pre-treated with ANA-12 (10 μM) for 30 min. 

(Ns n=5, LM22A-4 n=5, and A12/LM22A-4 n=5). Total ERK (tERK), levels were used as 

the loading control. Data were analyzed employing a nonparametric rank-based test with 

Shaffer post hoc correction (B, D,C, E, F, G, and H). All data are shown as mean±s.e.m.
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Figure 4. In vivo TrkB-agonism prevents chronic post-ischemic cardiac decompensation and 
increases myocardial BDNF content.
A) Mouse genotype: WT; Interventions: MI ± LM22A-4; B) Dot plots showing the 

percentage of infarct size evaluated 4 weeks post-MI in mice treated with vehicle (saline 

solution, MI) or LM22A-4 (MI n=6, and MI+LM22A-4 n=8). C-D-E) Dot plots showing 

the echocardiographic analysis performed at 4 weeks post-MI (C) LV ejection fraction (EF, 

%), (D) LV internal diameter at diastole (LVIDd, mm), (E) LV internal diameter at systole 

(LVIDs, mm) (sham n=12, MI n=8, and MI+LM22A-4 n=8). F) Representative images/

quantitative data showing the percentage of cardiac fibrosis (Picro-Sirius red staining, 

scale bar 200 μm) in cardiac sections from sham, MI, and MI+LM22A4 mice (sham 

n=7, MI n=6, and MI+LM22A-4 n=6). G) Representative images of Lectin Bandeiraea 

simplicifolia I staining of capillaries in the ischemic vs. sham-operated myocardium (scale 

bar: 200 μm) and a bar graph showing capillary/mm2 in cardiac section of sham, MI and 

MI+LM22A-4 mice (sham n=6, MI remote n=4, MI border n=4, MI+LM22A-4 remote 

n=5, and MI+LM22A4 n=4). H) Representative images/quantitative data of TH+ fiber 

percentage (immunofluorescence staining, scale bar (50 μm) in cardiac sections from sham, 

MI and MI+LM22A-4 mice (sham n=3, MI n=3, and MI+LM22A4 n=4). I) Representative 

immunoblots/densitometric quantitative analysis showing of BDNF levels in total cardiac 

lysates of MI and MI+LM22A4 mice (sham n=4, MI n=4, and MI+LM22A-4 n=4). GAPDH 

levels were used as a loading control. Data were analyzed using a nonparametric rank-based 
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test with Shaffer post hoc correction (B, C, D, E, F, G, H, and I). All data are shown as 

mean±s.e.m.
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Figure 5. Ex Vivo TrkB agonism limits infarct size and cardiac functional deterioration post-
ischemia-reperfusion injury.
A) Mouse genotypes: WT and myoBDNF KO; Interventions: I/R injury± LM22A-4; B-C) 
Representative images of I/R induced infarct size (B) and quantitative data of the infarct size 

(C) by global ischemia via Langendorff perfusion with or without LM22A-4 (20 μM) during 

the first 10 minutes of reperfusion. (WT n=5, WT+LM22A-4 n=9, myoBDNF KO n=5, and 

myoBDNF KO+LM22A-4 n=7). D) Quantitative data showing cTnI release in the coronary 

effluent. (WT Baseline n=5, WT 2 hrs reperfusion n=5, myoBDNF KO Baseline n=5, and 

myoBDNF KO 2 hrs reperfusion n=5). (E), heart rate (F), LV developed pressure (G), 
dP/dt max (H), and dP/dtmin (I) post I/R injury via Langendorff perfusion with or without 

LM22A-4 (20 μM) during the first 10 minutes of reperfusion. (WT n=7, WT+LM22A-4 

n=9, myoBDNF KO n=7, and myoBDNF KO+LM22A-4 n=7). J) Representative images 

of TUNEL assay and quantitative data showing the percentage of TUNEL positive cells 

(%) (immunofluorescence staining, scale bar (50 μm) in I/R induced hearts of WT and 

myoBDNF KO. (WT n=8, and myoBDNF KO n=8). Data were analyzed utilizing a 

nonparametric rank-based test with Shaffer post hoc correction (C, D, E, G, H, I, and J). 

All data are shown as mean±s.e.m.
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Figure 6. In ischemic CHF, disrupted β3AR-signaling accounts for BDNF expression loss, 
reduced cardiac sympathetic innervation, and angiogenesis.
A) Representative immunoblots and densitometric quantitative analysis showing levels of 

BDNF in total lysates from NRVMs unstimulated (Ns) or stimulated with NEpi (10 μM) 

or BRL-37344 (BRL, 1 μM) for 12 hrs. GAPDH was the loading control. (Ns n=3, Nepi 

n=3, and BRL n=3). B) Representative immunoblots/densitometric quantitative analysis of 

BDNF levels in total lysates from unstimulated (Ns) or NEpi-stimulated (10 μM for 12 hrs) 

NRVMs. Prior NEpi treatment, a group of cells was pre-treated with SR59230A (SR, 10 

μM) for 30 min. GAPDH was the loading control. (Ns n=6, Nepi n=5, SR n=4, and SR/Nepi 

n=6). C) Representative immunoblots/densitometric quantitative analysis of BDNF levels in 

total lysates from NRVMs unstimulated (Ns) or stimulated with BRL (1 μM) for 12 hrs. 

Prior BRL treatment a group of cells were pre-treated with SR59230A (SR, 10 μM) for 30 

min. GAPDH was used as loading control. (Ns n=4, BRL n=4, and SR/BRL n=4). D) Mouse 

genotypes: WT and β3AR KO mice; Intervention: MI. E-F-G) Representative immunoblots 

(E) and densitometric quantitative analysis (F-G) showing BDNF and TH levels in total 

cardiac lysates from the following groups: WT (sham and MI) and β3AR KO (sham and 

MI) mice. GAPDH levels were used for protein loading controls. F) BDNF: WT sham n=5, 

WT MI sham n=6, β3AR KO sham n=5, and β3AR KO MI n=6 and G) TH: WT sham 

n=7, WT MI sham n=8, β3AR KO sham n=7, and β3AR KO MI n=8. H) Representative 

images/quantitative data of TH+ fiber percentage (immunofluorescence staining, scale bar 
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(50 μm) in cardiac sections from sham, MI (WT vs. β3AR KO) mice (WT sham n=4, β3AR 

KO sham n=4, and β3AR KO MI n=4). I) Representative images of Lectin Bandeiraea 

simplicifolia I staining of capillaries in the ischemic vs. sham-operated myocardium (scale 

bar: 200 μm) and bar graph showing capillary/mm2 in cardiac section from sham and MI 

(WT vs. β3AR KO) mice (WT remote sham n=8, β3AR KO remote sham n=6, WT remote 

MI n=7, β3AR KO remote MI n=5, WT border MI n=7, and β3AR KO border MI n=5). 

Data were analyzed using a nonparametric rank-based test with Shaffer post hoc correction 

(A, B, C, F, G, H, and I). All data are shown as mean±s.e.m.

Cannavo et al. Page 25

Circ Res. Author manuscript; available in PMC 2024 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. In I/R injured hearts, β3AR benefits require cardiomyocyte borne BDNF.
A) Mouse genotypes: WT and myoBDNF KO; Interventions: I/R injury ±BRL-37344. 

B-C) Representative images of I/R induced infarct size (TTC staining) (B) and quantitative 

data of the infarct size (C) by global ischemia via Langendorff perfusion with or without 

BRL37344 (10 μM) during first 10 minutes of reperfusion (WT n=5, WT+BRL37344 n=10, 

myoBDNF KO n=5, and myoBDNF KO+BRL37344 n=7). D-H) Quantitative data showing 

percentage recovery of rate-pressure product (D), heart rate (E), LV developed pressure 

(F), dP/dtmax (G) and dP/dtmin (H). (WT n=7, WT+BRL37344 n=9, myoBDNF n=7, 

and myoBDNF+BRL37344 n=7). (I) Representative images/quantitative data of TUNEL 

positive cell percentage (%) (immunofluorescence staining, scale bar (50 μm) in I/R induced 

hearts of WT and myoBDNF KO with BRL37344. (WT+BRL37344 n=9, and myoBDNF 

KO+BRL37344 n=9). Data were analyzed via a nonparametric rank-based test with Shaffer 

post hoc (C, D, GF, H, and I). All data are shown as mean±s.e.m.

Cannavo et al. Page 26

Circ Res. Author manuscript; available in PMC 2024 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Synopsis of the findings/Conceptual framework of the study.
TrkB agonism and β3AR-induced BDNF production arrest post-ischemic CHF progression, 

exerting myocardial autocrine/paracrine protective effects: 1) inducing a therapeutic 

response in ischemic cardiomyocytes, i.e., limiting cell death and improving function; 2) 

activating endothelial cell proliferation, and 3) enhancing autonomic neuronal sprouting.
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