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Pharmacological Insights Into Safety
and Efficacy Determinants for the
Development of Adenosine Receptor
Biased Agonists in the Treatment of
Heart Failure
Patricia Rueda1†, Jon Merlin1†, Stefano Chimenti 2, Michel Feletou2, Jerome Paysant2,
Paul J. White1, Arthur Christopoulos1, Patrick M. Sexton1, Roger J. Summers1,
William N. Charman1, Lauren T. May1* and Christopher J. Langmead1*

1Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, VIC, Australia,
2Cardiovascular Discovery Research Unit, Institut de Recherches Servier, Suresnes, France

Adenosine A1 receptors (A1R) are a potential target for cardiac injury treatment due to their
cardioprotective/antihypertrophic actions, but drug development has been hampered by
on-target side effects such as bradycardia and altered renal hemodynamics. Biased
agonism has emerged as an attractive mechanism for A1R-mediated cardioprotection that
is haemodynamically safe. Here we investigate the pre-clinical pharmacology, efficacy and
side-effect profile of the A1R agonist neladenoson, shown to be safe but ineffective in
phase IIb trials for the treatment of heart failure. We compare this agent with the well-
characterized, pan-adenosine receptor (AR) agonist NECA, capadenoson, and the A1R
biased agonist VCP746, previously shown to be safe and cardioprotective in pre-clinical
models of heart failure. We show that like VCP746, neladenoson is biased away from Ca2+

influx relative to NECA and the cAMP pathway at the A1R, a profile predictive of a lack of
adenosine-like side effects. Additionally, neladenoson was also biased away from the
MAPK pathway at the A1R. In contrast to VCP746, which displays more ‘adenosine-like’
signaling at the A2BR, neladenoson was a highly selective A1R agonist, with biased, weak
agonism at the A2BR. Together these results show that unwanted hemodynamic effects of
A1R agonists can be avoided by compounds biased away from Ca2+ influx relative to
cAMP, relative to NECA. The failure of neladenoson to reach primary endpoints in clinical
trials suggests that A1R-mediated cAMP inhibition may be a poor indicator of effectiveness
in chronic heart failure. This study provides additional information that can aid future
screening and/or design of improved AR agonists that are safe and efficacious in treating
heart failure in patients.
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INTRODUCTION

Heart failure (HF) covers a wide range of clinical and
pathophysiological conditions. It is broadly defined as a
clinical syndrome whereby the heart fails to supply enough
blood to fulfill the metabolic needs of the tissues (Coronel
et al., 2001). In general, the pathophysiology of HF is
described by two major categories: 1) HF with reduced
ejection fraction (HFrEF), where the left ventricular ejection
fraction (LVEF) is <40%; and 2) HF with preserved ejection
fraction (HFpEF) where LVEF >50%. A third recently described
category of HF with mid-range ejection fraction (HFmEF) is still
controversial, but identifies patients with a LVEF of 40–49% in
patients with different underlying characteristics and
pathophysiology (Ponikowski et al., 2016). There is a forecast
46% increase in HF prevalence by 2030, with over eight million
cases in the US alone (Heidenreich et al., 2013; Mozaffarian et al.,
2015) illustrating the need for effective treatments.

The most recent guidelines for HFrEF treatment includes
angiotensin receptor-neprilysin inhibitors (ARNI) (e.g.
sacubitril/valsartan), which reduce the effect of maladaptive
neurohormones and block cardiac remodeling (Jessup et al.,
2016). Although both basic research and the establishment of
clear evidence-based clinical guidelines is improving
management of HFrEF, these therapies have adverse
hemodynamic effects (Vaduganathan et al., 2015). There is
still a need for an approved pharmacological intervention for
the treatment of HFpEF (Bonsu et al., 2018) underpinned by an
increase in prevalence of this condition (Owan et al., 2006).

To address this, it has been suggested that therapeutic
strategies should be aimed at directly attenuating adverse
cardiac remodeling whilst being haemodynamically neutral
(Vaduganathan et al., 2015). As previously suggested (Greene
et al., 2016), fine-tuned modulation of adenosine receptors (ARs),
and in particular the A1 subtype (A1R), may provide a route to
fulfill these criteria, with the potential to be haemodynamically
neutral, improve cardiomyocyte (CM) energetics, cardiac
structure and function, and prevent further tissue injury by
inducing cardioprotection and reduction of interstitial fibrosis.

Adenosine has been long-known to exert pleiotropic
protective and regenerative effects and activates all four
adenosine receptor (AR) subtypes (A1, A2A, A2B and A3Rs) in
different tissues (Linden, 2005). ARs are G protein-coupled
receptors (GPCRs) originally classified by their
pharmacological response to adenosine, with A1 and A3R
inhibiting, and A2A and A2BR activating adenylate cyclase
(Fredholm et al., 2011). The adenosinergic system impacts
major aspects of cardiovascular function, including beat rate,
conduction, autonomic control, perfusion, growth and
remodeling, and ultimately protection to injury (Headrick
et al., 2013). It is well established that all four receptor
subtypes are expressed in the cardiovascular system and that
their expression levels alter following injury (Cabiati et al., 2014),
although full characterization of cell-specific and relative subtype
abundance of AR expression is unknown.

In the setting of heart failure, ARs modulate adaptive and
maladaptive responses. Cardiomyocyte hypertrophy plays an

important role in this process and neurohormonal factors such
as catecholamines, angiotensin II or endothelin are involved in
cardiac hypertrophy and failure (Frey and Olson, 2003).
Inflammation is also a hallmark of cardiac hypertrophy and
involves factors such as interleukin (IL)-1β or tumor necrosis
factor-alpha (TNF-α) (Erten et al., 2005; Kuusisto et al., 2012).
Importantly, A1R agonists reduce both neurohumoral- and
inflammation-driven hypertrophy (Liao et al., 2011; Chuo
et al., 2016; Puhl et al., 2016).

Cardiac fibroblasts also contribute to the heart failure
phenotype, as adverse remodeling by these cells leads to excess
generation of extracellular matrix, fibrosis, and causes contractile
dysfunction. The A2BR, which is highly expressed in fibroblasts
(Epperson et al., 2009), is the main AR subtype involved in
cardiac fibroblast proliferation and collagen synthesis (Dubey
et al., 1997; Dubey et al., 1998; Dubey et al., 2001; Chen et al.,
2004).

Despite the preclinical efficacy shown by AR agonists, further
development of these agents has been compromised by the
widespread expression of ARs throughout the body, and their
pleiotropic effects on the cardiovascular system. These on-target
side effects include modulation of blood pressure, heart rate,
atrioventricular (AV) conduction, and renal function. The A1R
(highly expressed in the atria) is responsible for changes in heart
rate and conduction (Belardinelli et al., 1995; Yang et al., 2007),
while the A2AR and A2BR subtypes (found in smooth muscle and
endothelium) play major roles in vasoregulation (Kemp and
Cocks, 1999; Sato et al., 2005). Accordingly, activation of these
receptors often leads to changes in blood pressure. Furthermore,
AR activation plays an important role in the hemodynamic
balance of the kidney, as A1R mediate cortical vasoconstriction
and A2AR/A2BR mediate medullar vasodilation, thus reducing
filtration fraction (Vallon et al., 2008). This is an important
consideration where patients with HF exhibit abnormal
cardiorenal hemodynamics that ultimately exacerbate the
disease (Damman and Testani, 2015).

In addition to ligands that control the strength of signaling of a
GPCR (efficacy), receptors are highly dynamic proteins with
different active-state conformations that can be linked to
different cellular outcomes. By extension, ligands stabilizing
different conformations can specifically promote a subset of
signaling or regulatory pathways, a phenomenon known as
biased agonism (Kenakin and Christopoulos, 2013). This
affords the potential to target GPCRs with improved on-target
specificity, as recently established in preclinical models for several
GPCR agonists (DeWire et al., 2013; Brust et al., 2015; Baltos
et al., 2016; Mallipeddi et al., 2017; Mores et al., 2019). Notably,
amongst A1R agonists, VCP746 (and derivatives) are biased away
from intracellular calcium mobilization relative to other
pathways and yield more therapeutically favourable ex vivo
pharmacology (Valant et al., 2014; Baltos et al., 2016).

Collectively these data suggest the possibility of identifying
adenosine receptor agonists with bias profiles that yield efficacy
with high therapeutic index. In 2012 Bayer described
capadenoson as a non-ribose, high affinity, highly selective
A1R agonist with good pharmacokinetics, efficacy, and a
promising safety profile. It displayed reduced bradycardia in
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preclinical models and no effects on heart rate at rest in clinical
studies (clinical study NCT00568945), while maintaining full
cardioprotective potential with amelioration of markers of
structural remodeling in preclinical models (Albrecht-Küpper
et al., 2012; Sabbah et al., 2013). However, CNS safety and low
solubility limited its utility and prompted the development of an
improved agent in the form of neladenoson.

Neladenoson (BAY 1067197) is a pro-drug of the
pharmacologically active moiety, reportedly a partial A1R
agonist, that therefore addresses some of the limitations
presented by capadenoson. Neladenoson was cardioprotective
in rodents while showing fewer central side effects (Meibom et al.,
2017), and was safe and well tolerated in both phase I and phase
IIa clinical studies (Voors et al., 2017). Despite this promising
preclinical and clinical safety profile, in two phase IIb clinical
trials in HFrEF and HFpEF patients (PANTHEON and
PANACHE, respectively), neladenoson failed to meet its
primary and secondary endpoints for efficacy (Bertero and
Maack, 2019; Shah et al., 2019; Voors et al., 2019).

Herein we sought to compare the pre-clinical pharmacology of
neladenoson, capadenoson, the tool A1R biased agonist VCP746,
and the pan-AR agonist, NECA, in molecular signaling assays
across adenosine receptors, and in in vivo and ex vivo models of
cardio-renal function. Neladenoson displayed high selectivity for
the A1R, and presented a bias profile similar to VCP746 that is
predictive of a lack of overt adenosine-like side effects. However,
there was some divergence in other aspects of biased signaling
and adenosine receptor subtype activity that might help in the
design of future agents that are not only safe, but which have
efficacy in treating heart failure in patients.

MATERIALS AND METHODS

Materials
Research reagents were obtained from the following suppliers:
Dulbeco’s modified Eagle medium (DMEM; Life Technologies
Australia, 11965118), Hanks’ Balanced Salts (Sigma-Aldrich,
H2387), trypsin (Life Technologies Australia, 15090046),
antibiotic/antimycotic (Life Technologies Australia, 15240062),
penicillin/streptomycin (Gibco, 15140-122), FBS (Gibco),
Adenosine deaminase (ADA; Sigma-Aldrich, 10102105001),
hygromycin B (Scientific INC., H-1012-PBS), Probenecid
(Sigma-Aldrich, P8761), Rolipram (Sigma-Aldrich, R6520),
Hoechst33342 (ThermoFisher Scientific, H3570), Propidium
iodide (Sigma-Aldrich, P4170), 5-Bromo-2′-deoxyuridine
(BrdU; Sigma-Aldrich, B5002), 5’-(N-ethylcarboxamido), 5′-N-
ethylcarboxamidoadenosine (NECA; Sigma-Aldrich, E2387),
SLV-320 (Tocris, RDS334410), CGS21680 (Tocris, 1063;
Sigma-Aldrich, C141), BAY60-6583 (Tocris, 4472), 2′Me-
CCPA (Tocris, 2281), MRS1754 (Tocris, 2752), methoxamine
(Sigma-Aldrich, M6524), Angiotensin II (AngII; Sigma-Aldrich
A9525), interleukin 1beta (IL-1β; R&D systems, 201-LB-005),
tumor necrosis factor alpha (TNFα; R&D systems, 210-TA),
Lactate dehydrogenase (LDH) Activity Assay Kit (Sigma-
Aldrich, MAK066), Adenosine Triphosphate (ATP; Sigma-
Aldrich, A26209), Forskolin (Sigma-Aldrich, F3917), Fluo-4

AM (Invitrogen, F14201), Pertussis toxin (PTX; Sigma-
Aldrich, P7208), [3H]-Leucine (Perkin Elmer,
NET135H001MC), [3H]-Proline (Perkin Elmer,
NET483001MC), Lance cAMP detection kit (PerkinElmer,
AD0262) Alphascreen Surefire ERK1/2 (Thr202/Tyr204)
Phosphorylation kit (PerkinElmer, TGRESB), Alphascreen
Surefire Akt1/2/3 (p-Ser473) Phosphorylation kit
(PerkinElmer, TGRA4S), collagenase Type II (Scimar
Australia, LS004176). Neladenoson (as the active metabolite)
and capadenoson were synthesized by Servier, and VCP746
was made by SYNthesis Pty. (Melbourne, Australia).

Cell Culture
Flp-IN CHO-A1R, -A2AR, -A2BR, and -A3R stable cell lines were
generated as previously described (Stewart et al., 2009; Vecchio
et al., 2016b), maintained in DMEM supplemented with 10% FBS
and 500 μg/ml hygromycin B and confirmed mycoplasma-free.

cAMP Accumulation
Cells were trypsinized and seeded in DMEMwith 10% FBS in 96-
well plates at 20,000 cells/well and incubated overnight. Cells
were then washed and incubated in cAMP stimulation buffer
(140 mM NaCl, 5 mM KCl, 0.8 μM MgSO4, 0.2 mM Na2HPO4,
0.44 mM KH2PO4, 1.3 mM CaCl2, 5.6 mM D-glucose, 5 mM
HEPES) containing ADA (0.1 U/ml), rolipram (10 μM) and
BSA (0.1%) at 37°C in a humidified incubator with 5% CO2

for 1 h. Compounds were then added and incubated for 30 min.
When Gαi-mediated signaling was evaluated, 3 μM forskolin was
added to the cells 10 min after compound addition. Stimulation
was terminated by removal of buffer and replacement with ice-
cold 100% ethanol. After ethanol evaporation, cells were lyzed in
lysis buffer and cAMP levels were detected using the Lance cAMP
kit following manufacturer’s instructions. cAMP levels were
extrapolated using the standard provided in the kit and then
normalized to the forskolin control.

Calcium Mobilization
Cells were trypsinized and seeded in DMEMwith 10% FBS in 96-
well plates at 40,000 cells/well for 8 h at 37 °C in a humidified
incubator with 5% CO2. Cells were then incubated in serum-free
medium overnight, washed and incubated in calcium stimulation
buffer (146 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1.3 mM CaCl2,
and 1.5 mM NaHCO3, 10 mM D-glucose, 10 mM HEPES)
containing ADA (0.1 U/ml), probenecid (2.5 mM), BSA (0.5%)
and Fluo-4 AM (1 μM) for 1 h. Fluorescence was detected on a
FlexStation plate reader (molecular Devices; Sunnyvale, CA,
USA) after the automated addition of buffer in the absence or
presence of receptor ligands. Data were analyzed as the difference
between the peak and baseline reads and normalized to the ATP
(100 μM) response.

ERK1/2 and Akt1/2/3 Phosphorylation
Cells were trypsinized and seeded in DMEMwith 10% FBS in 96-
well plates at 40,000 cells/well for 8 h at 37°C in a humidified
incubator with 5% CO2. Cells were then incubated in serum-free
medium overnight, and ADA (0.1 U/ml) added 1 h prior to assay.
Cells were then exposed to DMEM in the absence or presence of
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receptor ligands and agonist concentration-response curves were
generated at the time of peak response. Stimulation was
terminated by rapid removal of media and addition of 50 μL/
well or AlphaScreen SureFire kit lysis buffer. Detection of either
ERK1/2 or Akt1/2/3 phosphorylation was performed as described
in the corresponding AlphaScreen SureFire kits and fluorescence
measured with an EnVision plate reader (PerkinElmer, Boston,
MA). Data were normalized to the response elicited upon
stimulation of cells with 10% FBS.

Cell Survival
Cells were trypsinized and seeded in DMEM 10% plus FBS in 96-
well plates at 40,000 cells/well for 8 h at 37 °C in a humidified
incubator with 5% CO2. After 8 h, plates were rinsed in serum-
free DMEM and then incubated in serum-free medium overnight.
Media was then changed to fresh, sterile calcium stimulation
buffer, containing ADA (0.1 U/mL) and pen/strep (1 U/mL) and
incubated for a further 24 h. Hoechst33342 (200 μM; to define all
cells) and propidium iodide (PI; 50 μg/ml; to define dead/dying
cells) were added to two wells, incubated at 37°C for 30 min, and
cell nuclei counts detected using the Operetta (PerkinElmer,
Boston, MA) using manufacturer’s protocols. This defined 0%
cell death for subsequent assay. Varying concentrations of
adenosine receptor agonists were added to the remaining wells
and cells incubated at 37°C for 24 h. Finally, Hoechst33342 and PI
stains were added to all wells, incubated for 30 min, and nuclei
counts detected on the Operetta. Immediately prior to addition of
stains, buffer was removed from two wells and MilliQ water
added to lyse cells as a positive control. Data are expressed as a
percentage of surviving cells.

Cardiomyocyte Isolation and Culture
Neonatal cardiac myocytes (CM) were isolated from 1 to 2 day-
old Sprague-Dawley rat pups using enzymatic digestion. Briefly,
animals were euthanized and the hearts isolated by thoracic
incision and kept in Hanks solution. Then ventricles were
isolated and incised at the apex to increase tissue surface
exposure. Tissue was then incubated overnight at 4°C with
trypsin. After trypsin deactivation with fresh FBS-
supplemented DMEM, tissue was further digested by four
cycles of collagenase incubation. Cells were then recovered by
centrifugation and seeded in DMEM supplemented with FBS on
gelatin-coated dishes for 2 h in order to select against adherent
fibroblasts. The remaining floating cardiomyocytes where then
collected, counted, and seeded in either 12-well plates at a density
of 300,000 cells/well, or 96-well “chimney well” cell culture plates
(Eppendorf) at a density of 37,500 cells/well. Cells were
maintained in DMEM supplemented with 10% FBS and BrdU
(100 μM) was included for the first three days of culture.

[3H]-Leucine Incorporation in
Cardiomyocytes
To measure hypertrophy by [3H]-leucine incorporation, after five
days in culture cardiomyocytes were starved overnight in serum-
free DMEM and then pre-treated with adenosine receptor
agonists or vehicle for 2 h before hypertrophic stimuli [IL-1β

(10 ng/ml), TNF-α (10 ng/ml), or Ang II (100 nM)], after which
1 μCi of [3H]-leucine was added to each well. Cells were incubated
at 37°C with 5% CO2 in a humidified incubator for 72 h, washed
with PBS and lyzed using 0.2 M NaOH. After adding UltimaGold
scintilliant to the samples, radioactivity was detected using a
MicroBeta2 Plate Counter (PerkinElmer Life Sciences). Data were
normalized to the signal obtained for the vehicle treated samples.

[3H]-Proline Incorporation in Cardiac
Fibroblasts
Cardiac fibroblasts were recovered from gelatin-coated dishes
described above through trypsination and plated in 12-well plates
at a density of 50,000 cells/well for [3H]-proline incorporation
assays in high glucose DMEM supplemented with 10% FBS. After
4 days cardiac fibroblasts were serum starved in DMEM
overnight and then treated with vehicle, VCP746 or
neladenoson 2 h prior to fibrotic stimuli TGFβ (10 ng/ml) or
AngII (10 nM). [3H]-Proline (1 μCi/well) was then added to each
well. After 72 h cells were washed, lyzed and radioactivity
detected as per [3H]-leucine assay, described above.

Cardiomyocyte Lactate dehydrogenase
Release and PI Staining
To determine apoptotic effects of adenosine receptor agonists, a
combined LDH release and PI stain assay was performed with
an identical treatment regimen to [3H]-leucine incorporation
assays: 2 h pre-treatment with adenosine receptor agonists
before stimulation with IL-1β (10 ng/ml), TNF-α (10 ng/ml)
or Ang II (100 nM) for 72 h at 37°C with 5% CO2 in a humidified
incubator. On the day of assay, 20 μL of extracellular media
from cardiomyocyte plates was transferred to a new 96-well
plate, with NADH standard dilutions, and a colorimetric LDH
release assay performed as per manufacturer’s instructions
(Sigma-Aldrich; cat no: MAK066). Absorbance (450 nm) was
detected at 3 min intervals (FlexStation) until it reached the
upper range of standards. Data (“cell viability”) are expressed as
a percentage of control-treated wells. In parallel, the cells
without washing were treated with DMEM containing
Hoescht33342 (200 μM) and PI (50 μg/ml) for 1 h at 37°C.
Hoechst33342-and PI-positive nuclei were quantified on the
Operetta using manufacturer’s protocol. Data (“cell survival”)
are a ratio of PI/Hoechst33342 counts, expressed as a percentage
of control-treated wells.

Measurement of Beat Rate in
Cardiomyocytes
Rat cardiomyocytes were cultured 4 days in 96-well plates before
cells were checked visually to have widespread cell-cell contact
and uniform beating across the well. Media was then changed to
fresh DMEM with 10% FBS 24 h prior to assay, and 0.1U/mL
ADA added 2 h prior to assay. For assay, spontaneous
contractions were brightfield recorded (Nikon Ti-E
microscope; 37°C, 5% CO2) for 100 frames at 10 frames/sec to
define a basal beat rate. Cells were then incubated with ligand for
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5 min and recorded again. Quantification of contractions was
determined by time-resolved analysis (Image J 1.51n) of peak
intensity of several representative cardiomyocytes within the field
of view. All data are expressed as % of beat rate prior to addition
for each replicate. Where SLV320 (1 μM) was used, it was added
15 min prior to basal recording.

Measurement of Beat Rate in Isolated Rat
Atria
Experiments were carried out on male Wistar rats (400-450 g)
from JANVIER Labs (Center d’Elevage René JANVIER, Le
Genest Saint-Isle, France). Rats were anesthetized with sodium
pentobarbital (54.7 mg/kg intraperitoneal). Right atria were
carefully removed and immediately immersed in physiological
salt solution (PSS) at 4°C containing (in mM): NaCl 112, KCl 5,
KH2PO4 1, MgSO4 1.2, CaCl2 2.5, NaHCO3 29.8, glucose 11.5,
EDTA 0.02, pH 7.4 ± 0.05. Preparations were suspended
vertically in an organ bath filled with 20 ml of PSS maintained
at 35°C and gassed with a mixture of 95%O2 + 5% CO2. Isometric
tension was recorded by means of a force transducer (EMKA
Technologies, Paris, France). Atria were stretched to obtain a
resting tension of 0.2–1 g. Right atria spontaneous beating
frequency was measured using specific software (IOX EMKA
Technologies, Paris, France). Only preparations with a basal
beating rate between 200 and 300 beats per minute (bpm)
were included.

After a 30 min equilibration period, dose-response curves were
generated with cumulative concentrations (10−9 M to 10−5 M) of
NECA, CGS21680, BAY60-6583 or 2′MeCCPA every 30 min.
Due to their long kinetic of effect, VCP746 and neladenoson were
tested with a single concentration (10−7 M to 10−5 M) per
preparation, beating rate was measured at 120 min after each
concentration. To assess NECA specificity, atria were pre-treated
(30 min) with the specific A1R antagonist SLV320 at 10 nM or
100 nM. Then, two successive concentrations of NECA (10 and
100 nM) were added for 1 h.

Spontaneous beating frequency of right atria, measured at
fixed time or concentration, was expressed in bpm. The effects of
the compounds were expressed as percent changes from the basal
atrial beating frequency.

Measurement of Heart Rate in Moving,
Conscious Animals
Male Wistar rats (8 weeks old, n � 4–7) were implanted with a
radio telemetric device equipped with a pressure transducer
(HDS10, Data Sciences International) under anesthesia with
isoflurane (2%, VETFLURANE®, VIRBAC, France). Rats
received buprenorphine (50 μg/kg s. c., BUPRECARE®,
Axience SAS, France) for analgesia prior to surgery. After
laparotomy the telemetric device catheter was inserted into the
abdominal aorta and secured with cellulose patch and tissue
adhesive (3 M, VETBOND™) around the insertion point. The
body of the device was placed in the abdominal cavity and sutured
to the inner side of the abdominal musculature then the skin plan
was closed.

After a recovery period of two weeks a catheter (polyethylene/
silastic) was introduced in jugular vein for drug administration by
infusion. Briefly, the jugular vein was dissected and a small
incision was made in order to introduce the catheter into the
vessel. The catheter was tunneled subcutaneously to the dorsum
of the neck and drawn back up through the skin. Rats were kept
on a heating pad (38°C) until fully recovered from anesthesia.
Animals were allowed 2-3 days recovery before being used for the
experiment. On the day of study, 20 min infusion protocols were
performed at different doses of test compounds to achieve
predetermined plasma drug concentrations. Acquisition of
heart rate was done with IOX (EMKA, France), sampled and
averaged over 5s every 5s. The mean of the values recorded for
each dose was calculated using the software Data Analyst (EMKA,
France).

Vasorelaxation of Rat Thoracic Aorta
Experiments were carried out on male Wistar rats (400–450 g)
from JANVIER Labs (Center d’Elevage René JANVIER, Le
Genest Saint-Isle, France). Rats were anesthetized with sodium
pentobarbital (54.7 mg/kg intraperitoneal). The thoracic aorta
was quickly removed placed in ice-cold physiological salt solution
(PSS) at 4°C containing (in mM): NaCl 112, KCl 5, KH2PO4 1,
MgSO4 1.2, CaCl2 2.5, NaHCO3 29.8, glucose 11.5, EDTA 0.02,
pH 7.4 ± 0.05. Then the aorta was cleaned of adhering fat and
connective tissue and cut transversely into 3–4 mm rings
denuded or not of endothelium and placed in 20 ml organ
baths containing PSS maintained at 37°C with continuous
bubbling of 95% O2 + 5% CO2. Aortic rings were mounted
vertically between two stainless wire hooks and then
suspended. For isometric force response measurement, the
changes in tension of pre-contracted intact or denuded rings
were continuously monitored and recorded using specific
software (IOX EMKA Technologies, Paris, France). Aortic
rings were equilibrated for 60 min with a resting force of 2.5 g.

Aortic rings were constricted with phenylephrine (1 µM) to
obtain a steady contraction then relaxed with cumulative
acetylcholine concentration (0.01–10 µM) to check the
integrity of the endothelium. The absence of endothelium was
confirmed by the lack of responsiveness to acetylcholine. Aortic
rings were washed several times with PSS and equilibrated for
30 min. Then the rings were constricted with phenylephrine
(1 µM) to obtain a steady contraction and the agonists were
added in cumulated concentrations (1 nM–10 µM) to the organ
bath. At the end of each experiment, the rings were tested for
viability by being maximally dilated with 100 µM papaverine.
Relaxation was expressed as a percent of maximal relaxation to
papaverine and as percent changes from phenylephrine
contraction.

Renal Vasodilation and Vasoconstriction
Male Wistar rats (300–400 g), purchased from Janvier Labs
(Center d’Elevage René Janvier, Le Genest Saint-Isle, France)
were anesthetized intraperitoneal with a mixture of ketamine
(110 mg/kg) and xylazine (7.5 mg/kg). The left kidney was
exposed by midline ventral laparotomy and the left renal
artery was cannulated. The kidney was then perfused at

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6280605

Rueda et al. Adenosine A1 Receptor Biased Agonists

9

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


constant flow via a peristaltic pump with warmed (37°C) and
oxygenated (95% O2–5% CO2) Tyrode solution of the following
composition (mM): NaCl 137; KCl 2.7; CaCl2 1.8; MgCl2 1.1;
NaHCO3 12.0; NaHPO4 0.42; calcium disodium EDTA 0.026 and
glucose 5.6. The perfused kidney was removed from the
surrounding fat and placed in a perfusion chamber. The
change in renal vascular resistance was recorded as changes in
renal perfusion pressure (RPP) measured downstream of the
pump via a pressure transducer (P10EZ, Statham, France)
connected to a data acquisition system (IOX2, EMKA
Technologies, France). Pharmacological agents were
administered either via an infusion pump placed upstream to
the perfusion pump (concentrations expressed below inmol/L) or
injected as a bolus of 20 µL (doses expressed in mol) into the
perfusion circuit.

In order to study renal vasodilator response, a sustained and
stable vasoconstriction was maintained by permanent infusion of
methoxamine (10 μmol/L). After stable vasoconstriction, dose-
response curves were performed by using BAY60-6583 (1 ρmol to
10 nmol), neladenoson (10 ρmol to 30 nmol), or VCP746 (1 ρmol
to 10 nmol). To verify the effect of BAY60-6583 in the
renovascular responses to vasodilation, selective A2A (SCH
442416 100 nM) or A2B (MRS 1754 100 nM) receptor
antagonists were administered by perfusion to the kidney
30 min before the agonist. Vasodilation was expressed by the
negative delta between the response and Methoxamine
constriction.

In order to measure renal vasoconstriction, methoxamine-
treated (0.01 μmol/L) kidneys were stimulated with 0.1 μmol/L
forskolin. Under these conditions, purine inhibition of adenylate
cyclase would blunt the forskolin effect thereby producing
vasoconstriction (Kenakin and Pike, 1987). Then 2′MeCCPA
(1 ρmol to 10 nmol), NECA (1 ρmol to 100 nmol), neladenoson
(1 ρmol to 30 nmol) or VCP746 (1 ρmol to 10 nmol) were
administered by bolus injection to induce vasoconstriction.
Before methoxamine and forskolin infusion two bolus
injections of noradrenaline (NA, 0.3 nmol) were performed to
obtain reference vasoconstriction. To verify 2′MeCCPA effect on
renovascular response, a selective A1 receptors antagonist
(SLV320 0.1 and 0.01 µM), was administered 30 min prior
agonist administration. Vasoconstriction was expressed as
difference between the response and Methoxamine/Forskolin
induced constriction, or as the % of NA constriction for the
experiment with 2′MECCPA.

Statistics
All data are expressed as mean ± SEM or mean ± SD (as
indicated) of n experiments. For concentration response data,
curves were analyzed using three-parameter nonlinear curve
fitting (GraphPad Prism 8.02) of grouped data. pKb values of
VCP746 at hA3 receptor were determined using the Schild
method (Arunlakshana and Schild, 1959) and calculated using
the operational model plus agonism (GraphPad Prism 8.02).
Statistical analysis was performed using paired Student’s t-test,
repeated measures one-way analysis of variance (ANOVA) or
two-way ANOVA with Dunnett’s post-hoc test, as indicated in
results. p < 0.05 was considered significant.

Ligand bias at adenosine receptors was analyzed using
methods described previously (Kenakin and Christopoulos,
2013; Van Der Westhuizen et al., 2014). Cyclic AMP
accumulation, calcium mobilization and protein
phosphorylation assays were performed using all four AR
agonists in parallel, allowing calculation of Log (τ/KA) values
for each individual n, and subsequent calculation of bias to
include weighted mean ± SEM of n. Bias (Log(τ/KA), ΔLog(τ/
KA), ΔΔLog(τ/KA)) was calculated in Microsoft Excel (2010) and
bias plots generated using the radar plot feature. Analysis of
ΔLog(τ/KA) and ΔΔLog(τ/KA) were performed using multiple
two-way ANOVA with multiple comparisons (GraphPad
Prism 8.02).

Study Approval
Animal experiments were conducted in accordance to either
Servier Ethical committee guidelines or the Monash Institute
of Pharmaceutical Sciences animal ethics committee-approved
protocols (ethics approval number: MIPS.2017.18) and
conformed to the requirements of the National Health and
Medical Research Council of Australia Code of practice for the
care and use of animals for scientific purposes.

RESULTS

Neladenoson and Capadenoson Are
Differentially Biased at the Adenosine A1
Receptor Compared With VCP746
In stably-transfected CHO-A1R cells, VCP746, neladenoson, and
capadenoson were all partial agonists for calcium mobilization
relative to the prototypical full agonist NECA (Figure 1A), yet
displayed full agonism for inhibition of cAMP accumulation
(Figure 1B). The calcium response was sensitive to pre-
treatment with pertussis toxin (data not shown), suggesting
that, like cAMP inhibition and ERK1/2 phosphorylation
(Germack and Dickenson, 2004), it is downstream of
canonical Gαi/o-coupling. Analysis of bias, using NECA as a
reference agonist and cAMP inhibition as the reference
pathway, demonstrated that the synthetic ligands were biased
away from calcium mobilization relative to cAMP (Figure 1C), a
property that is reported to be predictive of a lower propensity for
bradycardia.

However, neladenoson and capadenoson differed from the
VCP746 profile for cell survival (1D), and phosphorylation of
ERK1/2 (Figure 1E) and Akt1/2/3 (Figure 1F; Supplementary
Table S1), being biased away from these endpoints compared
with NECA and VCP746 (Figure 1C; Supplementary Figure S1).
Interestingly, despite the structural similarity of the two
investigational agents, neladenoson consistently displayed
lower potency than capadenoson across all assays, particularly
for protein phosphorylation (Figures 1E,F). Neladenoson, like
VCP746, is biased away from Ca2+ influx relative to the cAMP
pathway, a profile linked to reduced adenosine-like side effects.
However, unlike VCP746, neladenoson shows additional bias
away from the MAPK pathway.
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Functional Adenosine Receptor Subtype
Selectivity and Differential Biased Agonism
at the Adenosine A2B Receptor
As all adenosine receptor subtypes potentially contribute to the in
vivo activity of AR agonists, the ligands were evaluated in CHO
cells stably expressing the A2AR, A2BR or A3R subtypes.
Compared with the reference agonist NECA, VCP746 had
high potency at the A2BR and weak activity at the A2AR and
little or no activity at the A3R (Figure 2; Supplementary Figure
S2; Supplementary Tables S2–S4). Capadenoson stimulated
other AR subtypes with an order of selectivity of A1 > A2B >
A2A >> A3. In contrast, neladenoson had no measurable activity
at the A2AR or A3R, but activated the A2BR as a partial, biased
agonist except for cAMP inhibition where it was a low potency
full agonist (Figure 2; Supplementary Tables S2–S4).

The signaling profile of neladenoson, capadenoson, and
VCP746 at the A2BR revealed marked differences (Figure 2).
In contrast to the A1R, VCP746 was a non-biased full agonist at
the A2BR, with NECA-like activity for inhibition of cAMP
accumulation, calcium mobilization, ERK1/2, and Akt1/2/3
phosphorylation. On the other hand, despite being a full
agonist for cAMP accumulation at the A2BR, capadenoson was
a weak, partial agonist, biased away from calcium mobilization,
ERK1/2, and Akt1/2/3 phosphorylation relative to NECA. As
with the A1R, neladenoson was less potent than capadenoson at
the A2BR subtype, showing bias away from ERK1/2 and Akt1/2/3
phosphorylation relative to NECA, and had no detectable activity
on calcium mobilization (Figure 2; Supplementary Table S3;
Supplementary Figure S1).

Agonist activity at the A2AR was also different for neladenoson. In
contrast to capadenoson andVCP746, whichwereweak, partial, non-
biased agonists, neladenoson did not activate the A2AR subtype

(Figure 2; Supplementary Table S2). Of the test agents, only
VCP746 showed agonist activity at the A3R (in pERK1/2;
Figure 2), and was a low affinity antagonist for A3R-stimulated
calcium mobilization and pERK1/2 (Supplementary Figure S2).
Taken together, the pharmacological characterization of these
compounds at adenosine receptor subtypes shows that
neladenoson is a selective A1R biased agonist, with biased, weak
agonism at the A2BR subtype, while VCP746 is a biased A1R agonist
and potent unbiased agonist at A2BR.

In order to broadly assess the physiological and pathophysiological
effects of VCP746 and neladenoson in heart failure, these compounds
were examined in a range of ex vivo and in vivomodels to study beat/
heart rate, hypertrophy/remodeling, aortic vasorelaxation, and renal
vasoconstriction and vasorelaxation (Figure 3).

VCP746 and Neladenoson Are
Anti-hypertrophic in Cardiomyocytes
Putative anti-remodelling effects were assessed by [3H]-leucine
incorporation in cardiac myocytes as a marker of hypertrophy
and remodeling associated with chronic heart failure. The anti-
hypertrophic effect of adenosinergic agonists, including VCP746,
is believed to bemediated byA1R (Liao et al., 2011; Chuo et al., 2016).
In the current study TNFα, IL1β, or Ang II induced neonatal
ventricular cardiomyocyte (NVCM) hypertrophy that was
prevented by pre-treatment with VCP746 or neladenoson in a
concentration-dependent manner (Figure 4). These effects
occurred over the same range of concentrations for both drugs,
despite the 10-fold higher potency of neladenoson for A1R mediated
cAMP inhibition (Figure 1). None of the compounds showed a
significant effect on NVCM viability as measured by both PI staining
or LDH release assays (Supplementary Figure S3), indicating that
the inhibitory effects are not due to a reduction on cell viability.

FIGURE 1 |Multi-pathway profiling at the A1R. Adenosine receptor agonists were analyzed in CHO-hA1R cells in assays of calciummobilization (A; n � 4), inhibition
of cAMP accumulation (B; n � 6), cell survival (D; n � 3) or phosphorylation of ERK1/2 (E; n � 5) and Akt1/2/3 (F; n � 3). These data were used to calculate bias, where
Log(τ/KA) are normalized to NECA (ΔLog(τ/KA)) and cAMP accumulation (ΔΔLog(τ/KA); C). Statistical significance of bias is reported in Supplementary Figure S1.
Concentration response data are expressed as mean ± SEM.
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FIGURE 2 | Multi-pathway profiling at the A2AR, A2BR and A3R. Adenosine receptor agonism was analyzed in CHO-hA2AR (left panels), CHO-hA2BR (center
panels) and CHO-hA3R cells (right panels). Cells were analyzed in cAMP (top row), calcium (second row), and phosphorylation of ERK1/2 (third row) and Akt1/2/3
(fourth row), with calculated bias shown in the lower row. As bias data are normalized to NECA and the cAMP pathway, where there is no response to NECA at a
pathway, ligand-induced cAMP in a cell line, bias cannot be calculated. Statistical analyses of bias are shown in Supplementary Figure S1. Concentration
response data are expressed as mean ± SEM.
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Both VCP746 and Neladenoson Have
Anti-fibrotic Effects in Cardiac Fibroblasts
In cardiac fibroblasts, Ang II and tumor growth factor-beta
(TGFβ) significantly increased [3H]-proline incorporation, a
marker of fibrosis (Figure 5). Pre-treatment with either
VCP746 or neladenoson (300 nM) reduced the effect of Ang II
by 40% (Figure 5A), putatively by activation of adenosine A2B

receptors (Vecchio et al., 2016a), although neither agent affected
[3H]-proline incorporation driven by TGFβ (Figure 5B). These
effects are consistent with the signaling profile of the agonists at
the A2BR since both are able to activate this receptor.

VCP746 and Neladenoson Display Limited
and Differential Effects on Beat/Heart Rate
In Vitro and In Vivo
One of the major barriers to the use of adenosine A1R agonists in
the clinic is A1R-mediated negative chronotropy i.e. bradycardia.
To evaluate the relative propensity to modulate beat rate, we
compared VCP746 and neladenoson head-to-head in primary
NVCMs, rat atria ex vivo, and in conscious rats by telemetry.

In primary rat NVCMs, neladenoson (30 and 300 nM) produced a
small, but significant reduction in spontaneous beat rate (Figure 6A),
whereas VCP746 (300 nM) was without significant effect. The
reduction of beat rate after treatment with neladenoson was
reversed by pre-treatment with an A1R subtype-selective antagonist,
SLV320, indicating that this effect is A1R-mediated (Figure 6A).

In rat isolated right atria, neladenoson and VCP746 had a
minimal effect on the beat rate in contrast to NECA, which
decreased beat rate in a concentration-dependent manner (pIC50

� 7.5 ± 0.3, n � 8; Figure 6B). By using AR subtype-specific
agonists and the A1R specific antagonist SLV320 we confirmed
that the bradycardic response was also almost entirely
A1R-mediated. The A1R selective agonist 2-Me-CCPA
maximally inhibited beat rate in a manner similar to the non-
selective agonist, NECA, whereas CGS21680 (A2AR selective) or
BAY60-6583 (A2BR selective) had no significant effect in the same
concentration range (Supplementary Figure S4A). Additionally,
pre-treatment with the selective A1R antagonist SLV320,
abrogated the chronotropic effect of NECA, further confirming
the involvement of A1R (Supplementary Figure S4B).

Likewise, in conscious rats, increasing plasma concentrations
of NECA reduced telemetered heart rate in a concentration-
dependent manner (pIC50 � 6.9 ± 0.2, n � 6; Figure 6C).
Neladenoson (1 μM) produced a decrease in heart rate,
whereas VCP746 (1–3 μM) produced a modest, concentration-
dependent increase in heart rate (Figure 6C).

Collectively the data show that AR-mediated chronotropic
effects are A1R-dependent and suggest that, unlike prototypical
AR agonists, biased agonists such as VCP746 and neladenoson
have limited effects on cardiomyocyte or isolated atria beat rate ex
vivo, and heart rate in rodents in vivo, further strengthening the
link between the bias profile of both of these compounds and the
lack of chronotropic effects, thus providing a potential route for
avoidance of on-target mediated side effects.

VCP746 and Neladenoson Induce Renal
Vasodilation by A2BR Agonist Activity
Patients with heart failure exhibit abnormal cardio-renal
hemodynamics that ultimately exacerbates the disease.

FIGURE 3 | Tissue-specific expression of adenosine receptors may influence side-effect profile of compounds used in vivo. VCP746 and neladenoson were
studied further in the indicated ex vivo and in vivo assays (boxed) to determine expected side-effect profiles. Known sites of primary functional adenosine receptor
expression are indicated by blue (A1R), orange (A2AR) and pink (A2BR) receptors.
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Adenosine receptors play an important role in the
hemodynamic balance in the kidney; adenosine induces
A1R-mediated cortical vasoconstriction and A2AR/
A2BR-mediated medullar vasodilation, reducing filtration
fraction in order to recover from negative energy balance
in the kidney. Accordingly, effects in the kidney may

potentially have implications for any adenosine receptor
agonist synthesized for clinical use.

Using the α1-adrenoceptor agonist methoxamine to elevate
vascular tone, we investigated renal vasodilation. The adenosine
A2BR agonist BAY 60-6583, VCP746, and neladenoson all
induced vasodilation, with a potency (pEC50) of order VCP746

FIGURE 4 | VCP746 and neladenoson reduce cardiomyocyte hypertrophy. Rat primary neonatal ventricular cardiomyocytes were exposed to hypertrophic stimuli
TNFα (10 ng/ml; A; n � 9), IL1β (10 ng/ml; B; n � 10) or AngII (100 nM; C; n � 9) for 72 h after 2 h pretreatment with the indicated adenosine receptor agonists.
Hypertrophy was assessed by incorporation of 3H-leucine as an indicator of protein synthesis. Statistical significance was assessed by repeated measures one-way
ANOVA with Dunnett’s multiple comparisons, compared with hypertrophic treatment (black bar) alone (*p < 0.05, **p < 0.01, ***p < 0.001).

FIGURE 5 | Adenosinergic agonists show some anti-fibrotic activity in rat primary neonatal cardiac fibroblasts. Fibrosis was measured by the incorporation of
3H-proline as an indicator of collagen formation. After 72 h 10 nM AngII (A) or 10 ng/ml TGFβ (B) treatment, VCP746 and neladenoson pre-treatment (2 h) inhibited the
AngII-fibrotic effect only, at 300 nM (repeated measures one-way ANOVA, Dunnett’s multiple comparisons, in comparison to fibrotic treatment alone; *(p < 0.05)).
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(10.1 ± 0.3, n � 3) > BAY 60-6583 (9.4 ± 0.4, n � 3) > neladenoson
(8.4 ± 0.2, n � 3; Figure 7A). Since the BAY 60-6583 response is
sensitive to MRS1754, but not SCH442426 (Supplementary
Figure S5A), it suggests that the response is A2BR-, rather
than A2AR-mediated. This would be consistent with VCP746
showing greater potency and efficacy at the A2BR compared with
neladenoson (Figures 2, 7A).

In order to study effects on vasoconstriction, methoxamine-
treated kidneys were treated with forskolin to activate adenylate
cyclase and reduce vascular tone. Under these conditions, NECA
induced renal vasoconstriction (Figure 7B) in a concentration
dependent-manner (pEC50 � 10.0 ± 0.2, n � 6). Similarly, the
A1R-selective agonist, 2-Me-CCPA, induced a vasoconstrictor
response that was abolished by the A1R-specific antagonist,
SLV320 (Supplementary Figure S5B) indicating that the renal
vasodilation is A1R-dependent. However, VCP746 and

neladenoson had no effect on the vasoconstrictor response
(Figure 7B). Since the response is sensitive to A1R activation,
the lack of effect after VCP746 or neladenoson suggests that the
bias profile of these compounds contributes to their lack of renal
vasoconstrictor activity.

Neither VCP746 nor Neladenoson Induce
Endothelium-dependent Thoracic Aorta
Relaxation
In order to confirm subtype selectivity, VCP746 and neladenoson
were tested for effects on rat thoracic aorta relaxation, in the
presence and absence of endothelium. NECA relaxed the aorta in
an endothelium-dependent A2AR-mediated manner (Figure 8;
Supplementary Figure S6). In contrast, neither VCP746 nor
neladenoson had any effect on the aorta (Figure 8), broadly

FIGURE 6 | Ex vivo and in vivo A1R-mediated chronotropic effects. In isolated neonatal ventricular cardiomyocytes, VCP746 (n � 7) had no effect on the
spontaneous contraction rate of cells (A), while neladenoson (30 nM: n � 7; 300 nM: n � 8) showed a significant depressive effect, which is completely abrogated by pre-
treatment with the A1R antagonist SLV320 (statistics were performed on raw data; paired Student’s t-test, comparison of VCP746/neladenoson-treated cells to the
same cells prior to treatment; *(p < 0.05)). Data are mean ± SEM. In isolated atria (B), NECA produced a concentration-dependent effect (n � 8), while only minor
effects of VCP746/neladenoson (n � 4–9) were observed at high concentrations (1 or 10 μM; one-way ANOVA compared with vehicle alone; ***(p < 0.01)). (C)
Adenosinergic compounds were also tested in vivo. NECA (n � 6) decreased heart rate relative to vehicle A (n � 2). Neladenoson (n � 4) significantly reduced heart rate at
1µM relative to vehicle B (n � 7), while VCP746 (n � 5) increased heart rate at high concentrations in vivo (two-way ANOVA, Sidak’s multiple comparisons, compared with
vehicle B). Data for (B) and (C) are expressed as mean ± SD.

FIGURE 7 | VCP746 and neladenoson induce A2BR-mediated renal vasodilation but no A1R-mediated vasoconstriction. (A) Renal vasodilation was measured by
administering VCP746 or the A2AR/A2BR agonist BAY 60-6583 to methoxamine-stimulated rat kidney and measuring resulting perfusion pressure (n � 3). The
concentration-dependent vasodilation produced, with order of potency VCP467 > BAY 60-6583 > neladenson suggest an A2BR-mediated mechanism of action, which
was confirmed using selective antagonists (Supplementary Figure S5). (B) In order to measure renal vasoconstriction, kidneys were stimulated with
methoxamine/forskolin and then NECA (n � 6), neladenoson (n � 6) or VCP746 (n � 5) was applied. NECA induced a potent constrictor activity, with no response
observed to neladenoson/VCP746. This was confirmed to be an A1R-mediated effect (Supplementary Figure S5). Data are expressed as mean ± SEM; where error
bars are not visible, they are contained within the dimensions of the symbol.
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consistent with their relatively low potency (VCP746) or lack of
activity (neladenoson) at the A2AR (Figure 2).

DISCUSSION

The A1R has been a focus of heart failure drug discovery efforts
for over 2 decades. The cardioprotective effects of adenosine are
well described, but efforts to develop selective A1R agonists have
been limited by on-target mediated bradycardia, atrioventricular
block, and other extra-cardiac undesired effects. Several
approaches have been taken to the design of novel agents to
mitigate these risks. Bayer developed the A1R partial agonists
capadenoson and neladenoson (a pro-drug of an active and more
soluble metabolite; Meibom et al., 2017), whereas other pre-
clinical work identified biased A1R agonists that exhibit
specific signaling profiles focused on avoiding on-target
mediated adverse effects. The A1R subtype is a Gαi/o-coupled
receptor that couples pleiotropically to multiple downstream
endpoints, including inhibition of cAMP accumulation, MAPK
activation, and increased intracellular calcium mobilization.
Thus, linking a signaling pathway (or subset of pathways) to a
specific physiological outcome represents a mechanism whereby
agents can be developed that avoid on-target side effects on the
kidney, peripheral blood vessels, or the heart.

VCP746 is a tool biased A1R agonist that preferentially signals
away from intracellular calcium mobilization compared with
inhibition of cAMP accumulation (Baltos et al., 2016).
Growing evidence points to agonist-induced increases in
calcium flux as a predictor of A1R-mediated side effects
(Valant et al., 2014; Baltos et al., 2016; Greene et al., 2016).

We have shown that the A1R bias signaling profile of
capadenoson, neladenoson and VCP746 are broadly similar in
that they are biased away from stimulation of intracellular
calcium mobilization. This phenotype translated to primary
cardiomyocytes, isolated rat atria, and in vivo in telemetered
rats, where both neladenoson and VCP746 had little effect on
beat/heart rate, unlike the prototypical adenosine analogue,
NECA. Interestingly, at equi-effective concentrations for
A1R-mediated inhibition of cAMP signaling, neladenoson
inhibited the beat rate of ventricular cardiomyocytes and heart
rate in vivo in contrast to VCP746, suggesting alternative
signaling pathways are involved in this process.

Nonetheless, in the clinic, capadenoson and neladenoson
had little effect on heart rate in trials in patients with angina
pectoris, atrial fibrillation, or congestive heart failure (Shah
et al., 2019; Voors et al., 2019; Clinical Trial NLM Identifiers:
NCT00568945, NCT03098979, NCT02992288) suggesting
that bias in the cAMP-calcium signaling balance
downstream of the A1R is a critical predictor for avoiding
bradycardia (Zablocki et al., 2004; Albrecht-Küpper et al.,
2012).

A further consideration for A1R agonists is their potential for
deleterious effects on renal hemodynamics and a number of
groups have developed A1R antagonists for the treatment of
impaired renal function in congestive heart failure (Vallon
et al., 2008). This approach was predicated on stimulating
renal vessel relaxation and inhibiting the tubuloglomerular
feedback mechanism, thus increasing urine output without
worsening glomerular filtration rate. Such a mechanism
suggests that A1R agonists might impair renal function.
However, our studies show that VCP746 and neladenoson lack
renal vasoconstrictor effects in the methoxamine/forskolin-
treated kidney. Again, this indicates that the signaling profile
at the A1R and/or ancillary pharmacology of these two agents is
beneficial when compared with non-selective/non-biased
adenosine receptor agonists that cause vasoconstriction. In
fact, both neladenoson and VCP746 caused renal
vasorelaxation, mediated by the adenosine A2B receptor, which
explains the 30-fold discrepancy in potency between the two
agents in favor of VCP746. In turn this offers a potential
explanation for the small, concentration-dependent increase in
heart rate observed with VCP746 in vivo that may well be a
compensatory response to the increased renal vasorelaxation
whilst the rats remain normotensive.

Clinically, neladenoson either had no (Shah et al., 2019) or
marginal (Voors et al., 2019) effects on heart rate, a profile largely
predicted by pre-clinical models. However, the compound failed
to improve cardiac and non-cardiac abnormalities in phase II
trials in heart failure patients with either preserved or reduced
ejection fraction, and slightly worsened renal function in the
latter population (Shah et al., 2019; Voors et al., 2019). This
clearly differs from the pre-clinical profile, where neladenoson
was cardioprotective in a left anterior descending artery
occlusion-induced ischemia model in rats (Meibom et al., 2017).

The failure of neladenoson in these clinical trials poses a
number of questions for adenosine receptor-targeting heart
failure therapeutics. Despite the clinically-proven

FIGURE 8 | NECA, but not VCP746 or neladenoson induces
endothelium-dependent relaxation of rat thoracic aorta. NECA concentration-
dependently inhibited phenylephrine-mediated contraction (pEC50 6.6 ± 0.2)
while VCP746 and neladenoson displayed negligible effects (n � 3).
Antagonist studies suggest this is a predominately A2AR-mediated
mechanism (Supplementary Figure S6). Data are expressed as mean ±
SEM; where error bars are not visible, they are contained within the
dimensions of the symbol. Statistical significance treatment was assessed by
repeatedmeasures mixed effects model with Dunnett’smultiple comparisons,
compared with vehicle (*p < 0.05, **p < 0.01, ***p < 0.001).
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cardioprotective effects of adenosine (McIntosh and Lasley, 2012;
Headrick et al., 2013; Randhawa and Jaggi, 2016), it might be that
selective A1R activation, differential A1R bias, or targeting
patients with chronic, rather than acute, heart failure, could be
responsible for the lack of efficacy of neladenoson. Whilst
neladenoson has the critical cAMP-calcium bias required for
improving therapeutic index, it is also highly biased away from
the MAPK pathways, ERK1/2 and Akt1/2/3 phosphorylation.
This may be undesirable since ERK1/2 phosphorylation plays a
role in cardioprotection (Germack and Dickenson, 2005; Reid
et al., 2005; Kovacs et al., 2009; Rose et al., 2010), while Akt1/2/3
phosphorylation is generally considered a pro-survival pathway
utilized by many cardioprotective agents (Matsui and
Rosenzweig, 2005; Solenkova et al., 2006; Manning and
Cantley, 2007; Kovacs et al., 2009). It remains to be seen
whether therapeutic agents can be developed that have A1R
cAMP-calcium bias, without the bias away from MAPK
signaling. This signaling profile may explain the greater
potency of VCP746 in reducing humoral- and inflammation-
induced cardiomyocyte hypertrophy compared with neladenoson
– herein and (Chuo et al., 2016) – despite neladenoson beingmore
potent than VCP746 for cAMP inhibition.

With respect to selectivity, our recombinant cell signaling
data showed that neladenoson activated neither the A2AR or
A3R subtypes, and (unlike VCP746) is a biased agonist at the
A2BR (away from MAPK while calcium signaling was
undetectable). Activation of A2BR reduces fibrosis in heart
failure (Dubey et al., 1997, 1998, 2001; Chen et al., 2004),
though the signaling pathway(s) responsible for this are not
well defined. Here we showed equivalence for neladenoson
and VCP746 for anti-fibrotic efficacy in cardiac fibroblasts,
and previous studies have shown that VCP746 exhibits
potent A2BR-dependent anti-fibrotic activity (Vecchio
et al., 2016a). Thus, appropriate A2BR signaling profiles
for adenosine receptor agonists may be required in heart
failure therapeutics. These issues of selectivity and bias are
important in the context of treating chronic, as opposed to
acute, heart failure, where anti-hypertrophic and anti-
fibrotic activity would be desirable. Additionally, the lack
of clinical translation calls into question the predictive
capacity of rodent models of heart failure (Houser et al.,
2012) or their translation to specific stages of the disease in
patients.

The concept of biased agonism faces a number of
challenges in linking signaling profiles to clinical endpoints
and improved therapeutic indices. Despite promising
preclinical data, biased agonists have yet to fulfill their full
promise in the clinic: the β-arrestin-biased angiotensin AT1
receptor agonist, TRV 027, failed to meet its primary endpoint
in a phase IIb study of patients with acute heart failure (Pang
et al., 2017). In addition to improving the pre-clinical
assessment of what constitutes a biased agonist (e.g. for
µ-opioid receptors (Conibear and Kelly, 2019)), it is critical
to understand the pharmacology of agents that have been
developed and clinically-evaluated without reference to the
phenomenon of signal bias. In this study we comprehensively
compared in vitro, ex vivo, and in vivo properties of the

investigational A1R agonist, neladenoson, compared to
VCP746, a tool A1R biased agonist. Retrospective analysis
of the signaling profile of neladenoson reinforces the cellular
predictor (cAMP-calcium signaling bias) for its lack of effect
on heart rate in pre-clinical models and patients. Although the
reasons for the lack of clinical efficacy remain unknown, it is
possible that fine tuning activity in other pathways (e.g.
MAPK) and/or adenosine receptors (e.g. A2BR) might
represent valid future approaches for the development of
novel agents.
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Heart failure has reached epidemic proportions with the advances in cardiovascular
therapies for ischemic heart diseases and the progressive aging of the world
population. Efficient pharmacological therapies are available for treating heart failure,
but unfortunately, even with optimized therapy, prognosis is often poor. Their last
therapeutic option is, therefore, a heart transplantation with limited organ supply and
complications related to immunosuppression. In this setting, cell therapies have emerged
as an alternative. Many clinical trials have now been performed using different cell types
and injection routes. In this perspective, we will analyze the results of such trials and
discuss future perspectives for cell therapies as an efficacious treatment of heart failure.

Keywords: cell therapies, heart failure, bone marrow cells, adult stem cells, pluripotent cells (Min5–Max 8)

INTRODUCTION

Cardiovascular diseases (CVD) are still the major cause of death in the world. The Global Burden of
Disease (ghdx.healthdata.org) reports over 18.5 million deaths by CVD in the world in 2019,
corresponding to 32.8% of all deaths. For comparison, in the years 1990 and 2000, these numbers
were, respectively, 12 and 13.9 million deaths, corresponding to 25.9 and 27.5% of all deaths. People
living with heart failure were estimated at 37.7 million worldwide in 2010 (Wollert et al., 2004) and
are now estimated to have reached 63.3 million (AME Medical Journal, 2020). Mortality from HF is
hard to estimate since the cause of death is usually attributed to the causative etiology, but 5-year
survival rates for HF are similar to those of cancer and stroke (Askoxylakis et al., 2010).

The main etiologies for heart failure are ischemic, valvular, and hypertensive heart diseases, and
primary and secondary cardiomyopathies. A detailed discussion of each etiology is beyond the scope
of this perspective, and interested readers are referred to a review by Ziaeian and Fonarow (Ziaeian
and Fonarow, 2016). According to the ESC guidelines (Ponikowski et al., 2016), heart failure is “a
clinical syndrome characterized by typical symptoms (e.g., breathlessness, ankle swelling, and
fatigue) that may be accompanied by signs (e.g., elevated jugular venous pressure, pulmonary
crackles, and peripheral edema) caused by a structural and/or functional cardiac abnormality,
resulting in a reduced cardiac output and/or elevated intracardiac pressures at rest or during stress.”
The guidelines define a new term for heart failure (HF) in patients who have an ejection fraction (EF)
between 40 and 49%: HF with midrange EF–HFmrEF. This new category now covers all ranges of EF
in HF patients. HF with reduced EF (HFrEF) is defined as having ejection fractions ≤40% and HF
with preserved EF (HFpEF) as ≥ 50%.

Although there are many classes of pharmacologic drugs that are commonly used to treat HF and
growing numbers of new molecules and signaling pathways are being investigated—for detailed
information see (Yancy et al., 2016; Cresci et al., 2019), a number of HF patients do not respond
adequately to optimal pharmacologic therapy and progress to congestive heart failure, when assist
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devices followed by heart transplantation are the only possible
therapy. Donor organ shortage and complications related to
continuous immunosuppression of these patients significantly
limit this therapeutic option stimulating the search for new
therapies. In this setting, cell-based therapies emerged as a
potential treatment at the turn of the millennium. This
perspective will review the clinical trials performed to date
using different cell types and injection routes in distinct types
of cardiac diseases that lead to heart failure (see Figure 1). Most of
our analysis will focus on cell therapies for HFrEF and HFmrEF,
where there is loss of cardiomyocytes due to various myocardial
insults and cell-based therapies attempt to regenerate the
lost cells.

CELL-BASED THERAPIES FOR ISCHEMIC
HEART DISEASE

Ischemic heart disease (IHD) is characterized by an unbalance
between oxygen demand and supply, resulting in hypoxia that
ultimately leads to cell death and loss of cardiomyocytes. Cell-
based therapies were, therefore, initially proposed based on the
assumption that the injected cell types could substitute or
regenerate the lost cardiomyocytes. A pioneering attempt was
the use of skeletal myoblasts by the group of Philippe Menasché
in France (Menasché et al., 2001). At the turn of the millennium,
research groups in Germany and Brazil started small clinical trials
injecting autologous bone marrow-derived mononuclear cells
(ABMMC) in patients that had suffered myocardial infarction

either by intracoronary (Assmus et al., 2002; Strauer et al., 2002)
or transendocardial (Perin et al., 2003; Gowdak et al., 2005) route.
Results from these preliminary small trials suggested small
functional cardiac improvements based on evaluation of left
ventricular ejection fraction (LVEF) and indicated both
procedures to be safe. Stimulated by these initial promising
results, the number of clinical trials using the ABMMC
significantly increased, and larger, more controlled trials were
performed, supporting the initial positive results (Britten et al.,
2003; Wollert et al., 2004; Schächinger et al., 2006a; Dill et al.,
2009; Honold et al., 2012; Assmus and Zeiher, 2013). In 2006, two
manuscripts, published back-to-back in the New England Journal
of Medicine, reported discordant results on the effects of
ABMMC in the setting of acute myocardial infarction (Lunde
et al., 2006) (Schächinger et al., 2006b). During the following
years more clinical trials using ABMMC in IHD were performed
(Janssens et al., 2006; Grajek et al., 2010), as reported in meta-
analysis studies (Lipinski et al., 2007; Martin-Rendon et al., 2008;
Delewi et al., 2014; Assmus et al., 2015). For the rest of the decade,
the prevailing view, although contested, was that bone-marrow-
derived mononuclear cells were capable of some degree of heart
repair after insult by IHD. In the following decade, at least ten
randomized and multicenter trials using mostly ABMMC, but
also selected bone marrow cells, in IHD occurred in the world. All
of these trials did not find additional benefits to standard therapy
(Traverse et al., 2011; Perin et al., 2012; Traverse et al., 2012;
Sürder et al., 2013; Choudry et al., 2016; Sürder et al., 2016;
Quyyumi et al., 2017; Wollert et al., 2017; Fernández-Avilés et al.,
2018; Nicolau et al., 2018), mostly in acute but one in chronic

FIGURE 1 | Cell-based therapies for heart failure. Cell types used in clinical trials include bone marrow mononuclear cells (BMMC), CD34+ mobilized with G-CSF,
bone marrow and adipose tissue–derived mesenchymal stromal cells (MSC), embryonic stem cells (ESC), and induced pluripotent stem cells (iPSC). Injection routes
include intracoronary, transendocardial, and transepicardial routes, which deliver cells directly in the myocardium, and intravenously. Cardiovascular diseases evaluated
in clinical trials include ischemic (acute myocardial infarction (AMI), chronic ischemic heart disease (cIHD), and refractory angina (RA)) and nonischemic
cardiomyopathies (idiopathic dilated cardiomyopathy (IDC) and chronic chagasic cardiomyopathy (CCC)).
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IHD using either the intracoronary or the transendocardial
injection route. Finally, the BAMI trial, a European effort to
test the efficacy of ABMMC in acute myocardial infarction
(AMI), did not meet planned endpoints relevant to clinical
outcomes (mortality and MACE) between patients in the
ABMMC and control groups due to low enrollment and low
mortality (Mathur et al., 2020). As written in a thoughtful
commentary by Roberto Bolli about the BAMI trial, cell
therapy with bone marrow-derived mononuclear cells for AMI
patients should “rest in peace” (Bolli, 2020).

But what about other types of IHD, such as chronic IHD
(cIHD) and refractory angina? In chronic IHD, results are
variable depending on cell type. Perin et al. have reported no
benefit with a large ABMMC trial and positive results with a dose
escalation study using high doses of allogenic bone marrow-
derived mesenchymal stromal cells (MSC) in cIHD (Perin et al.,
2012; Perin et al., 2015). Other studies performed by Hare’s group
(Hare et al., 2012; Suncion et al., 2014) using autologous and
allogeneic MSC injected transendocardially showed limited
effects on global heart function in cIHD. A more robust study
using a mixture of CD90+ MSC and CD45+/CD14+ bone
marrow-derived cells delivered by transendocardial injection
showed significant decreases in combined clinical outcomes
that included composite all-cause death, cardiovascular
hospital admissions, and unplanned clinical visits to treat
decompensated heart failure (Patel et al., 2016). Two other
studies using autologous bone marrow-derived MSC injected
intramyocardially also found significant differences in
surrogate endpoints such as reduction in left ventricular end
systolic and diastolic volumes (LVSEV and LVEDV), but LVEF
and myocardial mass did not vary significantly between cell and
control groups (Teerlink et al., 2017) in one study, but reached
statistical difference in the other (Mathiasen et al., 2015). It seems,
therefore, that selected bone marrow cells directly injected in the
myocardium may have a salutary effect in cIHD patients with
heart failure. Nonetheless, most of these studies were phase 1-2
trials, and we should still wait for larger phase-3 trials.

Refractory angina is another type of IHD where cell-based
therapies offer hope. In this setting the most important trials used
selected CD34+ cells derived from the bone marrow. Positive
results were consistently seen in phase 1-2 trials (Losordo et al.,
2007, Losordo et al., 2011; Povsic et al., 2016), but the phase-3
trial had to be curtailed due to withdrawal of funding from
industry (Henry et al., 2018). Since CD34 is a marker of
endothelial progenitor cells (Asahara et al., 1997) the use of
these cells to promote angiogenesis in the setting of IHD is
rational, and unfortunately for the field of cell-based therapies
the phase-3 clinical trial could not be completed, although pooled
data from all the trials mentioned above showed significant
increase in total exercise time, decreased angina frequency,
and reduced 24-month mortality in patients receiving the cell
therapy (Henry et al., 2018)

Other, non-marrow-derived cell types have also been tested in
patients with IHD. Freshly isolated liposuction aspirate cells,
MSC derived from adipose tissue, and putative cardiac stem/
progenitor cells reached clinical studies but did not go beyond
safety trials (Chugh et al., 2012; Makkar et al., 2012; Malliaras

et al., 2014; Perin et al., 2014; Kastrup et al., 2017) for various
reasons, including the disputed existence of a cardiac stem/
progenitor cell (Berlo and Molkentin, 2014; Cai and
Molkentin, 2017; Vicinanza et al., 2018; Aquila et al., 2019).
The use of cells truly capable of generating new cardiomyocytes
for heart repair, the pluripotent stem cells (either embryonic or
induced pluripotent stem cells (iPSC)), waits further preclinical
safety studies, although a small number of patients undergoing
coronary artery bypass grafting (CABG) have received a fibrin
patch of cardiac progenitor cells derived from human embryonic
stem cells (Menasché et al., 2015, Menasché et al., 2018).

CELL-BASED THERAPIES FOR
NONISCHEMIC CARDIOMYOPATHIES

In the nonischemic cardiomyopathies, the major cause of the
disease lies not in the blood supply to the heart but rather in the
mechanical or electrical dysfunction of cardiomyocytes, although
microvascular dysfunction and significant impairment in
coronary blood flow reserve have been demonstrated in most
patients with idiopathic dilated cardiomyopathy (Neglia et al.,
2002; Canetti et al., 2003) . Cardiomyopathies can be classified as
hypertrophic, dilated, restrictive, or arrhythmogenic. Cell-based
therapies have been studied in two types of dilated
cardiomyopathies: idiopathic dilated cardiomyopathy and
chronic chagasic cardiomyopathy.

Cell-Based Therapies for Idiopathic Dilated
Cardiomyopathy
Since nonischemic dilated cardiomyopathies are one of the
leading causes of advanced heart failure and account for more
than 50% of heart transplants, cell-based therapies were also
intensively investigated in this setting. There have been a number
of small cell therapy trials in idiopathic dilated cardiomyopathy
(IDC) using ABMMC that ascertained the safety and feasibility of
the procedure (Seth et al., 2006; Fischer-Rasokat et al., 2009;
Martino et al., 2010; Sant’Anna et al., 2014). Larger trials using
ABMMC in IDC had conflicting results. Seth et al. (Seth et al.,
2010) showed that, after 3 years, a total of 41 patients who
received cells (versus 40 patients in the control arm) had a
significant increase in LVEF and quality of life, although
mortality did not differ between cell and control groups. On
the other hand, Martino et al. (Martino et al., 2015) showed in 115
patients that completed the multicenter study that there were no
significant differences in LVEF, quality of life, or mortality
between groups. In both studies, cells were delivered by
intracoronary injection but using slightly different methods.
Other large trials in patients with IDC were performed using
CD34+ cells derived from the bone marrow, delivered either by
intracoronary or intramyocardial injection. When CD34+ were
used, the cell-treated group showed increased LVEF, 6 min
walking distance, decreased NT-proBNP levels and,
surprisingly, given the small patient sample (55 in total), even
a significant decrease in the combined secondary endpoint of 1-
year mortality and heart transplantation (Vrtovec et al., 2011). A
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larger study enrolling 110 IDC patients followed for 5 years by the
same group reported similar results (Vrtovec et al., 2013a). They
further showed that injecting the CD34+ cells by the
transendocardial route led to more cell retention and greater
effects on LVEF, 6 min walking distance, and NT-proBNP levels
than injecting by intracoronary route (Vrtovec et al., 2013b).
MSC derived from bone marrow were also used in IDC patients.
One trial using the same mix of CD90+ MSC and CD45+/CD14+

cells described above for ischemic heart disease (Patel et al., 2016)
found that these cells did not improve clinical outcomes in
nonischemic heart disease (Henry et al., 2014). A trial
comparing the effects of autologous and allogeneic bone
marrow MSC in IDC found greater, clinically meaningful
efficacy with allogeneic cells (Hare et al., 2016), suggesting that
these cells rather than the autologous should be tested in larger,
more robust trials. In summary, the results of bone marrow-
derived cell therapies in IDC seemed highly variable with the
exception of the trials that used CD34+ selected cells, as was the
case for the refractory angina patients. Since microvascular
dysfunction and significant impairment in coronary blood flow
reserve have been demonstrated in most patients with IDC
(Neglia et al., 2002; Canetti et al., 2003), it is reasonable to
assume that cells capable to promote angiogenesis, as CD34+

cells, could bring salutary effects to patients with IDC. Once
again, we can only regret that larger, double-blinded, randomized,
placebo-controlled, and multicenter trials have not been
performed to definitely test the efficacy of these cells in IDC
patients.

Cell-Based Therapies for Chronic Chagasic
Cardiomyopathy
Chronic chagasic cardiomyopathy (CCC) is a dilated
cardiomyopathy caused by the parasite Trypanosoma cruzi,
endemic in many regions in Latin America. Although the
parasite, the transmitting vector, and the disease were
described more than 100 years ago by Carlos Chagas (Chagas,
1909), disease pathogenesis mechanisms are still discussed, due to
their multifactorial nature. A review of Chagas disease
pathogenesis is beyond the scope of this perspective, but it is
important to cite parasite persistence, autoimmunity, and
microvascular alterations as pathogenic mechanisms (Tanowitz
et al., 2009). Although bone marrow-derived cell therapies are not
expected to eliminate parasites, their immunomodulatory and
angiogenic capacities have been documented (Heldring et al.,
2015). Furthermore, the use of bone marrow-derived cell
therapies in CCC has been supported by innumerous
preclinical model experiments (Soares et al., 2004; Goldenberg
et al., 2008; Goldenberg et al., 2009; Soares et al., 2011; Jasmin
et al., 2012; Jasmin et al., 2014; Iacobas et al., 2018). Based on
promising results obtained in animal models of CCC treated with
bone marrow-derived mononuclear cells, Vilas-Boas et al.
conducted the first cell therapy trial in patients by
intracoronary injection of ABMMC (Vilas-Boas et al., 2006;
Vilas-Boas et al., 2011). This initial 28-patient trial proved the
procedure to be safe and potentially efficacious, based on
improvements in NYHA class, quality of life questionnaire,

6 min walking test, and LVEF. Based on that, a larger
multicenter, randomized, placebo-controlled, and double-
blinded trial was performed, evaluating 183 CCC patients
(Santos et al., 2012). Results were disappointing since no
statistical differences were observed between the cell-treated
and placebo groups in all parameters listed above. To our
knowledge no other clinical trials with cell therapies have been
performed in CCC patients.

DISCUSSION

Clinical trials of cell-based therapies in heart failure have been
performed using different cell types, cell doses, injection routes,
and disease states. In addition, the majority of the trials
performed recruited a small number of patients. For a
comprehensive list of the clinical trials performed, see
Supplementary Appendix A1 in the Appendix. All of these
factors severely limited the conclusions about efficacy of these
trials and the many, indeed excessive, meta-analyses performed
did not take this profound heterogeneity into account. One clear
result from all the clinical trials performed to date is that the
procedures are safe and feasible, no matter what cell type or
injection route is used for the attempted therapy of the distinct
disease states.

The most commonly used cell type was undoubtedly a
mixture of cells derived from the bone marrow, the
mononuclear cell fraction, extracted directly by marrow
aspiration or mobilized to the periphery by granulocyte
colony stimulating factor (G-CSF). As mentioned above, the
prevailing view, currently, is that the bone marrowmononuclear
cell fraction does not bring additional benefit to patients, with
either ischemic or nonischemic heart disease, over conventional
pharmacologic therapy. The last, long waited BAMI trial could
not be completed and has put to rest any hopes that these cells
might impact clinically meaningful endpoints. Other cell types
are still waiting the final verdict, but with the exception of the
CD34+ cells (limited to angiogenesis) it is unlikely that any other
marrow-derived cell type may bring real benefits to heart failure
patients. In our opinion, hope lies in pluripotent stem cells, the
only ones capable of differentiation into any cell type. In fact,
robust engraftment and muscularization have been shown with
human embryonic and induced pluripotent stem cell-derived
cardiomyocytes in AMI in nonhuman primates (Chong et al.,
2014; Shiba et al., 2016; Liu et al., 2018), although transient
arrhythmias have been recorded and further preclinical safety
studies are therefore required. Nonetheless, a small number of
patients undergoing coronary artery bypass grafting (CABG)
have received a fibrin patch of cardiac progenitor cells derived
from human embryonic stem cells (Menasché et al., 2015,
Menasché et al., 2018) without serious adverse events being
recorded. Injection routes have varied extensively among the
clinical trials performed. The two most used routes were the
intracoronary and the intramyocardial, the last one either by
endocardial or epicardial access. In a small number of trials,
intravenous injection of cells has also been attempted (Butler
et al., 2016). The intramyocardial route seems to be more
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effective in clinical trials that compared it to intracoronary
delivery of the cells (Brunskill et al., 2009; Vrtovec et al.,
2013b; Mozid et al., 2014). At any rate, cell delivery and
survival in clinical trials have been very limited independent
of the injection route chosen (Hofmann et al., 2005; Fonseca
et al., 2011; Spoel et al., 2011).

Cell doses have also varied among clinical trials but have
usually been in the range of 107–109 cells either using unselected
or selected bone marrow-derived cells (Sanganalmath and Bolli,
2013). A few studies have compared different cell doses and found
that lower cell doses were more efficient than the higher doses
(Hamamoto et al., 2009; Hare et al., 2012).

In summary, almost more than 20 years after the first clinical
trials of cell-based therapies for heart disease were started, the
field has yet to demonstrate a robust result that would allow cell
therapies to be incorporated into clinical practice. Throughout
this period, it became evident that unselected bone marrow cells
are not an adequate cell source. Mesenchymal stromal cells offer
limited improvement and, in our opinion, will not reach clinical
practice. CD34+ cells seem to work for refractory angina, but the
efficacy trial was never completed. We envisage that when the
transient arrhythmias induced by cardiomyocytes derived from
pluripotent stem cells in the nonhuman primates are better
understood and controlled, these cells will be capable to enter
clinical trials and hopefully allow cardiologists to offer a viable
option for heart failure patients who are candidates for assist
devices and heart transplantation.
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Does Transient Receptor Potential
Vanilloid Type 1 Alleviate or Aggravate
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Transient receptor potential vanilloid type 1 (TRPV1) is a non-selective cation channel,
which is involved in the endogenous stress adaptation mechanism for protection of the
heart as well as the occurrence and development of some heart diseases. Although the
effect of activation of the TRPV1 channel on different types of non-neural cells in the heart
remains unclear, most data show that stimulation of sensory nerves expressing TRPV1 or
stimulation/overexpression of the TRPV1 channel has a beneficial role in heart disease.
Some studies have proven that TRPV1 has an important relationship with pathological
myocardial hypertrophy, but the specific mechanism and effect are not clear. In order to
help researchers better understand the relationship between TRPV1 and pathological
myocardial hypertrophy, this paper aims to summarize the effect of TRPV1 and the related
mechanism in the occurrence and development of pathological myocardial hypertrophy
from the following three points of view: 1) role of TRPV1 in alleviation of pathological
myocardial hypertrophy; 2) role of TRPV1 in aggravation of pathological myocardial
hypertrophy; and 3) the point of view of our team of researchers. It is expected that
new therapies can provide potential targets for pathological myocardial hypertrophy.

Keywords: transient receptor potential vanilloid type 1, myocardial hypertrophy, cardiac structural remodelling,
myocardial fibrosis, inflammation

INTRODUCTION

Transient Receptor Potential Vanilloid Type 1
Transient receptor potential cation channel, subfamily V, member 1 (TRPV1), is a widely
reported non-selective cation channel. TRPV1 can be activated or inhibited by a variety of
physical or chemical substances. Its agonists, such as capsaicin, are the most commonly used as
analgesic agents. Its antagonists include capsazepine (Bevan et al., 1992; Walpole et al., 1994;
Szallasi and Blumberg, 1999). After TRPV1 activation, nerve permeability to calcium ions
increases and intracellular calcium ion levels rise, leading to nerve stimulation. This stimulation
can be conducted upward to the central nervous system to form an autonomic reflex and can
prompt the sensory nerve terminals locally to release neurotransmitters, including somatostatin
(SOM), calcitonin gene-related peptide (CGRP), substance P(SP), and other neuropeptides
(Levite et al., 1998; Okajima and Harada, 2006).

The TRPV1 receptor is a transducer and molecular integrator of peripheral noxious stimulation
(Cao et al., 2013; Sisignano et al., 2014). TRPV1 is expressed in a variety of cells and is also found in
the regions of the cardiovascular system (Zhong and Wang, 2009), such as the myocardium and
coronary system, having dense capsaicin sensitive sensory innervation and TRPV1 expression.
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Transient Receptor Potential Vanilloid Type
1 and Myocardial Hypertrophy
Studies have reported that multiple neurotransmitters released by
TRPV1 can directly regulate cardiac function (Wang and Wang,
2005). Previous studies have shown that TRPV1 plays a protective
role in cardiac ischaemic stress (Wang and Wang, 2005; Zhong
and Wang, 2007; Huang et al., 2009), and an anti-inflammatory
role in hypertension (Wang, 2008). A link between TRPV1 and
myocardial hypertrophy in mice was also proven (Huang et al.,
2009; Thilo et al., 2010; Buckley and Stokes, 2011). In addition to
TRPV1, many TRPV channels play a key role in heart
functioning. For example, the activation of TRPV2 is a
prerequisite for normal cardiac pumping function (Koch et al.,
2018).

Myocardial hypertrophy occurs when the preload or afterload
of the heart increases, and the size of the heart and single cardiac
muscle cells increases to maintain perfusion of the peripheral
organs. Myocardial hypertrophy includes reversible physiological
and irreversible pathological hypertrophy. Pathological
hypertrophy is often accompanied by adverse cardiovascular
events.

A correlation between TRPV1 and myocardial hypertrophy is
known, but the role of TRPV1 in the pathogenesis of myocardial
hypertrophy and the underlying molecular mechanisms remain
unclear. Therefore, in this review, we aim to discuss the current
research on the role of TRPV1 in pathological myocardial
hypertrophy to provide a reference for the development of
drugs for the treatment of pathological hypertrophy in the future.

Limited studies in literature have investigated the role of
TRPV1 in the pathogenesis of myocardial hypertrophy and
the underlying molecular mechanisms and the findings are not
uniform. All relevant studies have been mentioned and discussed
in this review (Table 1).

ROLE OF TRANSIENT RECEPTOR
POTENTIAL VANILLOID TYPE 1 IN
ALLEVIATING PATHOLOGICAL CARDIAC
HYPERTROPHY

Many experimental studies have shown that TRPV1 plays a
protective or preventive role in the occurrence and
development of pathological myocardial hypertrophy. In these
studies, TRPV1 was observed to play a beneficial role in the model
of pathological cardiac hypertrophy, such as protecting
mitochondrial function and reducing anti-inflammatory
response.

Upregulation of Peroxisome
Proliferation-Activated Receptors δ and
Reduction of Oxidative Stress
Several studies have shown that myocardial hypertrophy and
fibrosis induced by a high-salt diet are related to an increase in
reactive oxygen species (ROS). In addition, PPAR-δ activation

plays a protective role in atherosclerosis, myocardial injury, and
myocardial hypertrophy (Graham et al., 2005; Sheng et al., 2008;
Takata et al., 2008). It has been reported that the expression of
PPAR-δ decreased and the production of 3-nitrotyrosine
increased in mice fed with a high-salt diet, which eventually
led to myocardial hypertrophy. In contrast, dietary capsaicin
significantly increased the expression of PPAR-δ in the left
ventricular muscle of wild-type (WT) mice but had no effect
on TRPV1 knockout (TRPV1-/-) mice. Dietary capsaicin intake
activates the TRPV1 channels, reduces the level of oxidative stress
and expression of fibrotic and hypertrophic proteins, and
prevents the development of congestive heart failure (Wang
et al., 2014). This beneficial effect may be due to the
upregulation of PPAR-δ expression mediated by TRPV1, thus
protecting the heart from oxidative stress-induced myocardial
damage (Gao et al., 2014). Furthermore, this was the first study to
prove that a chronic capsaicin diet can improve the condition of
left ventricular hypertrophy caused by a high-salt diet (Gao et al.,
2014).

Improvements in Mitochondrial Respiratory
Function and Protection of Mitochondrial
Integrity
It is well known that ATP production through mitochondrial
respiration is the main source of energy for myocardial cells (Abel
and Doenst, 2011). Clinical trials and experimental studies have
shown that mitochondrial dysfunction can lead to cardiac
hypertrophy (Rosca and Hoppel, 2010). Complex I is an
important respiratory enzyme in the mitochondrial respiratory
electron transport chain. A long-term decrease in its activity can
lead to a decrease in mitochondrial ATP production that can
damage the myocardial contractile function, resulting in
myocardial hypertrophy.

A recent study (Lang et al., 2015) found that both TRPV1
knockout and a chronic high-salt diet can reduce the proficiency
of mitochondrial Complex I oxidative phosphorylation
(OXPHOS), expression of cardiac mitochondrial sirtuin 3,
production of ATP, and activity of Complex I enzyme. These
affected processes can impair the function of cardiac
mitochondria, which can directly increase the severity of
cardiac hypertrophy. However, the situation above was
observed to improve with capsaicin intake in WT mice, but
not in TRPV1-/- mice. This result proves that chronic dietary
capsaicin intake helps in reducing high-salt-induced
mitochondrial dysfunction and cardiac hypertrophy and is
mediated by TRPV1(Lang et al., 2015).

In addition, mitochondrial dysfunction triggers a series of
adverse cellular events, resulting in improper utilisation of
intracellular calcium (Ca2+) and contractile dysfunction (Ren
et al., 2010; Zhang et al., 2011). Some researchers have
observed that TRPV1 agonists failed to induce cold exposure-
induced mitochondrial depolarisation, which was beneficial for
promoting the protective effect of TRPV1 onmitochondria under
cold stress in endothelin-A receptor knockout (ETA-/-) mice.
The TRPV1 antagonist, capsazepine, mimicked cold stress-

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6812862

Yan et al. TRPV1 in Pathological Myocardial Hypertrophy

29

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


induced cardiac anomalies, whereas the TRPV1 agonist,
SA13353, attenuated it (Zhang et al., 2012).

Improvement of Collagen Degradation and
Inhibition of Myocardial Fibrosis
Transverse aortic constriction (TAC) is also a commonmethod of
inducing an acute pressure overload model, such as suprarenal
aortic banding (AB). Cardiac diastolic dysfunction induced by
TAC may be caused by myocardial fibrosis, which may aggravate
the development of left ventricular remodelling and diastolic
dysfunction and heart failure (Wang et al., 2016). However, the
study by Wang et al. (2014) shows that capsaicin could inactivate
the upregulation of transforming growth factor β, connective
tissue growth factor, and the phosphorylation of Smad2/3
induced by pressure overload in WT mice but had no effect
on TRPV1-/- mice. In addition, capsaicin can reduce the
overexpression of MMP-2, MMP-9, and MMP-13 induced by
pressure overload in WT mice, which are responsible for the
degradation of collagen. However, these effects of capsaicin were
not present in TRPV1-/- mice. Capsaicin also attenuated
angiotensin II-induced proliferation of mouse cardiac
fibroblasts with the TRPV1 channel (Wang et al., 2014). In a
word, dietary capsaicin has protective effects on myocardial
hypertrophy and fibrosis in pressure overload mice through
TRPV1.

Anti-Inflammatory Responses
Evidence suggests that microRNA-155 expression in
macrophages promotes inflammation, hypertrophy, and heart
failure under a TAC-induced pressure overload (Heymans et al.,
2013). Indeed, the TAC can effectively stimulate cardiac
hypertrophy, leading to an inflammatory reaction in the
experimental environment. Several studies have shown that
inflammation plays a crucial role in the development of
cardiac fibrosis (Gupta et al., 2012; Doltra et al., 2013).
Interleukin 6 (IL-6), tumour necrosis factor α (TNF α),
activation of nuclear factor-kB (NF-κB), nuclear factor of
activated T-cells (NFAT), and activator protein 1 signalling
pathways are involved in the inflammatory response (Singh
et al., 1996; Uozumi et al., 2001; Li et al., 2004; Sancho et al.,
2004; Sun et al., 2007). For example, IL-6 is involved in
myocardial fibrosis, hypertrophy, and diastolic dysfunction
(Melendez et al., 2010). Activation of the NF-κB signalling
pathway plays an important role in the pathogenesis of cardiac
hypertrophy and development of heart failure (Zelarayan et al.,
2009; Gordon et al., 2011; Hamid et al., 2011).

A recent study (Zhong et al., 2018) found that TRPV1
regulates the inflammatory process to protect the heart from
pressure overload-induced hypertrophy and inflammation. It is
suggested that the upregulation of TNF α after the TAC may
activate TRPV1 and increase the expression of TRPV1 and release
of CGRP, thereby reducing the secretion of inflammatory
mediators. In addition, TAC can significantly increase the level
of anti-inflammatory cytokine IL-10 in WT mice, which could
inhibit the increase in IL-6 and TNF α, but not in TRPV1-/- mice
(Demirbilek et al., 2004; Zhong et al., 2018). Marshall et al. found

that greater IL-10 was detected in the plasma ofWTmice fed with
high-fat food, but no significant change was observed in
TRPV1-/- mice, which is consistent with the results of this
study (Marshall et al., 2013). Moreover, TRPV1 activators
such as endovanilloids can inhibit the activation of NF-κB,
NFATs, and activator protein 1 signalling pathways (Singh
et al., 1996; Demirbilek et al., 2004; Sancho et al., 2004). In
conclusion, the TRPV1 gene promotes the above anti-
inflammatory process, thus alleviating the pressure overload-
induced cardiac hypertrophy and playing a cardioprotective role.

ROLE OF TRANSIENT RECEPTOR
POTENTIAL VANILLOID TYPE 1 IN
AGGRAVATING PATHOLOGICAL CARDIAC
HYPERTROPHY

Contrary to the above study findings, the results of the following
experimental studies represent another point of view. The results
suggest that the absence of TRPV1 or TRPV1 antagonists can
prevent or alleviate pathological cardiac hypertrophy. For
example, it has been confirmed that in heart failure, Ca2+

influx is caused by continuous increase in intracellular Ca2+

concentration through the L-type calcium channels and the
activation of the ß-adrenergic receptors (Horiuchi-Hirose
et al., 2011; Timofeyev et al., 2013). Moreover, one study has
shown that Ca2+ CaMKII is involved in the activation of TRPV1-
induced cardiac hypertrophy (Chen et al., 2016).

Relationship With the Overexpression of
Protein Phosphatase 2A
Protein phosphatase 2A (PP2A) plays a key role in excitable
cellular signalling (Bhasin et al., 2007). It can dephosphorylate
phosphatase, an intrinsic membrane protein of the myocardial
sarcoplasmic reticulum, thereby reducing the activity of
sarcoplasmic reticulum calcium ATPase. This results in the
decrease of intracellular storage filling, thereby reducing the
positive muscle strength of the heart. One study observed that
the expression of TRPV1 protein in PP2Ac α transgenic mice was
also significantly higher than that in WT mice. Moreover,
compared with TRPV1-/- mice, PP2Ac α transgenic mice
showed more cardiac fibrosis (Thilo et al., 2010). This suggests
that TRPV1 expression is associated with cardiac hypertrophy in
this new genetic model of impaired cardiac function caused by
overexpression of the cardiac-specific protein phosphatase 2A
catalytic subunit (Thilo et al., 2010).

Upregulation of Atrial Natriuretic Peptide
and TGFbeta Expression
Cardiac compliance depends on the structural properties of
myocardium and connective tissue (Swynghedauw, 1999).
Cardiac connective tissue is an important factor in cardiac
compliance (Spinale, 2007). Cell death is another important
factor in cardiac remodelling (Swynghedauw, 1999; Zhao et al.,
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TABLE 1 | Summary for the role of TRPV1 in Pathological Myocardial Hypertrophy.

Experimental model Treatment to
modulate TRPV1

Location of
TRPV1

Effects of
treatment

Role of
TRPV1 on

pathological
myocardial
hypertrophy

References

In
vivo

WT or TRPV1-/- mice on
high-salt diet

Genetic deletion; dietary
capsaicin

In the heart TRPV1 activation upregulated PPAR-δ
and UCP2 protein expression and
decreased iNOS production; relieved
oxidative/nitrotyrosine stress

Beneficial Gao et al.
(2014)

In
vitro

H9C2 cells Capsaicin H9c2 cells Increased PPAR-δ expression in
cardiomyocytes

In
vivo

WT or TRPV1-/- mice on
high-salt diet

Genetic deletion; dietary
capsaicin

In both the mitochondria
and cytoplasm of
cardiomyoblasts

TRPV1 activation protected
mitochondria from dysfunction by
increasing cardiac mitochondrial sirtuin
3 expression, the proficiency of
Complex I OXPHOS, ATP production
and Complex I enzyme activity

Beneficial Lang et al.
(2015)

In
vitro

H9C2 cells Capsaicin Markedly enhanced the expressions of
TRPV1 and sirtuin 3; sirtuin 3 regulated
the expression of NDUFA9 and
benefited mitochondrial function

In
vivo

WT or ETA-/- mice in a low-
temperature environment
of 4°C

TRPV1 agonist
SA13353; capsazepine

Cardiomyocytes SA13353 attenuated, while
capsazepine mimicked cold stress- or
ET-1-induced cardiac dysfunction

Beneficial Zhang et al.
(2012)

In
vivo

WT or TRPV1-/-mice
with AB

Genetic deletion; dietary
capsaicin

Cardiomyocytes TRPV1 activation down-regulated TGF-
β1/Smad2/3 signaling; inhibited cardiac
fibroblast proliferation

Beneficial Wang et al.
(2014)

In
vivo

WT or TRPV1-/-mice
with TAC

Genetic deletion;
activated by the up-
regulation of TNFα
after TAC

Expressed in sensory
nerves

TRPV1 activation increased the release
of CGRP, thereby reducing the
secretion of inflammatory mediators,
including TNFα and IL-6

Beneficial Zhong et al.
(2018)

In
vivo

PP2Ac α transgenic mice,
TRPV1-/- mice or WT mice

Genetic deletion;
transgenic mice elevate
the expression of TRPV1
transcripts

In the epicarp of the
heart

An increased transmembrane calcium
influx through TRPV1 channels may
aggravate excitation–contraction
coupling, apoptosis of cardiac cells, and
finally cardiac remodeling

Detrimental Thilo et al.
(2010)

In
vivo

WT or TRPV1-/-mice
with TAC

Genetic deletion Cardiomyocytes Increased the expression of ANP and
TGFbeta in the plasma

Detrimental Buckley and
Stokes (2011)

In
vivo

C57 mice with TAC TRPV1 antagonists Cardiomyocytes TRPV1 is a physical component of the
natriuretic peptide A, cGMP, and PKG
signalling complex; drug inhibition of
TRPV1 could reverse pre-established
hypertrophy by TAC

Detrimental Horton et al.
(2019)

In
vivo

Mice with TAC Intrathecal RTX
administration

Expressed in the dorsal
horn

Abolished TRPV1 expression and
reduced over-activated CSNA, thereby
preventing myocardial hypertrophy,
fibrosis, and apoptosis

Detrimental Wang et al.
(2019)

In
vivo

C57 mice in a low-
temperature environment
of 4°C after aortic
constriction

TRPV1 antagonist
SB366791

In left ventricular tissues Decreased mitochondrial damage and
ROS production; changed autophagy-
related protein

Detrimental Lu and Xu
(2013)

In
vivo

C57 mice with TAC Capsazepine In the heart Capsazepine reduced the expression of
ornithine decarboxylase and cardiac
polyamine levels

Detrimental Chen et al.
(2016)

In
vitro

Neonatal rat
cardiomyocytes and H9C2
cells

Capsaicin or ANA
(endogenous activator
anandamide)

Neonatal rat
cardiomyocytes and
H9C2 cells

Increased the expression of ANP
mRNA, and intracellular Ca2+ level;
increased the cell volume through
MAPK signalling pathway

Silenced by small
interfering RNA (siRNA);
capsazepine

Eliminated or reversed the situations
mentioned above
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2016). Buckley et al. used the TAC method to establish an acute
pressure overload model, and their results showed that the expression
of atrial natriuretic peptide (ANP) and TGFbeta [as a late marker of
cardiac hypertrophy (Lijnen and Petrov, 1999a; Lijnen and Petrov,
1999b)] in the plasma of WTmice was higher than that in TRPV1-/-
mice (Buckley and Stokes, 2011). Moreover, the expression of TRPV1
was upregulated in WT mice with myocardial hypertrophy after
surgery, and the cardiac function was worse than that in mice
without functional TRPV1. In addition, the markers of
hypertrophy, fibrosis, and apoptosis in TRPV1-/- mice were lower
than those in WT mice (Buckley and Stokes, 2011).

Transient Receptor Potential Vanilloid Type
1 as a Physical Component of Natriuretic
Peptide A, cGMP, and PKG Signalling
Complex
Horton and other scholars indicated that a TRPV1 antagonist can
be used to overcome the loss of cardiac function. And they also
considered that a TRPV1 antagonist might provide a new
treatment strategy for cardiac hypertrophy and heart failure
(Horton et al., 2013; Horton et al., 2019).

ANP can activate the signal pathway of cardiac hypertrophy.
Myocardial fibrosis and ANP are considered as markers of
cardiac hypertrophy (Ho et al., 2012; Lijnen et al., 2012). In
that study, Horton administered TRPV1 antagonist orally to
assess any reversal of loss of function associated with pressure
overload cardiac hypertrophy (Horton et al., 2019). They found
that TRPV1 is a physical component of the natriuretic peptide A,
cGMP, and PKG signalling complex, interacting with natriuretic
peptide receptor 1 (NPR1), and upon binding with its ligand,
natriuretic peptide A (NPPA), TRPV1 activation was
subsequently suppressed through production of cGMP and
PKG-mediated phosphorylation of the channel. Among them,
cGMP and PKG have a recognised relationship with heart health
(Takimoto, 2012; Janssen et al., 2013; Vemula et al., 2014; Lee
et al., 2015). Drug inhibition of TRPV1 can inhibit ventricular
and cardiomyocyte hypertrophy induced by aortic coarctation in
mice with chronic pressure overload and improve cardiac
function (Horton et al., 2019).

Effects on the Function of the Sympathetic
Nerve
In addition, resin toxin (RTX) is a selective TRPV1 receptor
agonist, which can eliminate TRPV1 + primary sensory afferent
reflexes and inactivate cardiac sympathetic afferent reflexes for a
long time (Szallasi and Blumberg, 1989). Evidence suggests that
sympathetic activity is always over activated during cardiac
hypertrophy (Triposkiadis et al., 2009). Therefore, an effective
way to prevent the hypertrophic heart from developing into heart
failure is by blocking sympathetic hyperactivity. In one study,
mice were intrathecally injected with RTX (2 μg/10 μl) into the
T2/T3 space 5 days before TAC (Wang et al., 2019). Cardiac
sympathetic activity (CSNA) and cardiac structure and function
were measured 8 weeks after TAC. The results showed that
intrathecal injection of RTX could inhibit the expression of

TRPV1 in the dorsal horn of TAC rats, reduce the over-
activated CSNA, and improve the cardiac compliance. In
addition, RTX could prevent myocardial hypertrophy, fibrosis,
and apoptosis induced by TAC and reduce the expression of
apoptotic proteins. These results suggest that local chemical
ablation of TRPV1+ in the afferent spinal cord can protect the
heart from the effects of pressure overload on cardiac remodelling
and dysfunction (Wang et al., 2019).

Promoting Autophagy in a Reactive Oxygen
Species- and AMPK-dependent Manner
In contrast to the results of Zhang’s study (Zhang et al., 2012), Lu’s
study (Lu and Xu, 2013) suggested that cold exposure aggravates the
heart fat caused by pressure overload through TRPV1. Severe cold
exposure and pressure overload can cause oxidative stress and
pathological changes in the heart. Continuous cold exposure can
reduce the antioxidant capacity of myocardial cells and promote the
production of ROS (Hong et al., 2008). In addition,mitochondria are
considered the main target of oxidative damage under stress (Dai
and Rabinovitch, 2011). There is evidence that TRPV1 promotes
autophagy in a ROS- and AMPK-dependent manner (Farfariello
et al., 2012). As it is known that capsaicin, a natural TRPV1 ligand,
can activate the cell fuel signalling molecule AMPK (Farfariello et al.,
2012). Lu et al. put WT mice in a low-temperature environment of
4°C for 4 weeks after aortic coarctation to observe the changes. The
results showed that continuous cold stress aggravated myocardial
hypertrophy and systolic dysfunction in mice. At the same time,
TRPV1 expression in WT mice was upregulated; mitochondrial
damage was increased; autophagy-related protein, including the
phosphorylation of AMPK and mTOR, and the expression of
LC3B and p62, was changed; and ROS production was increased.
These effects were counteracted by SB366791, a TRPV1 receptor
antagonist (Lu and Xu, 2013). In conclusion, these data suggest that
cold exposure aggravates myocardial hypertrophy and contraction
defects induced by pressure overload through TRPV1 and
autophagy-dependent mechanisms (Zhang et al., 2012).

Activation of the Mitogen-Activated Protein
Kinase Signalling Pathway and Effect on
Intracellular Polyamine Expression
There is evidence that Ca2+ plays a key role in the long-term
structural remodelling or degeneration of the heart. Previous
studies have shown that increasing Ca2+ influx can activate the
calmodulin signalling pathway, resulting in increased expression of
ANP and MMP9 (Kuwahara et al., 2006). TRPV1 also has the
function of creating a Ca2+ permeability channel, which can lead to
an increase in the level of intracellular Ca2+ (Caterina et al., 1997;
Nishida and Kurose, 2008). Therefore, researchers have studied this
mechanism. In cultured cardiomyocytes, the activation of TRPV1
increased the cell volume, expression of ANP mRNA, and
intracellular Ca2+ level, which could be reversed by the TRPV1
antagonist capsazepine. The expression of phosphorylated
calmodulin-dependent protein kinase IID and mitogen-activated
protein kinase (MAPK) were increased in TRPV1 agonist capsaicin-
treated cardiomyocytes. Capsaicin increased the expression of

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6812865

Yan et al. TRPV1 in Pathological Myocardial Hypertrophy

32

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


ornithine decarboxylase, a key enzyme in polyamine synthesis in
cardiomyocytes. TRPV1 antagonist can decrease the expression of
ornithine decarboxylase and cardiac polyamine in mice treated with
transverse artery contraction. This study suggests that the MAPK
signalling pathway and intracellular polyamines are important in
TRPV1-induced cardiac hypertrophy (Chen et al., 2016).

CONCLUSION

Myocardial hypertrophy increases the work of myocardial cells
through the thickening of the ventricular wall, so as to maintain
the heart pumping blood to meet the needs of peripheral organs
under the condition of increased load. This process is considered an
adaptive and compensatory response. Physiological hypertrophy has
normal or enhanced systolic function, and the structure and tissue of
the heart structure are also normal, which can help in heart
functioning (Maillet et al., 2013); while pathological hypertrophy
is associated with cardiac structural remodelling and myocardial
fibrosis, which can lead to adverse cardiovascular events, including
heart failure and death (Roger et al., 2011). Pathological cardiac
hypertrophy should be viewed in the context of human clinical data
showing that the hazard ratio for all-cause mortality increases by
39% for every 10% reduction in ejection fraction [albeit below 45%
(Solomon et al., 2005)] and that the estimated risk of a cardiac event
is doubled for every 10% decrease in ejection fraction (Dakik et al.,
1996).

The experimental studies discussed above represent the most
recent experimental studies to explore the relationship between
TRPV1 and pathological myocardial hypertrophy. Careful
comparison of their conclusions showed that there are many
consistent results as well as many variations in results. This
phenomenon indicates the complex role of TRPV1 under
pathophysiological conditions. Differences may be the result of
many factors. TRPV1 gene knockout mice systematically delete
the TRPV1 receptor in themselves, resulting in systematic TRPV1
deletion from birth, which leads to developmental and
compensatory changes (Wang and Wang, 2005). However, the
use of TRPV1 receptor antagonists, such as capsazepine, is
obviously different from gene knockout technology. The
antagonists are used to block the TRPV1 receptor in an acute
manner, and there is no time to produce a compensatory
response. RTX, a selective receptor agonist of TRPV1, not
only deleted TRPV1 receptor in cardiac afferent cells but also
damaged nerve endings expressing TRPV1. The cardiac
sympathetic afferent terminals expressing TRPV1 also express
many other sensory receptors, such as tachykinin and purinergic
receptors. RTX also damages these sensory receptors after
damaging the cardiac afferent terminals expressing TRPV1
(Zahner et al., 2003). TAC is a common way to create a
cardiac hypertrophy model. In the experimental environment,
TAC is an effective stimulation to produce cardiac hypertrophy
quickly, rather than a gradual onset (Buckley and Stokes, 2011). A
high-salt diet and other stimulation methods may induce a
chronic onset, so there is a possibility of compensation. In
conclusion, we believe that different treatments of TRPV1 may
or may not achieve the same cardiovascular effects.

Our previous studies have shown that TRPV1 deficiency impairs
post-ischaemic recovery and increases inflammation and cardiac
remodelling in isolated perfused hearts after myocardial infarction
(Wang andWang, 2005). There is a body of evidence indicating that
inflammation plays a crucial role in the development of cardiac
fibrosis (Gupta et al., 2012; Doltra et al., 2013). Our previous studies
have shown that TRPV1 may protect the heart from injury by
increasing the release of substance P, which may play a role in
developing left ventricular end-diastolic pressure and left ventricular
pressure, increasing coronary blood flow and improving cardiac
function. In addition, we also demonstrated that the deletion of this
receptor may enhance the function of the NK1 receptor to regulate
the heart to avoid injury, at least to a certain extent, by enhancing the
function of the NK1 receptor. This suggests that the long-term
deletion of the gene can cause a non-TRPV1-dependent
compensatory mechanism, which may play a protective role in
the heart. This conclusion also partly explains the reasons for the
above findings (Wang and Wang, 2005).

Capsaicin is the active ingredient of capsicum, which is
considered to have anti-inflammatory effect (Kim et al., 2003).
Our previous study is consistent with the anti-inflammatory
effect proposed by Zhong (Zhong et al., 2018). In addition, more
studies have shown the multiple benefits of capsaicin in activating
the TRPV1 receptor. Evidence has confirmed that TRPV1 agonists
(such as capsaicin) have beneficial cardiovascular effects through
neurotransmitter release and inhibition of platelet aggregation (Luo
et al., 2011). Dietary capsaicin has been shown to improve several
cardiovascular diseases, including obesity, dyslipidaemia,
hyperglycaemia, hypertension, and atherosclerosis (Kang et al.,
2010; Hollis and Wang, 2013). The effect of capsaicin mainly
depends on its receptor TRPV1.

Although several TRPV1 agonists are commonly used for pain
relief, the potential of TRPV1 analogues in the treatment of
cardiovascular diseases is just emerging. Therefore, it is crucial to
understand the role of TRPV1 so that medical professionals can use
the existing and unique TRPV1 agonist or antagonist
pharmacopoeia to treat pathological cardiac hypertrophy and
other diseases. Further studies are needed to confirm TRPV1 as a
potential cardiac target. Our team plans to conduct more studies in
the future to further explore the relationship between TRPV1 and
the occurrence and development of pathological cardiac
hypertrophy and the internal mechanisms.
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Ivabradine Ameliorates Cardiac
Diastolic Dysfunction in Diabetic Mice
Independent of Heart Rate Reduction
Hao Xie†, Xing-Yi Shen†, Na Zhao, Peng Ye, Zhen Ge* and Zuo-Ying Hu*

Department of Cardiology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

Cardiac fibroblast (CF) proliferation and activation play important roles in cardiac
fibrosis and diastolic dysfunction (DD), which are involved in fibrosis-associated
cardiovascular diseases. A previous study showed that ivabradine, a specific heart
rate (HR)-lowering agent, significantly ameliorated DD in diabetic db/db mice by
reducing HR. Herein, we attempted to determine whether ivabradine has antifibrotic
and cardioprotective effects in diabetic mice by directly suppressing CF proliferation
and activation, independent of a reduction in HR. We found that knockdown of c-Jun
N-terminal kinase (JNK) or p38 mitogen-activated protein kinase (MAPK), or treatment
with ivabradine, reduced JNK and p38 MAPK phosphorylation and the protein
expression of proliferating cell nuclear antigen, collagen I, collagen III, tissue
inhibitor of matrix metalloproteinase 2, and α-smooth muscle actin, accompanied
with upregulation of matrix metalloproteinase 2 both in high glucose-treated neonatal
rat CFs and left ventricular CFs isolated from db/db mice. However, zatebradine (a HR-
lowering agent) did not have these effects in vitro or in vivo. In addition, cardiac fibrosis
and DD were ameliorated in db/db mice that were intravenously administered
lentiviruses carrying short hairpin RNAs targeting JNK and p38 MAPK or
administered ivabradine. Taken together, these findings demonstrate that the
ivabradine-induced amelioration of cardiac fibrosis, and DD in db/db mice may be
at least in part attributable to the suppression of CF proliferation and activation, through
the inhibition of JNK and p38 MAPK.

Keywords: ivabradine, c-Jun N-terminal kinase, p38 mitogen-activated protein kinase, cardiac fibrosis, cardiac
diastolic dysfunction

INTRODUCTION

Diastolic dysfunction (DD) has been identified in many cardiovascular diseases and is associated
with poor outcomes, including mortality and hospitalization, owing to heart failure (HF) (Nagueh,
2020). The pathophysiology of DD is multifactorial (Czuriga et al., 2012). A great deal of evidence
suggests that cardiac fibrosis, which is characterized by the accumulation of extracellular matrix
(ECM) proteins in the cardiac interstitium, is a critical factor in the pathogenesis of DD (Czuriga
et al., 2012; Kong et al., 2014; Alex et al., 2018; Ha et al., 2020). Previous studies have suggested that
cardiac fibroblast (CF) proliferation and activation drive ECM remodeling, leading to ventricular
stiffness and delaying left ventricular (LV) relaxation, which causes DD and ultimately exacerbates
the symptoms of HF (Kong et al., 2014; Piccoli et al., 2017). Thus, the inhibition of CF proliferation
and activation may ameliorate DD and HF.
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It has been demonstrated that the c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase (p38 MAPK)
signaling pathways play important roles in CF proliferation and
activation, and that the inhibition of JNK or p38 MAPK signaling
ameliorates fibrosis (Meyer-Ter-Vehn et al., 2006; Bansal et al.,
2017; Du et al., 2020; Yue et al., 2020). Intriguingly, Schulz et al.
have reported that JNK and p38 MAPK phosphorylation is higher
in rabbits with pacing-induced HF (Schulz et al., 2003). Therefore,
heart rate (HR) reduction may reduce the activation of JNK and
p38 MAPK, thereby ameliorating cardiac fibrosis and DD, and
ultimately improving HF. However, despite numerous studies and
the accumulation of evidence during the past few decades, effective
treatments for DD-induced HF remain elusive.

Ivabradine selectively inhibits the cardiac pacemaker If current,
which is principally created through hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, and has a specific HR-
lowering effect (Zuo et al., 2019). A previous study showed that
ivabradine significantly ameliorates DD and HF and preserves the
ejection fraction (HFpEF) in diabetic db/db mice by reducing HR
(Reil et al., 2013). It has been shown that CFs do not express HCN
channel proteins (Biel et al., 2009) and play a pivotal role in the
pathogenesis of DD (Kong et al., 2014; Piccoli et al., 2017). In
addition, ivabradine has been reported to reduce the activation of
JNK and p38 MAPK in various animal models; for example, a
murine model of chronic viral myocarditis (Li et al., 2016) and a
model of diabetic cardiomyopathy (Zuo et al., 2019). Therefore, we
hypothesized that ivabradine has a direct antifibrotic effect by
reducing JNK and p38 MAPK activity, which ameliorates cardiac
fibrosis and DD, independent of a reduction in HR.

MATERIALS AND METHODS

Reagents
Ivabradine hydrochloride (#HY-B0162A) and zatebradine
hydrochloride (#HY-13422) were purchased from MedChem
Express (Monmouth Junction, NJ, United States). D-Glucose
(#G7528) was obtained from Sigma-Aldrich (St. Louis, MO,
United States). Antibodies against JNK, p38 MAPK, p-JNK,
p-p38 MAPK, proliferating cell nuclear antigen (PCNA),
vimentin, tissue inhibitor of matrix metalloproteinase 2 (TIMP2),
α-smooth muscle actin (α-SMA), matrix metalloproteinase 2
(MMP2), and β-actin; and horseradish peroxidase-conjugated
secondary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, United States). Antibodies against
collagen I and collagen III were obtained from the Biorbyt
Corporation (Orwell Furlong, Cambridge, United Kingdom). A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) Cell Proliferation and Cytotoxicity Assay Kit was
purchased from Beyotime (Jiangsu, China).

Cell Culture
Primary cultures of neonatal rat ventricular cardiac fibroblasts
(NRCFs) were created and cultured as previously described (Zuo
et al., 2019). Briefly, Sprague-Dawley rat pups (1–3 days of age)
were decapitated and their hearts were quickly excised and rinsed
with cold Hank’s balanced salt solution (HBSS). The left

ventricles were then minced and digested in Dulbecco’s-
modified Eagle’s medium (DMEM, Gibco-BRL, Rockville, MD,
United States) containing 0.1% trypsin (Gibco-BRL) and 0.5 g/L
collagenase II (Worthington Biochemical Corporation,
Lakewood, NJ, United States) 7 times × 6 min. After each
digestion, the supernatant was collected and 10% fetal bovine
serum (FBS; Gibco-BRL) was added to stop the digestion. Cells
were collected by centrifugation at 1,000 × g for 10 min,
resuspended in DMEM containing 5.5 mmol/L D-glucose, 10%
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin; and
incubated in a humidified atmosphere comprising 5% CO2

and 95% air at 37°C. After 1 h of incubation, the NRCFs had
attached to the dishes. Themediumwas replaced every 24 h. After
3 days of culture, when the cells had reached 80% confluence, the
cultures were switched to serum-free essential medium overnight,
before treatment with the indicated agents. The NRCFs used in
the experiments were obtained during passages 2–3.

Small Interfering (si)RNA Transfection
The NRCFs were transfected with JNK siRNA (ON-
TARGETplus SMARTpool, L-088154-02-0005, Dharmacon
Inc., Lafayette, CO, United States), p38 MAPK siRNA (ON-
TARGETplus SMARTpool, L-080059-02-0005, Dharmacon), or
Control siRNA (sc-37007, Santa Cruz, CA, United States) using
Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA,
United States), according to the manufacturer’s protocol. The
final siRNA concentration was 100 nM.

Cell Proliferation Assay
NRCF proliferation was assessed using an MTT Cell Proliferation
and Cytotoxicity Assay Kit (Beyotime) as previously described
(Wu et al., 2016).

Animals
All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of Nanjing
Medical University (Nanjing, China). Seven-week-old male
C57BL/6J (20–22 g) and C57BL/KsJ-Leprdb/db (db/db; 36–40 g)
mice were obtained from the Model Animal Research Center of
Nanjing University. Animals were housed under standard
conditions under a 12-h light/dark cycle and were provided
with distilled water and chow ad libitum. Mice (n � 30) were
randomly allocated to three groups: C57BL/6J mice (Control),
db/db mice (DM) and db/db mice administered ivabradine
(Servier, Tianjing, China) at 20 mg/kg body mass/day (DM +
Iva). The latter group was administered ivabradine in their
drinking water for 4 weeks, as previously described (Reil et al.,
2013). To determine whether a reduction in HR has an
antifibrotic effect in diabetic mice, db/db mice (n � 30) were
randomly allocated to three zatebradine (MedChem Express,
Monmouth Junction, NJ, United States) treatment groups: a 5
(5 mg Zate), a 10 (10 mg Zate), and a 20 mg/kg body mass/day
(20 mg Zate) group. The C57BL/6J mice (n � 30) were also
randomly allocated to three groups: a C57BL/6J mouse group
(Control), a C57BL/6J mouse group administered ivabradine at
20 mg/kg body mass/day (Control + Iva), and a C57BL/6J mouse
group administered zatebradine at 10 mg/kg body mass/day
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(Control + Zate). Zatebradine was administered via the drinking
water and the experimental protocol was the same as that for the
ivabradine experiment.

Lentivirus Injection
In these experiments, the JNK and p38 MAPK genes were
knocked down using small hairpin RNA (shRNA) delivered by
lentiviruses (LVs). LV-JNK shRNA (titer: 2.78×109 TU/mL), LV-
p38MAPK shRNA (titer: 3.36×109 TU/mL), and LV-Scrambled
shRNA (titer: 5.11×109 TU/mL) were generated by Genechem
(Shanghai, China). The sequences for the JNK, p38 MAPK and
Scrambled shRNAs were AAGAGATTTGTTATCCAAA, CCA
ACAATTCTGCTCTGGTTA, and TTCTCCGAACGTGTC
ACGT, respectively. Seven-week-old male db/db mice (n � 40)
were randomly allocated to four groups: db/db + normal saline,
db/db + LV-Scrambled shRNA, db/db + LV-JNK shRNA, and db/
db + LV-p38 MAPK shRNA. In addition, to verify the efficiency
of the JNK and p38 MAPK LV-mediated knockdown, age-
matched male C57BL/6J mice (n � 24) were allocated to four
groups: control, control + LV-Scrambled shRNA, control + LV-
JNK shRNA, and control + LV-p38 MAPK shRNA. In all the
experiments, the tails of the mice were wiped with alcohol and
then slowly injected with 20 μL of LVs packaged with JNK, p38
MAPK or Scrambled shRNA using a 0.5-mL insulin syringe.
After 4 weeks, the cardiac function of the mice was assessed using
echocardiography, and then themice were killed and their cardiac
fibroblasts were isolated for use in subsequent experiments.

Body Mass, Blood Glucose, and
Electrocardiographic Measurements
For all the experimental mice, HR, body mass, and fasting blood
glucose concentration were measured weekly.
Electrocardiographic measurements were performed as
previously described (Karnabi et al., 2011; Zuo et al., 2019).

Echocardiographic and Hemodynamic
Measurements
Echocardiographic indices were evaluated according to
previously described methods (Cappetta et al., 2020). Briefly,
left ventricular filling pressure was assessed using transmitral
pulsed-wave Doppler echocardiography and a four-chamber
view. The mitral valve early wave peak (E wave), atrial wave
peak (A wave), E/A ratio, isovolumetric relaxation time (IVRT),
and E wave deceleration time (E Dec t) were measured. Invasive
pressure-volume analysis was performed as previously reported
(Cai et al., 2020). The relaxation time constant (Tau) and −dP/dt
were measured as indices of diastolic function using LabChart 8
software (ADInstruments, Colorado Springs, CO, United States).

Adult Mouse Ventricular Cardiac Fibroblast
Preparation
Adult male mice were anesthetized with 1% pentobarbital sodium
(30 mg/kg intraperitoneal injection) and their hearts were excised
and rinsed in HBSS. The ventricles were minced and digested, as

previously described (Tian et al., 2015; Alex et al., 2018); then the
cells were collected by centrifugation at 1,000 × g for 10 min,
resuspended in DMEM containing 5.5 mmol/L D-glucose, 10%
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin; and
incubated in a humidified atmosphere comprising 5% CO2

and 95% air at 37°C. After 1.5 h of incubation, the cells had
attached to the dishes, were washed with HBSS, and were then
collected by centrifugation at 1,000 × g for 10 min. These cells
were used for identification, lysate preparation, and western
blotting.

Western Blotting
Lysates were prepared from cells and cardiac tissue for western
blotting analysis according to previously described methods (Zuo
et al., 2019).

Histological Assessment of Fibrosis
The hearts of mice were isolated, fixed in 4% paraformaldehyde
solution, and embedded in paraffin. The left ventricles were cut
into 5-µm-thick sections, which were stained with Massonʼs
trichrome for the evaluation of fibrosis. The stained sections
were viewed using a microscope (original magnification × 400;
Nikon, Tokyo, Japan).

Immunofluorescence and
Immunohistochemistry
Cells were immunostained for vimentin to confirm that they were
NRCFs and isolated adult male left ventricular fibroblasts.
Greater synthesis of ECM proteins, such as collagens, is an
indicator of fibroblast activation (Alex et al., 2018). To
evaluate cardiac fibroblast activation in vivo, the levels of
collagen I and collagen III, which constitute 90% of all
collagen, were determined immunohistochemically, as
previously described (Alex et al., 2018). Immunostained
sections were examined using a confocal laser scanning
microscope coupled to an image analysis system (original
magnification × 400; Leica, Wetzlar, Germany).

Statistical Analysis
Data are expressed as the mean ± standard error of the mean
(SEM). Differences between groups were compared using Student’s
t-test or one-way or two-way ANOVA in GraphPad Prism
software 5.0 (GraphPad Inc., San Diego, CA, United States).
When statistical significance was identified using ANOVA, a
Tukey multiple comparison test was performed. p < 0.05 was
considered to represent statistical significance.

RESULTS

JNK and p38 MAPK mediate high glucose-induced NRCF
proliferation and activation and the upregulation of ECM
protein expression.

As shown in Figure 1A, the identity of NRCFs was confirmed
by vimentin staining. Next, we confirmed the efficiency of
knockdown using siRNAs. Compared with the control, JNK
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siRNA reduced JNK protein expression by approximately 65.2%
and p38MAPK siRNA reduced p38MAPK protein expression by
approximately 68% (Figures 1B,C). The negative control siRNA

had no effect on JNK or p38 MAPK expression (data not shown).
JNK and p38 MAPK phosphorylation, but not total JNK and p38
MAPK expression, increased in a time-dependent manner and
peaked at 48 h in high glucose (HG)-cultured NRCFs
(Figure 1D). Furthermore, after the transfection of JNK or
p38 MAPK siRNA, the protein expression of PCNA, α-SMA,
TIMP2, collagen I, and collagen III was significantly lower,
whereas that of MMP2 was higher in HG-treated NRCFs
(Figure 1E). These effects were not observed in NRCF
cultures in medium with a normal glucose concentration
(Supplementary Figure S1). These data indicate that JNK and
p38 MAPK play critical roles in the increase in fibrogenic protein
expression that is induced by a high glucose concentration.

JNK or p38 MAPK knockdown attenuates diabetes-induced
CF proliferation and activation and reduces ECM protein
expression.

To determine whether JNK and p38 MAPK have profibrotic
effects in experimental diabetic cardiomyopathy, LV-mediated
knockdown of JNK or p38 MAPK was performed in mice by tail
vein injection. The identity of left ventricular fibroblasts isolated
from mouse hearts was confirmed by vimentin staining
(Figure 2A). As shown in Figures 2B,C, LV-JNK shRNA
reduced JNK protein expression by ∼59% and LV-p38 MAPK
shRNA reduced p38 MAPK protein expression by ∼63%
compared to the control. In contrast, the negative control
virus had no inhibitory effect on JNK or p38 MAPK
expression (data not shown). Next, we found that while total
JNK and p38 MAPK expression was not affected, JNK and p38
MAPK phosphorylation was much higher in left ventricular
fibroblasts isolated from db/db mice than in fibroblasts
isolated from wild-type mice (Figure 2D). The protein
expression of PCNA, α-SMA, TIMP2, collagen I, and collagen
III was lower, whereas that of MMP2 was higher in db/db mice
administered LV-JNK shRNA or LV-p38 MAPK shRNA than in
untreated db/db mice (Figure 2E). However, there were no
differences in these parameters in wild-type mice in which
JNK or p38MAPK had or had not been knocked down
(Supplementary Figure S2A). Finally, compared with
untreated db/db mice, knockdown of JNK or p38 MAPK in
db/db or wild-type mice did not alter their blood glucose
concentration or body mass (Figure 2F; Supplementary
Figure S2B). These results imply that JNK and p38 MAPK
mediate the diabetes-induced increase in fibrogenic protein
expression.

JNK or p38 MAPK knockdown ameliorates diabetes-induced
cardiac fibrosis and cardiac dysfunction in diabetic mice.

As shown in Figure 3A, the area of cardiac fibrosis was smaller
in db/db mice administered LV-JNK shRNA or LV-p38 MAPK
shRNA than in untreated db/db mice. Furthermore, compared to
the untreated db/db mice, JNK/p38 MAPK knockdown in db/db
mice significantly ameliorated cardiac DD, as indicated by a high
E/A ratio and low E Dec t and IVRT (Figures 3B,C). The
beneficial effects of JNK or p38 MAPK knockdown on
diastolic performance were also evident in the hemodynamic
analysis, with a significant longer Tau (Figure 3D). However,
there were no differences in these parameters in wild-type mice in
which JNK or p38MAPK had been knocked down or not

FIGURE 1 | JNK and p38 MAPK mediate high glucose (HG)-induced
fibrogenic protein upregulation in vitro (A) NRCFs were confirmed by vimentin
and DAPI staining (original magnification × 400). Scale bars, 50 μm. Data were
obtained from three independent experiments (B and C) NRCFs
transfected with or without JNK or p38 MAPK siRNA were evaluated for the
protein expression of JNK and p38 MAPK by western blotting (D) NRCFs
were exposed to HG for 0–48 h and JNK/p38 MAPK phosphorylation and
total JNK/p38 MAPK expression were determined by western blotting (E)
NRCFs were transfected with or without JNK/p38 MAPK siRNA and then
exposed to HG for the indicated periods of time. The protein expression of
PCNA, α-SMA, TIMP2, collagen I, collagen III, and MMP2 was determined by
western blotting. Data in (B–E) are presented as mean ± SEM (n � 3). p-values
in (B–D) were calculated using paired Student’s t-test. p-value in (E) was
calculated using one-way ANOVA with Tukey multiple comparison test. *p <
0.05, compared to the normal group; #p < 0.05, compared to the HG group.
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FIGURE 2 | JNK and p38 MAPK mediate the diabetes-induced increase in fibrogenic protein expression in vivo (A) Left ventricular fibroblasts isolated from mice
were confirmed by vimentin staining. Data was obtained from three independent experiments (B and C) Isolated left ventricular fibroblasts from wild-type mice that were
or were not injected with lentivirus via a tail vein were evaluated for JNK and p38MAPK protein expression after 4 weeks (D) Left ventricular fibroblasts were isolated from
mice and JNK and p38MAPK phosphorylation and total JNK and p38MAPK expression were determined by western blotting (E) Isolated left ventricular fibroblasts
from diabetic mice that had or had not been injected with lentivirus via a tail vein were evaluated for PCNA, α-SMA, TIMP2, collagen I, collagen III, and MMP2 expression
after 4 weeks (F) Between 7 and 11 weeks following the tail vein injection of lentivirus, the blood glucose concentration and body mass of the mice were measured. Data
in (B–F) are presented as mean ± SEM (n � 6). p-values in (B–D)were calculated using paired Student’s t-test. p-values in (E-F) were calculated using one-way ANOVA
with Tukey multiple comparison test. *p < 0.05, compared to the Control group; #p < 0.05, compared to the db/db mice group.
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(Supplementary Figures S3A–D). These results imply that JNK
and p38 MAPK play important roles in diabetes-induced cardiac
fibrosis and DD.

Ivabradine, but not zatebradine, reduces JNK/p38 MAPK
phosphorylation, HG-induced NRCF proliferation and
activation, and ECM protein expression.

FIGURE 3 |Myocardial fibrosis and cardiac diastolic dysfunction (DD) are ameliorated by the knockdown of JNK or p38 MAPK (A)Massonʼs trichrome staining of
heart tissue (original magnification ×400). The columns show the differences in collagen accumulation. Scale bars, 50 μm (B) Echo-Doppler traces for transmitral flow (C)
Transmitral pulsed-wave Doppler measurements of E/A, E Dec t, and IVRT (D) Hemodynamic parameters: −dP/dt min and the time constant, Tau. The columns show
the differences in left ventricular DD and hemodynamic parameters. Data are presented as mean ± SEM (n � 6). p-values were calculated using one-way ANOVA
with Tukey multiple comparison test. *p < 0.05, compared to the db/db mice groups.
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FIGURE 4 | Ivabradine, but not zatebradine, reduces JNK/p38MAPK activation and the high glucose (HG)-induced increase in fibrogenic protein expression in vitro
(A)NRCFs were pretreated with or without ivabradine at the indicated concentrations for 30 min, and then exposed to HG for 48 h. JNK and p38MAPK phosphorylation
and total JNK and p38 MAPK expression were determined by western blotting (B)NRCFs were treated as described in (A) and the protein expression of PCNA, α-SMA,
TIMP2, collagen I, collagen III, and MMP2 was determined by western blotting (C and D) NRCFs were pretreated with or without zatebradine at the indicated
concentrations for 30 min, and then exposed to HG for 48 h. The proteins described in (A) and (B)were quantified by western blotting (E and F) NRCFs were treated as
described in (A) and (C) and the cell proliferation rate was determined using an MTT assay. Data are presented as mean ± SEM (n � 3). p-values were calculated using
one-way ANOVA with Tukey multiple comparison test. *p < 0.05, compared to the normal group; #p < 0.05, compared to the HG group.
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As shown in Figure 4A, in NRCFs pretreated with ivabradine
for 30 min and then exposed to HG for 48 h, JNK/p38 MAPK
phosphorylation was markedly inhibited, whereas the total
JNK/p38 MAPK expression was not affected. Furthermore,
the expression of ECM proteins, such as TIMP2, collagen I,
and collagen III, as well as PCNA and α-SMA, was significantly
lower in ivabradine-pretreated NRCFs exposed to HG, whereas

the protein expression of MMP2 was higher (Figure 4B).
Interestingly, zatebradine, an established selective HCN
channel inhibitor, did not have similar effects in HG-exposed
NRCFs (Figures 4C,D). In addition, ivabradine, but not
zatebradine, markedly reduced the proliferation rate of HG-
treated NRCFs (Figures 4E,F). These findings demonstrate that
ivabradine inactivates JNK and p38 MAPK, and inhibits NRCF

FIGURE 5 | Effects of ivabradine and zatebradine on heart rate (HR) and biometric parameters (A) During treatment with or without ivabradine for 7–11 weeks, the
mean HR of mice was recorded by electrocardiography (ECG) (B and C)Mice were treated as described in (A) and their blood glucose concentration and body mass
were measured (D)During treatment with ivabradine or zatebradine at the indicated doses for 7–11 weeks, the mean HR of mice was recorded by ECG (E and F)During
treatment with 10 mg/kg/day zatebradine for 7–11 weeks, the blood glucose concentration and body mass of the mice were measured. Data are presented as
mean ± SEM (n � 8–10). p-values were calculated using one-way ANOVA with Tukey multiple comparison test. *p < 0.05, compared to the Control group; #p < 0.05,
compared to the db/db mice group; & p < 0.05, compared to the db/db + Iva (20 mg/kg/d) group or the db/db + Zate (10 mg/kg/d) group.
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proliferation and activation, independent of an inhibitory effect
on HCN channels.

Treatment with HR-lowering agents reduces HR, but does not
affect the blood glucose concentration or body mass of db/
db mice.

The db/db mice exhibited high HR, blood glucose
concentration, and body mass during the experiment.

Ivabradine (20 mg/kg/d) administration significantly reduced
the HR, but did not have hypoglycemic or weight loss effects
(Figures 5A–C). On the basis of previous publications (Stieber
et al., 2006; Yamabe et al., 2007), we administered 5, 10, or
20 mg/kg/day zatebradine and determined the effects on the HR
of the mice. We found that 10 mg/kg/day zatebradine had the
same HR-reducing effect as 20 mg/kg/day ivabradine

FIGURE 6 | Ivabradine reduces JNK and p38 MAPK activation and inhibits diabetes-induced CF proliferation and activation in vivo (A) Left ventricular fibroblasts
isolated from mice treated with ivabradine at the indicated dose. JNK and p38 MAPK phosphorylation and total JNK and p38 MAPK expression were determined by
western blotting (B) In CFs from mice treated as described in (A), the expression of PCNA and α-SMA was determined by western blotting (C and D) In left ventricular
fibroblasts isolated from mice treated with zatebradine at the indicated dose the expression of the proteins listed in (A) and (B) was measured by western blotting.
Data are presented as mean ± SEM (n � 3). p-values were calculated using one-way ANOVA with Tukey multiple comparison test. *p < 0.05, compared to the Control
group; #p < 0.05, compared to the db/db mice group.
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FIGURE 7 | Ivabradine, but not zatebradine, ameliorates the diabetes-induced increases in fibrogenic protein expression and fibrosis (A) Collagen I, collagen III,
TIMP2, andMMP2 protein expression was determined by western blotting in left ventricular fibroblasts isolated frommice administered ivabradine at the indicated doses
(B) Left ventricular fibroblasts were isolated from mice administered zatebradine at the indicated doses and the expression of the proteins listed in (A)was measured by
western blotting (C and D) Mice were treated as described in (A) and (B) and the degree of cardiac fibrosis was determined by Massonʼs trichrome staining and
immunohistochemistry. The columns show the differences in collagen accumulation (original magnification ×400). Scale bars, 50 μm. Data in (A–B) (n � 3) and (C–D) (n �
6) are presented as mean ± SEM. p-values were calculated using one-way ANOVA with Tukey multiple comparison test. *p < 0.05, compared to the Control group; #p <
0.05, compared to the db/db mouse group.
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(Figure 5D). Zatebradine treatment also had no effect on the
blood glucose concentration or bodymass of db/dbmice (Figures
5E,F). Furthermore, although the administration of ivabradine
(20 mg/kg/d) or zatebradine (10 mg/kg/d) markedly reduced HR,
these drugs did not affect glycemia or bodymass (Supplementary
Figure S4). These results imply that both ivabradine and
zatebradine do not have anti-hyperglycemic or weight loss
effects in db/db mice.

Ivabradine reduces the phosphorylation of JNK and p38
MAPK and the proliferation and activation of CFs in db/
db mice.

As shown in Figure 6A, JNK and p38MAPK phosphorylation
was significantly lower in CFs isolated from the hearts of db/db
mice administered ivabradine than in CFs isolated from db/db
mice, whereas there was no difference in the total protein
expression of JNK or p38 MAPK. In addition, ivabradine
administration significantly reduced the expression of PCNA
and α-SMA in CFs (Figure 6B). However, zatebradine did not
have a similar inhibitory effect on JNK or p38 MAPK
phosphorylation or the expression of PCNA or α-SMA in CFs
(Figures 6C,D). There were no differences in the expression or
phosphorylation of these proteins in wild-type mice administered

FIGURE 8 | Ivabradine and zatebradine ameliorate diabetes-induced cardiac diastolic dysfunction (DD) (A)Mice were administered ivabradine or zatebradine at the
indicated doses and echo-Doppler traces for the transmitral flow were recorded (B) Mice were treated as described in (A) and transmitral pulsed-wave Doppler
measurements of E/A, E Dec t, and IVRT were obtained (C) Mice were treated as described in (A) and the hemodynamic parameters −dP/dt min and Tau were
measured. The columns show the differences in left ventricular DD and hemodynamic parameters. Data are presented as mean ± SEM (n � 6). p-values were
calculated using one-way ANOVA with Tukey multiple comparison test. *p < 0.05, compared to the Control group; #p < 0.05, compared to the db/db mouse group.
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ivabradine or zatebradine (Supplementary Figure S5). This
implies that ivabradine reduces JNK and p38 MAPK
phosphorylation and cardiac fibroblast proliferation and
activation, independent of a reduction in HR.

Ivabradine reduces ECM protein expression, cardiac fibrosis,
and cardiac DD in db/db mice.

As shown in Figure 7A, in left ventricular fibroblasts isolated
from db/db mice administered ivabradine, the protein expression
of collagen I, collagen III, and TIMP2 was significantly lower,
while that of MMP2 was higher than in fibroblasts isolated from
untreated db/db mice. However, these effects were not observed
in fibroblasts isolated from db/db mice administered zatebradine
(Figure 7B). Furthermore, ivabradine significantly ameliorated
cardiac fibrosis in db/db mice, whereas zatebradine did not
(Figures 7C,D). However, there were no differences in
fibrogenic protein expression or fibrosis in wild-type mice
administered ivabradine or zatebradine or controls
(Supplementary Figure S6). Compared to untreated db/db
mice, the administration of ivabradine or zatebradine to db/db
mice significantly improved cardiac DD, as indicated by a higher
E/A ratio and shorter E Dec t and IVRT (Figures 8A,B). The
beneficial effects of treatment with ivabradine or zatebradine on
diastolic performance were also evident with respect to
hemodynamics (Figure 8C). These findings imply that
ivabradine has antifibrotic effects in diabetic mice,
independent of a reduction in HR.

DISCUSSION

A body of evidence shows that DD plays a major role in HF and
determines prognosis (Burlew and Weber, 2002; Ha et al., 2020;
Nagueh, 2020). Histological studies of heart tissue from patients with
DD abnormalities have demonstrated greater collagen deposition
(Beltrami et al., 1994), which is indicative of cardiac fibrosis. Fibrosis
aggravates diastolic suction and passive stiffness, leading to increases
in the atrial and ventricular filling pressures, and is considered to be
an important cause of DD (Burlew and Weber, 2002). Therefore,
investigations of the underlyingmechanism of cardiac fibrosis and of
potential antifibrotic agents have significant clinical value. Previous
studies have suggested that CF proliferation and activation worsen
cardiac fibrosis, which leads to ventricular stiffness and delayed left
ventricular relaxation, causing DD and ultimately exacerbating the
symptoms of HF (Kong et al., 2014; Piccoli et al., 2017). Therefore,
the inhibition of CF proliferation and activation may ameliorate DD
and HF.

It has been widely reported that JNK and p38 MAPK participate
in the proliferation and activation of CFs (Meyer-Ter-Vehn et al.,
2006; Bansal et al., 2017; Du et al., 2020; Yue et al., 2020). In the
present study, we found high levels of JNK and p38 MAPK
phosphorylation in HG-treated CFs and CFs from diabetic mice.
In addition, an amelioration of cardiac fibrosis and lower PCNA and
α-SMA protein expression were identified following the knockdown
of JNK or p38 MAPK, both in vitro and in vivo, and these findings
are consistent with those of previous studies (Meyer-Ter-Vehn et al.,
2006; Bansal et al., 2017; Du et al., 2020; Yue et al., 2020). Schulz et al.
found that JNK and p38MAPK phosphorylation is higher in rabbits

with pacing-induced HF (Schulz et al., 2003). Furthermore,
intriguingly, Zuo et al. showed that type I diabetic mice have a
highHR (Zuo et al., 2019), andHillis et al. reported that patients with
type 2 diabetes mellitus, who have a higher resting HR, are at higher
risk of death and cardiovascular complications (Hillis et al., 2012).
Therefore, methods that reduce HR may be able to reduce the HG
and diabetes-induced phosphorylation of JNK and p38 MAPK and
the subsequent CF proliferation and activation. In the present study,
in HG-cultured NRCFs, pretreatment with ivabradine, but not
zatebradine, inhibited JNK and p38 MAPK phosphorylation and
CF proliferation and activation. Furthermore, in diabetic mice, the
administration of ivabradine or zatebradine significantly reduced
HR, but had no effect on blood glucose concentration or body mass.
However, after 11 weeks of administration of ivabradine, lower JNK
and p38 MAPK activation and antifibrotic effects were identified in
left ventricular fibroblasts isolated from db/db mice, whereas
zatebradine did not have these effects. The discrepancy in the
effects of these two HR-lowering agents on CFs subjected to a
HG environment requires further investigation, but the underlying
mechanism of the antifibrotic effect of ivabradine may be of
significant clinical value.

The pacemaker current (If) of sinoatrial cells, which is derived
from HCN channels, determines the rapidity of diastolic
depolarization, thereby controlling HR (Herrmann et al., 2007;
Dilaveris et al., 2006). Ivabradine and zatebradine have been
shown in many previous studies to be HCN channel inhibitors
(Li et al., 2016; Dunlop et al., 2009). In addition, Kleinbongard et al.
found that ivabradine has pleiotropic cardioprotective effects that are
independent of a reduction in HR, and also has direct anti-ischemic
effects in vitro (Kleinbongard et al., 2015). In the present study, both
ivabradine and zatebradine markedly ameliorated diabetes-induced
cardiac DD. However, only ivabradine had an inhibitory effect on
the phosphorylation of JNK and p38 MAPK and the proliferation
and activation of HG-treated NRCFs and CFs isolated from the
hearts of diabetic mice. Because HCN channels are not expressed in
CFs (Li et al., 2016), we propose that ivabradine has its antifibrotic
effects in a manner that is independent of HCN channel inhibition,
and therefore a reduction in HR. However, whether ivabradine
reduces the phosphorylation of JNK and p38 MAPK directly or via
other molecules should be determined in further research.

Taken together, the present findings demonstrate that the
ivabradine-induced amelioration of cardiac DD in db/db mice
may be at least in part attributable to reductions in the
proliferation and activation of CFs, through the inhibition of
JNK and p38 MAPK signaling. These findings suggest that
ivabradine may represent a promising antifibrotic drug for the
treatment of fibrosis-associated cardiovascular diseases, such as
obesity-related fibrotic cardiomyopathy and HF with preserved
ejection fraction (Alex et al., 2018).

Study Limitations
Transforming growth factor beta (TGF-β) binds to a heterodimer of
the TGF-β type I (TβRI) and TβRII receptors, which causes the
phosphorylation of TGF-β-activated kinase 1 (TAK1) and the
activation of downstream JNK and p38 MAPK signaling,
independent of the “suppressor of mothers against
decapentaplegic” (SMAD) pathway. This initiates the activation of
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CFs and the progression of fibrogenesis (Bansal et al., 2017; Khalil
et al., 2017). In diabetes, hyperglycemia activates TGF-β, which leads
to cardiac fibrosis, DD, and diabetic cardiomyopathy, which involves
JNK and p38 MAPK signaling (Yue et al., 2017). In addition,
ivabradine treatment significantly reduces TGF-β protein
expression in myocardial infarction (Dedkov et al., 2007). We
speculate that ivabradine inhibits TGF-β protein expression and
that of downstream molecules, such as TβRI, TβRII, and TAK1,
leading to lower activation of JNK and p38MAPK in diabetic hearts.
Although we did not determine whether ivabradine reduces TGF-β
expression and downstream signaling in the present study, these
questions will be addressed in a future study.
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Pharmacological Tuning of Adenosine
Signal Nuances Underlying Heart
Failure With Preserved Ejection
Fraction
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Heart failure with preserved ejection fraction (HFpEF) roughly represents half of the cardiac
failure events in developed countries. The proposed ‘systemic microvascular paradigm’

has been used to explain HFpHF presentation heterogeneity. The lack of effective
treatments with few evidence-based therapeutic recommendations makes HFpEF one
of the greatest unmet clinical necessities worldwide. The endogenous levels of the purine
nucleoside, adenosine, increase significantly following cardiovascular events. Adenosine
exerts cardioprotective, neuromodulatory, and immunosuppressive effects by activating
plasma membrane-bound P1 receptors that are widely expressed in the cardiovascular
system. Its proven benefits have been demonstrated in preclinical animal tests. Here, we
provide a comprehensive and up-to-date critical review about the main therapeutic
advantages of tuning adenosine signalling pathways in HFpEF, without discounting
their side effects and how these can be seized.

Keywords: adenosine, adenosine receptor, preserved ejection fraction heart failure, cardiac comorbidities, cardiac
fibrosis and hypertrophy, endothelial dysfunction

INTRODUCTION

Heart failure (HF) is a clinical syndrome characterized by alterations in the cardiac structure
and/or function; it is associated with a poor quality of life, high rates of hospitalizations, and
significant mortality (Ponikowski et al., 2016). HF with preserved ejection fraction (HFpEF) is a
subclass of HF defined by left ventricular ejection fraction equal to or above 50% (Ponikowski
et al., 2016). Nowadays, it represents up to half of all cases of HF in the developed world, which at
least in part may be explained by the current lifestyle and/or prolongation of the life expectancy
(Dunlay et al., 2017). HFpEF has a “heterogeneous” presentation often coursing with unspecific
clinical symptoms (e.g., exercise intolerance and dyspnoea), challenging its diagnosis and
clinical management (Ponikowski et al., 2016). Multiple cardiac-related systemic
comorbidities drive the molecular and hemodynamic mechanisms implicated in this disease.
Emerging data support systemic microvascular inflammation as an enduring aggravation factor
(Paulus and Tschope, 2013). These findings contrast with HF with reduced ejection fraction (left
ventricular ejection fraction under 40%), where cardiomyocytes loss and their replacement by
fibrotic tissue is the most frequent pathological hallmark (Simmonds et al., 2020). In this case,
the systolic dysfunction results in neurohormonal activation of the renin-angiotensin-

Edited by:
Eliot Ohlstein,

Drexel University, United States

Reviewed by:
Zhuoming Li,

Sun Yat-Sen University, China
Ellen Poon,

The Chinese University of Hong Kong,
China

*Correspondence:
Paulo Correia-de-Sá
farmacol@icbas.up.pt

Ana Patrícia Fontes-Sousa
apsousa@icbas.up.pt

Specialty section:
This article was submitted to

Cardiovascular and Smooth Muscle
Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 12 June 2021
Accepted: 04 August 2021
Published: 20 August 2021

Citation:
Campos-Martins A, Bragança B,

Correia-de-Sá P and Fontes-Sousa AP
(2021) Pharmacological Tuning of

Adenosine Signal Nuances Underlying
Heart Failure With Preserved

Ejection Fraction.
Front. Pharmacol. 12:724320.

doi: 10.3389/fphar.2021.724320

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7243201

REVIEW
published: 20 August 2021

doi: 10.3389/fphar.2021.724320

51

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.724320&domain=pdf&date_stamp=2021-08-20
https://www.frontiersin.org/articles/10.3389/fphar.2021.724320/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.724320/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.724320/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.724320/full
http://creativecommons.org/licenses/by/4.0/
mailto:farmacol@icbas.up.pt
mailto:apsousa@icbas.up.pt
https://doi.org/10.3389/fphar.2021.724320
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.724320


aldosterone system along with sympathetic stimulation,
supporting the indication for using angiotensin-converting
enzyme inhibitors, mineralocorticoid receptors antagonists
and ß-blockers as disease-modifying drugs (Ponikowski
et al., 2016). Conversely, there is still no proven therapy to
impact the course of HFpEF, thus representing one of the
biggest challenges of cardiovascular medicine nowadays
(Iliesiu and Hodorogea, 2018). Therefore, unraveling the
dysfunctional signalling pathways associated with HFpEF
may shed some light to propose novel pharmacological
therapies to this unmet clinical condition.

The purine nucleoside adenosine was first identified in 1929
when Drury and Szent-Gyorgyi successfully extracted a rhythm-
influencing adenylic substance from the mammalian heart and
other tissues (Drury and Szent-Gyorgyi, 1929). Only in 1972,
Geoff Burnstock (born: May 10, 1929, died: June 2, 2020) coined
the term purinergic signalling referring to the extracellular effects
of adenosine 5′-triphosphate (ATP). Following Burnstock’s
pioneering work on the role of ATP-sensitive P2
purinoceptors, its metabolite adenosine soon became
recognized as an extracellular signalling molecule through the
activation of plasma membrane-bound P1 receptors family that
are expressed in every organ systems in the body. In the
cardiovascular system, adenosine is considered a “retaliatory
metabolite” because it originates from the catabolism of ATP
released from stressed cells, thus contributing to decrease cellular
energy consumption while favoring the blood tissue supply
(Newby et al., 1990). Given this, adenosine-mediated signals
have been implicated in many pathophysiological processes.
Nowadays, adenosine receptor ligands are being extensively
investigated as promising druggable compounds, some of
which are undergoing clinical trials (Borah et al., 2019).
However, besides the native nucleoside, only a limited number
of adenosine-related drugs are approved for clinical use (Borah
et al., 2019).

Current knowledge points towards adenosine as a
ubiquitous signalling mediator of countless physiological
processes throughout the body via the activation of 4 G
protein-coupled receptors known as P1 receptors
[adenosine receptors (ARs): A1AR, A2AAR, A2BAR, A3AR]
(Borea et al., 2018). The A1AR and A3AR were first
characterized as negatively coupled to adenylate cyclase
(AC) through Gi and Go proteins binding, which normally
decrease intracellular cyclic adenosine 5′-monophosphate
(cAMP) levels. Contrariwise, both high-affinity A2AAR and
low-affinity A2BAR couple to Gs proteins and stimulate AC
leading to intracellular cAMP accumulation. Despite this
simplistic view of the canonical coupling of P1 receptors
to the AC/cAMP pathway, evidence has been gathered
demonstrating that A1AR, A2BAR, and A3AR may also
activate the phospholipase C beta (PLC-β) isoform.
Stimulation of PLC releases inositol 1,4,5-trisphosphate
from the plasma membrane and trigger intracellular
calcium (Ca2+) mobilization; both intracellular Ca2+

recruitment and diacylglycerol (DAG) production
synergize to stimulate Ca2+-dependent protein kinase C
(PKC) and/or other Ca2+-associated downstream pathways

(Figure 1) (Borea et al., 2018). Interestingly, the
cardiovascular (and many other) effects of adenosine are
mediated by a multiplicity of more recently discovered
intracellular signalling cascades, such as exchange protein
directly activated by cAMP (EPAC), phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt), mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated
kinases (Erk), glycogen synthase kinase 3β (see From
Cardiovascular Effects of Adenosine to Cardioprotection
and Figure 2). Due to their relevance to the current
knowledge, involvement of these pathways to adenosine-
mediated effects will be further discussed in the following
sections.

GENERATION, TRANSPORT, AND
METABOLISM OF ADENOSINE

Adenosine is a purine nucleoside continuously generated
from the catabolism of adenine nucleotides via a cascade
of nucleotidases, including the rate-limiting enzyme 5′-
nucleotidase, which dephosphorylates AMP to adenosine
both intra- and extracellularly (Figure 1) (Rubio et al.,
1973). Regarding the fate of intracellular adenosine, it may
(preferentially) re-enter the purines salvage pathway through
intracellular phosphorylation via adenosine kinase (ADK)
(Km � 2 µM). Alternatively, the nucleoside can be inactivated
to inosine by adenosine deaminase (ADA) (Km � 17–45 µM)
when the phosphorylation pathway is overloaded or inhibited
(Borea et al., 2018). Another possible source of adenosine
comes from the hydrolysis of S-adenosylhomocysteine by
S-adenosylhomocysteine hydrolase, being this the main
pathway responsible for the intracellular levels of
adenosine in conditions of adequate oxygen supply
(Schrader et al., 1981). Under low oxygen supply
conditions and/or during high energy working loads, ATP
hydrolysis increases resulting in intracellular adenosine
accumulation. As a consequence, adenosine diffuses to the
extracellular milieu via equilibrative nucleoside transporters
(ENTs), mostly ENT1 and ENT2 encoded by SLC29A1 and
SLC29A2 genes, respectively (Governo et al., 2005; Dip,
2009). NBTI-sensitive (ENT1) and insensitive (ENT2)
transporters are expressed in the vascular endothelium,
erythrocytes, inflammatory cells, and cardiomyocytes
(Eltzschig et al., 2005; Morote-Garcia et al., 2009). The
sensitivity of both transporters to dipyridamole allowed
this drug to be introduced in the market as a coronary
vasodilator more than half a century ago, which is still
used nowadays as antithrombotic and vasodilator with
promising anti-oxidant properties (Ciacciarelli et al.,
2015). Transport of adenosine across the plasma
membrane can also occur through concentrative
nucleoside transporters encoded by SLC28A1, SLC28A2,
and SLC28A3 genes; these proteins concentrate adenosine
(and other purines and pyrimidines) inside the cells via a
Na+-nucleoside cotransporter (Pastor-Anglada and Perez-
Torras, 2018). While ENTs may have a major role in
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maintaining nucleoside homeostasis, concentrative
nucleoside transporters may contribute to adenosine
sensing and signal transduction inside the cells
(transceptor function).

As aforementioned, extracellular adenosine may result
from the release of the nucleoside via ENTs and/or
through the extracellular breakdown of released adenine
nucleotides, namely ATP, ADP, and AMP, by a cascade of
ecto-nucleotidases bound to the plasma membrane. Besides
originating from damaged cells, adenine nucleotides may be
released from intact cells by vesicular exocytosis, as well as via
other mechanisms involving plasma membrane “pores”,
namely ionotropic P2 purinoceptors, ABC proteins and

hemichannels containing connexins and/or pannexins
(Lazarowski et al., 2011).

Four members of the ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase) family (NTPDase1, 2, 3,
and 8) and two members of the ecto-nucleotide
pyrophosphatases/phosphodiesterases (E-NPP) family (NPP1
and NPP3) are located at the plasma membrane and
hydrolyze extracellular nucleotides (Yegutkin, 2008).
NTPDase1 (CD39 or apyrase) dephosphorylates ATP directly
into AMP, with minimal accumulation of ADP. NTPDase2
(ATPase) is a preferential nucleoside triphosphatase that
hydrolysis ADP 10 to 15 times less efficiently than ATP,
leading to minimal AMP accumulation. NTPDase3 and

FIGURE 1 | Schematic representation of adenosine biosynthesis and complex signalling pathways induced by adenosine receptors activation.
Adenosine is a purine nucleoside continuously generated from the catabolism of adenine nucleotides via a cascade of nucleotidases. Regarding the fate of intracellular
adenosine, it may (preferentially) re-enter the purines savage pathway by intracellular phosphorylation via adenosine kinase (ADK) or it is inactivated to inosine by
adenosine deaminase (ADA). The main source of adenosine results from the hydrolysis of S-adenosylhomocysteine (SAH) by SAH hydrolase. Under low oxygen
availability and/or during high energy working loads, recruitment from ATP hydrolysis increases favouring intracellular adenosine accumulation, which promotes its
diffusion to the extracellular medium via equilibrative nucleoside transporters (ENTs). Extracellular adenosine may also result from the extracellular breakdown of released
adenine nucleotides, namely adenosine 5′-triphosphate (ATP), ADP (adenosine 5′-diphosphate), and AMP (adenosine 5′-monophosphate), by a cascade of ecto-
nucleotidases bound to the plasma membrane. CD39 dephosphorylates ATP directly into AMP; the rate limiting enzyme of the ecto-nucleotidase cascade is ecto-5′-
nucleotidase/CD73, which dephosphorylates AMP to adenosine and inorganic phosphate. Extracellular adenosine levels are tightly regulated by cellular uptake via ENTs
and/or by deamination into inosine by ADA. Adenosine activates 4 G protein-coupled receptor (GPCRs) known as P1 receptors (adenosine receptors (ARs): A1AR,
A2AAR, A2BAR, A3AR). In brief, A1AR and A3AR are negatively coupled to adenylate cyclase (AC) through binding to Gi and Go proteins, resulting in decreased intracellular
cyclic AMP (cAMP) levels. Both A2AAR and A2BAR are coupled to Gs proteins and stimulate AC leading to increases in cAMP accumulation. Despite the canonical
positive and negative coupling to the AC/cAMP system, A1AR, A2BAR, and A3AR are also entitled to activate phospholipase C-beta (PLC- β) isoform, resulting in
increased inositol 1,4,5-trisphosphate (IP3) and intracellular Ca2+ mobilization; intracellular Ca2+ and diacylglycerol (DAG) production contribute to stimulate Ca2+-
dependent protein kinase C (PKC) and/or downstream Ca2+-dependent pathways. Adapted from (Borea et al., 2018). Green arrows and red bars indicate the effects
induced or blocked by adenosine receptor activation, respectively. Illustration used elements from Servier Medical Art (http://smart.servier.com). AC, Adenosine cyclase;
ADA, Adenosine deaminase; ADP, 5′adenosine diphosphate; ADK, Adenosine kinase; AMP, 5′-adenosine monophosphate; AR, Adenosine receptor; ATP, 5′-
adenosine triphosphate; cAMP, cyclic AMP; CNT, Concentrative nucleoside transporter; DAG, diacylglycerol; ENT, Equilibrative nucleoside transporter; GCPR, G
protein-coupled receptor; IP3, inositol 1,4,5-trisphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC- ß, Phospholipase C- beta; SAH,
S-adenosylhomocysteine.
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NTPDase8 are functional intermediates between NTPDase1 and
NTPDase2. NTPDases are considered potential therapeutic
targets due to their role in coagulation, immune responses,
vascular inflammation, and cancer (Vieira et al., 2014).
Interestingly, NPP1 and NPP3 phosphorylated product (e.g.,
AMP) has a higher binding affinity to this enzyme than
substrates do, leading to the inhibition of nucleoside 5′-
monophosphate release (Vieira et al., 2014). The rate-limiting
enzyme of the ecto-nucleotidase cascade is ecto-5′-nucleotidase/
CD73, which dephosphorylates AMP to adenosine and inorganic
phosphate. This enzyme is abundantly expressed in immune (e.g.,
T and B lymphocytes) and mesenchymal originated cells (Bono
et al., 2015).

Extracellular adenosine levels are tightly regulated by cellular
uptake via ENTs and/or by deamination into inosine by ADA;
this enzyme can be found either on the cell surface (ecto-ADA) or

as a soluble form after cleavage of its anchor to the plasma
membrane (exo-ADA). Low levels of adenosine are normally
found in biological fluids. Nevertheless, the extracellular
concentration of the nucleoside increases in stressed cells
following ischemia/reperfusion, inflammation, neuronal
activation, and tissue damage (Sumi et al., 2010; Grenz et al.,
2011; Idzko et al., 2014). Adenosine in the plasma has a short half-
life due to its rapid inactivation by blood cells and by the vascular
endothelium (Meyskens and Williams, 1971). Notwithstanding
this, high plasma levels of adenosine have been detected in heart
failure, both in humans (Funaya et al., 1997; Asakura et al., 2007)
and animals (Correia-de-Sa et al., 2015). Moreover, the ecto-5′-
nucleotidase/CD73 activity increases in the plasma and
ventricular myocardium of chronic HF patients (Fujita et al.,
2008). Together, plasma adenosine and ecto-5′-nucleotidase/
CD73 activity may be reliable markers for the diagnosis of

FIGURE 2 | Schematic representation of cardiovascular effects of adenosine and related signalling pathways. In the cardiovascular system, adenosine
exerts protective effects to control neuronal output (anti-adrenergic effect) and inflammation, while decreasing cardiac metabolism, myocardial contractility, impulse
generation and conduction, and the coronary tone. These effects depend on the cellular type involved. The A1AR activation mediates cardioprotective effects by
reversing cardiac hypertrophy/remodelling, improving mitochondrial function, enhancing SERCA2a activity and improving Ca2+ handling. The A1AR activation is
also associated with an anti-ischemic effect by decreasing catecholamine release and by counteracting ß-adrenergic dysfunction. Activation of A2AAR attenuates cardiac
inflammation, fibrosis and hypertrophy, while favoring vasodilation and angiogenesis. Despite the A2BAR-related vasodilation, angiogenesis and protection from
ischemic preconditioning, conflicting evidence exist regarding the role of this receptor in fibrosis and related cardiac ischemic remodelling. Activation of A3AR is also
associated with controversial results; this receptor mediates cardioprotective effects by increasing angiogenesis andmyocardial survival during reperfusion, but it may be
deleterious by aggravating cardiomyocytes hypertrophy. Green arrows and red bars indicate effects induced or blocked by adenosine receptors activation, respectively.
The red dashed line indicates that the effect is indirectly blocked by adenosine receptors activation. Illustration used elements from Servier Medical Art (http://smart.
servier.com) AR, Adenosine receptor; AκT, Protein kinase B; Cav1 channel, L-type calcium channel subunit 1; DAG, diacylglycerol; EGR, Early Growth Response; EPAC,
Exchange protein directly activated by cAMP; ERK, Extracellular signal-regulated protein kinase; GIRK and KIR3.1/3.4, G protein coupled inwardly rectifying K+

channels; GSK-3, Glycogen synthase kinase-3; HCN channels, Hyperpolarization-activated cyclic nucleotide-gated channel; HIF-1α, Hypoxia-inducible factor-alpha;
IP3, Inositol 1,4,5-trisphosphate; If , “funny” hyperpolarization-activated current; KATP, ATP-sensitive K+ channel; KV, voltage-gated K+ channels; MAPK, Mitogen
activated protein kinase; MEK, Mitogen-activated protein kinase; MPTP, Mitochondrial permeability transition pores; mTORC1, Rapamycin complex 1; NF-κB, Nuclear
factor-κB; NO, Nitric oxide; Per2, Period 2; PI3K, Phosphoinositol-3 kinase; PKA, Protein kinase A; PKC, Protein kinase C; PLC, Phospholipase C; ROS, Reactive
oxygen species; SERCA2a, Sarco/endoplasmic reticulum Ca2+-ATPase 2a.
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severity grade and follow-up of HF, even though adenosine levels
are normally underestimated due to its extensive inactivation in
the blood stream.

ADENOSINE IN THE CARDIOVASCULAR
SYSTEM
Distribution of Adenosine Receptors in the
Cardiovascular System
The A1AR is the most expressed adenosine receptor subtype
found in the intact myocardium and isolated cardiomyocytes,
being particularly abundant in atria. The second most
abundant receptor in the heart is the A2AAR, followed by
A2BAR and A3AR, which exhibit low expression levels in the
heart (Headrick et al., 2013). Nevertheless, one should
remember that this pattern is mostly influenced by
receptors expressed in cardiomyocytes, which occupy up to
85% of the mammalian heart volume (Zhou and Pu, 2016).
Looking more deeply into the distribution of adenosine
receptors in cardiac cells, this expression profile changes
with A2BAR and A2AAR being more abundant in
endothelial cells and cardiac fibroblasts (Headrick et al.,
2013). Other tissues and organs influencing the cardiac
function are also enriched in adenosine receptors. Large
amounts of A1AR are found in kidneys, adipose tissue,
pancreas, and brain. The A2AAR is highly expressed in
peripheral immune cells (particularly in leucocytes),
platelets, smooth muscle fibers and endothelial cells
(Headrick et al., 2013).

The activity of the low-affinity A2BAR has been physiologically
neglected mostly because higher amounts of adenosine are
required to activate this receptor even in cells where its
expression is high (Sun and Huang, 2016). However, this
assumption is changing as A2BAR over-functioning has been
gathered in several pathological conditions, including hypoxia,
inflammation, and cell stress, thus providing support for a
meaningful role of this receptor in health and disease (Bessa-
Goncalves et al., 2018). Considering the retaliatory nature of
adenosine, the A2BAR can be seen as a “dormant” receptor that
“wakes up” following cells and tissue injury (Bessa-Goncalves
et al., 2018). The presence of the A3AR in cardiomyocytes,
vascular smooth muscle cells, and immune cells have been
implicated in its cardioprotective role against ischemia, as well
as in the control of blood vessels tone and remodelling (Headrick
et al., 2013).

From Cardiovascular Effects of Adenosine
to Cardioprotection
In the cardiovascular system, adenosine exerts additional
protective effects to control neuronal output and
inflammation, while decreasing cardiac metabolism,
myocardial contractility, impulse generation and conduction,
and the coronary tone; the nucleoside is also involved in the
control of adrenergic responsiveness and blood pressure
(Figure 2) (Headrick et al., 2013).

Stimulation of A1AR induces negative chronotropism and
dromotropism, as this receptor is highly expressed in the heart
conduction system (sinoatrial and atrioventricular nodes, and the
His-Purkinje network) (Headrick et al., 2013). In this regard,
while adenosine exerts direct inhibitory effects on chronotropism
and dromotropism in atrial cardiomyocytes, it also counteracts ß-
adrenergic effects on impulse generation and contractility. The
A1AR-induced hyperpolarization of the supraventricular tissue is
accomplished by favoring outward potassium (K+) currents
through opening G protein-coupled inwardly rectifying K+

channels (GIRK or KIR3.1/3.4), while counteracting adrenergic
effects through inhibition of Ca2+ influx and/or attenuation of
hyperpolarization-activated cyclic nucleotide-gated channel four
mediating the pacemaker “funny” (If) currents (Belardinelli and
Isenberg, 1983; Belardinelli et al., 1995). These effects lead to
bradycardia and atrial hypocontractility. In this respect, our
group demonstrated that adenosine-induced negative atrial
inotropism may be partially counteracted by multiple
downstream intracellular pathways ending up to increase the
time available for Ca2+ influx through Cav1 (L-type) channels
(Braganca et al., 2016). Taken together, the electrophysiological
properties of the A1AR justify the use of adenosine in the
treatment of supraventricular tachycardia and to control the
rate of ventricular contractions during atrial fibrillation
(Savelieva and Camm, 2008; Lim et al., 2009).

Adenosine counteracts the sympathetic drive operated by
catecholamines on cardiac ß-adrenoceptors by decreasing
impulse generation and contractility via a mechanism
involving both pre- and post-junctional effects. The positive
inotropic action of ß-adrenoceptors may be directly controlled
by adenosine via inhibition of cAMP production and protein
kinase A (PKA) activation (Dobson, 1983; Romano and Dobson,
1990). The A1AR-mediated cardioprotection extends to
intracellular organelles, namely mitochondria through a PKC-
mediated reduction of the permeability of mitochondrial
transition pores, stabilization of mitochondrial membrane
potential and inhibition of hypoxia-induced production of
reactive oxygen species (ROS), which ends up in the opening
of KATP mitochondrial channels and cytoprotection (Xiang et al.,
2010a). Activation of A1AR also increases epidermal growth
factor receptor activation through the action of myocardial
survival kinases Erk 1/2, Aκt (Williams-Pritchard et al., 2011).
Overall, these properties confer myocardial protection under
ischemic pre-conditioning and ischemia/reperfusion situations
(Reichelt et al., 2005; Morrison et al., 2006; Greene et al., 2016).

While myocardial actions of adenosine typically focus on
activation of the most abundant A1AR, increasing data also
suggest the involvement of the A2AAR in myocardial
contractile performance (Dobson and Fenton, 1997) via PKA-
dependent increases in intracellular Ca2+ (Dobson et al., 2008).
The A2AAR counteracts the antiadrenergic effects of the A1AR at
the intracellular signaling level, a phenomenon that is further
amplified by the formation of A1AR:A2AAR heteromers (Fenton
and Dobson, 2007). Both A2AAR (Iwamoto et al., 1994; Shryock
et al., 1998) and A2BAR (Kusano et al., 2010) have vasodilatory
effects mediated by cAMP and PKA activation in vascular smooth
muscle cells (Iwamoto et al., 1994). Involvement of Kv and KATP
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channels (Berwick et al., 2010), nitric oxide (NO) (Li et al., 1995;
Li et al., 1998), and prostanoids (Faria et al., 2006) production
have also been demonstrated. Coupling of A2AAR and A2BAR to
such downstream signaling pathways entitles adenosine to
regulate coronary blood flow and to protect against chronic
myocardial ischemia following endothelial dysfunction. Long-
term stimulation of these receptors also fosters mitogenic
signaling pathways resulting in vascular overgrowth and
angiogenesis; these pathways include A2AAR and A2BAR
mediated-PI3K/Aκt activation and MAPK/Erk activation by
A2AAR (Ahmad et al., 2013; Du et al., 2015).

Mounting evidence has been gathered suggesting that A2AAR
activation is cardioprotective and immunosuppressant during
early reperfusion after myocardial infarction (MI). The
selective A2AAR agonist, CGS 21680, decreased neutrophils
adhesion to the endothelium and subsequent myocardial
infiltration, together with a reduction of superoxide
production, in a canine model of ischemia and reperfusion
(Jordan et al., 1997). Moreover, another A2AAR agonist,
ATL146e, attenuated resident mast cells degranulation in a
mouse model of myocardial ischemia (Rork et al., 2008).
Cardioprotection is also accomplished because activation of
A2AAR prevents the infarct-boosting effect of interferon-
gamma (IFN-γ) produced by CD4+ T cells, as this cytokine
favors reperfusion injury by activating pro-inflammatory
macrophages (Yang et al., 2006). Although preconditioning is
hardly feasible in clinical settings, clinical trials are ongoing to test
whether A2AAR agonists can be used in coronary artery disease
and MI (Borah et al., 2019). In this context, it is worth noting that
both adenosine and the selective A2AAR agonist, regadenoson,
have been clinically approved for myocardial perfusion imaging
(Cury et al., 2014).

To our knowledge, A2BAR is the only adenosine receptor
subtype upregulated in ischemic hearts of both mice and humans
(Gile and Eckle, 2016). Activation of the A2BAR controls Period 2
protein, a metabolic master-switch of myocardial adaptation to
ischemia. This protein stabilizes the hypoxia-inducible factor 1α
and, thereby, the transduction of glycolytic enzymes (Eckle et al.,
2012) to optimize oxygen consumption and to protect the
myocardium from infarction reperfusion (Gile and Eckle,
2016). Moreover, both A2BAR and A2AAR are associated to
inhibition of mitochondrial glycogen synthase kinase 3β (GSK-
3β) phosphorylation, thus preventing the mitochondrial
permeability transition pore opening, which is a critical step to
afford cardioprotection during myocardial reperfusion (Xi et al.,
2009). Inhibition of ROS production by mitochondria broadens
the cardioprotective effects of the A2BAR in cardiac ischemia by
involving multiple PKC-mediated signalling pathways affecting
nitric oxide synthase (NOS), PI3K/Aκt, and Erk 1/2 enzymatic
activities (Kuno et al., 2007; Yang et al., 2011; Seo et al., 2015).

Only a few studies have been conducted to elucidate the role of
the A3AR in cardiac pathophysiology, most probably because this
receptor subtype has low expression levels in cardiac tissues. This
situation may also occur because the A3AR has unpredictable
effects in rodent models, as it behaves like a low affinity receptor
for adenosine contrary to the high affinity for the nucleoside
shown in human tissues (Headrick et al., 2013). Current data

suggest that the A3AR limits injury processes occurring in the
ischemic myocardium, while exerting an anti-inflammatory
action during cardiac reperfusion (Ge et al., 2010).
Surprisingly, A3AR agonists cause a biphasic hemodynamic
response that is characterized, initially, by indirect activation
of high affinity A2AAR followed by subsequent A3AR-mediated
effects that prevail after A2AAR become desensitized (Tian et al.,
2015a). Both in cardiomyocytes and in intact hearts of rats
subjected to ischemia and reperfusion, A3AR agonists reduced
the infarct size. This effect is related to the upregulation of pro-
survival signaling pathways, such as mitogen-activated protein
kinase 1/2- Erk 1/2 and PI3K/Aκt, which are known to decrease
the activity of caspase-3 used as a biomarker of cellular apoptosis
(Hussain et al., 2014). The cardioprotection associated with the
A3AR activation may also be due to the induction of human
coronary smooth muscle cells proliferation via a mechanism
involving phospholipase C and downstream transcriptional
factors activation, like the early growth response element 2/3
(Hinze et al., 2012).

IMPACT OF ADENOSINE IN THE
MOLECULAR PATHWAYS UNDERLYING
HFpEF
Systemic and Cardiac Inflammatory
Breakthrough to Cardiac Fibrosis
HFpEF is associated with systemic inflammation in its genesis
that is evidenced by increased circulating levels of pro-
inflammatory markers, such as interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α) (Kalogeropoulos et al.,
2010). These findings support the “systemic microvascular
paradigm” regarding HFpEF in which comorbidities-induced
systemic inflammation predisposes and perpetuates
dysfunction of the microvasculature (Figure 3) (Paulus
and Tschope, 2013). The most important comorbidities
associated with this systemic inflammatory state are
diabetes mellitus (DM), overweight/obesity, hypertension,
chronic obstructive pulmonary disease, and chronic kidney
disease (Paulus and Tschope, 2013). Thus, the paradigm of
HFpEF has been shifted from the traditional “overload
model” to the revolutionary “microvascular hypothesis”,
where patients are more easily identified by elevated body
mass index rather than by elevated blood arterial pressure
(Rozenbaum et al., 2019).

Supporting the concept of cardiac inflammation, left
ventricular endomyocardial biopsies from patients with HFpEF
show increases in the expression of biomarkers of inflammation
and fibrosis, such as vascular cell adhesion molecule-1 (VCAM-
1), CD3, CD11, and CD45-positive myocardial leucocytes,
transforming growth factor-β (TGF-β), types I and III collagen
species and extracellular matrix deposition (Westermann et al.,
2011). Unbalanced cardiac inflammation causes several of the
pathological features seen in HFpEF, such as endothelial
dysfunction, fibrosis, concentric hypertrophy, and
cardiometabolic functional abnormalities (Lam et al., 2018).
Cardiac remodeling lead to left ventricular diastolic
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dysfunction (Westermann et al., 2011), which ultimately may
cause unspecified clinical manifestations related to abnormal
haemodynamics (e.g., dyspnoea and fatigue) that are
characteristic of HFpEF (Lam et al., 2018).

The pleiotropic actions of adenosine in several organic systems
put this retaliatory metabolite in good position to participate in
most (if not all) the pathophysiological mechanisms associated
with HFpEF. These include the control of systemic microvascular

FIGURE 3 | Schematic representation of adenosine receptors involvement in HFpEF pathophysiology. HFpEF is a complex clinical syndrome where
comorbidities-induced systemic inflammation predispose and perpetuate microvascular dysfunction, as well cardiac structural and metabolic abnormalities. Overall,
adenosine counteracts most of the pathophysiological features of this syndrome. These include 1) cardiac inflammation and microvascular dysfunction (via A2AR
activation), 2) myocardial structural abnormalities (via A2AR and A1AR activation), and 3) energy metabolism and calcium handling (via A1AR activation). Conflicting
evidence, however, exist regarding A2BAR-mediated cardioprotection, as this receptor has been implicated in both pro- and anti-fibrotic effects in the heart and lungs.
Adenosine receptors also play important roles in cardiometabolic comorbidities related to HFpEF. Activation of A1AR improves the metabolic profile and induces renal
afferent arteriole vasoconstriction, which can be protective when preservation of the glomerular architecture and function is needed. Stimulation of A2AAR and the A2BAR
reduce lipolysis, but this beneficial effect may be partially counteracted by their action on skeletal muscles that contribute to insulin resistance. Activation of A2AAR
counteracts renal damage due to its ability to reduce fibrosis, independently of A3AR and A2BAR are active or not. The arrows and bars indicate the effects induced or
blocked by adenosine receptor activation, respectively. Green � beneficial effect; Red � deleterious effect; Asterisk (*) � contradictory/conflicting data. Adapted from Lam
et al., 2018 and Headrick et al., 2013. Illustration used elements from Servier Medical Art (http://smart.servier.com) ABCC4, ATP-binding cassette sub-family C member
4; AR, Adenosine receptor; cAMP, cyclic adenosine monophosphate; EPAC, Exchange factor directly activated by cAMP; FFA, Free fatty acid; GLUT, Glucose
transporter; MAPK, Mitogen activated protein kinase; MPTP, Mitochondrial permeability transition pores; NO, Nitric oxide; PKA, Protein kinase A; PKC, Protein kinase C;
PMN, Polymorphonuclear leukocytes; SERCA2a, Sarco/endoplasmic reticulum Ca2+-ATPase 2a; a-SMA, Alpha-smooth muscle actin; VSMC, Vascular smooth
muscle cell.
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TABLE 1 | Results of adenosine receptors agonism/antagonism in heart failure with preserved ejection fraction and pulmonary hypertension. Different agonists and antagonists were used to assess adenosine effects on
cardiovascular diseases. The grey area corresponds to studies carried out in human patients.

Adenosine
receptors

Adenosine receptor modulation Model and
species

Outcome Comments Refs

Pharmacological tool

Agonist Antagonist Other

Heart failure with
preserved ejection
fraction

Dipyridamole
(Adenosine uptake
blocker)

Sprague–Dawley rats
(abdominal aortic banding)

↑ Myocardial adenosine levels A1AR
b desensitization is in line with an increased

exposition to adenosine in vivo
Chung et al. (1998)

↓ Chamber dilatation, LVa filling
abnormalities and pulmonary
congestion
Prevented ß-adrenergic desensitization

CD73 KOc and CD4
CD73 KO

Mice (transverse aortic
constriction)

↑ CD73 exclusively on T cells Transient ↑ in infiltration of monocytes,
granulocytes, and B cells and persistent ↑ of
cytotoxic T cells, T-helper cells, and regulatory
T cells

Quast et al. (2017)
↑ T cell enzymatic machinery for
formation of AMPd

↓ Cardiac function and ↑cardiac fibrosis
in both CD73 KO and CD4 CD73 KO
mice
↑ Proinflammatory cytokines in CD73
KO mice
↑A2AAR on T cells

CD73-KO Mice (transaortic
constriction)

↑ Myocardial hypertrophy Cardiac dysfunction was not present in healthy
animals. Attenuation of myocardial hypertrophy is
due to mTORe/p70S6K activation

Xu et al. (2008)
↑ LV dilation and LV dysfunction

ADKf-KO Mice (transaortic
constriction)

↑ LV hypertrophy and dysfunction In rat neonatal cardiomyocytes, ADK activity
dampened cardiac growth signalling and
excessive microtubule stabilization/detyrosation

Fassett et al. (2019)
↑ Pulmonary congestion

A1AR CADOg (non
selective)

C57BL/6 mice (transaortic
constriction)

↓ Plasma concentrations of
noradrenaline, renin and BNPh

RGS-4 is an inhibitory factor of hypertrophy due
to attenuation of G-protein mediating signalling

Liao et al. (2003)

↓ Cardiac hypertrophy
↓ Interstitial and perivascular fibrosis
↑ Gene expression of RGSi-4
↓ Myocardial dysfunction and
pulmonary congestion

CPAj (selective) ↓ Cardiac hypertrophy These effects were abolished by DPCPXk.
Studies with CPA and DPCPX to evaluate the role
of A1AR on cardiac fibrosis were not performed

↓ Myocardial dysfunction

CPA (selective) C57BL/6 mice
(phenylephrine)

Upregulation of A1AR CPA did not attenuate AngIIl or IGFm-1-induced
cardiac hypertrophy

Puhl et al. (2016)
↓ Cardiac remodelling
↓ Oxidative stress

CAPn (partial) Dogs (microembolization-
induced HFo)

↓ Cardiac remodelling Sabbah et al. (2013a)
↑ LV function
↑ Capillary density and oxygen diffusion
distance
↓ Rate of MPTPp opening
Normalized SERCAq-2a activity and
expression of UCPr-2 and -3 and
GLUTs-1 and -4

Neladenoson
(selective partial)

11 patients with HFrEFt

treated on ß-blockers
therapy

No 2nd or 3rd degree atrioventricular
block occurred on 48-h Holter
monitoring

Significant early changes in cardiac function were
not detected.

Voors et al. (2017)

31 patients with HFrEFu on
ß-blockers therapy

No 2nd or 3rd degree atrioventricular
-block occurred on 48-h Holter
monitoring.

No significant change in renal function and
neurological side effects were detected

(Continued on following page)
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TABLE 1 | (Continued) Results of adenosine receptors agonism/antagonism in heart failure with preserved ejection fraction and pulmonary hypertension. Different agonists and antagonists were used to assess adenosine
effects on cardiovascular diseases. The grey area corresponds to studies carried out in human patients.

Adenosine
receptors

Adenosine receptor modulation Model and
species

Outcome Comments Refs

Pharmacological tool

Agonist Antagonist Other

No effects were observed in heart rate
and blood pressure

Neladenoson
(selective partial)

261 patients with HFpEF No significant dose-response regarding
to the change in exercise capacity.

Shah et al. (2019)

No significant improvement in markers
of cardiac structure and function related
to HFpEF progression.

Dose-dependent declines in renal
function and heart rate were observed

A2AAR Overexpressed A2AAR Mice (transverse aortic
constriction)

Attenuation of ↓ cardiac function GATA-4 controls several genes that are
upregulated in cardiac hypertrophy, including ß-
MHC, cardiac troponin-C, atrial natriuretic factor,
NCXx and A1AR

Hamad et al. (2012)
↓ Inflammatory factors genes
expression
↓ ß-MHCv, ANPw, and GATA-4 gene
expression
↑ Intracellular calcium homeostasis

CGS21680
(selective)

C57BJ/6J mice (DOCAy-
salt)

↓ Cardiac inflammation, fibrosis,
hypertrophy, and dysfunction

iBAT surgery depletion induces significantly
cardiac remodelling refractory to the
cardioprotective function of CGS21680

Zhou et al. (2020)

↑ iBATz-derived FGF21i

A3AR A3AR KO Mice (transaortic
constriction)

↓ Cardiac remodelling Attenuation of LV hypertrophy and dysfunction by
reducing activation of the MAPKii and PI3K-Aκtiii
signalling pathways

Lu et al. (2008)
↓ Oxidative stress
↓ANP and LV dysfunction

Pulmonary
hypertension

A2AAR A2AAR KO Mice (hypoxia) ↑ RVSPiv and Fulton index RhoA and ROCK are signalling pathways related
to pulmonary vascular remodelling and PAHv

generation

Shang et al. (2015)
↑ Thickness in pulmonary resistance
vessels
↑ RhoA and ROCK expression

LASSBio-1359
(selective)

Wistar rats (MCTvi-IPHMvii) ↑ PAviii vasorelaxation and flow Alencar et al. (2013)
↓ Pulmonary vascular remodelling
↓ RVix remodelling and RVSP
↑ LV stroke volume and cardiac output

LASSBio-1386
(selective)

Wistar rats (MCT-IPHM) ↑ Exercise tolerance A2AAR agonism attenuates RV dysfunction
indirectly by counteracting structural and
functional changes in pulmonary vasculature

Alencar et al. (2014)
↑ PA vasorelaxation and flow
↓ Pulmonary vascular remodelling
↓ RV remodelling and RVSP
↑ LV stroke volume and cardiac output
↑ eNOSxx and A2AAR expression in
lungs
↑ A2AAR and SERCA2a expression
in RV
↑ Ca2+-ATPase activity in RV

A2BAR 13 COPDxii with or without
PHxiiipatients

↑ Pulmonary vascular remodelling in
COPD-PH patients

Karmouty-Quintana
et al. (2013)

↑ A2BAR gene and protein expression

LVa, Left ventricle; ARb, Adenosine receptor; KOc, Knockout; AMPd, 5′-adenosine monophosphate; mTORe, Mechanistic target of rapamycin; ADKf, Adenosine kinase; CADOg, 2-chloroadenosine; BNPh, B-type natriuretic peptide; RGSi,
Regulator of G protein signalling; CPAj, N6-cyclopentyladenosine; DPCPXk, 8-Cyclopentyl-1,3-dipropylxanthine; AngIIl, Angiotensin II; IGFm, Insulin growth factor; CAPn, Capadesonon; HFo, Heart failure; MPTPp, Membrane permeability
pores; SERCAq, sarco/endoplasmic reticulum Ca2+-ATPase; UCPr, Uncoupling protein; GLUTs, Glucose transporter type; HFrEFt, Heart failure with reduced ejection fraction; HFpEFu, Heart failure with preserved ejection fraction; ß-MHCv,
myosin heavy chain-beta; ANPw, Atrial natriuretic peptide; NCXx, Sodium-calcium exchanger; DOCAy, Deoxycorticosterone acetate; iBATz, interscapular brown adipose tissue;FGF21z, Fibroblast growth factor 21; MAPKii, mitogen-activated
protein kinase; PI3K-Aκti, phosphoinositol-3 kinase-protein kinase B; RVSPiv, Right ventricle systolic pressure; PAHv, Pulmonary arterial hypertension; MCTvi, Monocrotaline; IPHMvii, Induced pulmonary hypertension model; PAviii, Pulmonary
artery; RVix, Right ventricle; eNOSx, Endothelial nitric oxide synthase; PDE5ixi, Phosphodiesterase type 5 inhibitor; COPDxii, Chronic obstructive pulmonary disease; PH xiii, Pulmonary hypertension.
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inflammation and related multi-organ comorbidities, in parallel
to the nucleoside effects on cardiovascular function and
myocardial remodelling. Adenosine regulates the activity of
the immune system via self-contained signalling pathways
aimed at promoting tissues integrity by resolving
inflammatory insults (Figure 3), although a pro-inflammatory
activity has also been described (reviewed in (Antonioli et al.,
2014; Antonioli et al., 2019)).

Activation of the A2AAR is paramount to the anti-
inflammatory effect of adenosine; the coupling of the A2AAR
to the canonical AC/cAMP/PKA pathway downstream decreases
nuclear factor-kappa B signalling and the release of pro-
inflammatory cytokines (Sands et al., 2004). Adenosine
signalling in neutrophils either stimulates the expression of
adhesion molecules via A1AR or decreases adhesion of these
cells to the vascular endothelium, as well as the production of
superoxide radicals by A2AAR, A2BAR and A3AR activation.
Anti-inflammatory (M2) macrophages overexpress A2AAR,
A2BAR and A3AR, which activation attenuates the production
of pro-inflammatory mediators (TNF-α, IL-6, IL-12, NO, and
macrophage inflammatory protein-1α). Activation of A2AAR and
A2BAR also favors 1) the release of the anti-inflammatory
cytokine IL-10 by monocytes and macrophages (Antonioli
et al., 2014; Antonioli et al., 2019), and 2) the switch from M1
(pro-inflammatory) to M2 (anti-inflammatory) macrophage
phenotypes (Grinberg et al., 2009). Adenosine modulates
lymphocyte functions on adaptive immunity, mainly through
A2AAR activation and related suppressive effects, as it inhibits
both IL-4 and IFN-γ production by naïve CD4+ T cells and Th1
and Th2 cells (Antonioli et al., 2014; Antonioli et al., 2019). Taken
together, increased extracellular adenosine levels caused by
inflammatory processes (Grenz et al., 2011; Idzko et al., 2014)
emerges as a putative therapeutic target against inflammatory
diseases with encouraging results in preclinical settings
(Antonioli et al., 2014). The analogy to clinical data
concerning the adenosine actions in rheumatoid arthritis
(Silverman et al., 2008) and cancer immunotherapy (Antonioli
et al., 2017), also supports this idea. In this context, adenosine
mediates the anti-inflammatory effects of methotrexate, a gold
standard treatment for patients with rheumatic diseases. By
inhibiting certain enzymatic pathways, methotrexate induces
adenosine release allowing the nucleoside to exert its anti-
inflammatory effects via A2AAR and A3AR activation (Chan
and Cronstein, 2010).

Mice submitted to transverse aortic constriction (TAC), a
model of HFpEF, show significant cardiac inflammation that is
initiated by transient myeloid cells infiltration followed by a
chronic increase of myocardial T cells (Table 1) (Quast et al.,
2017). Noteworthy, chemotaxis and activation of myocardial
T cells are under the immunosuppressive control of adenosine
formed by ecto-5′-nucleotidase/CD73 (Eltzschig et al., 2004) and
A2AAR activation (Hamad et al., 2012). Indeed, the production of
inflammatory cytokines (IL-3, IL-6, IL-13, IL-17, macrophage
inflammatory proteins 1α and 1β) associated with cardiac fibrosis
and decreased contractility is exaggerated by TAC in mice lacking
CD73 on T cells, as well as in global CD73 mutants (Quast et al.,
2017). These animals exhibit compensatory increases in the

enzymatic machinery participating in adenosine formation
(e.g. CD39, pyrophosphatases ENPP1 and ENPP3, and CD38)
and overexpress A2AAR in activated T cells infiltrating the injured
heart (Quast et al., 2017). Additionally, overexpression of A2AAR
attenuates cardiac inflammation and remodelling, thereby
attenuating cardiac dysfunction (Table 1) (Hamad et al.,
2012). These data provide compelling evidence that deficient
adenosine formation by T cells lacking CD73 worsens the HFpEF.
This raised the hypothesis that increasing extracellular adenosine
formation from the extracellular catabolism of released adenine
nucleotides and/or direct activation of the A2AAR subtype may
overcome HFpEF by reducing myocardial damage caused by pro-
inflammatory cytokines and maladaptive cardiac remodelling
(Hamad et al., 2012; Quast et al., 2017). Thus, maintenance of
ecto-5′-nucleotidase/CD73 activity may be crucial to define the
pattern of extracellular ATP-derived adenosine formation
favoring A2AAR activation to prevent the pathological changes
observed in HFpEF, as also predicted in other cell systems
(Oliveira et al., 2015).

Microvascular Dysfunction
The current trend is that coronary microvascular dysfunction
may be a cornerstone of the complex molecular pathways driving
the clinical manifestations of HFpEF (D’Amario et al., 2019).
Coronary microvascular dysfunction is inevitably associated with
a compromised vasodilatory response and consequently to the
existence of myocardial focal ischemic lesions contributing to
diastolic dysfunction of the left ventricle (LV) (Tschope et al.,
2005). This feature is further compromised by systemic
comorbidities and local inflammatory states ending up into
structural and functional abnormalities of the heart and blood
vessels (D’Amario et al., 2019). Diastolic dysfunction, the
hallmark of HFpEF, is related to coronary microvascular
dysfunction, independently from the presence of coronary
artery disease (D’Amario et al., 2019).

Experimental models of diabetes, obesity and metabolic
syndromes predict that systemic inflammation unbalances the
equilibrium between endothelium-derived relaxing factors (e.g.,
NO) and endothelium-derived vasoconstrictors (e.g., endothelin-
1), thus increasing stiffness and vasoconstriction of large vessels
at rest (Paulus and Tschope, 2013). Endothelial activation favors
the expression of adhesion molecules, trans-endothelial
migration of circulating leucocytes, and release of pro-
inflammatory cytokines and ROS, thus contributing to
perpetuate local inflammation (Westermann et al., 2011).
Moreover, vascular inflammation decreases NO bioavailability
(Griendling et al., 2000; Westermann et al., 2011) resulting in
downstream reduction of soluble guanylate cyclase activity, low
levels of cyclic GMP and decreased activation of protein kinase G,
which is normally associated with titin hypophosphorylation,
increased rigidity and myocardial diastolic dysfunction (Paulus
and Tschope, 2013).

The vascular endothelium is a key player linking metabolic
disorders and HFpEF. Excessive production of ROS by
endothelial Nox2 activation has been associated with other
cardiovascular diseases, such as hypertension and
atherosclerosis, which are common comorbidities of HFpEF
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(Landmesser et al., 2002). In vitro blockage of the A2AAR
effectively inhibits ROS production by endothelial Nox2 and
attenuates angiotensin II (AngII)-induced oxidative stress and
endothelial dysfunction. This occurs through inhibition ofMAPK
activation and, consequently, by reducing p47phox
phosphorylation and binding to Nox2 (Thakur et al., 2010).
Taking together, these findings suggest a potential role for
A2AAR antagonism to counteract AngII-induced Nox2
activation in endothelial cells (Thakur et al., 2010). However,
contradictory results urge depending on the vascular territory
considered; the A2AAR inactivation displays a protective role in
reducing oxidative damage in neurodegenerative diseases
(Pugliese et al., 2009) and in the heart (Ribe et al., 2008),
whereas its inactivation increased tracheal ROS production
from Nox2 (Nadeem et al., 2009).

As a matter of fact, the A2AAR activation is reported to play a
major role in endothelium homeostasis, culminating in increased
endothelial production of NO, and subsequent vasodilation in
most vascular beds (Figure 3) (Li et al., 1998). Nevertheless, it has
been shown that A2AAR inactivation preserved the endothelium-
dependent vasodilation to acetylcholine, while reducing ROS
production; this might be explained by the very low Nox2
expression in vascular smooth muscle cells, the predominant
cellular component in the vessel wall (Thakur et al., 2010). Even
though the A2AAR is mainly expressed in endothelial cells, its
activation operates both endothelium-dependent and
-independent relaxation of blood vessels. Controversy still
exists on the receptor subtype (A2AAR and/or A2BAR)
predominating on endothelial cells (Chiang et al., 1994;
Iwamoto et al., 1994; Li et al., 1998). Endothelial dysfunction
in small penile vessels underlying erectile dysfunction may be
taken as an early surrogate of cardiovascular disease severity
(Thompson et al., 2005). In this context, adenosine regulates
smooth muscle tone in human corpora cavernosa through the
activation of high-affinity A2AAR and low-affinity A2BAR located
on smooth muscle fibers and endothelial cells, respectively, (Faria
et al., 2006). Interestingly, corpora cavernosa from men with
vasculogenic impotence is partially resistant to adenosine
relaxation due to endothelial A2BAR dysfunction, while
keeping almost unaltered relaxation of cavernosal vessels via
A2AAR on the smooth muscle layer (Faria et al., 2006).
Insufficient adenosine formation linked to deficits in CD73
enzymatic activity has been associated with age-dependent
endothelial dysfunction and NO production deficits in mice
(Mierzejewska et al., 2019), which may strengthen the
production of the pro-inflammatory cytokine, IL-6, and
endothelial adhesion molecules, like intercellular adhesion
molecule-1 and vascular cell adhesion molecule-1 (VCAM-1)
(Mierzejewska et al., 2019).

Another hallmark of coronary microvascular dysfunction in
patients with HFpEF is coronary microvascular rarefaction
(Mohammed et al., 2015). Thus, adenosine-induced
angiogenesis via A2AAR, A2BAR, and A3AR activation may be
relevant in this scenario (Hinze et al., 2012; Ahmad et al., 2013;
Du et al., 2015). In addition, it has been reported that activation of
the A1AR subtype increases capillary density and oxygen
diffusion distance in dogs submitted to transverse aortic

constriction (Table 1) (Sabbah et al., 2013a). Interestingly,
increased intracellular adenosine levels in human endothelial
cells lacking ADK lead to hypomethylation in DNA promotor
regions of pro-angiogenic genes (Xu et al., 2017b). Epigenetic
upregulation of pro-angiogenic genes favor endothelial
proliferation in vitro and ischemia induced-angiogenesis in
vivo (Xu et al., 2017b).

Besides its antithrombotic properties, the P2Y12R antagonist,
ticagrelor, has been increasingly used in cardiometabolic diseases
like DM, most probably because of its pleiotropic/anti-
inflammatory effects, which at least some of them are shared
with adenosine (Wernly et al., 2021). Interestingly, ticagrelor
restores defective ATP release and inhibits adenosine uptake by
red blood cells directly impacting the actions of these two purines
(or its metabolites) on immunocytes and endothelial cells
(Wernly et al., 2021), which might be useful to counteract the
development of atherosclerosis and related metabolic syndrome.
In this regard, adenosine receptors (namely the A2AAR subtype)
counteract the development of atherosclerosis by providing
endothelial/vascular protection. This effect is attributed to the
nucleoside anti-inflammatory properties, as well as to its ability to
modulate the cholesterol transport in macrophages and the
hepatic metabolism of lipids (reviewed in (Koupenova et al.,
2012)). Consistent with these findings, the THEMIS-PCI (The
Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus
Patients-Percutaneous Coronary Intervention) sub-study
revealed a reduction of major adverse cardiac events in
diabetic patients submitted to percutaneous coronary
intervention and treated with ticagrelor plus aspirin compared
to aspirin monotherapy (Bhatt et al., 2019). A more
comprehensive understanding about the mechanisms
underlying ticagrelor-induced endothelial dysfunction
improvement is needed to support indication of this drug for
cardiometabolic diseases (Wernly et al., 2021).

Interstitial Fibrosis and Loss of Myocardial
Compliance
Structural abnormalities in HFpEF involve cardiomyocyte
hypertrophy and interstitial fibrosis (Paulus and Tschope,
2013; Lam et al., 2018; Simmonds et al., 2020). Under
pathological stressful conditions, unopposed actions of pro-
fibrotic and pro-hypertrophic paracrine and neurohormonal
signals further aggravate cardiac chambers stiffness and
impaired relaxation. Diastolic dysfunction and inherent
increased LV filling pressure foster secondary left atria
remodelling and dysfunction, further aggravating HFpEF
symptoms and long-term prognosis (Paulus and Tschope,
2013; Lam et al., 2018; Simmonds et al., 2020). Cardiac
fibroblasts are the predominant interstitial cell type in the
adult mammalian heart (Souders et al., 2009). Thus, it is not
surprising that cardiac fibrosis and associated decrease in
myocardial compliance represents a common pathological
hallmark in the failing heart (Paulus and Tschope, 2013;
Simmonds et al., 2020).

Among all adenosine receptors, A2AAR emerges by its cAMP-
dependent anti-fibrotic action (Sassi et al., 2014). Separating the
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contribution of both A2AAR and A2BAR to fibrotic processes
has been difficult due to the lack of selective drugs used in the
past (Vecchio et al., 2017). As aforementioned, the cardiac
anti-inflammatory/anti-fibrotic role of A2AAR has been
translated into disease models of HFpEF (Hamad et al.,
2012; Quast et al., 2017) and ischemia/reperfusion (Jordan
et al., 1997; Yang et al., 2006; Rork et al., 2008). Activation of
the A2AAR decreased the expression of fibrosis-related genes
and cardiac fibrosis, while improving cardiac remodelling
and function, in the deoxycorticosterone acetate-salt induced
hypertensive mice model of cardiac remodelling (Table 1)
(Zhou et al., 2020). One may, therefore, hypothesize that the
anti-fibrotic effect of adenosine via A2AAR activation is
operated either, directly, by inhibiting growth and/or
differentiation of cardiac fibroblast, or, indirectly, through
nucleoside-induced immunosuppressive effects, thereby
preventing pro-fibrotic cells chemotaxis and the release of
inflammatory mediators. In addition to these possibilities,
adenosine deamination to inosine by third-party ADA cell
providers (e.g., inflammatory cells) may also play a role in the
anti-fibrotic effect of adenosine, as we recently demonstrated
in human subcutaneous fibroblasts (Herman-de-Sousa et al.,
2020). Thus, clarification of the mechanism and receptor
involved in the anti-fibrotic role of adenosine in
myocardial fibrosis is warranted given to the fact it may
exert pro-fibrotic effects in other organs, such as the liver
(Chan et al., 2006) and the skin (Herman-de-Sousa et al.,
2020), while the opposite is verified with the A2BAR which
inhibits fibrosis in the heart (see below) and promotes fibrosis
of the lung (reviewed in (Bessa-Goncalves et al., 2018)).

The low-affinity A2BAR is the most abundant receptor in rat
cardiac fibroblasts (Epperson et al., 2009). Therefore, it is not
surprising that the anti-fibrotic effect of the A2BAR is relatively
consensual, at least in vitro (Chen et al., 2004), while questions
may arise about the endogenous amounts of the nucleoside
required to activate this low-affinity receptor under both
normal and pathological conditions. Nevertheless, it has been
shown that intracellular cAMP accumulation prevents TGF-β-,
AngII-, and endothelin-1-induced collagen synthesis and
a-smooth muscle actin expression by activated cardiac
myofibroblasts via EPAC and PI3K dependent pathways
(Delaunay et al., 2019). Likewise, fibroblast proliferation,
collagen synthesis, a-smooth muscle actin expression and
myofibroblast differentiation were all attenuated by cAMP-
coupled A2BAR activation, thus counteracting pro-fibrotic
stimuli induced by endothelin-1 and AngII (Figure 3)
(Delaunay et al., 2019) via a mechanism involving cAMP and
EPAC downstream pathways (Phosri et al., 2017; Phosri et al.,
2018). The cAMP/EPAC/PI3K/Akt signalling pathway was also
involved in A2BAR-mediated suppression of fibroblasts growth
and a-smooth muscle actin-expressing myofibroblast
differentiation induced by endothelin-1 (Phosri et al., 2017).
In a canine in vivo model of HF it was found that the EPAC1
content in fibroblasts of left atria exhibiting fibrotic remodelling
was significantly downregulated (Surinkaew et al., 2019). Taking
together, data suggest A2BAR coupling to the cAMP/EPAC
pathway may provide potential targets to prevent/overcome

cardiac fibrosis that may be required to rescue myocardial
compliance.

Even though A2BAR agonists exhibit cardiac anti-fibrotic
effects in vitro, these findings were not consistently translated
into in vivo data, most probably due to the dual action of this
receptor in cardiac inflammation (Vecchio et al., 2017). Available
data suggests that A2BAR activation before ischemia followed by
reperfusion may have a cardioprotective effect, most likely
because of the inhibition of pro-inflammatory/pro-fibrotic
cytokines release via PI3K/Akt pathway (Eckle et al., 2007b;
Tian et al., 2015b; Ni et al., 2018). Moreover, a more complex
interplay between A1AR and A2BAR subtypes is also possible,
given to the fact that apparently the A1AR-operated cardiac
protection relies on A2BAR overexpression by a PKC-
dependent pathway during ischemia and preconditioning
(Kuno et al., 2007). Nevertheless, in contrast to the A2AAR,
there is no consensus about the putative beneficial roles of the
A2BAR on the remodeling phase after myocardial ischemia (Sun
and Huang, 2016), with studies demonstrating a protective role of
either A2BAR blockage (Toldo et al., 2012; Zhang et al., 2014) or
activation (Wakeno et al., 2006). Blockage of A2BAR after MI
occurrence seems to attenuate PKC-δ/p38-MAPK-mediated
secretion of pro-inflammatory and pro-fibrotic mediators, like
TGF-β, TNF-α, and IL-6 (Feng et al., 2010; Toldo et al., 2012;
Zhang et al., 2014). On the other hand, deletion of A2BAR did not
change fibrosis in the remodelling phase after myocardial
ischemia, probably due to opposing pro- and anti-
inflammatory stimuli (Alter et al., 2019). In fact, the injured
heart depends mostly on the low-affinity A2BAR probably due to
functional inactivation of the A2AAR through dimerization (Hinz
et al., 2018). It is worth noting that A2BAR may couple to both Gs

and Gq proteins, as well as to other G proteins; its preferential
coupling to a certain G protein dependents on multiple factors,
including the cell type, receptor expression levels, and chemical
nature of the agonist - “biased receptor” function (reviewed in
(Bessa-Goncalves et al., 2018)). Thus, clarification of the precise
mechanisms involved in pro-vs. anti-fibrotic effects of the A2BAR
in the heart is still needed to correctly infer any benefit derived
from the manipulation of the activity of this receptor in patients
with HFpEF.

Cellular Structural Changes
Overload pressure, oxidative stress and tissue injury, as well as the
influence of neurohormonal and inflammatory mediators, like
AngII, endothelin-1, catecholamines, growth factors and TNF-α,
promote ventricular hypertrophy (reviewed in (Nakamura and
Sadoshima, 2018)). While cardiac hypertrophy may be
considered a physiologically adaptive response to external
insults, over time it becomes pathological and facilitates
progression to HF (Nakamura and Sadoshima, 2018;
Simmonds et al., 2020).

The myocardial adenosine content highly increases in
hypertrophied hearts (Funaya et al., 1997; Asakura et al.,
2007). The nucleoside counteracts the activity of many
neurohumoral factors involved in cardiac hypertrophy, namely
endothelin-1 (Stowe et al., 1997), renin-angiotensin-aldosterone
system (Taddei et al., 1992) and TNF-α (Wagner et al., 1998), and
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noradrenaline release from sympathetic nerves (Burgdorf et al.,
2001). Considering these features, it was hypothesized that
adenosine may exert an anti-hypertrophic action and, in this
sense, might counteract cardiac dysfunction (Liao et al., 2003).
Indeed, inhibition of adenosine uptake with dipyridamole
increased myocardial adenosine levels, which significantly
ameliorated LV filling and pulmonary congestion, while
attenuating ß-adrenergic dysfunction in rats with pressure
overload cardiac hypertrophy (Table 1) (Chung et al., 1998).
Conversely, inhibition of adenosine formation from released
adenine nucleotides in CD73 deficient mice promoted
myocardial hypertrophy, LV dilation and LV dysfunction
(Table 1) after aortic constriction, but not in healthy animals
(Xu et al., 2008).

The A1AR seems to play a chief role in the putative anti-
hypertrophic action of adenosine in the heart (Liao et al., 2003;
Sabbah et al., 2013a; Puhl et al., 2016). The enzymatically stable
A1AR agonists, 2-chloroadenosine (CADO) and N6-
cyclopentyladenosine (CPA), significantly reduced the plasma
concentrations of noradrenaline, renin, and brain natriuretic
peptic in a mice model of transverse aortic constriction-
induced HFpEF (Table 1) (Liao et al., 2003). When used in
vivo, these drugs also effectively attenuated cardiomyocytes
hypertrophy and fibrosis in interstitial and perivascular spaces
through A1AR activation, resulting in improved cardiac function
and reduced pulmonary congestion (Liao et al., 2003). Both
CADO and CPA attenuated protein synthesis induced by
activation of Gq-protein-coupled receptors for AngII,
endothelin-1, and noradrenaline, as well as the PKA-mediated
hypertrophic actions of isoproterenol in neonatal rat
cardiomyocytes (Liao et al., 2003). Interestingly, in vivo
stimulation of α1-adrenoceptor with phenylephrine
upregulated A1ARs expression. Activation of overexpressed
A1AR with CPA counteracted the hypertrophic phenotype
caused by phenylephrine, but the same was not verified
concerning cardiac hypertrophy/fibrosis caused by AngII and
IGF1 (Table 1) (Puhl et al., 2016). These findings suggest that
different signalling pathways operate maladaptive cardiac
responses to distinct neurohumoral agents, namely AngII and
phenylephrine (Puhl et al., 2016).

Adenosine counteraction of cAMP accumulation induced by
ß-adrenoceptors stimulation (anti-adrenergic effect) has been
proposed to explain the anti-hypertrophic effect of the
nucleoside (Figure 3) (Meyer et al., 2001). Besides this,
adenosine by positively modulating G protein signaling 4 may
counteract Gq protein-induced hypertrophy, which may
contribute to the anti-hypertrophic effect of the nucleoside
against α1-adrenoceptor agonists (Liao et al., 2003). A1AR-
receptor-mediated interference on intracellular Ca2+ handling
may also play a role against myocytes hypertrophy probably by
downregulating the calcineurin pathway (Meyer et al., 2001). In
this context, sustained ß-adrenergic activation increases
interstitial fibrosis and myocyte hypertrophy, two features of
myocardial remodelling and HF (Prijic and Buchhorn, 2014).
Upon ß-adrenergic stimulation, cardiomyocytes let intracellular
cAMP flow to the extracellular space via the ATP-binding cassette
sub-family C member 4 transporter where it may act as an

important paracrine cardioprotective signalling molecule. Once
in the extracellular space, cAMP may be enzymatically converted
to AMP by ecto-phosphodiesterases, which will then be
dephosphorylated to adenosine by ecto-5′nucleotidase/CD73.
In this sense, one may hypothesize that extracellular adenosine
yields may partially counteract myocardial hypertrophy due to ß-
adrenoceptors overactivation through activation of A1AR
negatively coupled to the AC while delivering anti-fibrotic
signals to cardiac fibroblasts through A2AAR activation
(Figure 3) (Sassi et al., 2014). Thus, the anti-adrenergic effect
of adenosine may serve as an endogenous local ß-blocker by
limiting intracellular cAMP formation with inherent beneficial
cardiac effects. In line with this view, capadesonon, a partial
A1AR agonist, decreased myocardial hypertrophy and fibrosis,
while increasing capillary density and oxygen supply, which
significantly improved LV function in dogs with advanced HF
(Table 1) (Sabbah et al., 2013a). All together these pieces of
evidence suggest that A1AR may be a potential target to prevent
transition from compensated myocardial hypertrophy to
irreversible HF.

In addition to the A1AR-mediated anti-hypertrophic effect of
adenosine, A2AAR overexpression or agonist activation
attenuated cardiomyocyte hypertrophy (Hamad et al., 2012;
Zhou et al., 2020) and decreased hypertrophy-associated genes
encoding ß-myosin heavy chain and atrial natriuretic peptide
along with their transcription activator protein GATA-4 in mice
with pressure-induced HF secondary to transverse aortic
constriction (Hamad et al., 2012). These cardioprotective
A2AAR-mediated effects are associated with attenuation of the
inflammatory response via MAPK- and PKC-operated pathways
independently of PKA activation (Hamad et al., 2012).

Considering the cardioprotective role of adenosine against
chronic cardiac pressure overload, unexpected results were
obtained using A3AR knockout (KO) mice. These animals
exhibited partial resistance to transverse aortic constriction-
induced LV hypertrophy, fibrosis, and oxidative stress
(Table 1) (Lu et al., 2008). Hemodynamically, A3AR KO mice
exhibited higher ejection fractions and smaller LV end-systolic
diameters; the plasma levels of the atrial natriuretic peptide in
these animals were also lower compared to wild type controls
confirming less cardiac hypertrophy. Authors interpreted these
findings by suggesting that A3AR activation might potentiate the
inflammatory response triggered by cardiac pressure overload,
thus favoring LV hypertrophy and cardiac dysfunction (Lu et al.,
2008). In this context, it was interesting to verify that selective
blockage of A3AR with MRS1911 potentiated the anti-
hypertrophic effect of CADO in cardiomyocytes treated with
phenylephrine, strengthening the idea that activation of the A3AR
might have a deleterious effect in cardiac remodelling following
chronic pressure overload (Lu et al., 2008). The effects obtained
with the A3AR antagonist were remarkably similar to those
verified upon reducing the activation of MAPK and PI3K-Aκt
signalling pathways (Lu et al., 2008), which are often activated in
response to oxidative stress and inflammation (Nakamura and
Sadoshima, 2018). Confirmation of the protective role of A3AR
blockage on the inflammatory component attenuating pressure
overload cardiac remodelling requires the use of more potent and
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selective drugs. It is also worth noting that the adenosine
deamination metabolite, inosine, may exert opposite effects to
adenosine in the heart via A3AR receptors, which activation is
strengthened when tissues become infiltrated by ADA-bearing
inflammatory cells (Herman-de-Sousa et al., 2020). This concept
raises new lines of research using multi-target drugs designed to
increase local adenosine levels while decreasing inosine formation
(e.g., ADA inhibitors with blocking properties of adenosine
cellular uptake, like the lymphocytotoxic drug 2′-
deoxycoformycin or pentostatin) applied in combination with
enzymatically stable adenosine receptor agonists and/or
antagonists (Herman-de-Sousa et al., 2020).

There is evidence that adenosine may also exert
cardioprotective actions in the heart via non-receptor-
mediated mechanisms. In support of a role for intracellular
adenosine metabolism in regulating hypertrophy, it has been
demonstrated that ADK inhibitors, such as iodotubercidin and
ABT-702, completely reversed the anti-hypertrophic actions of
adenosine and its enzymatically stable analogue, CADO, in
phenylephrine-induced hypertrophic neonatal rat
cardiomyocytes (Fassett et al., 2011); data identified ADK as
an important mediator of adenosine attenuation of
cardiomyocyte hypertrophy acting, at least in part, through
inhibition of Raf signalling to mTOR/p70S6k. The role of
ADK in the anti-hypertrophic effect of adenosine has also
been demonstrated in vivo in a KO mice model of cardiac
pressure overload induced by transverse aortic constriction
(Table 1) (Fassett et al., 2019). ADK enzymatic activity
dampened cardiac growth signaling (by mTOR complex 1 and
Erk), as well as the excessive microtubule stabilization/
detyrosination (Fassett et al., 2019). Overall, these data points
towards a novel ADK-dependent adenosine receptor-
independent mechanism to protect against adverse
hypertrophy remodelling and excessive cardiomyocyte
microtubule stabilization.

Cardiometabolic Dysfunction
Mechanisms underlying impaired myocardial energetics in HF
can be divided into three subgroups: 1) abnormal mitochondrial
structure and function; 2) change in substrate utilization; and 3)
intracellular Ca2+ overload (Birkenfeld et al., 2019).

The failing heart is characterized by abnormal mitochondrial
structure and function, including hyperplasia and reduced
organelle size, inadequate organelle respiration, reduced
mitochondrial membrane potential, and opening membrane
permeability pores. Therefore, ATP synthesis is reduced
because of impaired electron transport chain and excessive
ROS generation by mitochondria (Birkenfeld et al., 2019).
Association between A1AR activity and mitochondrial
dysfunction has been observed in HF (Figure 3) (Sabbah
et al., 2013a). Treatment with the partial A1AR agonist,
capadesonon, caused a near normalization of mitochondrial
dysfunction in animal models of HF (Table 1) (Sabbah et al.,
2013a). Capadesonon decreased the opening rate of
mitochondrial permeability transition pores resulting in
reduced apoptosis and normalization of citrate synthase
expression, used as a marker of unaltered mitochondrial

function (Sabbah et al., 2013a). Likewise, the A1AR agonist, 2-
choloro-N6-cyclopentyladenosine, reduced the permeability of
mitochondrial transition pores in rat cardiomyocytes submitted
to hypoxia through a mechanism involving PKC activation,
stabilization of mitochondrial membrane potential and
inhibition of ROS production, culminating with the opening of
KATP mitochondrial channels (Xiang et al., 2010b). The low-
affinity A2BAR has also been associated with the reduction of the
production of mitochondrial ROS via a mechanism involving
PI3K, Erk, and NOS in adult rabbit cardiomyocytes (Yang et al.,
2011).

Due to abnormal mitochondrial structure and function with
consequent impairment of the electron transport chain, there is a
switch in the cellular energetics in the failing heart from a
preferential metabolism of fatty acids to glucose. This shift in
the cellular energetics to anaerobiosis in order to spare oxygen
consumption is potentiated by A1AR activation. In fact, this
receptor has been shown to restore the plasma membrane
expression of glucose transporters 1 and four to normal levels
(Table 1) (Sabbah et al., 2013a) and to decrease the levels of free
fatty acids (Staehr et al., 2013; Cui et al., 2021).

Intracellular Ca2+ overload in HF causes abnormal function of
the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)2a,
which normally pumps Ca2+ from the cytosol into the
sarcoplasmic reticulum during diastole; as a consequence,
active muscle relaxation is impaired and ventricular
cardiomyocyte stiffness becomes an issue (Lam et al., 2018).
Activation of A1AR with capadesonon ameliorated SERCA2a
function, which by restoring the buffering Ca2+ capacity of the
sarcoplasmatic reticulum indirectly facilitates the diastolic
relaxation of cardiomyocytes, while also restraining
intracellular Ca2+ overload before the next contraction
(Table 1) (Sabbah et al., 2013a). On the other hand, although
the activation of the A2AAR increases intracellular Ca2+ transients
during systolic activity, they rapidly subside during diastole in a
mousemodel of cardiac pressure overload due to transverse aortic
constriction (Hamad et al., 2012), through a PKA dependent
mechanism (Table 1) (Hamad et al., 2012).

IMPORTANT COMORBIDITIES IN HFpEF

Diabetes Mellitus and Metabolic Syndrome
Diabetes mellitus (DM) is frequently associated with the
occurrence and severity of HF; roughly 30–40% of patients
with HFpEF are also affected by this endocrinopathy
(Campbell et al., 2012). According to the clinical trial RELAX
(Phosphodiesterase-5 Inhibition to Improve Clinical Status and
Exercise Capacity in Diastolic Heart Failure), diabetic HFpEF
patients were younger, mostly males, and affected by other
comorbidities, namely obesity, hypertension, renal dysfunction,
pulmonary disease, and vascular disease (Lindman et al., 2014).

The role of adenosine in insulin resistance and obesity has
been recently reviewed by our group (de Oliveira et al., 2020).
Adenosine, via A1AR activation, suppresses lipolysis and plasma
free fatty acids; increases lipogenesis and adipogenesis; it also
regulates insulin sensitivity and glucose tolerance, indirectly
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interfering with myocardial substrate handling (Dhalla et al., 2007;
Johansson et al., 2008). Moreover, it has been recently shown that
adenosine, via ADA acting on RNA 1, may control appetite signaling
and modulation along with limiting obesity and insulin resistance
(Table 2) (Cui et al., 2021). ADA acting on RNA 1-deficient
heterozygous mice fed with a high-fat diet (HFD) for 12 weeks
exhibited a lean phenotype compared to wild-type controls which
became obese within the same time period; the lean phenotype was
associated with less severe dyslipidaemia and insulin resistance
parameters, along with decreased food intake, decreased gastric
ghrelin expression, and attenuated reduction of serum peptide YY
levels (Cui et al., 2021). Altogether these findings suggest that ADA
acting on RNA1may contribute to diet-induced obesity bymodulating
genes related to appetite control, such as ghrelin (“hunger hormone”)
and peptide YY (“satiety hormone”) (Cui et al., 2021).

In mice with streptozotocin-induced diabetes, activation of the
A1AR with CPA decreases plasma glucose, cholesterol, and
triglyceride levels, and improves glucose utilization in peripheral
tissues by increasing its uptake and glycogen synthesis by target cells
(Table 2) (Cheng et al., 2000). In this context, A1AR agonists have
been proposed for the treatment of type 2 DM and obesity (see Pros
and Cons of Adenosine A1 Receptor Manipulation in HFpEF).

Activation of the low-affinity A2BAR has been given special
attention as a putative therapeutic target for obesity due to its
ability to inhibit adipogenesis, increase lipolysis, improve insulin
signaling and decrease white adipose tissue mass (Gharibi et al.,
2012; Peleli et al., 2015). Activation of A2AAR increases lipolysis;
this receptor is by far more expressed in the brown adipose tissue
compared to the white adipose tissue, which might explain why it
favors thermogenesis (de Oliveira et al., 2020). These findings,
together with the anti-inflammatory potential of A2AAR
activation, put this receptor in good position to counteract
insulin resistance (de Oliveira et al., 2020). Previous results
using the deoxycorticosterone acetate-salt induced
hypertensive mice model showed that A2AAR activation
promotes the release of fibroblast growth factor 21 by brown
adipocytes, which presence seems to be crucial to combat
hypertensive cardiac remodelling (Table 1) (Zhou et al., 2020).
Confounding data, however, emerged from studies where the
chronic consumption of caffeine reduced the risk of insulin
resistance and type 2 DM (van Dam et al., 2006). It is worth
noting that caffeine is the most widely psychoactive substance
consumed worldwide and it acts mainly through the antagonism
of adenosine receptors under moderate consumption of caffeine-
containing beverages. A recent study carried out in Wistar rats of
both gender fed either with a normalized chow or with a high-
sucrose diet showed for the first time that chronic adenosine
receptor blockage with caffeine favors insulin resistance in
control animals, while restoring insulin sensitivity in animals
treated with the high-sucrose diet (Table 1) (Sacramento et al.,
2020). These authors also made clear that whole-body insulin
sensitivity is under the control of both A2AAR and/or A2BAR
given to the fact that selective blockage of each of these receptors
rescued insulin sensitivity in skeletal muscles, both in males and
females. Concerning the adipose tissue, chronic A1AR
antagonism decreased fat accumulation, whereas the opposite
was observed upon blockage of A2AAR and/or A2BAR; in this

respect, gender differences were found with A1AR blockage being
more effective in females, while antagonism of the A2AR was
more powerful in males. Overall, these findings indicate that the
effect of adenosine against insulin resistance via A2AAR and/or
A2BAR is more prominent in skeletal muscles rather than in the
adipose tissue where the A1AR seems to predominate
(Sacramento et al., 2020).

Accumulating evidence suggest a role for adenosine in
endothelial homeostasis maintenance. Due to its high affinity for
the nucleoside, ADK is a key intracellular enzyme that is responsible
for maintaining low intracellular adenosine levels while consistently
driving the nucleoside to the purine nucleotides salvage pathway
(Boison, 2013). Deletion of ADK, leading to increased intracellular
adenosine accumulation and subsequent outflow of the nucleoside
from cells, was found to increase ß-cell replication, thereby
protecting against HFD-induced glucose intolerance (Navarro
et al., 2017). Endothelial ADK was significantly upregulated in
mice submitted to HFD; conversely, endothelial-specific ADK
deficiency protected mice from HFD-induced insulin resistance
and metabolic syndrome. This may be due to increased
adenosine translocation to the extracellular milieu where it can
activate plasma-membrane bound receptors, including endothelial
A2BAR, which downstream signals contribute to phosphorylateNOS
3 fostering NO production and NO-related protective anti-
inflammatory effects due to vasodilation and angiogenesis
(Table 2) (Xu et al., 2019). The anti-inflammatory potential of
ADK inhibition is also associated with reduced leucocyte adhesion to
the endothelium, further contributing to regulation of glucose
homeostasis and insulin sensitivity (Xu et al., 2017a).

Renal Dysfunction
Due to population aging and incorrect lifestyle habits the prevalence
of HFpEF and chronic kidney disease is dramatically increasing
(Fang, 2016; Lofman et al., 2017). HFpEF has been considered a
“vicious cycle” disorder of kidney and cardiovascular function
disequilibrium, as either HFpEF or chronic kidney disease may
accelerate the pathological progression of each other. Both disease
conditions have not only overlapping comorbidities, including
association with hypertension, diabetes and obesity, but also share
common underlying features, like hypervolemia, systemic
inflammation, and endothelial dysfunction (Fang, 2016).

Adenosine has been reported to reduce urinary protein excretion
(Patinha et al., 2014), an earlier marker of underlying kidney injury
causing renal dysfunction (Katz et al., 2014), by acting at the kidney level
(reviewed in (Pandey et al., 2021)). Specifically, adenosine controls renin
release, glomerular filtration rate, tubuloglomerular feedback
mechanism and vascular tone through all four P1 receptor subtypes.

The A1AR plays an important role in renal physiology, as it
controls afferent arteriole vasoconstriction, reabsorption of
sodium in the proximal tubule and the tubuloglomerular feedback.
Through inhibition of renin release from justaglomerular cells along
with renal arteriole vasodilation, adenosine (via A1AR) reduces renal
blood flow lowering the glomerular filtration pressure (Pandey et al.,
2021), which is protective against kidney damage caused by metabolic
diseases, such as diabetes and hypertension, often complicating
HFpEF (Lofman et al., 2017; Pandey et al., 2021). The salutary
effects of sodium-glucose cotransporter-2 (SGLT2) inhibitors, like
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empagliflozin, on diabetes-related hyperglycaemia, obesity and
hypertension may be at least in part mediated by the reduction of
glomerular hyperfiltration via activation of A1AR receptors and TGF-
mediated afferent arteriolar vasoconstriction, independently of their
ability to lower the plasma glucose levels (Kidokoro et al., 2019). The
use of SGLT2 inhibitors provides a new perspective to the cardio- and
reno-protective role of A1AR activation, as it decreases the
intraglomerular pressure and prevents hyperfiltration, which may
counteract chronic kidney disease progression and impaired renal
function, indirectly ameliorating the cardiovascular outcome
(Kidokoro et al., 2019). Moreover, renal activation of A1AR
reduces the metabolic demand, tubular cell apoptosis and
inflammatory reactions in mice models of ischemia/reperfusion
(Table 2) (Lee et al., 2004; Xiong et al., 2018), thus strengthening
the reno-protective effects of A1AR agonists.

The ability of A1AR antagonists to induce natriuresis
without compromising the glomerular filtration rate
suggests that this approach may be beneficial to control
volume overload disorders, such as HF (Gottlieb et al.,
2002), yet controversy still exists in the literature
regarding this issue (see details in Pros and Cons of
Adenosine A1 Receptor Manipulation in HFpEF).
Interestingly, long-term dual blockage of A1AR/A2BAR
with the orally-available drug tonapofylline (BG9928)
reduced glomerulosclerosis in ZSF1 rats used as an animal
model of HFpEF related to metabolic syndrome (Tofovic
et al., 2016). Diabetic nephropathy is associated with
reduced nitrergic vascular innervation, NO bioavailability
and VEGF-NO uncoupling leading to 1) excessive
endothelial cell proliferation, 2) stimulation of macrophage
chemotaxis and 3) vascular smooth muscle cells growth,
which ultimately causes glomerular hypertrophy and
proteinuria (Nakagawa, 2007). Taking these findings
together, it may well be that the renoprotective effect of
BG9928 in preventing glomerulosclerosis may be
undertaken by the A2BAR antagonism (Tofovic et al.,
2016). Indeed, isolated renal fibroblasts treated with the
A2BAR agonist, BAY-606583, increased the release of pro-
inflammatory and pro-fibrotic mediators (Wilkinson et al.,
2016). On the other hand, blockage of the A2BAR with
MRS1754 significantly decreased albuminuria and
improved the renal function in streptozotocin-induced
diabetic mice; the antagonism of overexpressed A2BAR
normalized VEGF-A upregulation in these animals while
enhancing NO production and decreasing the occurrence
of glomerulosclerosis lesions (Table 2) (Patel and Thaker,
2014).

In a recent study performed using a rat model of HF secondary
to renal injury, the mineralocorticoid receptor antagonist,
spironolactone, significantly up-regulated A2AAR expression,
inhibited endothelial-to-mesenchymal transition and
attenuated cardiorenal fibrosis, both in vivo and in vitro
(Table 2) (Chen et al., 2019). These outcomes suggest the
A2AAR as a potential therapeutic target for the cardiorenal
syndrome (Chen et al., 2019). In addition to the anti-fibrotic
role of the A2AAR, its ability to dilate the efferent arteriole may be
renoprotective by reducing the glomerular pressure (Pandey

et al., 2021). Long-term administration of the selective A2AAR
agonist, CGS21680, reduces diabetes-induced glomerular
hyperfiltration in streptozotocin-treated diabetic mice through
a mechanism depending on NO production (Table 2) (Persson
et al., 2015b). The anti-inflammatory role of A2AAR activation
was reflected by a decrease in the number of infiltrating immune
cells and by the reduction of urinary pro-inflammatory cytokines
along with reduced albuminuria (Awad et al., 2006). These results
were corroborated by a different research group using the same
animal model, who proved that selective A2AAR activation with
CGS21680 prevents proteinuria and glomerular damage by
activating T regulatory cells, which results in reduced
macrophage infiltration and TNF-α secretion (Table 2)
(Persson et al., 2015a). Likewise, inhibition of ADK leading to
adenosine overflow to the extracellular milieu had a protective
role against renal failure in streptozotocin-induced diabetic mice
by decreasing renal inflammation and oxidative stress lesions, as
well as by restoring glomerular filtration and permeability
(Table 2) (Pye et al., 2014). These effects were consistent with
the reduction in renal macrophage infiltration, nuclear factor-κB
phosphorylation and monocyte chemoattractant protein-1
excretion, along with increased endothelial NOS expression
and MAPK phosphorylation (Pye et al., 2014).

In a model of hypertensive-diabetic nephropathy using
spontaneously hypertensive rats treated with streptozotocin,
the enzymatically-stable adenosine analogue, CADO, improved
glucose metabolism (decreased hyperglycaemia and glycosuria),
renal function (decreased proteinuria), and renal fibrosis
(decreased glomerular collagen deposition), along with
decreased renal oxidative stress (Table 2) (Patinha et al.,
2020); authors implicated renal A2AAR activation in these
findings, given that overexpression of this receptor, but of
A1AR and A2BAR, was observed in superficial glomeruli and
proximal and distal tubules of these animals’ kidneys (Patinha
et al., 2020). The hypertension-inducing adenosine receptor
antagonist, 1,3-dipropyl-8-sulfophenylxanthine, aggravated
renal fibrosis, but did not alter the global metabolic status and
renal function. This probably results from the selective
preservation of tonic A3AR activation, given that
downregulation of this receptor is considered protective
against renal fibrosis (Patinha et al., 2020). Taken together,
these results emphasize the protective role of adenosine in
hypertensive-diabetic nephropathy through dynamic
expression of its receptors, which may be fine-tuned by
A2AAR upregulation and A3AR downregulation, thus
prompting for a novel therapeutic target for this disease
conditions (Patinha et al., 2020).

A3AR overexpression may be another target to abrogate
progression of diabetic nephropathy in db/db leptin receptor-
deficient mice, which is the most widely used animal model of
type 2 DM normally presenting increased body weight, impaired
glucose tolerance, and LV hypertrophy associated with HFpEF,
but no significant changes in blood pressure. Chronic
administration of LJ-2698 (a novel orally-active and highly
selective A3AR antagonist) to these animals was more efficient
in preventing diabetic nephropathy progression than the widely
used AT1 receptor antagonist, losartan (Table 2) (Dorotea et al.,
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TABLE 2 |Results of adenosine receptors agonism/antagonism in diabetes mellitus/obesity and chronic kidney disease. Different agonists/antagonists were used to assess
its effects on HFpEF comorbidities. The grey area corresponds to studies carried out in human patients.

Adenosine
receptors

Adenosine receptor modulation Model and
species

Outcome Comments Refs

Pharmacological tool

Agonist Antagonist Other

Diabetes
mellitus/
Obesity

ADAR1a deficiency Mice (HFDb) ↓ Fat mass,
dyslipidemia, and insulin
resistance parameters

No difference was
shown on fat mass in
ADAR1 deficient mice
under chow diet
compared to HFD

Cui et al.
(2021)

↓ Food intake and
gastric ghrelin
↑ Serum peptide YY

A1AR
c CPAd

(selective)
Wistar rats
(STZe injection)

↓Plasma glucose,
cholesterol, and
triglyceride

Plasma glucose
lowering effect
mediated by
endogenous insulin
was negligible

Cheng et al.
(2000)

↑ Glucose uptake into
peripheral tissues
↑ Uptake and glycogen
synthesis

A1AR GS-9667
(selective,
partial)

55 non-obese
and 23
overweight/
obese patients

↓ Plasma FFAf Partial A1AR agonism
was aimed to reduce
side effects

Staehr et al.
(2013)Well-tolerated

No desensitization or
rebound

A1AR
A2AAR
A2BAR
(respectively)

DPCPXg

SCH58261
MRS1754
(all selective)

Wistar rats
(HSuh diet)

SCH58261 and
MRS1754 decreased
insulin sensitivity in
control animals and
improved insulin
sensitivity in the skeletal
muscle of HSu animals.
DPCPX reverted the
increase in total and
visceral fat induced by
HSu diet.

Adenosine exerts
opposite effects on
insulin sensitivity under
control or resistant
states
Under context of
insulin resistance,
A2AR in the skeletal
muscle, rather than on
adipose tissue, is the
main mediator of
whole-body insulin
sensitivity

Sacramento
et al. (2020)

A2BAR MRS1754
(selective)

ADKi deficiency Mice (HFD) ↑Glucose tolerance and
insulin sensitivity
↓ Metabolic syndrome
↑ Intracellular adenosine
↑ NOj production due to
↑ NOS3k activity and
modulation of NOS3 by
A2BAR

Feeding mice with a
HFD enhanced
expression of
endothelial ADK.
A2BAR antagonism
abolished NOS3
expression, but was
not associated with
increased
phosphorylation of
NOS3

Xu et al.
(2019)

Renal
disease

BT702 (ADK
inhibition)

C57BL/6 mice
(STZ injection)

↓ Hyperglycemia
↓ Albuminuria and
markers of glomerular
injury
↓ Renal oxidative stress
and inflammatory
parameters
Restored glomerular
permeability and
filtration function

The reduced renal
inflammation is
consistent with the
reduction in renal
macrophage
infiltration, NF-κBl

phosphorylation and
MCP-1m excretion
The increased eNOSn

expression
counteracts renal
oxidative stress
Attenuated glomerular
damage is attributed to
increased MAPKo

phosphorylation

Pye et al.
(2014)

A1AR CCPAp

(selective)
DPCPX
(selective)

C57BL/6 mice
(renal I/R injury)

↑ Renal function
↓ inflammatory markers,

Lee et al.
(2004)

(Continued on following page)
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TABLE 2 | (Continued) Results of adenosine receptors agonism/antagonism in diabetes mellitus/obesity and chronic kidney disease. Different agonists/antagonists were
used to assess its effects on HFpEF comorbidities. The grey area corresponds to studies carried out in human patients.

Adenosine
receptors

Adenosine receptor modulation Model and
species

Outcome Comments Refs

Pharmacological tool

Agonist Antagonist Other

necrosis, and apoptosis
↓ Renal function
↑ Inflammatory markers,
necrosis, and apoptosis

CCPA
(selective)

C57BL/6 mice
(renal I/R injury)

↑ HSP27q expression
↑ Renal function
↓ Pro-inflammatory
cytokines
↓ Caspase 3 activity

HSP27 is an anti-
apoptotic molecule as
it is associated with an
increased resistance to
stressful conditions,
such as oxidative
stress and exposure to
toxic drugs
A1AR- mediated renal
protection, anti-
inflammatory and anti-
apoptotic effects were
removed by inhibition
of HSP27

Xiong et al.
(2018)

DPCPX
(selective)

↑ Natriuresis and
diuresis
↓ HSP27 expression

KW-3902
(rolofylline)

32 patients with
congestive HFs

and renal
impairment

↑ GFRt and renal
plasma flow

The increased in GFR
persisted more time
than the predicted by
pharmacokinetics

Dittrich et al.
(2007)

KW-3902
(rolofylline)

146 patients
with volume
overload and an
estimated CrClr

of 20–80 ml/min

↑ Urine output A1AR antagonism
enhances the
response to loop
diuretics

Givertz et al.
(2007)

A2BAR MRS1754
(selective)

C75BL/6 mice
(STZ injection)

↓ Albuminuria
↑ Renal function
↓ VEGF-Au expression
↑ NO production
↓ Glomerulosclerosis

In diabetic mice kidney,
there was a significant
increase in VEGF-A
and A2BAR gene
expression

Patel and
Thaker,
(2014)

A2AAR ZM241385
(selective)

Spironolactone
(mineralocorticoid
receptor antagonist)

Sprague-
Dawley rats
(isoprenaline)

↑ A2AAR ZM241385
exacerbated
cardiorenal
remodelling and
dysfunction

Chen et al.
(2019)↓ EndMTv process

↓ Cardiac and renal
fibrosis and dysfunction

CGS21680
(selective)

Sprague-
Dawley rats
(STZ injection)

↓ Glomerular
hyperfiltration

A2AAR stimulation did
not decrease filtrated
fraction during NOS
inhibition,
demonstrating that
A2AAR-mediated
vasodilatation of
efferent arterioles to be
NO dependent

Persson et al.
(2015b)

↓ Albuminuria
↓ Immune cells
infiltration
↓ Urine excretion of pro-
inflammatory cytokines

CGS21680
(selective)

Sprague-
Dawley rats
(STZ injection)

↓ Proteinuria and
glomerular damage

These results that
A2AAR stimulation
exerts renoprotective
effects via an anti-
inflammatory
mechanism

Persson et al.
(2015a)

↓ TNF-αw secretion and
macrophages infiltration

- CADOx (non
selective)

SHRy-STZ rats ↓ Hyperglycaemia and
glycosuria

Patinha et al.
(2020)

↓ Proteinuria
(Continued on following page)
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2018). Moreover, inhibition of renal lipid accumulation with
increases in PGC1α, a key regulator of mitochondrial
biogenesis, were obtained upon treating these animals with
either LJ-2698 or losartan, further supporting the
renoprotective effects of selective A3AR antagonism (Dorotea
et al., 2018).Whether the combination of A3AR and AT1 receptor
antagonists exerts synergic renoprotective effects requires
investigation in future studies (Dorotea et al., 2018).

Pulmonary Disease
Left heart disease-induced pulmonary hypertension (PH), the
WHO group 2 of PH, tend to be more symptomatic and to have
worse prognosis when compared to patients with left heart
disease alone (Levine et al., 2019). Specifically, PH associated
with diastolic dysfunction, also referred as PH secondary to
HFpEF (PH-HFpEF) is the most common endophenotype
attributable to left heart disease (Levine et al., 2019). Diastolic
dysfunction coupled with left atria changes in HFpEF result in a
passive backward transmission of increased LV filling pressure
with consequent increases in pulmonary congestion (Levine et al.,
2019). As aforementioned, studies in animal models of HFpEF
induced by cardiac pressure overload revealed a putative
beneficial role of adenosine in improving cardiac structure and
function alterations and, thereby, attenuating cardiac dysfunction
(Liao et al., 2003; Sabbah et al., 2013b) while decreasing
pulmonary congestion (Liao et al., 2003). Major benefits of
adenosine in this endeavor result from A1AR and A2AAR
activation (Hamad et al., 2012; Quast et al., 2017; Zhou et al.,

2020) associated or not with A3AR antagonism (Lu et al., 2008),
which may also ameliorate symptoms and prognosis of HFpEF
caused by cardiac pressure overload.

Adenosine levels in the pulmonary circulation are
pathologically low in patients with WHO group 1 pulmonary
arterial hypertension (PAH) as a consequence of local endothelial
dysfunction and increased inactivation by ADA, possibly
indicating that adenosine A1AR and A2AAR activation deficits
unbalanced by inosine-mediated A3AR tone (Herman-de-Sousa
et al., 2020) may contribute to maladaptive lung disease (Saadjian
et al., 1999). In contrast to other vascular beds where adenosine
has potent vasodilatory actions, in the pulmonary circulation, the
nucleoside exerts dual opposing effects depending on the vascular
tone (Cheng et al., 1996). Under low pressure conditions,
adenosine fosters vasoconstriction through A1AR activation,
whereas upon increasing the vascular tone, as observed in PH,
the A2AR subtypes acquire more relevance to promote
vasodilatation.

Among all adenosine receptor subtypes, the A2AAR gathered
the most attention concerning PAH treatment. This assumption
is based on the fact that A2AAR KO mice exhibit structural and
functional abnormalities similar to PAH (Xu et al., 2011; Shang
et al., 2015) and overexpress RhoA and ROCK proteins, which are
known to be involved in pulmonary vascular remodelling and
PAH pathophysiology (Table 1) (Shang et al., 2015). In mice with
PAH induced by monocrotaline, activation of A2AAR reduced
pulmonary endothelial dysfunction and vascular remodelling,
while increasing pulmonary vasodilation and the LV stroke

TABLE 2 | (Continued) Results of adenosine receptors agonism/antagonism in diabetes mellitus/obesity and chronic kidney disease. Different agonists/antagonists were
used to assess its effects on HFpEF comorbidities. The grey area corresponds to studies carried out in human patients.

Adenosine
receptors

Adenosine receptor modulation Model and
species

Outcome Comments Refs

Pharmacological tool

Agonist Antagonist Other

↓ Collagen deposition
and oxidative stress in
the renal glomeruli
↑ Immunoreactivity
against A2AAR

DPSPXz

(non
selective)

↑ Renal fibrosis
↓ Immunoreactivity
against A3AR

Treatment with DPSPX
did not altered the
global metabolic status
and renal function.
The downregulation of
A3AR may reflect a
renoprotective
mechanism

A3AR LJ-6898
(selective)

C57BLKS/J-
db/db

↓ Albuminuria and
glomerular hypertrophy
↓ Renal fibrosis,
inflammation, and
oxidative stress
↓ Lipid accumulation
↑ PCG1αz
↑ A2AAR expression

These effectswere on the
same range of losartan
PCG1α is key regulator of
mitochondrial biogenesis

Dorotea et al.
(2018)

ADAR1a, ADA acting on RNA 1; HFDb, High fat diet; ARc, Adenosine receptor; CPA d, N6-cyclopentyladenosine; STZe, Streptozotocin; FFAf, Free fatty acid; DPCPXg, 8-Cyclopentyl-1,3-
dipropylxanthine; HSuh, High-sucrose; ADKi, Adenosine kinase; NOj, Nitric oxide; NOSk, Nitric oxide synthase; NF-κBl, Nuclear factor-kappa B; MCP-1m, Monocyte chemoattractant
protein-1; eNOSn, Endothelial nitric oxide synthase; MAPKo, Mitogen-activated protein kinases; CCPAp, 2-Chloro-N6-cyclopentyladenosine; HSP27 q, Heat shock protein 27; CrClr,
Clearance of creatinine; HFs, Heart failure; GFR t, Glomerular filtration rate; VEGF-Au, Vascular endothelial growth factor-A; EndMTv, Endothelial-to-mesenchymal transition; TNF-αw,
Tumour necrosis factor-alpha; CADOx, 2-chloroadenosine; SHRy, Spontaneously hypertensive rat; DPSPXz, 1,3-dipropyl-8-sulfophenylxanthine.
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volume (Table 1) (Alencar et al., 2013; Alencar et al., 2014). The
way adenosine builds its positive influence on RV hypertrophy
and dysfunction may be indirectly related to the counteracting
effects of the A2AAR on increased pulmonary resistance (Table 1)
(Alencar et al., 2014) via NO-mediated synergism (Alencar et al.,
2018; see Pros and Cons of Adenosine A1 Receptor Manipulation
in HFpEF). Additionally, the anti-inflammatory actions of A2AAR
agonists may improve cardiopulmonary homeostasis, as
discussed above.

Immunolocalization studies demonstrated infiltration of the
RVmyocardium by A2BAR -positive fibroblasts andmacrophages
in rats with monocrotaline-induced PAH (Braganca et al., 2015).
This result is compatible with adenosine being able to
downregulate pro-inflammatory and pro-fibrotic stimuli, thus
contributing to mechanical adaptation of RV in response to
cardiac pressure overload (Braganca et al., 2015). Chronic
obstructive pulmonary disease, a highly prevalent pulmonary
comorbidity in patients with HFpEF, is also linked to PH
development. Interestingly, chronic obstructive pulmonary
disease patients with PH exhibit increased pulmonary vascular
remodelling and mastocyte-induced airway hyperactivity
associated with A2BAR overexpression (Table 1) (Karmouty-
Quintana et al., 2013). Notwithstanding this, the role of the
low affinity A2BAR in cardiopulmonary pathophysiology lacks
comprehensive studies before inferring any beneficial effects from
targeting this receptor to improve RV failure secondary to PAH
(reviewed in (Bessa-Goncalves et al., 2018)). Besides controversial
studies claiming deleterious effects of A2BAR in cardiopulmonary
pathophysiology, others (fewer) emphasize some beneficial
effects from A2BAR activation (Bessa-Goncalves et al., 2018).

Considering that most studies available so far about the role of
the A2BAR in cardiopulmonary function rely on animal models of
PAH, care must be taken before extrapolating the therapeutic
effects of this receptor in PH-HFpEF. While the vast majority of
PH-HFpEF patients develop HF secondary to pulmonary venous
congestion (isolated post-capillary PH) (Levine et al., 2019),
studies have shown that many patients with HFpEF also
present with coexisting pulmonary vascular disease due to a
metabolic syndrome-induced low grade inflammatory status
(Ranchoux et al., 2019). Together with the control of actual
lifestyle trend leading to increased prevalence of
cardiometabolic diseases, development of novel therapeutic
strategies towards combined pre- and post-capillary PH is an
unmet clinical need (Ranchoux et al., 2019). Through its
cardiovascular protective effects and role in metabolic diseases,
together with aforementioned effects in PAH, adenosine
signalling stands as a putative novel target to manage PH-
HFpEF, providing that data from preclinical studies translate
correctly to clinical trials in humans.

TARGETING ADENOSINE SIGNAL
NUANCES IN THE TREATMENT OF HFpEF

Adenosine handling, metabolism and signalling are
implicated in cardiac remodelling and progression to HF
(Table 3). Indeed, increased cardiac and plasma adenosine

levels are hallmarks of severity in patients with HF, which
might result from decreased cellular energy charge, shift to
anaerobic metabolism, plasma membrane damage and
decreased ADA activity (Funaya et al., 1997; Asakura
et al., 2007). Excessive adenosine endogenous tone may
lead to downregulation of adenosine receptor genes,
namely A2AAR, A2BAR, and A3AR, in the failing heart
(Funaya et al., 1997; Asakura et al., 2007). Increased
endogenous levels of adenosine may reflect an adaptive
mechanism to counteract adenosine signalling impairment
in failing hearts (Funaya et al., 1997; Asakura et al., 2007).
This is confirmed because increases in the myocardial
concentration of adenosine resulting from inhibition of the
nucleoside cellular uptake are protective against cardiac
remodeling and ß-adrenergic dysfunction, thereby
counteracting progression to HF (Chung et al., 1998).

As already outlined, all adenosine receptor subtypes may be
involved, in one way or another, in the pathophysiology of
HFpEF and related comorbidities (Figures 2, 3). Data indicate
that A1AR provides cardioprotective effects due to reversal of
cardiac hypertrophy/remodelling, improvement of
mitochondrial function, enhancement of SERCA2a activity and
Ca2+ handling, increases in capillary density, modifications in
substrate utilization, and enhancements in skeletal muscle
performance. In addition, A1AR activation has been associated
to anti-ischemic properties by decreasing catecholamine release
and ß-adrenergic overactivation (Albrecht-Kupper et al., 2012;
Greene et al., 2016). Activation of A1AR also improves the
metabolic profile (de Oliveira et al., 2020) and attenuates renal
metabolic demand and glomerular filtration pressure (Pandey
et al., 2021). It is, therefore, not surprising that the most expressed
adenosine receptor in the heart, the A1AR, has been the most
widely studied receptor in cardiovascular, renal and metabolic
diseases, both at preclinical and clinical levels (Greene et al., 2016;
Borah et al., 2019; Jacobson et al., 2019; Shah et al., 2019) (for
details, see Pros and Cons of Adenosine A1 Receptor Manipulation
in HFpEF). Notwithstanding this, the anti-adrenergic
cardioprotective effects of the A1AR may be partially
counteracted by A2AAR activation (Chandrasekera et al.,
2010), as detected in cardiac pressure overload (Meyer et al.,
2001) and hypertensive animals (Tang et al., 1998).

Data from preclinical studies ascribed cardioprotective
roles to the A2AAR subtype. Activation of A2AAR
attenuates cardiac, renal and pulmonary damage due to its
ability to counteract inflammation, in addition to its
vasodilation and angiogenic properties; interestingly, this
receptor also mediates increases in cardiac inotropism
without interfering with Ca2+ homeostasis (Headrick et al.,
2013). Positive cardiac repercussions against hypertensive
remodelling resulting from A2AAR activation may be owe to
amelioration of insulin resistance associated with its effects
on brown adipocytes and inflammation (de Oliveira et al.,
2020; Zhou et al., 2020). Controversy still exists regarding the
impact of the A2AAR on the whole body insulin sensitivity,
since antagonism of this receptor in skeletal muscles
attenuated whole-body insulin resistance (Sacramento
et al., 2020). Like that observed for the A1AR subtype, the
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anti-adrenergic effect of the A2AAR is also impaired in
hypertensive animals (Tang et al., 1998). The chronic use
of selective A2AAR agonists is also not free of cardiovascular
side effects, like arterial hypotension and tachycardia. To
avoid residual actions on other adenosine receptor subtypes,
a new era of nucleoside-5′-monophosphates as prodrugs of
selective A2AAR activators have been designed, which require
ecto-5′-nucleotidase/CD73 activation in close proximity to
receptor sites providing that the adenosine forming enzyme is
available and functional (El-Tayeb et al., 2009; Flogel et al.,
2012).

Conflicting evidence exists regarding A2BAR-mediated
cardioprotection, as well as its pulmonary effects (Table 3)
(Pye et al., 2014). While activation of A2BAR may counteract
fibrosis (Phosri et al., 2017; Phosri et al., 2018; Delaunay et al.,
2019) and ischemic preconditioning (Eckle et al., 2007a) in the
heart, other studies suggest that this low affinity adenosine
receptor may be deleterious in ischemic cardiac remodelling
(Toldo et al., 2012; Zhang et al., 2014), as well as in renal
fibrosis (Patel and Thaker, 2014; Tofovic et al., 2016). Like the
A2AAR, the action of the A2BAR in DM and obesity is also
controversial (Sacramento et al., 2020). The same occurs
regarding the least expressed A3AR in the heart (Table 3)
(Borea et al., 2018). The A3AR may be cardioprotective against
reperfusion (Ge et al., 2010; Hussain et al., 2014; Tian et al.,
2015a) by promoting angiogenesis (Hinze et al., 2012), but it may
aggravate pathological structural changes in the heart (Lu et al.,
2008) and kidney (Patinha et al., 2020).

Manipulation of endogenous adenosine inactivation through
cellular uptake and/or ADAmay be a valuable strategy to increase
the extracellular concentration of the nucleoside and, thereby, its
receptors activation. Inhibition of ENT by dipyridamole
attenuates cardiac remodelling and LV dysfunction, prevents ß-
adrenergic dysfunction and induces coronary vasodilation (Drury
and Szent-Gyorgyi, 1929; Chung et al., 1998). Downregulation of
ADA activity counteracts diet-induced obesity and insulin
resistance through decreases in food intake (Cui et al., 2021).

Regulating intracellular adenosine concentration by
manipulating ADK, a key intracellular enzyme that is
responsible for maintaining low intracellular adenosine levels,
thus favoring extracellular adenosine uptake by the cells, may also
be a putative strategy to increase the extracellular levels of the
nucleoside (Table 3). As a matter of fact, inhibition of ADK may
be cardioprotective due to increases in the extracellular levels of
the adenosine, which stimulates angiogenesis, promotes insulin
sensitivity, and attenuates inflammation and oxidative stress (Pye
et al., 2014; Xu et al., 2017b; Xu et al., 2019); contrariwise, when
this enzyme is fully operative reduction of the extracellular levels
of the nucleoside may be deleterious as it abrogates the anti-
hypertrophic effect of adenosine (Fassett et al., 2011; Fassett et al.,
2019).

Pros and Cons of Adenosine A1 Receptor
Manipulation in HFpEF
As previously mentioned, the A1AR has been the most widely
studied adenosine receptor in the cardiovascular system, both

at preclinical and clinical levels. Indeed, activation of A1AR
exerts cardioprotective properties that go beyond the
preservation of cardiac structure and metabolism,
encompassing regulatory metabolic benefits. In this
context, several A1AR agonists have been tested in clinical
trials for type 2 DM. The first clinical trials using A1AR full
agonists, ARA and GR79236, were successful in improving
insulin sensitivity, but failed their endpoints due to
undesirable cardiovascular side effects (Jacobson et al.,
2019). As a matter of fact, the clinical use of A1AR full
agonists may present some limitations related to off-target
side effects, either cardiac (bradycardia up to atrioventricular
block, negative dromotropy and inotropy) and extra-cardiac
(functional depression of the central nervous system and
reduction of glomerular filtration rate due to
vasoconstriction of afferent arteriole) (Albrecht-Kupper
et al., 2012; Greene et al., 2016). Another potential
limitation of chronic administration of A1AR full agonists
is receptor desensitization (Albrecht-Kupper et al., 2012). To
overcome these limitations partial A1AR agonists have been
produced and tested in clinical trials. These compounds
exhibit a more favorable haemodynamic profile with
minimal side effects in terms of heart rate, atrioventricular
conduction, blood pressure and renal function, along with no
evidence of adenosine-mediated negative inotropism
(Albrecht-Kupper et al., 2012; Greene et al., 2016), which
is in agreement with our prediction that adenosine acting via
the A1AR is a chronoselective atrial depressant (Braganca
et al., 2016). One of such compounds, GS-9667 (previously
known as CVT-3619, a partial agonist that selectively binds to
A1AR), reduced plasma free fatty acids and was well-tolerated
both in healthy non-obese and obese subjects, without
showing any signs of receptor desensitization or rebound
problems on suspension (Table 2) (Staehr et al., 2013). The
antilipidemic effect of this compound is not surprising
because A1AR are highly more abundant in adipocytes
than in the atrioventricular node (Wu et al., 2001; Liang
et al., 2002).

Controversy still exists regarding the putative cardiorenal
protection associated with A1AR modulation. The ability of
A1AR antagonists to induce natriuresis without compromising
the glomerular filtration rate suggests that this approach may be
beneficial to control volume overload disorders, such asHF (Gottlieb
et al., 2002). The selective A1AR antagonist, rolofylline, increased
diuresis in patients with acute and chronic HF, with enhancements
of the renal plasma flow also observed in the latter (Table 2)
(Dittrich et al., 2007; Givertz et al., 2007). However, in the large
phase III clinical trial PROTECT (Placebo-Controlled Randomized
Study of the Selective A1 Adenosine Receptor Antagonist Rolofylline
for Patients Hospitalized with Acute Decompensated Heart Failure
and Volume Overload to Assess Treatment Effect on Congestion
and Renal Function), rolofylline reduced fluid retention, but did not
prevent the worsening of renal dysfunction in acute HF patients
(Voors et al., 2011). This failure may be attributed to
disproportionate diuresis associated with escalating doses of
rolofylline, which might have offset the ability of this drug to
preserve renal filtration rate and kidney blood supply (Voors
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TABLE 3 | Pros and cons of targeting adenosine receptors, enzymes and metabolism in molecular pathways underlying heart failure with preserved ejection fraction and
cardioprotection.

Adenosine
signalling
manipulation

Pharmacological approach Refs

Activation Inactivation

Protective role
A1AR

a Decreased cardiac hypertrophy and dysfunction Sabbah et al. (2013a); Liao et al. (2003); Puhl
et al. (2016)

Counteracted ß-adrenergic effects on cardiac
remodelling through inhibition of cAMPb

stimulated-PKAc activation and inhibition of
noradrenaline release from cardiac nerves

Burgdorf et al. (2001); Meyer et al. (2001)

Attenuated mitochondrial dysfunction by
decreased opening rate of mitochondrial pores

Sabbah et al. (2013a)

Change in energy substrate utilization with
increased expression plasma membrane
expression of GLUTd-1 and -4

Sabbah et al. (2013a)

Ameliorated SERCA2ae function and improved
intracellular calcium handling

Sabbah et al. (2013a)

Myocardial protection under ischemic
preconditioning and ischemia

Reichelt et al. (2005); Morrison et al. (2006);
Greene et al. (2016)

Increased capillary density and oxygen diffusion
distance

Sabbah et al. (2013a)

Improved metabolic profile through regulating
insulin sensitivity and glucose tolerance

Cheng et al. (2000); Johansson et al. (2008);
Staehr et al. (2013)

Attenuated kidney metabolic demand, tubular
cell apoptosis and inflammatory reaction, along
with a reduction of the glomerular filtration
pressure

Lee et al. (2004); Xiong et al. (2018)

A2AAR Endothelial dependent and independent
coronary vasodilation

Berwick et al. (2010); Li et al. (1995); Li et al.
(1998); Faria et al. (2006)

A2BAR Angiogenic properties Ahmad et al. (2013); Du et al. (2015)
A2AAR Decreased cardiac inflammation, fibrosis,

hypertrophy and dysfunction
Zhou et al. (2020)

Enhanced intracellular calcium homeostasis Hamad et al. (2012)
Enhanced cardiac contractility Dobson and Fenton (1997)
Cardioprotection during early reperfusion
after MIf

Jordan et al. (1997); Yang et al. (2006); Rork
et al. (2008)

Improved lipolysis, browning process of white
adipose tissue, and insulin signalling; decreased
levels of free fatty acids

de Oliveira et al. (2020)

Decreased renal inflammation, fibrosis and
oxidative stress

Awad et al. (2006); Persson et al. (2015a);
Persson et al. (2015b); Chen et al. (2019);
Patinha et al. (2020); Pandey et al. (2021)Attenuated glomerular hyperfiltration

Improved renal function
Decreased pulmonary vascular remodelling Alencar et al. (2013); Alencar et al. (2014);

Alencar et al. (2018)Attenuated right ventricle hypertrophy and
dysfunction

A2BAR Attenuated cardiac fibrosis in vitro Phosri et al. (2017); Phosri et al. (2018);
Delaunay et al. (2019)

Reduced infarct size under ischemic
preconditioning

Eckle et al. (2007a)

Decreased adipogenesis, increases lipolysis
and improved insulin signalling

Gharibi et al. (2012); Peleli et al. (2015)

Decreased pulmonary artery pressure and
proliferation of smooth muscle fibers

Bessa-Goncalves et al. (2018)

Stimulated angiogenesis
Exerted cardioprotective effects during
reperfusion phase after MI

Hinze et al. (2012)
Ge et al. (2010); Hussain et al. (2014); Tian et
al. (2015a)

A3AR Increased plasma adenosine Chung et al. (1998)
Significantly improved LVh filling and decreased
pulmonary congestion
Attenuated ß-adrenergic dysfunction
Coronary vasodilation Drury and Szent-Gyorgyi, (1929)

CD73 Increased cardiac inflammation, fibrosis,
hypertrophy, and dysfunction

Xu et al. (2008); Quast et al. (2017)

(Continued on following page)
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et al., 2011). In fact, despite the putative benefits in controlling
hypertension and volume overload, inhibition of the A1AR activity
may be detrimental for glomerular architecture and function, as it
increases intraglomerular pressure by antagonizing preglomerular
vasoconstriction operated by A1AR (Tofovic et al., 2016). Thus,
considering its cardioprotective and metabolic roles, as well as its
ability to reduce intraglomerular pressure, A1AR agonists may stand
as promising medications for treatment of the chronic cardiorenal
syndrome.

Partial A1AR agonists were also tested in clinical trials for HF in
patients presenting reduced or preserved ejection fraction (Voors
et al., 2018). Data from two small pilot studies demonstrate that the
novel orally-available partial A1AR agonist, neladesonon, seems to
be safe with no atrioventricular, neurological, and renal side effects in
patients with HF with reduced ejection fraction (Voors et al., 2017),
but no beneficial early changes were observed in the cardiac function
(Table 1) (Voors et al., 2017). Data from a phase II double-blinded
placebo-controlled clinical trial (PANACHE - The Partial
AdeNosine A1 receptor agonist in patients with Chronic Heart
failure and preserved Ejection fraction), designed to explore the
effects of neladesonon on exercise capacity among 300 patients with
HFpEF, has been recently provided (Table 1) (Shah et al., 2019).

Neladesonon did not have a significant impact on exercise capacity.
This was interpreted as consequence of a lower than normal
prevalence of coronary artery disease in HFpEF patients, together
with a higher number of patients using ß-blockers that may abrogate
the beneficial antiadrenergic effects of A1AR agonists (Shah et al.,
2019). Although the results were disappointing, a low incidence of
major adverse effects was observed in patients under neladesonon
treatment (Shah et al., 2019).

The aforementioned data suggest that before translating the
putative preclinical benefits of manipulating the adenosinergic
signals to the therapeutic armamentarium, one must keep in
mind that adenosine production and/or inactivation, receptor
subtype expression dynamics, and downstream intracellular
messenger pathways might change in a moment-to-moment
basis depending on the tissue, pathological situation and stage
of disease condition. Another pitfall in our current knowledge is
due to the relatively complex pathophysiology of HFpEF owing to
a limited number of animal models that reflect entire features of
the human pathology; this constrain, further challenges
translation of preclinical data to clinical settings (Conceicao
et al., 2016). Notwithstanding this, the beauty of targeting the
adenosinergic system is that it can differentially control not only

TABLE 3 | (Continued) Pros and cons of targeting adenosine receptors, enzymes and metabolism in molecular pathways underlying heart failure with preserved ejection
fraction and cardioprotection.

Adenosine
signalling
manipulation

Pharmacological approach Refs

Activation Inactivation

Increased infarct size under ischemic
preconditioning

Eckle et al. (2007a)

ADKi Attenuated the adenosine mediated anti-
hypertrophic effect

Fassett et al. (2011); Fassett et al. (2019)

Deleterious role
A1AR Increased natriuresis and diuresis Dittrich et al. (2007); Givertz et al. (2007),

Voors et al. (2011)
A2AAR Rescue the whole-body insulin sensitivity under

high-sucrose diet
Sacramento et al. (2020)

A2BAR
A2BAR Attenuated the post-MI cardiac remodelling Toldo et al. (2012); Zhang et al. (2014)

Attenuated glomerulosclerosis and improved
renal function

Patel and Thaker, (2014); Tofovic et al. (2016)

Attenuation of pulmonary vascular remodelling
and hypertension

Pye et al. (2014)

A3AR Attenuated cardiac hypertrophy, fibrosis and
oxidative stress and dysfunction

Lu et al. (2008)

Decreased renal fibrosis, inflammation, oxidative
stress, and lipid accumulation

Patinha et al. (2020)

Decreased glomerular damage
ADK Epigenetic upregulation of pro-angiogenic genes

and consequent endothelial proliferation and
ischemia-induced angiogenesis

Xu et al. (2017b)

Protection against the high fat diet induced insulin
resistance and metabolic syndrome, in part due
to its endothelial anti-inflammatory effects

Xu et al. (2019)

Decreased renal inflammation and oxidative
stress

Pye et al. (2014)

Attenuated glomerular damage
ADAj Attenuated the diet-induced obesity and insulin

resistance through decreased food intake
Cui et al. (2021)

ARa, Adenosine receptor; cAMPb, cyclic 5′-adenosine monophosphate; PKAc, protein kinase A; GLUTd, Glucose transporter type; SERCAe, sarco/endoplasmic reticulum Ca2+, ATPase;
MIf, Myocardial infarction; ENTg, Equilibrative nucleoside transporters; LVh, Left ventricle; ADKi, Adenosine kinase; ADAj, Adenosine deaminase.
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heart structure and function abnormalities, but also most of the
co-morbidities concurring with HFpEF in terms of precipitating
causes and/or aggravating factors.

CONCLUSION

Taken together, these preclinical and clinical evidence shed
some lights on the adenosine role in molecular mechanisms and
comorbidities related to HFpEF. Adenosine was found to
counteract cardiac pathophysiological mechanisms
implicated in this clinical syndrome, namely cardiac
inflammation and microvascular dysfunction, especially via
A2ARs, in addition to extracellular and cellular structural
abnormalities, and energy metabolism and Ca2+ handling,
being these effects more under A1AR and A2AR control.
Consequently, adenosine also counteracts cardiac
remodelling and related diastolic dysfunction, the
pathological hallmark of HFpEF clinical syndrome.
Considering the new paradigm of a systemic microvascular
dysfunction as a perpetuating factor for myocardial
dysfunction, adenosine receptors, enzymatic machinery and
downstream intracellular messenger pathways surge as
promising treatment targets, in part because they are also

implicated in a wide range of pathophysiological processes
related to HF comorbidities, such as diabetes and metabolic
syndrome, along with kidney and pulmonary dysfunction.
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Upregulation of Small Ubiquitin-Like
Modifier 2 and Protein SUMOylation as
a Cardioprotective Mechanism
Against Myocardial
Ischemia-Reperfusion Injury
Wei Zhao1,2, Jia Zhao1, Xiuying Zhang1, Ni Fan1 and Jianhui Rong1,3*

1School of Chinese Medicine, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Pokfulam, Hong Kong, SAR China,
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University of Hong Kong, Shenzhen, China

Background: Small ubiquitin-like modifier (SUMO) proteins modify proteins through
SUMOylation as an essential protein post-translational modification (PTM) for regulating
redox status, inflammation, and cardiac fibrosis in myocardial infarction. This study aimed
to investigate whether natural product puerarin could alleviate myocardial ischemia/
reperfusion injury (MI-RI) by targeting protein SUMOylation.

Methods: Mouse MI-RI model was induced by ligating the left anterior descending (LAD)
coronary artery and subsequently treated with puerarin at the dose of 100 mg/kg. Rat
cardiomyocyte H9c2 cells were challenged by hypoxia/reoxygenation and treated with
puerarin at concentrations of 10, 20, and 40 μM. The infarction area of mouse hearts was
assessed by 2% TTC staining. Cell damage was analyzed for the release of lactate
dehydrogenase (LDH) in serum and cell culture medium. Western blot technique was
employed to detect the expression of SUMO2, phospho-ERK, pro-inflammatory
biomarker COX2, fibrosis index galectin-3, apoptosis-related protein cleaved PARP-1.
The activation of the estrogen receptor (ER) pathway was assayed by the dual-luciferase
reporter system.

Results: The present study validated that puerarin effectively reduced myocardial infarct
size and LDH release in the mouse MI-RI model. In the cell culture system, puerarin
effectively decreased the release of LDH and the protein level of COX2, galectin-3, and
cleaved PARP-1. Mechanistic studies revealed that puerarin increased the expression of
SUMO2, SUMOylation of proteins and the activation of ER/ERK pathway in
cardiomyocytes. ER, ERK and SUMO2 inhibitors attenuated the cardioprotective
effects of puerarin.

Conclusion: Puerarin may alleviate myocardial injury by promoting protein SUMOylation
through ER/ERK/SUMO2-dependent mechanism.

Keywords: puerarin, myocardial ischemia/reperfusion injury, SUMO2, sumoylation, ERK
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INTRODUCTION

Myocardial infarction (MI) represents a critical clinical
manifestation of coronary heart disease and jeopardizes the
health and well-being of the global population at a broader age
range. The existing revascularization strategies only relieve the
clinical symptoms of MI within a short period and appear to be
less effective in preventing adverse cardiac remodeling (Wang et al.,
2020a). Moreover, the current clinical treatments are highly invasive,
so well-trained surgical personnel should be in place to execute the
surgery with high cost and risk of surgical complications (Frieden
and Foti, 2021). Thus, the effort is urgently needed to develop
effective drugs for the functional recovery of post-MI hearts.

The pathology of ischemia and reperfusion is characterized by
the dramatic increase of the cellular stress in the infarcted
myocardium. Upon myocardial infarction, many proteins
undergo different forms of post-translational modifications
(PTM) and subsequently exhibit different or even opposite
biological functions. It is well known that some proteins fail to
function appropriately and others become hyperactivation in heart
diseases due to the dysregulation of PTM, including phosphorylation,
acetylation, glycosylation, amidation, hydroxylation, methylation,
ubiquitylation and sulfation (Rookyard et al., 2021). These PTMs
are dynamically balanced by conjugation and de-conjugation by
functionally opposing enzymes (Li et al., 2021). Small ubiquitin-like
modifier (SUMO) proteins conjugate with selected proteins by
SUMOylation which is a new PTMs. SUMOylation and
deSUMOylation are dynamically regulated for controlling the
stability, cellular localization and activity of target proteins in the
survival, proliferation, differentiation and apoptosis (Geiss-
Friedlander and Melchior, 2007; Kho et al., 2015). It was recently

found that SUMOylation could promote the adaptation of the heart
to various pathological stress stimuli (Joung et al., 2018). SUMO
overexpression enhanced cardiac functions in mice with heart failure
and increased contractility in isolated cardiomyocytes (Kho et al.,
2011). SUMOylation appeared to control the response of the heart to
hypoxic/ischemic stress. Indeed, SUMO pathway components were
dramatically changed during ischemia in the human heart (Sihag
et al., 2009). These studies suggest that SUMOylation may be an
important therapeutic target for drug discovery against myocardial
infarction.

Herbal medicines are recently evaluated for targeting protein
SUMOylation in animal models of MI and cell culture systems.
Ginkgolic acid from the plant Ginkgo biloba might prevent
cardiac fibrosis by inhibiting SUMO-1-dependent
SUMOylation of proteins in MI (Qiu et al., 2018).
Astragaloside IV from Radix Astragali stimulated angiogenesis
under hypoxic conditions by enhancing SUMOylation of
hypoxia-inducible factor-1α (HIF-1α) (Wang et al., 2021).
Puerarin, 7,4-dihydroxyisoflavone -8β-C-glucopyranoside, is a
major component of cardioprotective herbal medicine Radix
Puerariae. Several recent studies suggested that puerarin could
effectively protect the myocardium against ischemia and
reperfusion injury (Li et al., 2019). Although the exact
cardioprotective mechanisms are not well-defined,
interestingly, our preliminary experiments showed that
puerarin selectively up-regulated SUMO2 over SUMO1.
Among four SUMO isoforms, SUMO2 is best known for its
strong association with cellular stress. Therefore, the present
study pursued two specific aims: 1) To explore whether
puerarin could protect cardiomyocytes against myocardial
infarction via up-regulating SUMO2 and related protein
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SUMOylation; 2) To discover the molecular mechanisms by
which puerarin induced SUMO2 expression.

MATERIALS AND METHODS

Antibody and Reagents
Puerarin was purchased from Yick-Vic Chemicals &
Pharmaceuticals (Hong Kong, China). Fulvestrant, ML-792, and
PD 98059 were purchased from Selleck Chemicals. Other
biochemical reagents were purchased from Sigma-Aldrich (St.
Louis, MO, United States) unless otherwise indicated. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum, penicillin,
and streptomycin were purchased from Thermo Fisher Scientific
(Waltham, MA, United States). Antibodies against COX2, ERK,
p-ERK, galectin-3, and GAPDH were purchased from Cell
Signaling Technology (Boston, MA, United States). Anti-8-
OHdG was purchased from Santa Cruz Biotechnology Inc.
(Dallas, Texas, United States). Anti-SUMO2 and Alexa Fluor
488-conjugated goat anti-mouse IgG secondary antibodies were
purchased from Invitrogen (Carlsbad, CA, United States).

Animals
All experimental procedures were approved by the Committee on
the Use of Live Animals in Teaching and Research of the
University of Hong Kong (CULATR 5636-21). Adult male
C57BL/6N mice (8–12 weeks, 25–30 g) were supplied by the
Centre for Comparative Medicine Research, University of
Hong Kong, and housed in a humidity- and temperature-
controlled environment on a 12 h light-dark cycle and allowed
free access to standard laboratory mice chow and drinking water.

Mouse Model of Myocardial Ischemia/
Reperfusion Injury
To induce myocardial infarction, mice were anesthetized by i.p.
injection of ketamine 100mg/kg and xylazine 10mg/kg under a
mouse volume-control ventilator (55-7040, Harvard Apparatus,
United States). Following thoracotomy between the 3rd and 4th
intercostal space, surgery was performed to expose the heart and
ligate the left main coronary artery with a 6–0 silk suture for 45min.
Following 45min ischemia, the suture was loosened to allow
reperfusion in the mice over 24 h for functional recovery. For drug
treatment, puerarin was dissolved in 50% 1,2-propylene glycol in the
saline. Puerarin 100mg/kg was administered via i.p. injection at
30min after ischemia, whereas a vehicle in equal volume was
injected into the animals in Sham and I/R groups (Wenjun et al.,
2015). After surgery, we monitored the animal’s consciousness and
pain response in awell-conditioned environment. Fo themanagement
of possible pain, mice were treated by i.p. injection of analgesic
Buprenorphine (Temgesic®) at 0.1mg/kg, 12-hourly for 3 days.

Measurement of Myocardial Infarct Area
Size
The mouse heart was harvested at the indicated time point, cut
into five slices, and stained in 2% TTC for 15 min. The infarct area

(IA) was characterized as a white region (Montaigne et al., 2018)
and quantified by computerized planimetry of digital images
using a free Downloadable NIH Image J software.

Histopathological Examination (H/E
Staining)
Histopathological examination was performed as previously
described (Cheng et al., 2020). Briefly, when animals were
fully euthanized, cardiac samples were collected from four
groups, fixed in 4% paraformaldehyde in PBS and embedded
in paraffin. After cutting into 5 slices, paraffin-embedded sections
were stained with hematoxylin and eosin (H&E) stain and imaged
under a light microscope. The images were assessed for gross
myocyte injury and the effects of interventions.

H9c2 Cells Culture and Hypoxia/
Reoxygenation Model
Rat H9c2 cells were obtained from the American Type Culture
Collection (Manassas, Virginia, United States) and cultured in
DMEM (high glucose) containing 10% FBS, 100 U/mL penicillin,
and 100 μg/ml streptomycin at 37°C in a humidified incubator
containing 5% CO2. H9c2 cells were washed twice with PBS for the
hypoxia challenge to remove glucose and serum and subsequently
replaced with glucose-free DMEM with or without drug. The cells
were exposed to the atmosphere of 0.1% O2 and 5% CO2 for 3 h in
an Eppendorf Galaxy 48R hypoxia chamber (Hamburg, Germany).
The cells were incubated in high-glucose DMEM containing 10%
FBS for reoxygenation and placed in a 5% CO2 and 95% air
incubator for 24 h (Li et al., 2020a). For drug treatment, the cells
were grown to 70–80% confluence in the complete growthmedium
and treated with puerarin at the indicated concentrations for the
specified times, whereas the control cells were treated with an equal
amount of dimethyl sulfoxide (DMSO) under the same conditions.
For Western blot analysis, the cells were pre-treated with puerarin
for 1 h and subsequently stimulated with hypoxia and
reoxygenation treatment for another 24 h.

Assay of Lactate Dehydrogenase Release
The blood samples were collected from mice and centrifuged at
4,000 rpm at 4°C for 15 min for animal experiments. The serum
was assayed for the level of LDH by the LDH Cytotoxicity Assay
kit from Invitrogen (C20300, Waltham, MA, United States)
following the manufacturer’s instruction. A cell culture
medium was collected from injured H9c2 cells and assayed for
LDH levels for the cell culture system. The absorbance at a
wavelength of 490 nm was measured and quantified.

Assay of Estrogen Receptor-Mediated
Luciferase Activity
The activity of ER signaling pathway was assayed using a promoter-
reporter system according to the manufacturer’s instruction. Briefly,
H9c2 cells were seeded in 96-well plates at the density of 1 × 105

cells/well, and transfected with 0.1 μg 3xERE-TK-Luc and 0.05 μg
pRL-TK following themanufacturer’s instruction. After transfection
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for 24 h, puerarin and progesterone were used to treat the cells for
another 24 h. ER transcriptional activity was then examined using
the Dual-luciferase reporting system (Promega, United States)
following the manufacturer’s protocol. The Clariostar microplate
reader fromBMGLabtech (Ortenberg, Germany) was used to detect
luciferase activity.

Western Blot Analysis
The expression of the cellular proteins was tested by Western blot
analysis as described (Zhao et al., 2019). Briefly, heart tissues andH9c2
cells were lysed with RIPA buffer containing 1x protease inhibitor
cocktail and centrifuged at 13,000 rpm for 20min at 4°C. The
supernatant was recovered, and a Bio-Rad protein staining reagent
(Hercules, CA, United States) was used to determine the protein
concentration. Proteins (60 μg for tissue samples, 30 μg for cells) were

separated with 10% or 12% SDS-polyacrylamide gels and transferred
onto polyvinylidene fluoride (PVDF) membranes (0.45 µm). The
membranes were blocked through 2 h with 5% BSA. Then, the
membranes were probed with primary antibodies overnight at 4°C
and detected with HRP-conjugated secondary antibodies for another
1 h at room temperature. The blots were detected with Amersham
ECT™ detection reagent (GEHealthcare, Uppsala, Sweden) following
the manufacturer’s instruction. The fluorescence intensity was
measured by Image J software (http://imagej.nih.gov).

Cellular Immunofluorescence
H9c2 cells were treated with/without puerarin for 24 h, fixed in 4%
paraformaldehyde, permeabilizedwith 0.5%TritonX-100 for 30min,
and blocked in 5% normal goat serum for 2 h at room temperature.
Following incubation with anti-8-OHdG antibodies at 4°C overnight,

FIGURE 1 | In vivo cardioprotective activity and anti-inflammatory effects of puerarin in mouse MI-RI model. (A) Outline of experimental design. C57BL/6N mice
were subjected to LAD ligation to induce the MI-RI model. After 45 min of ischemia and 24 h of reperfusion, the hearts were harvested for further analysis. Puerarin
100 mg/kg was intraperitoneally injected 15 min before reperfusion. (B) Detection of myocardial infarction. After the tissue was stained in 2% TTC for 15 min, the infarct
area (IA %) was assessed. (C) Quantitative analysis of infarct size. (D) Determination of serum LDH levels. The serum was collected from mice and determined for
LDH levels. (E)H&E staining of myocardial tissue. Cardiac tissues were stained with H&E staining and imaged under light microscopy. Scale bar: 50 μm. (F)Western blot
analysis of biomarkers. Cardiac tissues were collected and analyzed by Western blotting with antibodies against COX2, galectin-3, cleaved-PARP-1. (G) Quantification
of COX2, galectin-3 and cleaved-PARP-1 expression. The results were shown as mean ± SD (n � 6). *p < 0.05.
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the bound antibodies were detected with Alexa Fluor 488 anti-mouse
IgG secondary antibody for 2 h at room temperature. After being
washed with PBS three times, the cell nuclei were stained with DAPI
for 5min. The fluorescence microscopes (Carl Zeiss, Jena, Germany)
were used to capture fluorescent pictures. The fluorescence intensity
was measured by Image J software (http://imagej.nih.gov).

Molecular Docking
The rat ER (PDB: 1X7R) structure was downloaded from the
RCSB PDB website (http://www.rcsb.org/pdb). The chemical
structure of puerarin was generated by ChemBioDraw Ultra
12.0 software. The protein-ligand interactions were
simulated by the AutoDock Vina in the PyRx-virtual

FIGURE 2 | In vitro cardioprotective activity of puerarin against hypoxia/reoxygenation injury. (A) Determination of LDH release from H9c2 cells. After exposure to 3 h
hypoxia (0.1% O2) and 24 h reoxygenation, H9c2 cells were treated with/without puerarin (10, 20, and 40 μM) for 1 h. LDH release was measured by a commercial LDH
cytotoxicity assay kit. (B)Western blot analysis of COX2, galectin-3 and cleaved-PARP-1 expression. H9c2 cells were collected and the proteins were analyzed byWestern blot
with antibodies against COX2, galectin-3, cleaved-PARP-1. (C)Quantification ofCOX2, galectin-3 and cleaved-PARP-1 expression. The blots fromPanel Bwere quantified
by a densitometric method. (D) Immunostaining of 8-OHdG. H9c2 cells were probed with anti-8-OHdG antibody and visualized with Alexa Fluor 488-conjugated secondary
antibody, whereas the cell nuclei were stainedwith DAPI. Scale bar, 50 μm. (E)Quantification of 8-OHdGgeneration. The results were presented asmean±SD (n� 3). *p<0.05.
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screen tool package (Trott and Olson, 2010). The docking
results were analyzed by the Discovery Studio Visualizer
software. The 3D and 2D models were generated using
PyMol and LigPlus software, respectively.

Statistical Analysis
The statistical analysis was performed by one- or two-way
ANOVA (analysis of variance), followed by Dunnett’s test or
LSD’s test using the GraphPad Prism software (GraphPad,
CA, United States). The data were presented as mean ± SD
from at least three independent experiments. The p-value of
<0.05 was considered statistically significant.

RESULTS

Puerarin Reduced Infarct Size and Cardiac
Injury in Mouse MI-RI Model
The mouse model of MI-RI was induced by LAD ligation for
30 min and the mice were treated with or without puerarin
100 mg/kg for 24 h (Figure 1A). The myocardium was
stained with 2% TTC while the infarct area (IA) was

assessed. As shown in Figures 1B,C, puerarin effectively
reduced infarct size (p < 0.05). Based on the determination of
LDH content in the serum, puerarin significantly reduced
LDH release from infarcted myocardium (Figure 1D; p <
0.05). H&E staining showed that MI-RI caused cardiac
disorganization and massive infiltration of inflammatory
cells, whereas puerarin effectively reversed MI-RI-induced
damage (Figure 1E). Furthermore, pro-inflammatory
protein COX2, fibrosis index galectin-3, apoptosis-related
protein cleaved PARP-1 were up-regulated in infarcted
cardiac tissue. Interestingly, puerarin largely reduced the
upregulation of COX2, galectin-3, and cleaved PARP-1 in
the mouse MI-RI model.

Puerarin Protected H9c2 Cells Against
Hypoxia/Reoxygenation Injury
To verify the in vitro cardioprotective effect of puerarin, H9c2 cells
were challenged by sequential hypoxia (3 h) and reoxygenation
(24 h). Firstly, the cell injury of H9c2 cells was evaluated by
measuring LDH release from cells into the cell culture medium.
As shown in Figure 2A, H9c2 cells released an enormous amount of

FIGURE 3 | Effects of puerarin on SUMO2 expression and SUMOylation inmouseMI-RI model and hypoxia reoxygenation-challenged H9c2 cells. (A) In vivo effects
of puerarin on SUMO2 expression and SUMOylation. After ischemia for 45 min and reperfusion for 24 h, heart tissues were collected and analyzed by Western blotting
with antibodies against SUMO2, whereas GAPDHwas analyzed as a control. (B)Quantification of SUMO2 expression and SUMOylation levels. The blots in panel A were
quantified by a densitometric method. The results were shown as mean ± SD (n � 6). *p < 0.05. (C) In vitro effects of puerarin on SUMO2 expression and
SUMOylation levels. After hypoxia (0.1% O2) for 3 h and reoxygenation for 24 h, H9c2 cells were collected and analyzed by Western blotting with antibodies against
SUMO2, whereas GAPDH was analyzed as a control. (D) Quantification of SUMO2 expression and SUMOylation levels. The blots in panel C were quantified by a
densitometric method. The results were presented as mean ± SD (n � 3). *p < 0.05.
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LDH into the medium after hypoxia and reoxygenation, whereas
puerarin reduced LDH release in a concentration-dependentmanner
(*p < 0.05). Secondly, Western blot analysis was used to examine the
expression of COX2, galectin-3, and cleaved PARP-1 in H9c2 cells.
As shown in Figures 2B,C, hypoxia and reoxygenationmarkedly up-

regulated the expression of COX2, galectin-3, and cleaved PARP-1
(*p < 0.05), whereas puerarin (20 and 40 μM) reduced the levels of
COX2, galectin-3 and cleaved PARP-1(*p < 0.05). Thirdly, 8-OHdG
was measured as an indicator of DNA damage. As shown in Figures
2D,E, hypoxia and reoxygenation markedly increased the formation

FIGURE 4 | Puerarin promoted SUMOylation as a potential cytoprotective mechanism against hypoxia/reoxygenation challenge. (A)Detection of LDH release from
H9c2 cells. After 1 h treatment with puerarin-40 μMandML-792-1μM, alone or in combination, H9c2 cells were exposed to hypoxia (0.1%O2) for 3 h and reoxygenation
for 24 h. LDH release was measured by the LDH cytotoxicity assay kit. (B)Western blot analysis for COX2, galectin-3 and cleaved-PARP-1 expression. H9c2 cells were
collected and analyzed byWestern blotting with antibodies against COX2, galectin-3, cleaved-PARP-1. (C)Quantification of COX2, galectin-3 and cleaved-PARP-
1 expression. The blots in panel B were quantified by a densitometric method. The results were shown as mean ± SD (n � 3). *p < 0.05. (D) Immunostaining of cellular 8-
OHdG. H9c2 cells were probed with primary anti-8-OHdG antibody and visualized with Alexa Fluor 488-conjugated secondary antibody, whereas the cell nuclei were
stained with DAPI. Scale bar, 50 μm. (E) Quantification of 8-OHdG formation. The results were presented as mean ± SD (n � 3). *p < 0.05.
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of 8-OHdG and the damage of the cellular DNA (*p < 0.05), whereas
puerarin-40 μM effectively reduced the cellular levels of 8-OHdG
and attenuated DNA damage (*p < 0.05).

Puerarin Increased SUMO2 Expression and
SUMOylation Levels in the Mouse Model
and Cell Model of MI-RI
To examine the effects of puerarin on SUMO2 expression
and SUMOylation, we employed Western blot analysis to
detect SUMO2 and SUMOylated proteins in mouse MI-RI
model and hypoxia reoxygenation-challenged H9c2 cells.
The free SUMO2 was detected to indicate SUMO2
expression, whereas the conjugated SUMO was detected
to represent the levels of SUMO2-mediated
SUMOylation. As shown in Figures 3A,B, puerarin
100 mg/kg effectively up-regulated SUMO2 and
SUMOylation in both untreated mice and mouse MI-RI
model (*p < 0.05). On the other hand, as shown in
Figures 3C,D, puerarin could up-regulate SUMO2
expression and SUMOylation levels in hypoxia
reoxygenation-challenged H9c2 cells in a concentration-
dependent manner (*p < 0.05). Inconsistent with in vivo

results, puerarin-40 μM alone increased SUMO2 expression
and SUMOylation levels in untreated H9c2 cells.

Puerarin Might Protect H9c2 Cells Against
Hypoxia/Reoxygenation Challenge via
Increasing SUMOylation
To clarify the role of SUMOylation in the in vitro cytoprotective
effects of puerarin, before hypoxia/reoxygenation challenge,
H9c2 cells were treated with puerarin alone or in
combination with a specific SUMOylation inhibitor ML-792-
1 μM. Firstly, the cell damage was assessed by assaying LDH
release. As shown in Figure 4A, puerarin reduced LDH release
from the cells that were exposed to hypoxia/reoxygenation
challenge, whereas ML-792 significantly reversed the effect of
puerarin on LDH release (*p < 0.05). Secondly, the Western blot
technique was used to evaluate the effect of puerarin on the
expression of COX2, galectin-3, and cleaved PARP-1 as the
corresponding inflammatory, fibrotic and pro-apoptotic
biomarkers. As shown in Figures 4B,C, puerarin significantly
reduced the expression of COX2, galectin-3 and cleaved PARP-1
against hypoxia/reoxygenation challenge. ML-792 effectively
reversed the effects of puerarin on the expression of COX2,

FIGURE 5 | In silico binding of puerarin to ER and the activation of the ER pathway. (A)Molecular docking of puerarin to ER structure. Puerarin was docked to ER
structure (PDB:1X7R) using software Autodock vina. (B) 2D plot illustrating the interactions of puerarin with amino acid residues of ER. Hydrogen bonds were shown in
green lines. (C) Assay of ER-mediated gene transcription. Following transfection with 3xERE-TK-Luc and pRL-TK, H9c2 cells were treated with puerarin or estradiol and
assayed for luciferase activity. The data were presented as mean ± SD (n � 3). *p < 0.05.
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galectin-3, and cleaved PARP-1 (*p < 0.05). Thirdly, the effect of
puerarin on the DNA integrity was evaluated by
immunostaining 8-OHdG. As shown in Figures 4D,E;

puerarin effectively decreased 8-OHdG formation in the cells
during hypoxia/reoxygenation challenge, whereas ML792
reversed the effect of puerarin on 8-OHdG formation (*p < 0.05).

FIGURE 6 | Puerarin might up-regulate SUMO2 and SUMOylation via the ER/ERK pathway. (A) Western blot analysis of p-ERK and ERK levels. Following
treatment with puerarin (10, 20, and 40 μM) for 1 h, H9c2 cells were analyzed by Western blotting with antibodies against p-ERK and ERK. (B) Quantification of p-ERK
and ERK expression. The results were shown as mean ± SD (n � 3). *p < 0.05. (C) Link of ER pathway to ERK activation. Following treatment with puerarin-40 μM alone
or in combination with Fulvestrant-1 μM and PD 98059-10 μM for 1 h, H9c2 cells were analyzed by Western blotting with antibodies against p-ERK and ERK. (D)
Quantification of p-ERK and ERK expression. The results were shown as mean ± SD (n � 3). *p < 0.05. (E) Western blot analysis for the role of ER pathway in the
upregulation of SUMO2 expression and SUMOylation. Following the treatment with puerarin-40 μMalone or in combination with fulvestrant-1 μMor PD 98059-10 μM for
24 h, H9c2 cells were collected and analyzed byWestern blotting with antibodies against SUMO2. (F)Quantification of SUMO2 expression and SUMOylation in panel E.
The data were presented as mean ± SD (n � 3). *p < 0.05.
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FIGURE 7 | Puerarin protected H9c2 cells against hypoxia/reoxygenation injury via the ER/ERK signaling pathway. (A) Determination of LDH release. Following the
treatment with puerarin-40 μM alone or in combination with Fulvestrant-1 μM or PD 98059-10 μM for 1 h, the H9c2 cells were challenged by hypoxia for 3 h and
reoxygenation for 24 h and assayed for LDH release by LDH cytotoxicity assay (n � 3). (B)Western blot analysis of COX2, galectin-3 and cleaved-PARP-1 expression.
Following drug treatment, H9c2 cells were collected and analyzed by Western blotting with antibodies against COX2, galectin-3, cleaved-PARP-1. (C)
Quantification of COX2, galectin-3 and cleaved-PARP-1 expression. The results were shown asmean ± SD (n � 3). *p < 0.05. (D) Immunostaining of the cellular 8-OHdG.
Following drug treatment, H9c2 cells were probed with primary anti-8-OHdG antibody and visualized with Alexa Fluor 488-conjugated secondary antibody, whereas the
cell nuclei were stained with DAPI. Scale bar, 50 μm. (E) Quantification of 8-OHdG expression. The results were presented as mean ± SD (n � 3). *p < 0.05.
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Puerarin Could Activate Estrogen Receptor
in H9c2 Cells
To explore the molecular mechanisms by which puerarin up-
regulated SUMO2 expression, we focused on the ER signaling
pathway. Firstly, puerarin was docked into ER crystal structure
(PDB:1X7R). As shown in Figures 6A,B, puerarin is well bound
to the site involving two amino acid residues (i.e., Trp393 and
Arg394) in the ER structure while the binding energy was
-7.3 kcal/mol. Secondly, the promoter-reporter system of the
3X ERE-TK-Luc plasmid construct was used to test whether
puerarin could activate ER-mediated gene transcription in H9c2
cells. In practice, H9c2 cells were sequentially transfected with 3X
ERE-Luc plasmid construct, treated with puerarin, and assayed
for luciferase activity. As shown in Figure 5C, highly similar to
the natural ligand E2, puerarin effectively increased luciferase
activity via activating the ER pathway, while ER inhibitor
fulvestrant reversed the effect of puerarin (*p < 0 0.05).

Puerarin Promoted SUMO2 Expression and
SUMOylation Through ER/ERK Signaling
Pathway
To identify the involvement of the signaling molecules in the ER
pathway, we detected the effects of puerarin on MAP kinases,
including ERK in the H9c2 cells. As shown in Figures 6A,B,
puerarin-20 μM effectively induced the phosphorylation of ERK
in the H9c2 cells (*p < 0.05). As shown in Figures 6C,D,
interestingly, ER inhibitor fulvestrant and ERK inhibitor PD
98059 suppressed the phosphorylation of ERK against the
activity of puerarin (*p < 0.05). To clarify whether puerarin
could up-regulate SUMO2 and SUMOylation via activating
the ER/ERK pathway, H9c2 cells were treated with puerarin-
40 μM alone or combined with Fulvestrant-1 μM and PD
98059–10 μM for 24 h. Based on Western blot analysis in
Figures 6E,F, both Fulvestrant and PD 98059 inhibited the
actions of puerarin on SUMO2 expression and SUMOylation
(*p < 0.05).

Puerarin Protected H9c2 Cells Against
Hypoxia/Reoxygenation Injury via ER/ERK
Pathway
To further clarify the importance of the ER/ERK pathway in
puerarin’s in vitro cardioprotective effects, H9c2 cardiomyocytes
were treated with puerarin alone or in combination with
Fulvestrant-1 μM or PD 98059-10 μM and subsequentially
challenged by hypoxia/reoxygenation. Firstly, the cellular
damage was examined by assaying LDH release. As shown in
Figures 7A,B, puerarin reduced LDH release from H9c2 cells
against hypoxia/reoxygenation challenge, whereas Fulvestrant
and PD 98059 reversed the effects of puerarin on LDH release
(*p < 0.05). Secondly, the effects of puerarin on cell survival,
inflammation and fibrosis were examined by analyzing the
expression of characteristic biomarkers (i.e., COX2, galectin-3,
and cleaved PARP-1). As shown in Figures 7B,C, puerarin
markedly reduced the expression of COX2, galectin-3, and

cleaved PARP-1 in hypoxia reoxygenation-challenged H9c2
cells, whereas Fulvestrant and PD 98059 reversed the effects of
puerarin (*p < 0.05). Thirdly, the effects of puerarin on DNA
integrity were examined by detecting 8-OHdG formation. As
shown in Figures 7D,E, puerarin decreased the cellular 8-OHdG
level in hypoxia reoxygenation-challenged H9c2 cells, whereas
Fulvestrant and PD 98059 reversed the effects of puerarin on
hypoxia reoxygenation-induced DNA damage (*p < 0.05).

DISCUSSION

Therapeutic strategies are limited for resolving inflammation and
preventing adverse cardiac remodeling in myocardial infarction
(Toldo and Abbate, 2018; Zhao et al., 2020a). Different PTMs,
including SUMOylation, are implicated in the pathological
progression of myocardial infarction (Rookyard et al., 2021).
The present study focused on the effects of natural product
puerarin on SUMO2 expression and protein SUMOylation
and the underlying mechanisms. We employed mouse MI-RI
model and cardiomyocyte H9c2 cells to examine whether
puerarin could protect cardiomyocytes against ischemia/
reperfusion injury via up-regulating SUMO2 and
SUMOylation. H9c2 cells were initially derived from
embryonic rat ventricular tissue and could well model the
responses of primary cardiomyocytes (Kimes and Brandt,
1976). Indeed, H9c2 cells are widely used as an important
in vitro model of H/R injury (Ye et al., 2020; Chen et al.,
2021). The present study also adopted H9c2 cells as the
in vitro H/R model to examine the cardioprotective mechanisms.

Myocardial infarction triggers inflammatory responses,
cardiomyocyte death, and cardiac fibrosis. Cardiac
inflammation was hallmarked by the overproduction of pro-
inflammatory biomarkers, including cyclooxygenase-2 (COX-
2), an essential mediator of inflammation, toxic shock, and
apoptosis (Guo et al., 2019; Zhang et al., 2021). Galectin-3 is a
prognostic biomarker in heart failure and an essential mediator
for cardiac fibrosis (Ho et al., 2012). Indeed, galectin-3 was
markedly up-regulated in the myocardium and cardiomyocyte
in response to ischemia/reperfusion and hypoxia/reoxygenation,
respectively (Zhang et al., 2020; Redondo et al., 2021). Ischemia/
hypoxia is well-known to cause cardiomyocyte death by
activating caspase-3 and subsequent cleavage of PARP-1
protein (Zhao et al., 2018; Li et al., 2020b). Thus, COX2,
galectin-3, and cleaved PARP-1 are often determined as the
index for inflammatory response, apoptosis and fibrosis.
Moreover, ischemia/reperfusion triggers enormous oxidative
stress in the heart, causing aberrant oxidation of lipids,
proteins, and DNA (Ucar et al., 2021). The cellular 8-OHdG is
detected as a biomarker for oxidative DNA damage (Qin et al.,
2007). This study assessed the in vivo and in vitro
cardioprotective effects of natural product puerarin in mouse
MI-RI model and H9c2 cells.

Puerarin is a major bioactive isoflavone from Chinese herbal
medicine Radix Puerariae, well-documented for therapeutic effects
against cardiovascular diseases, cerebrovascular diseases,
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neurological diseases and endocrinological diseases (Zhang et al.,
2018; Zhou et al., 2021). Puerarin exhibits antioxidant activity for
scavenging reactive oxygen radicals and prevents inflammation and
apoptosis (Wenjun et al., 2015). Puerarin was also found to protect
cardiomyocytes in myocardial infarction via regulating
mitochondrial functions (Li et al., 2019). In the present study, the
cardioprotective effects of puerarin were validated in the mouse MI-
RI model as outlined in Figure 1A. The results shown in Figures
1B–G confirmed that puerarin could effectively reduce infarct size,
inflammation, apoptosis and fibrosis in the heart after myocardial
infarction.Wewere stimulated to explore themolecularmechanisms
underlying the cardioprotective effects of puerarin. Thus, we
challenged cardiomyocyte H9c2 by hypoxia/reoxygenation as the
in vitromodel for studying the underlying mechanisms. In practice,
H9c2 cells were challenged by hypoxia and reoxygenation and
subsequently treated with puerarin. The in vitro cardioprotective
effects of puerarin were evaluated by measuring LDH release from
the cells, analyzing COX2, galectin-3, and cleaved PARP-1 by
Western blotting and detecting the cellular 8-OHdG by
immunostaining. Indeed, the results in Figure 2 confirmed that
puerarin could effectively exhibit cardioprotective effects in H9c2
cells against hypoxia/reoxygenation in a highly similar fashion. Such
an H9c2-based in vitro model might support our effort to discover
the mechanisms underlying the cardioprotective effects.

Protein SUMOylation involves different isoforms of SUMO
proteins (Chang and Yeh, 2020). Even with high similarity at
amino acid sequences, these SUMO isoforms may have
overlapping functions and exhibit different functions.
Previous studies suggest that SUMO2 may mediate the
cellular response to stress (Mendler et al., 2016; Kim et al.,
2019). Figure 3 revealed that puerarin could dramatically
increase the expression of SUMO2 and the levels of
SUMOylated proteins in mouse MI-RI model and H9c2 cells.
We first addressed whether puerarin could protect
cardiomyocytes against hypoxia/reoxygenation via up-
regulating SUMO2 and protein SUMOylation. We examined
whether specific SUMOylation inhibitor ML-792 could
attenuate the effects of puerarin on LDH release. The
expression of COX2, galectin-3, and cleaved PARP-1 and the
formation of 8-OHdG. Figure 4 essentially demonstrated that
the cardioprotective effects of puerarin were highly dependent
on SUMO2-mediated SUMOylation. It was recently reported
that over-expression of SUMO enhanced cardiac function in
mice with heart failure and increased contractility in isolated
cardiomyocytes (Kho et al., 2011). The present study further
supported that SUMOylation might promote the adaptation of
the heart to various pathological stress stimuli (Joung et al.,
2018). Thus, SUMOylation may be a valuable target for the
development of drugs against myocardial injury.

We subsequently examined how puerarin induced SUMO2
expression and protected cardiomyocytes against hypoxia/
reoxygenation challenge. Like many other naturally occurring
flavonoids, puerarin is classified as an estrogen receptor
modulator and predominantly exhibits estrogenic activity for
health benefits (Loutchanwoot et al., 2016; Hou et al., 2021).
Figure 5 showed that puerarin was well bound to ER protein with
the binding energy of −7.3 kcal/mol and induced the expression

of reporter luciferase through an ER-mediated mechanism.
Nevertheless, botanic drug puerarin may exhibit anti-
inflammatory and cytoprotective activities through regulating
different signaling pathways, including phosphoinositide 3-
kinase (PI3K)/Akt pathway, NF-κB pathway and peroxisome
proliferator-activated receptor (PPAR) pathway (He et al.,
2019; Zeng et al., 2021). Our group previously found that
puerarin might exhibit neuroprotective and neurorestorative
activities via progesterone receptor (PR) signaling (Zhao et al.,
2020b). These results confirmed that puerarin might interact with
ER and PR in the cells.

For the role of ER downstream signaling molecules, it is well-
known that the activation of ER signaling pathway results in the
phosphorylation of the extracellular signal-regulated kinase (ERK)
(Chen et al., 2019a; Zhao et al., 2021). Zhao et al. (2021) also found
that puerarin activated Ras/mitogen-activated protein kinase/
extracellular regulated kinase (MEK/ERK) and PI3K/Akt
pathways via the non-genomic effects. Figure 6 showed that
puerarin activated the ERK pathway through ER-mediated
mechanisms. Both ER inhibitor Fulvestrant and ERK inhibitor
PD 98059 attenuated the effects of puerarin on ERK activation,
SUMO2 expression and SUMOylation in H9c2 cells. These results
suggested that puerarin up-regulated SUMO2 expression and
SUMO2-mediated SUMOylation in the ER/ERK-dependent
manner. The SUMOylation affected the expression and function
of proteins in myocardial infarction, which could attenuate or
exacerbate myocardium injury through different mechanisms
(Mendler et al., 2016; Bian et al., 2019; Chen et al., 2019b; Wang
et al., 2020b). SUMOylation may partly enhance the level and
functions of various proteins against myocardial injury (Chen
et al., 2019b). Moreover, Figure 7 further supported that
puerarin could protect H9c2 cells against hypoxia/reoxygenation
insults via activating ER/ERK pathway. These results revealed that
puerarin induced SUMO2 expression and enhanced protein
SUMOylation and protected cardiomyocytes via activating ER/
ERK pathway.

CONCLUSION

In conclusion, the present study demonstrated that puerarin
induced SUMO2 expression and enhanced SUMO2-mediated
SUMOylation of proteins in mouse MI-RI model and H9c2 cells.
Puerarin induced SUMO2 expression, enhanced SUMO2-
mediated SUMOylation and protected cardiomyocytes via
activating ER/ERK pathway. Importantly, SUMO2 and
SUMO2-mediated SUMOylation are new important
cardioprotective mechanisms. Thus, SUMO2-mediated
SUMOylation may be a potential therapeutic target for the
development of drugs against myocardial infarction.
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Higher Risk of Cardiovascular
Diseases in Rheumatoid Arthritis
Patients Without Methotrexate
Treatment
Karel Hloch1, Martin Doseděl 1, Jurjen Duintjer Tebbens2, Lenka Žaloudková3,
Helena Medková4, Jiří Vlček1, Tomáš Soukup4 and Petr Pávek5*

1Department of Social & Clinical Pharmacy, Faculty of Pharmacy in Hradec Kralove, Charles University, Prague, Czechia,
2Department of Biophysics & Physical Chemistry, Faculty of Pharmacy in Hradec Kralove, Charles University, Prague, Czechia,
3Institute of Clinical Biochemistry and Diagnostics, University Hospital Hradec Kralove, Hradec Kralove, Czechia, 42nd
Department of Internal Medicine – Gastroenterology, Division Rheumatology, Faculty of Medicine & University Hospital in Hradec
Kralove, Charles University, Hradec Kralove, Czechia, 5Department of Pharmacology & Toxicology, Faculty of Pharmacy in
Hradec Kralove, Charles University, Prague, Czechia

Cardiovascular diseases (CVDs) lead to higher morbidity and mortality in rheumatoid
arthritis; thus, we aimed to determine whether patients who had discontinued
methotrexate treatment before the study enrollment (group MTX 0) were at a higher
risk of CVD than patients treated with methotrexate at the time of the data collection (group
MTX 1). A retrospective, prospective, observational, cross-sectional study was
conducted. A total of 125 patients were enrolled in the study. Patients from the MTX 0
group (n � 35) were not treated with methotrexate for 7.54 (SD ± 4.21) years in average.
Medical documentation as well as information taken in patient examinations during regular
rheumatologist visits was used to obtain the required data. The composite of any CVD
occurred less frequently in patients in the MTX 1 group than in the MTX 0 group (18.8 vs.
40.0%, OR 0.35, 95% CI, 0.15 to 0.83; p � 0.017) with a non-significant trend after
adjustment for other treatments, which differed between study groups at the baseline (p �
0.054). Significant difference was found for the reduction of myocardial infarction in the
MTX 1 group compared to the MTX 0 group (3.5 vs. 14.3%, OR 0.22, 95% CI, 0.05 to
0.97; p � 0.046). There were 4 deaths (4.7%) in the MTX 1 group as compared with 7
(20.0%) in the MTX 0 group (OR 0.20, 95% CI, 0.05 to 0.73; p � 0.015). Our results
demonstrate that patients who discontinued methotrexate treatment are at a significantly
higher risk of CVD and all-cause mortality. Based on our findings, we recommend stricter
control of CVD in cases of methotrexate discontinuation.

Keywords: rheumatoid arthritis, methotrexate, methotrexate discontinuation, cardiovascular diseases,
cardiovascular risk factors

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease typically connected with chronic inflammation
of the joints, causing their swelling and pain; RA leads to reduced mobility and increased mortality
(Toledano et al., 2012). The prevalence of RA is about 1% in the general population with a correlation
between women and men at the ratio of 3:1 (Soukup et al., 2015). Methotrexate (MTX), a drug with
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immunosuppressive activity and a member of the group of
conventional synthetic disease–modifying antirheumatic drugs
(csDMARDs), is the most frequent drug of choice used in RA
therapy (Shinde et al., 2014).

General cardiovascular (CV) risk factors, such as dyslipidemia,
obesity, diabetes mellitus (DM), hypertension, cigarette smoking,
and physical inactivity, do not fully explain increased mortality
due to cardiovascular diseases (CVDs) in RA patients (Choi et al.,
2002; Schieir et al., 2017). A 2-fold higher relative risk of
myocardial infarction (MI) has been found in female patients
with RA compared to non-RA patients with the same level of
general risk factors, and an even more 3-fold higher relative risk
for women who have had RA for more than 10 years (Solomon
et al., 2003). Thus, to obtain accurate results, general risk factors
as well as markers of RA severity must be taken into consideration
(Solomon et al., 2010). Indeed, absolute CV risk in patients with
RA is higher in general and considered comparable with patients
5–10 years older without RA, or patients without RA suffering
from DM (Peters et al., 2009).

A crucial role in higher morbidity andmortality in RA patients
has been associated with increased inflammatory activity, with
related CVD causing premature death in more than 50% of the
cases (Symmons and Gabriel, 2011). Chronic inflammation leads
to a more progressive development of atherosclerotic vascular
disease measured as intima-media thickness (Ambrosino et al.,
2015). Both innate and adaptive immunity are involved in pro-
atherosclerosis activity and, together with the fact that RA is a
disease with a well-proven ability to modify human immunity,
this connection seems to be underlying for the development of
CVD as well as for prevention and treatment options (Mankad,
2015). Therefore, RA has been considered an additional CV risk
factor (Ku et al., 2009).

We hypothesized that RA patients without MTX treatment are
at a higher risk of total CVD development, including angina
pectoris (AP), MI, congestive heart failure (HF), arrhythmia,
stroke, peripheral arterial disease (PAD), or sudden cardiac
death, as well as individual CVDs. Moreover, we evaluated CV
risk factors for the development of CVD (DM, hypertension,
dyslipidemia, gout, hyperuricemia, and metabolic syndrome). To
improve the understanding of the MTX treatment effect on CVD
risk evaluation in RA patients, we examined three different CVD
score lists from three sets of guidelines: Systematic Coronary Risk
Evaluation (SCORE), the American College of Cardiology/the
American Heart Association (ACC/AHA) CV risk score, and
Reynolds Risk Score (RSC).

METHODS

Study Design
A monocentric, regional, observational, retrospective,
prospective, cross-sectional study was conducted.

Settings
Patients were selected from 198 patients enrolled in our previous
study (Soukup et al., 2015) (all RA patients available in the
University Hospital at the beginning of the study fulfilled the

ACR 1987 RA criteria and were currently treated or had been
previously treated with MTX). All data were gathered from
September, 01, 2016, to May, 31, 2017. Medical
documentation was searched to obtain personal, family, and
drug anamnesis. During a regular visit to a rheumatologist,
each patient was examined, with basic characteristics and
values connected with CV risks being recorded. Blood pressure
(using a certificated and calibrated digital brachial tonometer),
weight, height, and waist and hip circumference were measured.
Fasting blood samples were collected and analyzed at the Institute
of Clinical Biochemistry and Diagnostics, University Hospital
Hradec Kralove. Analyses of total serum level cholesterol, LDL,
HDL, triacyl glycerides, fasting glycemia, glycated hemoglobin,
ions (Na+, K+, and Cl−), uric acid, creatinine, ESR, hsCRP, and RF
were performed. Creatinine clearances were calculated according
to the chronic kidney disease epidemiology collaboration (CKD-
EPI) formula. Each patient’s medical records were searched for
any kind of CVD and CVD risk factors. In addition, patients were
questioned regarding daily physical activity as well as their
smoking habits to obtain demographic data. All deceased
patients (13) from the previous study were enrolled, and
meaningful data from medical documentation was recorded
together with the cause and date of the patient’s death. For
these 13 patients, CV risk factors were not evaluated, as
physical examination and laboratory data were not available.

Participants
Patients from our previous study (Soukup et al., 2015), who visit
rheumatologic outpatient clinics at the University Hospital of
Hradec Králové, with the diagnosis of RA during the data
collection, and who fulfill the inclusion and exclusion criteria
were enrolled together with deceased participants from the above
mentioned study. All these patients were selected because their
MTX treatment statuses were known from the time of RA
diagnosis. Patients met the inclusion criteria if they were
currently or had been previously treated with MTX. There
were no exclusion criteria being applied. All patients fulfilled
the criteria put forth by the American College of Rheumatology
(ACR) 1987 RA (Arnett et al., 1988).

In all the patients, CVD risk factors and CVD occurrences
were recorded. Rheumatoid factors (RFs), antinuclear antibodies
(ANAs), as well as antibodies against cyclic citrullinated peptide
(ACCP) were evaluated. RA disease activity was measured at the
time of study enrollment primarily using a disease activity score
for 28 joints (DAS28) calculated using the erythrocyte
sedimentation rate (ESR). For the determination of body-wide
inflammation activity, ESR and high-sensitivity C-reactive
protein (hsCRP) serum levels were evaluated.

Patients were sorted into two groups according to their RA
treatment status. Patients treated with MTX at the time of data
collection were designated as MTX users (MTX 1 group), and
those who had not been treated with MTX for various reasons
were selected as non-users (MTX 0 group). All patients from the
MTX 0 group were treated withMTX in their history of diagnosis,
and discontinuation of MTX treatment was based on EULAR
recommendations. All patients were adults of Caucasian origin
and living in the Czech Republic.
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Outcome Variables
We considered those patients as CVD positive who had history of
AP, MI, congestive HF, stroke, PAD, sudden cardiac death, and
arrhythmia (patients without sinus rhythm and/or with an
atrioventricular block of at least 2nd degree) in their medical
records. Moreover, an electrocardiogram of each patient was
performed at the time of study enrollment and evaluated to
obtain previously undiagnosed patients with CVDs. For the
evaluation of positive CV risk factor history, data from
medical records together with typical medication for each
condition (i.e., statins, angiotensin-converting enzyme
inhibitor (ACEi), metformin) were used. Overall, six CV risk
factors were determined – DM, dyslipidemia, hypertension,
hyperuricemia, gout, and metabolic syndrome (American
Heart Association criteria; (Grundy et al., 2005)). In addition,
three different CV scores were calculated. For each score, only
patients who fulfilled specific criteria could be enrolled. First of
all, the Systematic Coronary Risk Evaluation (SCORE; Conroy
et al., 2003) for the prediction of 10-year risk of fatal CVD was
calculated for patients between 35 and 65 years of age; the other
requirements were a plasma cholesterol level of 2.5–12.0 mmol/l
and systolic blood pressure of 90–190 mmHg. The SCORE was
measured using the online calculator from the National
Authorization Centre for Clinical Laboratories at the Czech
Medical Society of Jan Evangelista Purkyně (NASKL, 2009).
The patients eligible for ACC/AHA CV risk calculation for a
10-year risk of heart disease or stroke (calculated via online
calculator) were between 40- and 79-year-old with a total
cholesterol level of 3.37–8.29 mmol/l, HDL 0.52–2.59 mmol/l,
systolic blood pressure 90–200 mmHg, and diastolic blood
pressure 30–140 mmHg (Heart Risk Calculator, 2013). The last
measurement, the calculation of the Reynolds Risk Score
predicting a future heart attack, stroke, or other major heart
diseases in the next 10 years was calculated for patients between
45 and 80 years of age, with total cholesterol 3.6–10.3 mmol/l,
HDL 0.8–4.0 mmol/l, systolic blood pressure 90–200 mmHg, and
CRP 0.03–20 mg/l (Reynolds Risk Score, 2013).

Bias
To reduce the selection bias, we enrolled patients from the
previous study (Soukup et al., 2015), which included all
patients with RA diagnosis at the University Hospital of
Hradec Králové. No additional exclusion criteria were applied.
Out of 198 eligible patients, data from 120 (60.6%) were collected.
We conducted an observational study using medical records as an
important data source; thus, information bias due to missing or
outdated data was identified. To handle this potential bias source,
a pre-specified questionnaire was filled by the patients during
their regular visit to a rheumatologist.

Atherosclerosis as an important factor for CVD occurrence is
a multifactorial disease affected by many conditions.
Subsequently, all these conditions may act as potential
confounding factors in CVD development. To minimize the
influence of the confounding factors on the results of our
study, we analyzed the differences between study groups for
uncontrollable (age, gender) and modifiable (DM,
hypertension, dyslipidemia, smoking, alcohol consumption,

physical activity, inflammatory activity) risk factors as well as
patients’ medication with proven CVD effects (ACEi, beta
blockers, statins, glucose lowering drugs, and antiplatelet and
anticoagulant drugs). In addition, to control for the variables that
are statistically and significantly correlated with MTX (see
Table 1., i.e., beta blocker treatment, leflunomide treatment,
and other bDMARDs), a propensity score matching approach
(PSM) was used.

Statistical Analysis
The differences between groups with the absence or presence of
MTX treatment were evaluated using independent two-samples
t-test for quantitative variables, and for qualitative variables we
used the χ2-test or, when its assumptions were not satisfied, we
used Fisher’s exact test. When it was necessary to assess, in
addition, the effect size of MTX treatment’s absence/presence
with respect to dichotomous outcome measures, the univariate
logistic regression analysis was used, and results were expressed
in terms of an odds ratio (OR) with a 95% confidence interval
(CI). To control for the variables that were statistically
significant in Table 1 using a propensity score-matching
approach, every patient with MTX was matched with the
patient without MTX whose propensity score was closest. To
assess differences between mortality in the absence or presence
of MTX treatment, survival analysis using a log-rank test was
performed. Statistical significance was considered at p-value
equal to 0.05. All statistical analyses were carried out using the
SPSS statistical package, version 16 (SPSS Inc., Chicago, Illinois,
United States).

RESULTS

A total of 125 patients were enrolled in the study, with 120
patients eligible for the statistical analysis (Figure 1). Two
patients refused to be enrolled in the study, and one patient
could not be examined due to hospitalization for active
oncological disease at the time when data collection and
medical records from 2 deceased patients were not available.
35 patients were assigned to the MTX 0 group and 85 were
assigned to the MTX 1 group. The average time from MTX
discontinuation in the MTX 0 group was 7.54 (SD ± 4.21) years.
The minimum and maximum period from MTX discontinuation
was 1 and 20 years, respectively. The reason for MTX
discontinuation was known for 25 patients with side effects as
the leading cause in 72% cases (side effect n � 18, inefficacy n � 3,
loss of efficacy n � 2, others � 2). In theMTX 1 group, the patients
had been treated with MTX for an average of 10.9 years (SD ±
5.0). The minimum and maximum period of MTX treatment
was 4 and 27 years, respectively. In total, 13 patients were
deceased at the time of data collection, 7 from the MTX 0
group (20.0%) and 4 from the MTX 1 group (4.6%); and for
the last 2 patients, no medical records were available. The CV
cause of death was reported in 7 patients (5 from the MTX 0
group and 2 from the MTX 1 group).

The patients’ baseline characteristics are presented in
Table 1. In a comparison of the two study groups, no
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significant difference was found in most of the parameters. The
patients in the MTX 0 group were more frequently treated with
betablockers (54.3 versus 27.1%, p � 0.004), leflunomide (34.3
versus 7.1%, p � 0,0001), and with non–anti–TNF- α
bDMARDs (17.1 versus 14.1%, p � 0.038). The laboratory
parameters are summarized in Table 2, with no significant
differences found between the groups. Importantly, there was
no significant difference between values related to RA activity
such as hsCRP (p � 0.120) and ESR (p � 0.095) for the MTX 0
group versus the MTX 1 group.

A composite of CV outcome events consisted of AP, MI,
congestive HF, arrhythmia, stroke, PAD, or sudden cardiac death
which occurred in 16 (18.8%) patients who were assigned to the
MTX 1 group and 14 (40%) patients who were assigned to the
MTX 0 group (Figure 2). For the comparison of these two groups,
the odds ratio (OR) for the primary outcome was 0.35, (95%
confidence interval [CI], 0.15–0.83; p � 0.017).

Individual CVD events occurred in fewer patients in the
MTX 1 group in cases of MI (3.5 versus 14.3%; OR 0.22, 95%
CI, 0.05–0.97; p � 0.046) and arrhythmia (7.1 versus 28.6%;
OR 0.19, 95% CI, 0.06–0.57; p � 0.003). The other CVD events

did not show a significant difference between the two groups.
The individual CVD events are described in detail in
Figure 2.

Statistically significant difference was found for all-cause
mortality. There were 4 deaths (4.7%) in the MTX 1 group as
compared with 7 (20.0%) in the MTX 0 group (OR 0.20, 95% CI,
0.05–0.73; p � 0.015). However, the Kaplan–Meier analysis
showed that there were no statistically significant differences
in survival probability between the MTX 0 and MTX 1 groups
(Figure 3).

After adjustment for statistically significant differences
observed in Table 1 using PSM, a non-significant trend was
found in total CVD (OR 0.50, 95% CI, 0.25–1.01; p � 0.054) for
the MTX 1 group. Moreover, PSM analysis demonstrates
statistically significant results for MI (OR 0.08, 95% CI,
0.02–0.27) and all-cause mortality (OR 0.11, 95% CI,
0.04–0.32). Results for sudden cardiac death (OR 0.19, 95%
CI, 0.02–1.67) and arrhythmia (OR 1.25, 95% CI, 0.36–4.14)
did not reach statistical significance between the study groups
(Figure 4). Due to the limited number of cases, PSM was not
conducted for AP, HF, CMP, and PAD.

TABLE 1 | Comparison of baseline characteristics between groups of RA patients treated (MTX 1 group) or non-treated (MTX 0 group) with MTX.

Patients evaluated
(MTX 1; MTX 0)

All groups MTX 1 MTX 0 p value

Total number of patients, n (%) 120 (85; 35) 120 (100) 85 (70.8) 35 (29.2)
Age (years), mean ± SD 109 (81; 28) 61.26 ± 11.77 61.56 ± 11.68 60.39 ± 12.19 0.654
Female gender, n (%) 120 (85; 35) 87 (72.5) 59 (69.4) 28 (80.0) 0.238
Smoking (current), n (%) 109 (81; 28) 25 (22.9) 21 (25.9) 4 (14.3) 0.207
Smoking (past), n (%) 109 (81; 28) 22 (20.2) 16 (20.0) 6 (21.4) 0.849
BMI (kg/m2), mean ± SD 108 (80; 28) 26.36 ± 5.69 26.04 ± 4.18 27.27 ± 8.73 0.477
Exercise (more than 2.5 h moderate physical activity per week) 104 (77; 27) 86 (82.7) 64 (75.3) 22 (62.9) 0.528
Rheumatoid factor positive, n (%) 88 (67; 21) 60 (68.2) 49 (73.1) 11 (52.4) 0.075
ACCP positive, n (%) 70 (51; 19) 58 (82.9) 45 (88.2) 13 (68.4) 0.074
ANA positive, n (%) 85 (66; 19) 37 (43.0) 29 (43.9) 8 (40.0) 0.802
DAS28 in randomization, mean ± SD 90 (70; 20) 2.42 ± 1.07 2.41 ± 1.04 2.42 ± 1.18 0.940
Remission or low disease activitya 90 (70; 20) 67 (74.4) 51 (72.9) 16 (80.0) 0.518
SBP (mmHg), mean ± SD 109 (81; 28) 145.99 ± 17.67 146.83 ± 16.72 143.57 ± 20.32 0.403
DBP (mmHg), mean ± SD 109 (81; 28) 86.11 ± 10.79 86.00 ± 9.61 86.43 ± 13.86 0.880
Heart rate (bpm), mean ± SD 105 (79; 26) 69.53 ± 10.59 70.05 ± 10.64 67.96 ± 10.50 0.386
Hypolipidemic treatment, n (%) 120 (85; 35) 41 (34.2) 30 (35.3) 11 (31.4) 0.654
Antihypertensive treatment, n (%) 120 (85; 35) 70 (58.3) 47 (55.3) 23 (65.7) 0.293
Antidiabetic treatment, n (%) 120 (85; 35) 13 (10.8) 6 (7.1) 7 (20.0) 0.053
ACEi/AT1 blockers treatment, n (%) 120 (85; 35) 54 (45.0) 41 (48.2) 13 (37.1) 0.266
Beta blockers treatment, n (%) 120 (85; 35) 42 (35.0) 23 (27.1) 19 (54.3) 0.004*
NSAID treatment, n (%) 120 (85; 35) 82 (68.3) 62 (72.9) 20 (57.1) 0.090
Corticoid treatment, n (%) 120 (85; 35) 85 (70.8) 59 (69.4) 26 (77.1) 0.393
Corticoid dose (mg), mean ± SD 120 (85; 35) 5.43 ± 3.06 5.15 ± 2.49 6.02 ± 4.01 0.308
Leflunomide treatment, n (%) 120 (85; 35) 18 (15.0) 6 (7.1) 12 (34.3) 0.0001*
Plaquenil treatment, n (%) 120 (85; 35) 16 (13.3) 9 (10.6) 7 (20.0) 0.168
Cyclosporine A treatment, n (%) 120 (85; 35) 4 (3.3) 2 (2.4) 2 (5.7) 0.579
Sulfasalazine treatment, n (%) 120 (85; 35) 4 (3.3) 3 (3.5) 1 (2.9) 0.999
bDMARD treatment, n (%) 120 (85; 35) 31 (25.8) 18 (21.2) 13 (37.1) 0.069
Anti–TNF-α bDMARDs, n (%) 120 (85; 35) 18 (15.0) 12 (14.1) 6 (17.1) 0.673
Other bDMARDs, n (%) 120 (85; 35) 13 (10.8) 6 (7.1) 7 (20.0) 0.038*

aAccording to EULAR criteria, remission or low disease activity was considered DAS28 < 3.2. n, number; SD, standard deviation; BMI, body mass index; ACCP, anti-cyclic citrullinated
peptide; ANA, antinuclear antibody; DAS28, disease activity score 28; SBP, systolic blood pressure; DBP, diastolic blood pressure; ACEi, angiotensin-converting enzyme inhibitor; AT1,
angiotensin receptor 1; bDMARDs, biologic disease–modifying anti-rheumatic Drugs; MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX
treatment at the time of data collection.
*Values are statistically significant (p < 0.05).
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CV Risk Factors for the Development of
CVD and CVD Score Lists
Outcomes defined as risk factors and risk factor scores for the
development of CVD are summarized in Table 3.

Statistically significant differences between the study groups
in CVD risk factors were found only for both types of DM

(21.4 versus 6.2%, p � 0.011) with higher incidence in the MTX
0 group.

The evaluation of the SCORE list, ACC/AHA cardiovascular
risk score, and the Reynolds Risk Score did not show any
significant differences between study groups (p � 0.433, 0.364
and 0.284, respectively).

FIGURE 1 | Flow diagram. (A) Patients from previous study (Soukup et al., 2015) who visited rheumatologic outpatient clinics at the University Hospital of Hradec
Králové with the diagnosis of RA during the data collection and who were treated with MTX at the time of data collection or anytime in the past, and all deceased
participants from the abovementioned study. (B) Average time from MTX discontinuation in the MTX 0 group was 7.54 (SD ± 4.21) years. (C) In the MTX 1 group, the
patients had been treated with MTX for an average of 10.9 years (SD ± 5.0). (D) Two patients refused to be enrolled in the study, one patient could not be examined
due to hospitalization for active oncologic disease at the time of data collection when medical records from two deceased patients were not available. n, number; MTX,
methotrexate; MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX treatment at the time of data collection.

TABLE 2 | Comparison of laboratory test results between groups of RA patients treated (MTX 1 group) or non-treated (MTX 0 group) with MTX.

Patients evaluated
(MTX 1; MTX 0)

All groups MTX 1 MTX 0 p value

Cholesterol (mmol/l), mean ± SD 104 (78; 26) 5.29 ± 1.13 5.24 ± 1.10 5.45 ± 1.22 0.412
LDL (mmol/l), mean ± SD 100 (75; 25) 3.15 ± 0.98 3.17 ± 0.94 3.11 ± 1.12 0.823
HDL (mmol/l), mean ± SD 101 (76; 25) 1.77 ± 0.52 1.73 ± 0.51 1.87 ± 0.57 0.277
TAG (mmol/l), mean ± SD 101 (76; 25) 1.60 ± 0.93 1.53 ± 0.88 1.81 ± 1.06 0.198
hsCRP (mg/l), mean ± SD 105 (79; 26) 5.75 ± 9.50 4.41 ± 4.60 9.82 ± 16.93 0.120
ESR (mm/h), mean ± SD 98 (75; 23) 14.32 ± 9.87 13.12 ± 8.19 18.26 ± 13.53 0.095
Creatinine (μmol/l), mean ± SD 105 (79; 26) 81.56 ± 30.32 80.13 ± 21.20 85.88 ± 47.77 0.557
Glycemia (mmol/l), mean ± SD 104 (78; 26) 5.54 ± 1.70 5.31 ± 0.90 6.23 ± 2.90 0.123
HbA1c (mmol/l), mean ± SD 96 (73; 23) 37.49 ± 7.78 36.73 ± 6.26 39.91 ± 10.68 0.185
GFL (ml/s/1.73 m2), mean ± SD 104 (78; 26) 1.30 ± 0.31 1.30 ± 0.29 1.29 ± 0.40 0.881
Uric acid (μmol/l), mean ± SD 104 (78; 26) 264.66 ± 103.45 259.24 ± 112.99 280.92 ± 75.80 0.364

n, number; SD, standard deviation; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TAG, triacylglycerol; hsCRP, high-sensitivity C-reactive protein; ESR, erythrocyte
sedimentation rate; HbA1c, glycated hemoglobin; eGFR, estimated glomerular filtration rate; MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX
treatment at the time of data collection.
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FIGURE 2 | Proportion of cardiovascular diseases and all-cause mortality between groups of RA patients treated (MTX 1 group) or non-treated (MTX 0 group) with
MTX. * Values are statistically significant (p < 0.05). Data are available from all 120 patients (MTX 1 n � 85; MTX 0 n � 35). NA, not available; CVD, cardiovascular disease;
MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX treatment at the time of data collection.

FIGURE 3 | Kaplan–Meier curve and survival analysis for all-cause mortality probability using the log-rank test. MTX, methotrexate; MTX 1, patients treated with
MTX at the time of data collection; MTX 0, patients without MTX treatment at the time of data collection.
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DISCUSSION

The fact that CVD is involved in higher mortality in RA is well
documented. Ameta-analysis containing 24 studies showed increased
mortality caused by CVD in about 50% of patients with RA as
compared to the general population (Aviña-Zubieta et al., 2008).
However, there is a lack of systematic evaluation for the impact of
individual CVD in terms of methotrexate (MTX) treatment.

In total, 25% patients of our study cohort showed CVD in
statistically significant lower proportion in patients treated with
MTX in comparison with patients who had discontinued MTX
treatment before the study enrollment (p � 0.017). 40.0% of
patients from the MTX non-treatment group and 18.8% from
those treated with MTX developed a type of CVD, that is, defined
as AP, MI, congestive HF, arrhythmia, stroke, PAD, or sudden

cardiac death, with statistically significant reduction in crude
analysis (p � 0.015; Figure 2) and a slightly non-significant trend
after adjusted analysis (p � 0.054; Figure 3). These findings
correlate with those of previous studies (Westlake et al., 2010;
Micha et al., 2011; De Vecchis et al., 2016). Interestingly in the
CIRT study, low-dose MTX compared to the placebo did not
result in fewer composite endpoints consisting of major CV
events (MACE) extended by hospitalization for unstable angina
that led to urgent revascularization. This double-blind trial
randomized very high-risk patients for CVD (a history of MI
or multivessel coronary disease and DM type II or metabolic
syndrome) without chronic inflammatory conditions such as
RA. Moreover, MTX did not reduce levels of IL-1β, IL-6, and
CRP. The discrepancy between our data for low-dose MTX in
RA patients with data published in the CIRT study may suggest

FIGURE 4 | Logistic regression analysis after propensity score matching for CVDs and all-cause mortality between groups of RA patients treated (MTX 1 group) or
non-treated (MTX 0 group) with adjustment for leflunomide, beta blockers, and other bDMARD treatments. * Values are statistically significant (p < 0.05). CVD,
cardiovascular disease; MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX treatment at the time of data collection.

TABLE 3 | Risk factors for the development of cardiovascular diseases between groups of RA patients treated (MTX 1 group) or non-treated (MTX 0 group) with MTX.

Patients evaluated
(MTX 1; MTX 0)

All groups MTX 1 MTX 0 p value

Diabetes mellitus I or II 109 (81; 28) 11 (10.1) 5 (6.2) 6 (21.4) 0.011*
Dyslipidemia 109 (81; 28) 49 (45.0) 35 (43.2) 14 (50.0) 0.534
Arterial hypertension 109 (81; 28) 87 (79.8) 66 (81.5) 21 (75.0) 0.461
Hyperuricemia 109 (81; 28) 22 (20.2) 15 (18.5) 7 (25.0) 0.461
Gout 109 (81; 28) 2 (1.8) 2 (2.5) 0 (0) 0.401
Metabolic syndrome 100 (74; 26) 59 (59.0) 44 (59.5) 15 (57.7) 0.875
SCORE, mean ± SD 61 (46; 15) 3.10 ± 4.92 3.38 ± 5.25 2.30 ± 2.46 0.433
ACC/AHA CV risk score, mean ± SD 81 (64; 17) 14.07 ± 12.48 13.48 ± 11.34 16.54 ± 16.42 0.364
Reynolds risk score, mean ± SD 80 (61; 19) 9.35 ± 8.29 9.97 ± 9.41 7.45 ± 7.85 0.284

*Values are statistically significant (p < 0.05). SD, standard deviation; CV, cardiovascular; SCORE, Systematic Coronary Risk Evaluation; ACC/AHA, American College of Cardiology/
American Heart Association; MTX 1, patients treated with MTX at the time of data collection; MTX 0, patients without MTX treatment at the time of data collection.
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p heterogeneity of the inflammatory pathways (Ridker et al.,
2019).

When we evaluated each single CVD, a statistically
significant reduction was shown for MI for both crude and
adjusted analysis (p � 0.046 and p < 0.001, respectively), and
for arrhythmia in crude analysis with a proportion of ten and
six events for the MTX non-treatment group and for those
treated with MTX, respectively (p � 0.003) (Figure 2). This
statistically significant result was not confirmed using PSM
analysis (p � 0.356) (Figure 3). Larger studies confirmed a
higher prevalence of arrhythmia, mostly atrial fibrillation, in
patients with RA. The connection between arrhythmia and RA
seems to be linked via different kinds of mechanisms, but the
main cause is attributed to chronic inflammatory condition,
which indirectly influences arrhythmia by a higher occurrence
of CAD and HF, as well as via a direct pathway to cardiac
electrophysiology (7,8).

A comparison of the risk factors for the development of CVD
revealed a statistically significant difference between the study
groups only in the case of both types of DM at the distribution
of seven (25.0%) in theMTX non-treatment group and four (4.9%)
in patients treated with MTX (p � 0.011). Although this
comparison between the study groups showed a significant
difference for DM 1st or 2nd type, this should not be a leading
cause of higher CVD in patients without MTX treatment because
of the comparable glycated hemoglobin blood level, which
demonstrated sufficient DM treatment in both the studied
groups (Table 2). Moreover, none of the diabetic patients were
treated with SGLT-2 inhibitors or GLP-1 agonists, which could
influence our results because of their proven effects on CVD.

Unlike the result for DM, other CV risk factors did not differ
significantly between the groups (Table 3). These results are in
accordance with previous literature findings, suggesting that the
current treatment of risk factors for the development of CVD for
patients with RA is not sufficient, as well as that RA disease
activity plays a crucial role in the development of CVD (van
Breukelen-van der Stoep et al., 2013).

Moreover, no significant differences were found between the study
groups when the three different CVD score lists (SCORE, ACC/AHA
CV risk score, and the Reynolds Risk Score) were compared (Table 3),
which is in accordance with a previous article by Crowson et al.
regarding the usefulness of risk scores to estimate the risk of CVD in
patients with RA (Crowson et al., 2012). Although the Reynolds Risk
Score, which is calculated with the marker of inflammatory activity
(hsCRP), was numerically higher in patients treated with MTX, this
fact does not demonstrate the superiority of this score list. Therefore,
the hsCRP blood level does not seem to be sufficient for the prediction
of the development of CVD; thus, RA disease activity should be
considered as well to obtain more accurate results (del Rincon et al.,
2001; Solomon et al., 2003; Gonzalez et al., 2008).

In our sample, patients untreated with MTX had
insignificantly higher body-wide inflammation as
measured using hsCRP and ESR, a result which could be
connected with increased CVD and CV risk factors
(Wallberg–Jonsson et al., 1999; Ridker et al., 2000).
However, the activity of the disease calculated using the
DAS28 scale was similar in both study groups, suggesting

no difference in RA activity between them. Moreover, the
same proportion of patients across the study groups showed
RA remission (58.6 versus 60.0%) according to the EULAR
classification (Table 2) (Smolen et al., 2017).

In our study, out of the entire study population, 35 patients
(29.2%) were not treated with MTX. This proportion correlates
with the previous published finding that MTX failure occurs in
approximately one quarter of patients within 12 months (Bluett
et al., 2018). This induces a high risk of CVD in patients due to
insufficient inflammatory control, especially from the onset of the
disease to the determination of an adequate RA treatment for
these patients. This assumption is in accordance with previous
data indicating that patients for whom MTX failed as a first-line
strategy have significantly more radiographic joint damage (van
der Kooij et al., 2007).

The second most common csDMARD used in our study was
leflunomide, which was used in a significantly higher proportion in
patients who were not treated withMTX (Table 1). Leflunomide does
not seem to have a potential for increasing MI as a one of the leading
causes of increased total CVD in our sample (Suissa et al., 2006). On
the other hand, leflunomide showed a higher proportion of intima-
media thickness and prevalence of plaques compared to MTX ≥
20mg/wk, biologics, or CsA (Kisiel et al., 2015). For themost frequent
CVD and arrhythmias, no relevant data confirming the association
with leflunomide use were found. In addition, glucocorticoids with
their strong anti-inflammatory activity may have potentially
influenced the results of our study, as side effects include
hypertension and dyslipidemia; however, the CV risk from these
substances is doubtful because of their anti-RA disease activity
(Nurmohamed et al., 2002). Moreover, the number of patients
treated with glucocorticoids did not differ between the study
groups nor did the total glucocorticoid dosage used (Table 1).

Biological treatment is used once when standard therapy fails
to achieve remission or at least lower disease activity. Chief
among the effects of bDMARDs is the suppression of
inflammation activity via the inhibition of TNF-α or other
pro-inflammatory cytokines (Atzeni et al., 2013). Current
evidence suggests that pro-inflammatory cytokines are
involved in the development and rupturing of atherosclerotic
plaques (Crowson et al., 2013).

The proportion of bDMARD treatment between our study
groups did not reach a statistically significant difference.
However, the number of patients treated with bDMARDs in
our sample is not negligible (25.8%) (Table 1). This number is not
sufficient to calculate the effect of this treatment on CVD,
although a trend indication was found for biological treatment
with only 12.9% patients who manifested any CVD in
comparison with 30.4% CVD episodes in patients not treated
by bDMARDs. As biological treatment, particularly, TNF-i seems
to have a high impact on the reduction of CVD development
(Khraishi et al., 2013; Humphreys et al., 2016), and the early start
of bDMARD treatment may be beneficial. Moreover, the
combination of bDMARDs with csDMARDs also
demonstrated a better CVD prognosis compared with
monotherapy (Singh et al., 2017; Xie et al., 2018).

Biological treatments as well as other csDMARDs have a
strong anti-inflammatory activity alone or in combination;
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however, our results suggest that patients treated with MTX
benefit more from therapy. Subclinical atherosclerosis, which
develops before the diagnosis of RA, together with longer time
needed to achieve remission or at least lower disease activity,
seems to play an important role in CV morbidity (Maradit-
Kremers et al., 2005; Smolen et al., 2017; Mackey et al., 2018).
Moreover, the lower activity of RA disease, which is achieved
earlier in MTX responders, improves endothelial dysfunction (de
Groot et al., 2015). Through its vasodilatation effect, MTX also
interferes with the adenosine mechanism, which plays an
important role in cardiac and vascular biology. In addition,
adenosine also affects heart contractility via the decrease of
spontaneous depolarization in the sinus node. In summary, a
higher level of adenosine in MTX treatment leads to the
upregulation of various cholesterol efflux transporter proteins.
Consequently, the transport of cholesterol from the periphery to
the liver and the decreased formation of foam cells relates to a
decrease in the risk of CVD (Reiss et al., 2019).

The findings of this study should be seen in the light of certain
limitations. First, the study has limited number of patients
coming from one geographical region, and all of them were
treated at the same hospital. Although patients were enrolled
and split into groups of 7 physicians, potential influence of the
regional nature on the study cannot be ruled out. Second, some
patients’ characteristics were missing, as the data were obtained
from their medical records which did not contain complete data
in some of the cases. To minimalize the number of such missing
values, we asked the patients to fill in a questionnaire (e.g., current
pharmacotherapy) during their regular visit to a rheumatologist.
Third, due to the retrospective data of our study, some factors
may have changed and affected the primary outcomes, such as
continuous use of CVD preventing medications, RA disease
activity, and exercise. Moreover, based on the cross-sectional
design of the study, we do not knowwhen the episode of CV event
occurred. Thus, CV events in the MTX 0 group could have
occurred at the time of a previous MTX use or in the consecutive
period after MTX discontinuation. To eliminate this factor, a
future prospective study is needed. Fourth, residual confounding
can account for some of the observed associations. We used PSM
for variables with a statistically significant difference in baseline
characteristics (Table 1) to minimize this bias.

CONCLUSION

According to recent recommendations, controlling risk factors for
CV morbidity and managing the activity of RA for long-term and
sustained remission are the two methods to reduce CV morbidity
and mortality. Data from our study show that there is a higher risk

of CVD and all-cause mortality in patients who discontinued MTX
treatment in comparison with patients continuously treated with
MTX. No such relationship was found for general CV risk factors or
different CV risk scoring scales. In conclusion, our data support
current EULAR recommendations for using MTX in the first-line
treatment strategy. On the other hand, in clinical practice, a part of
the patients with RA are not treated usingMTX. First, these patients
have contraindications of MTX. Second, patients developed adverse
events. Third, MTX was withdrawn due to inefficacy. In case of
MTX inefficacy, it is possible to continue with a combination of
MTX and other DMARDs. According to the results of our study, we
recommend stricter control of CVD to justify cases of MTX
discontinuation. Nevertheless, due to the limited number of
participants, high-quality randomized clinical trials are required
to verify the effect of MTX in CVD prevention.
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The Roles of Cardiovascular
H2-Histamine Receptors Under
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This review addresses pharmacological, structural and functional relationships among H2-
histamine receptors and H1-histamine receptors in the mammalian heart. The role of both
receptors in the regulation of force and rhythm, including their electrophysiological effects
on the mammalian heart, will then be discussed in context. The potential clinical role of
cardiac H2-histamine-receptors in cardiac diseases will be examined. The use of H2-
histamine receptor agonists to acutely increase the force of contraction will be discussed.
Special attention will be paid to the potential role of cardiac H2-histamine receptors in the
genesis of cardiac arrhythmias. Moreover, novel findings on the putative role of H2-
histamine receptor antagonists in treating chronic heart failure in animal models and
patients will be reviewed. Some limitations in our biochemical understanding of the cardiac
role of H2-histamine receptors will be discussed. Recommendations for further basic and
translational research on cardiac H2-histamine receptors will be offered. We will speculate
whether new knowledge might lead to novel roles of H2-histamine receptors in cardiac
disease and whether cardiomyocyte specific H2-histamine receptor agonists and
antagonists should be developed.

Keywords: H2 histamine receptor, contractil effect, ischemia - reperfusion, arrhythmias, heart failure

1 INTRODUCTION

Although many reviews on histamine receptors have been published (Marone et al., 2014; Panula
et al., 2015; Marino and Levi 2018; Zhang et al., 2018), few up-to-date reviews have focused on
cardiac histamine receptors. Moreover, the most recent review was published by Hattori et al., in
2017. The present work reviews the most recent works on this topic in the relevant literature.

The “histamine”molecule was named by Fühner (1912) based on its chemical structure, which is
β-imidazolyl-amin(e). The term histamine was derived from the Greek words for tissue (“histos”
or΄ΙΣΤΟΣ) and “amine” (a nitrogen containing alkyl-derivate), which translate as the amine in the
tissue. Histamine was first synthesised by two chemists from Freiburg im Breisgau using a battery of
structurally similar compounds (Windaus and Vogt 1907) without studying their presence or
function in animals. Later, Ackermann (also in Freiburg, Germany) found that bacteria could
produce histamine from histidine, proving that histamine could be produced in nature and not only
in the test tube (Ackermann 1910; Ackermann and Kutscher 1910). Previously, histamine was shown
to increase the cardiac force of contraction, to increase the beating rate of the heart and to induce
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FIGURE 1 | (A) Scheme: putative mechanism(s) of signal transduction of cardiac H2-histamine receptors stimulated by histamine and antagonized by cimetidine.
H2-histamine receptors (H2R) can activate adenylyl cyclases (AC) via stimulatory GTP binding proteins (Gs), which would enhance the 3′, 5′-cyclic adenosine-phosphate
(cAMP)-levels in central compartments of the cardiomyocyte. This cAMP can activate cAMP-dependent protein kinase (PKA), which would increase the phosphorylation
state and thereby, the activity of several regulatory proteins in the cardiomyocyte. For instance, PKA-stimulated phosphorylation increases the current through the
L-type Ca2+ channel (LTCC) and/or the release of Ca2+ from the sarcoplasmic reticulum (SR) via the cardiac ryanodine receptor (RYR). This process is thought to initiate
cardiac contraction. In diastole, Ca2+ is pumped via the SR-Ca2+-ATPase (SERCA) from the cytosol into the SR. Activity of SERCA is increased when PKA
phosphorylates phospholamban (PLB). PKA also phosphorylates the inhibitory subunit of troponin (TnI). The phosphorylation of TnI reduces the sensitivity of the
myofilaments for Ca2+ and thus the muscle will relax faster in diastole. The latter effect might also follow from inhibition of PP2A (a serine/threonine phosphatase: PP)
activity byMAP kinases (mitogen activated protein kinases) and subsequent increased phosphorylation state and thus activation of I-1 (a specific inhibitory protein of PP1
[serine threonine protein phosphatase 1]), which will lead to decreased activity of PP1. PKA can also phosphorylate and thus activate the cAMP-dependent transcription
factor (CREB). Alternatively (sometimes called the non-canonical pathway) the phosphorylation state and thus the activity of ERK1/2, JNK (c-jun N terminal kinase), p38
(p38 mitogen activated protein kinase) could be enhanced by pathways acting via arrestins. In the human heart, via H2-histamine receptor, cAMP-content is increased,
PKA is activated, phospholamban and troponin I phosphorylation is enhanced and the open probability of the LTCC is augmented. (B) Scheme: putative mechanism(s)
of signal transduction of cardiac H1-histamine-receptors, stimulated after endogenous agonist binding (histamine) on the receptor which can be abrogated by an
exogenous antagonist like mepyramine. Three putative pathways are indicated with Arabic numbers. H1-histamine receptors (H1R) via (labeled 1 in the scheme) the
α-subunits of the inhibitory GTP-binding proteins (Giα) can inhibit the activity of adenylyl cyclases (AC) which would reduce the 3′-5′cyclic adenosine-phosphate (cAMP)-
levels in central compartments of the cardiomyocyte and thus diminish the activity of cAMP-dependent protein kinases (PKA), which eventually leads to a decline in the
phosphorylation state of regulatory proteins in the cell. Alternatively (labeled 2 in the scheme) the activity of phospholipase A2 (PLA2) might be increased leading to
formation of arachidonic acid (AA) and finally activation of protein kinase C (PKC) leading to protein phosphorylation and hence increased force generation. Lastly (labeled
3 in the scheme), H1-histamine-receptors may via GTP binding proteins called Gq or G11 activate phospholipase C (PLC). This would increase the level of diacylglycerol
(�DAG) in the cells and thus elevate the activity of PKC. In addition, PLC leads to the formation of inositol trisphosphate (IP3), which can release Ca2+ from storage sites
like the sarcoplasmic reticulum (SR), where it binds to calsequestrin (CSQ) is taken up by SR-Ca2+ATPAse (SERCA) which is activated when phospholamban (PLB) is
phosphorylated by PKA or CaMKII. Ryanodine receptor upon their phosphorylation release Ca2+ from the SR which then contributes to force generation. An elevation of
cytosolic Ca2+ is expected to bind to calmodulin and this can activate a kinase (CaMKII). This kinase can phosphorylate and activate nitric oxide (NO) synthase (NOS).
This activation would lead to the enhanced formation of NO which stimulates guanylyl cyclase (GC) thus increases 3′-5′cyclic guanosine-phosphate (cGMP) levels.
Elevated cGMP can reduce the activity of phosphodiesterase III (PDE III) or enhance the activity of phosphodiesterase II (PDE II). This would elevate or reduce cAMP,
respectively, which would activate or inhibit PKA and eventually increase or decrease force generation. In the human heart, H1-histamine receptor stimulation increases
cGMP- and cAMP-levels, activate PKA and increase force of contraction (Sanders et al., 1996). In contrast, others reported a decrease of force, at least in some patients
after H1-histamine receptor stimulation (Guo et al., 1984; Du et al., 1993).
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arrhythmias. Indeed, in early studies, synthetic histamine was
found to exert a positive inotropic effect (PIE) and a positive
chronotropic effect (PCE) in isolated perfused hearts
(Ackermann and Kutscher 1910; Dale and Laidlaw 1910, 1911;
Einis 1913). Histamine-induced arrhythmias were also reported
in these early papers. For example, histamine led to asystole or
third-degree atrioventricular block in isolated buffer-perfused
spontaneously beating frog hearts (Einis 1913).

Over time, interest in cardiac histamine receptors has varied,
depending on the development of newmethods. In the early years
(1910–1930), whole animal experiments were predominant. Then
H1-histamine receptor (H1R) antagonists became available,
which were used to treat anaphylactic shock. From the 1950s
to 1980, electrophysiological experiments in multicellular cardiac
preparations and then on isolated cardiomyocytes in animals and
humans became feasible, and they were used in cardiac histamine
research. In 1972, a paper on H2-histamine receptor (H2R)
antagonists was published (Black et al., 1972). These H2R
antagonists were quickly used to differentiate between H1R-
and H2R-mediated cardiac functions. H2R antagonists were
used in whole animal experiments, in experiments using atrial
or ventricular multicellular preparations, and in isolated muscle
cell studies. From 1970 to 1980, signal transductions of histamine
receptors were studied using biochemical methods (adenylyl
cyclase, 3′,5′-cyclic adenosine monophosphate [cAMP], and
inositol trisphosphate [IP3] measurements). When histamine
receptors were cloned in the 1990s, molecular studies and
mutational studies on H1- and H2-histamine receptors became
feasible. The next steps were performed in genetic studies using
adenoviral constructs or in studies on mice using gene deletion
methods and gene overexpression methods to examined H2-
histamine receptors. Around 1980, a surge in clinical studies
on H2R agonists appeared, which did not lead to clinical
application because of side effects. The use of these H2R
agonists could have been impaired by side effects such as acid
production in the stomach (Felix et al., 1991a, 1995) or the
assumption that all cAMP-increasing agents induce cardiac
arrhythmias. At that time, a seminal paper was published
showing that cAMP-increasing agents such as the
phosphodiesterase III inhibitor milrinone or β-adrenoceptor
agonists increased the ejection fraction of the left cardiac
ventricle of patients with severe chronic heart failure.
However, more patients died in the milrinone group than in
the control group, mainly of fatal arrhythmias (Packer et al.,
1991). Tariq and Aronow (2015) published a review on several
cAMP-increasing agents in patients. Subsequently, the use of H2R
antagonists has been the subject of clinical studies and trials
aimed at changing the therapy for heart failure.

In the present review study, we distinguish four histamine
receptors that, based on their chronology of detection, are called
H1-, H2-, H3- and H4-histamine receptors. They belong to the
large family of heptahelical receptors that are thought to be
located mainly in the sarcolemma. These histamine receptors
couple via at least two pathways to elicit cardiac effects. First, the
histamine receptors act via well-described guanosine-tri-
phosphate (GTP)-binding proteins (G-proteins). Second, as
shown in Figure 1A,B, the histamine receptors use β-arrestins

to couple to intracellular signal transduction pathways (Hill et al.,
1997; Seifert et al., 2013; Panula et al., 2015). All four histamine
receptors are present in the mammalian heart (Panula et al., 2015;
Hattori et al., 2017). However, only H1- and H2-histamine
receptors couple directly to force contraction or beating rate in
the mammalian heart (Hattori et al., 2017). In contrast to H3- and
H4-histamine receptors, H1- and H2-histamine receptors are
located on the cardiomyocyte (Hattori et al., 2017). The
present review study focuses on H2-histamine receptors
because they are relevant for the positive inotropic and
positive chronotropic effects of histamine in the human heart.
There is still controversy in the field about whether H1-histamine
receptors increase or decrease the force of contraction in the
human heart (Guo et al., 1984; Sanders et al., 1996). However,
there is agreement that H1-histamine receptors probably slow the
intrinsic heart rate and the propagation of the heartbeat via the
conduction system in the mammalian heart, including the human
heart (Hattori et al., 2017). H3- and H4-histamine receptors are
present on neuronal cell structures in the mammalian heart, but
not on cardiomyocytes. H3- and H4-histamine receptors can
inhibit the release of noradrenaline (NE) from storage sites
(ganglia) in the human heart (Hattori et al., 2017).

The human H2R consists of 359 amino acids (Gantz et al.,
1991a, 1991b; Panula et al., 2015) and is located on chromosome
5 (Hill et al., 1997; Dy and Schneider 2004; Jutel et al., 2009).
There are pharmacological and genetic tools to study H2-
histamine receptors in the heart. Genetic tools for studying the
H2R in more detail include a strain of general, constitutive
knockout (KO � deletion of a gene in a mouse) mice for H2R,
a floxed H2R mouse and one mouse line with cardiac specific
overexpression of H2R (Kobayashi et al., 2000; Gergs et al., 2019;
Meng et al., 2021). Genetically modified mice with a floxed H2R
gene (Meng et al., 2021) can be used to generate cell-specific
removal or at least reduce the expression of H2R. Floxed mice
have recently been used to delete H2R in endothelial cells (EC)
(Meng et al., 2021). Theoretically, the floxed mouse could be used
for genetic deletion of H2R in adult mouse cardiomyocytes.
However, this experiment is not expected to be useful to
reveal the exact function of H2R in adult cardiomyocytes in
patients because adult mouse cardiomyocytes do not express
functional H2R (Gergs et al., 2019). In adult mouse
cardiomyocytes, histamine does not increase the mechanical
function of the cell, and histamine has no positive inotropic
effect on wild-type mouse hearts (Gergs et al., 2019). Hence, the
deletion of the H2R in adult mouse heart or adult mouse
cardiomyocytes is not likely to reveal any new information.
Please note that we specify adult mouse cardiomyocytes, as
foetal mouse cardiomyocytes might respond to histamine by
an increase in contractility, which, to the best of our
knowledge, has not yet been studied. The contractile effect of
histamine in the mammalian heart is clearly age dependent, but it
differs in different parts or regions of the mammalian heart, and it
is species dependent (see also Histamine and cAMP in the Heart:
Age- and Species-Dependent Presence of Cardiac Histamine
Receptors).

Other tools used to study histamine receptors are receptor
agonists and receptor antagonists. These tools, similar to the
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genetic tools described above, also have limitations, which must
be considered in planning experiments. Typical, but not
necessarily specific or selective agonists of H2R, are listed in
Table 1. Obviously, histamine itself is an agonist of all four known
histamine receptors. Histamine is therefore also an agonist of H2-
histamine receptors. It might be of physiological relevance that
the affinity of histamine for the four histamine receptors is the
lowest for H2R. Indeed, histamine has a higher affinity for H1-,
especially for H3- and H4-histamine receptors, than for H2-
histamine receptors (Panula et al., 2015). However, these
observations clearly show that histamine is not a specific
agonist of H2-histamine receptors. If contractile effects of
histamine are detected in the mammalian heart, which
histamine receptor is involved remains unknown. Specific
histamine receptor antagonists must be used to classify the
contractile effect of histamine and link it to, for instance, a
H1-or and H2-histamine receptor.

The agonists listed in Table 1 are of comparable potency, or,
compared with histamine, they are much more potent agonists of
H2-histamine receptors. The first agonist that was found to act on
H2R but not on H1R was dimaprit (Table 1). Later, in addition to
the previously cloned H1- and H2-histamine receptors, novel H3-
and H4-histamine receptors were cloned. It was found that
dimaprit, indeed, did not stimulate cloned H1R but stimulated
cloned H2R. However, dimaprit was shown to stimulate H3-and
H4-histamine receptors even more potently than H2-histamine
receptors (Panula et al., 2015). Currently, a molecule called
compound 16 is known to be one of the most potent agonists
of H2-histamine receptors (Table 1). Interestingly, in
Langendorff-perfused guinea pig hearts, a derivative of
dimaprit, called apromidine, exerted a positive inotropic effect,
which occurred without changing the heart rate (Felix et al.,
1991a, 1995). Two dually fluorinated apromidine derivatives,
which are known H2R agonists (BU-E-75 and BU-E-76), not
only induced a positive inotropic effect but also reduced heart rate
in Langendorff-perfused guinea pig hearts or living anaesthetised
guinea pigs (Felix et al., 1991a, 1995). The lack of a positive
chronotropic effect is puzzling: in isolated spontaneously beating

guinea pig right atria, BU-E-75 and BU-E-76 exerted potent
positive chronotropic effects: pD2-values of 8.12 and 8.05 were
compared with pD2-values for a positive inotropic effect in
isolated paced guinea pig papillary muscles at 7.90 and 7.91,
respectively (Buschauer and Baumann 1991). These results
clearly showed that BU-E-75 and BU-E-76 are potent agonists
of H2-histamine receptors in the guinea pig sinus node (SA).
However, in another study, the same group reported that the
efficacy of inducing a positive chronotropic effect, that is, an
absolute increase in the number of heartbeats in Langendorff-
perfused guinea pig heart, was less than that induced by
impromidine, another dimaprit derivative (Felix et al., 1991a).
Similarly, BU-E-75 and BU-E-76 were more effective in inducing
a positive inotropic effect on guinea pig ventricle compared with
impromidine (Felix et al., 1991a). These authors speculated that
in vivo, in anaesthetised guinea pig and Langendorff-perfused
guinea pig heart, additional effects of BU-E-75 and BU-E-76, such
as vagal stimulation, must exist, which explained their negative
chronotropic effects (NCE) (Felix et al., 1991a, 1995). They also
reported that BU-E-75 and BU-E-76 were virtually non-
arrhythmogenic (Felix et al., 1991a).

A caveat is in order at this stage. Even if one uses a specific H2R
agonist that does not have any measurable affinity for the other
three histamine receptors, control experiments are necessary to
prove that the histamine receptor agonist does not act on other
sarcolemmal receptors that alter cardiac contractility. A sound
precaution could be to test a new H2R agonist to determine
whether one of the well-characterised H2R antagonists, such as
cimetidine or famotidine (Table 2), abrogates its cardiovascular
effects. In Table 2, we have deliberately listed only one H2R
antagonist, burimamide, which is now only of historical value.
Burimamide was the first H2R antagonist to be described (Black
et al., 1972). Because of its short half-life and poor oral
bioavailability, it has never been clinically applied. However, it
has been used in many seminal studies to identify cardiac H2-
histamine receptors. The other H2R antagonists shown in Table 2
are still used clinically, and they have been used as substitutes for
burimamide to study the functional role of H2-histamine

TABLE 1 | Agonists at H2-histamine-receptors.

Agonist name pD2 Tissue studied References

Compound 16 9.61 Sf9 insect cells expressing the human H2R Birnkammer et al. (2012)
Apromidine 8.0 Guinea pig isolated right atrial preparations Buschauer (1989)
BU-E-76 37.91 1,2In vivo haemodynamic of guinea pig left ventricle 1Felix et al. (1991a), 2Felix et al. (1995)

3Guinea pig isolated right atrial preparations 3Buschauer and Baumann (1991)
BU-E-75 37.90 1,2In vivo haemodynamic of guinea pig left ventricle 1Felix et al. (1991a), 2Felix et al. (1995)

3Guinea pig isolated right atrial preparations 3Buschauer and Baumann (1991)
Amthamine 7.04 Guinea pig isolated right atrial preparations Eriks et al. (1992)
Impromidine 7.04 Guinea pig isolated right atrial preparations Bertaccini and Coruzzi (1981)
4-Methyl-histamine 7.01 pH measurement in isolated perfused rat stomach Durant et al. (1975)
Dimaprit 16.19 1Guinea pig isolated right atrial preparations 1Parsons et al. (1977)

2Guinea pig hippocampal slices 2Garbarg and Schwartz (1988)
3CHO cells expressing the rat H2-histamine-receptor 3Smit et al. (1996a)

Histamine 16.60 Guinea pig isolated right atrial preparations 1Bertaccini and Coruzzi (1981)
26.00 2Buschauer and Baumann (1991)

Synopsis of some relevant histamine agonists (first column), their affinity at H2-histamine receptors (decadic logarithms of their affinity constants, second column), the tissue studied (third
column) and the references (fourth column).

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 7328424

Neumann et al. H2 Review

109

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


receptors in the heart. In Table 2, we present mainly data on
affinity derived from cell culture studies in which the authors
used human H2-histamine receptors to measure affinity. Such
data are difficult to obtain in studies on isolated human organs,
but, under identical conditions, they should allow for
comparisons between several frequently used H2R antagonists
in cardiovascular research. Figure 1A shows the generally known
H2R-initiated pathways and the current putative signal
transduction steps in the mammalian heart.

2 INTERACTION OF H2R WITH OTHER
G-PROTEIN COUPLED RECEPTORS

H2R can heterodimerise with H1R (Figure 2), which was
observed after receptor stimulation in U937 cells (i.e., a
macrophage cell line, which per se expresses both receptors)
and H2R transfected Chinese hamster ovary (CHO) cells, leading
to the desensitisation and internalisation of H2-histamine
receptors in endosomes (Alonso et al., 2013). A functional
interaction was produced as follows: in cell culture, H1-
histamine receptors were stimulated for 60 min. Dimaprit
evoked a smaller increase in cAMP (Figure 1A) in these cells
than under control conditions. Conversely, dimaprit pre-
treatment led to a reduced H1R-mediated IP3-increase
(Figure 1B), indicating functional cross-talk, which was not
due to receptor phosphorylation by kinases (Alonso et al.,
2013). Whether this kind of heterodimerisation occurs in the

heart, particularly in the human heart, and has functional
consequences has not yet been studied. However, it could be
addressed because both receptors are present on, for instance,
guinea pig cardiomyocytes, which was shown in histological
results (Matsuda et al., 2004). Many G-protein coupled
receptors are known to heterodimerise. Hence, it is
conceivable, but unknown, whether H2R dimerises with other
receptors in addition to H1R. Diverse functional, but not
necessarily structural, interactions between histamine acting
via H2-histamine receptors and other cAMP-changing agents
have been studied (Table 3). Therefore, the following question
arises: What are the results of the interaction of H2-histamine
receptors with other receptors? One way to address this question,
which is also (patho)physiologically relevant, is the following: in
isolated Langendorff-perfused heart, histamine was given
initially, which increased the force of contraction in the left
ventricle. It was also found to increase the current through
Ca2+ channels in the sarcolemma (Belevych et al., 2004).
Adenosine (or carbachol, a stable derivate of acetylcholine and
an unspecific agonist at muscarinic receptors) was then applied,
which reduced the force of contraction in the heart. This
functional inhibition has usually been explained as follows
(Figure 2): H2R stimulation increases adenylyl cyclase activity
(Figure 1A), which is then reduced by the stimulation of A1-
adenosine receptors or M2-muscarinic receptors (Table 3)
(Baumann et al., 1981a). The situation is somewhat different
in experiments on preparations from the right human or canine
atrium, where the positive inotropic effects of histamine and

TABLE 2 | Antagonists at H2-histamine receptors.

Antagonist name −lg IC50 Inverse agonism Tissue studied References

GASTROINTESTINAL DRUGS:
Cimetidine 6.18 + Transfected Chinese hamster ovary cells Baker (2008)
Ranitidine 6.79 + Transfected Chinese hamster ovary cells Baker (2008)
Nizatidine 7.10 + Transfected Chinese hamster ovary cells Baker (2008)
Burimamide 17.16 − 1Transfected Chinese hamster ovary cells

2Guinea pig right atrium

1Smit et al. (1996b)
27.8 2Black et al. (1972)

Zolatidine 7.39 + Transfected Chinese hamster ovary cells Baker (2008)
Tiotidine 7.93 + Transfected Chinese hamster ovary cells Baker (2008)
Famotidine 8.34 + Transfected Chinese hamster ovary cells Baker (2008)
ICI 162846 8.43 + Transfected Chinese hamster ovary cells Baker (2008)

PSYCHIATRIC DRUGS:
Amitriptyline 5.72 or 6.95 + 1Neuronal cells 1Kanba and Richelson (1983)

2Baculovirus system 2Appl et al. (2012)
3Langendorff-heart H2-TG mouse 3Neumann et al. (2021b)

Imipramine 5.48 or 6.10 + 1Neuronal cells 1Kanba and Richelson (1983)
2Baculovirus system 2Appl et al. (2012)

Chlorpromazine 5.5 or 5.81 + 1Neuronal cells 1Kanba and Richelson (1983)
2Baculovirus system 2Appl et al. (2012)

Mianserin 5.55 or 6.35 + 1Neuronal cells 1Kanba and Richelson (1983)
2Baculovirus system 2Appl et al. (2012)

Haloperidol 4.54 or 5.94 + 1Neuronal cells 1Kanba and Richelson (1983)
2Baculovirus system 2Appl et al. (2012)

Synopsis of some relevant histamine receptor antagonists (first column), their affinity (second column, negative decadic logarithm of their inhibitory action) for H2-histamine-receptors, their
ability to act as inverse agonists (+, third column), the tissue studied (fourth column) and the references (fifth column). With the exception of burimamide all listed drugs are inverse agonists.
The upper half consists of antagonists designed to be specific antagonists at H2-histamine-receptors and were initially developed to block these receptors in the gastrointestinal tract. The
lower half of Table 2 lists drugs used in psychiatry to treat psychosis or depression. In early studies (see text) these compounds were shown to antagonize the stimulatory effect of
histamine on the activity of adenylyl cyclases from the guinea pig brain or guinea pig heart. Baker (2008) used human H2-histamine receptors for transfection experiments, thus these data
are clinically of special relevance andwere therefore chosen to be presented here. Lower affinities are fromKanba and Richelson in cells and higher affinity values are from Appl et al. (2012)
where recombinant receptors produced in a baculovirus system were used.
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dimaprit, mediated by H2R, are also reduced by adenosine or
carbachol (Endoh, 1979; Baumann et al., 1981a). However, the
mechanism of the action of adenosine is not clear. As the ventricle
of guinea pig, adenylyl cyclases might be involved. Thus,

alternatively strong lines of evidence (Behnke et al., 1990;
Böhm et al., 1986; Böhm et al., 1988a; Gupta et al., 1993;
Neumann et al., 1994; Herzig et al., 1995; Neumann et al.,
1995) have shown that the effects of A1-adenosine receptor

FIGURE 2 | Scheme: putative mechanisms of interaction between H1- or H2-histamine receptors and other GTP-binding protein-coupled heptahelical receptors in
the sarcolemma of a cardiomyocyte. As delineated in Figure 1A, H2-histamine receptors after stimulation by endogenous histamine or by the exogenous H2-histamine
receptor selective agonists like dimaprit will elevate via stimulatory GTP-binding proteins (Gs) the activity of sarcolemmal adenylyl cyclases (AC). Thus, more cAMP is
formed and cAMP-dependent protein kinases (PKA) are activated. This leads to a subsequent phosphorylation and activation of cardiac regulatory proteins (RP).
Their phosphorylation (compare Figure 1A for details) leads to an increase in force of contraction. The same pathway is used by the cardiac 5-HT4-serotonin receptor
stimulated by endogenous serotonin or the β-adrenoceptors (β-AR) stimulated by exogenous isoproterenol to increase cAMP and thereafter force of contraction. The
increase of force of contraction induced by histamine by acting on H2-histamine receptors is abrogated by additionally acting endogenous compounds like adenosine
acting on A1-adenosine receptors or endogenous acetylcholine (or exogenous carbachol) stimulating M2-muscarinic receptors. Three pathways may be used by M2-
muscarinic receptors and A1-adenosine receptors. They may inhibit via inhibitory G-proteins (Gi/oα) the activity of AC, thereby reduce cAMP content and thus decrease
force of contraction. In addition, A1-adenosine and M2-muscarinic receptors can activate sarcolemmal potassium ion channels: this shortens the duration of the action
potential; less time is available for trigger Ca2+ to enter the cell via L-type Ca2+ channels (see Figure 1A), cytosolic Ca2+ declines and force falls. Lastly, M2-muscarinic and
A1-adenosine receptors may directly or indirectly activate protein phosphatases (PP, see Figure 1A) which would reduce the phosphorylation state and subsequently
the force in the myocardium. Moreover, as shown in Figure 1B, H1-histamine receptors, may activate phospholipase A2 (PLA2), thereby activating cyclooxygenase 2
(COX2) which generates metabolites of arachidonic acid which can elevate force of contraction. Finally, there seems to be a direct interaction whereby the H2-receptor
stimulation can reduce the activity of the H1-histamine receptor.

TABLE 3 | Alterations of histamine-induced effects in the heart.

Histamine-stimulated
effect

Functional
antagonist

System Alternative
agonist

References

positive chronotropic effect inhibited by adenosine human right atrium or dimaprit Genovese et al. (1988)
positive chronotropic effect inhibited by carbachol human right atrium or dimaprit Genovese et al. (1988)
positive inotropic effect inhibited by adenosine human right atrium or dimaprit Genovese et al. (1988)
positive inotropic effect inhibited by carbachol human right atrium or dimaprit Genovese et al. (1988)
positive inotropic effect inhibited by adenosine human left papillary muscle or dimaprit Genovese et al. (1988)
positive inotropic effect inhibited by carbachol human left papillary muscle or dimaprit Genovese et al. (1988)
positive inotropic effect inhibited by adenosine Guinea pig: Langendorff Baumann et al. (1981a)
positive inotropic effect inhibited by carbachol Guinea pig: Langendorff Baumann et al. (1981a), Baumann et al. (1981b)
adenylyl cyclase inhibited by adenosine Guinea pig: Langendorff, canine

ventricle
Baumann et al. (1981a), Baumann et al. (1981b),
Endoh (1979)

L-type Ca2+-channels inhibited by iso-
prenaline

Guinea pig cardiomyocytes Belevych et al. (2004)

L-type Ca2+-channels inhibited by adenosine Guinea pig cardiomyocytes Belevych et al. (2004)
L-type Ca2+-channels inhibited by

acetylcholine
Guinea pig cardiomyocytes Levi and Alloatti (1988) Belevych et al. (2001)

Here, effects probably mediated by H2-histamine receptor stimulation are listed (first column) with special regard to their additive or inhibitory interaction with other receptor-mediated
effects that are present in the heart. The effects are listed in the first column, the interacting agent in the second column, the tissue and species reported upon in the third column. In the
fourth column it is mentioned whether dimaprit in the reference. This was done because in contrast to histamine, dimaprit does not act on H1-histamine receptors and thus dimaprit-
induced effects are probably H2-histamine receptor-mediated.
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stimulation or M2-muscarinic receptor stimulation occur via
subunits of GTP-binding proteins, which leads to the opening
of atrial potassium channels without the involvement of cAMP.
Thus, a reduction in the action potential (AP) duration and a
subsequent negative inotropic effect (NIE) will ensue (Figure 2;
Table 3). Because adenosine is released in ischaemia, this
functional interaction might be regarded as an
antihistaminergic effect of adenosine (Genovese et al., 1988).
The opposite interaction was noted, at least under certain
conditions: the current in sarcolemma or the force of
contraction, both of which were stimulated by β-adrenoceptor
agonists, was reduced by the additional application of histamine
(Belevych et al., 2004; Gross et al., 1984). These results indicate
that H2-histamine receptors couple in the heart not only via
stimulatory GTP-binding proteins to activate adenylyl cyclase but
also via inhibitory GTP-binding proteins to inhibit the activity of
adenylyl cyclase (Figure 2). This behaviour is not without
precedence, and it is well known in the β2-adrenoceptor.
Similarly, the mode of interaction between H2-histamine

receptors and other receptors, such as purinoceptors, may
depend upon the signal pathway involved. An adenosine
triphosphate (ATP)-induced increase in arachidonic acid in
H2R transfected cells was inhibited by the additional
application of histamine, but the ATP-induced increase in
Ca2+ was not affected by the application of histamine
(Traiffort et al., 1992). This ATP-based interaction has not
been studied in the heart. Further evidence indicates that the
order of drug application is important for H2-histamine receptors
and other receptors that are coupled to the activity of adenylyl
cyclase. For example, if the cardiac serotonin 4 (5-HT4) receptor
(i.e., the receptor mediating the positive inotropic effect of
serotonin in the human heart) was first stimulated, then H2R
activation decreased the force of contraction but not vice versa
(Neumann et al., 2019; Neumann et al., 2021d). These data are in
line with the assumption that H2-histamine receptors are coupled
via inhibitory and stimulatory G-proteins with the activity of
adenylyl cyclase in the heart.

3 REGIONAL EXPRESSION OF HISTAMINE
RECEPTORS IN THE HEART

Figure 3 and Table 4 show overviews of the functional actions of
histamine in the hearts of several species and in different cardiac
regions (Figure 3). Table 4 shows regional differences in the
presence and role of H2-histamine receptors, which must be
considered in planning studies. For comparison, animals that
are seldom used in experimental medicine were included in
Table 4; for example, H2-histamine receptors are used in the
python heart. Perhaps it could be concluded that histamine
receptors occurred late in the evolution of the animal
kingdom. Some aspects of human H2R pharmacology are
better studied in guinea pigs, and others are better studied in
pigs and dogs (Table 4).

Several types of cardiomyocytes conduct the heart beat in the
different regions in the heart. Sinus node cells act as a cardiac
pacemaker, and atrial cardiomyocytes form the main bulk of
atrial muscle. Specialised ventricular cardiomyocytes form the
path of the conducting system, which propagates depolarisation
starting at the sinus node via specialised cells in the atrium
(Bachmann bundles) via the atrioventricular node cells, the
His-bundle, the Tawara branches, and the Purkinje fibres in
the ventricle walls (Figures 3, 4). However, few histological
studies have been conducted to examine histamine receptors.
A seminal study that used semiquantitative
immunohistochemistry revealed a high density of H1-
histamine receptors on sinoatrial nodal cells and cells in the
atrioventricular node but less expression in the surrounding atrial
or ventricular myocardium of guinea pig (Matsuda et al., 2004).
These authors detected H2-histamine receptors immunologically
mainly in the working myocardium of the right atrium and the
ventricular cells in proximity to the atrioventricular cells in
guinea pigs (Matsuda et al., 2004). There are no published
comparative studies on the histology of the human heart;
therefore, this topic warrants future research. Alterations of
H2-histamine receptors in cells in this pathway are expected to

FIGURE 3 | Comparison of regional H1-histamine receptor and H2-
histamine receptor signaling in various regions of mammalian hearts. In sinus
node cells, H2-histamine receptors can stimulate cAMP-production, this
cAMP binds to HCN (�If-currents, hyperpolarization-activated ion
channels) which thereafter open more often and tachycardia ensues (see
Table 7 for details). Alternatively, H1-histamine receptors, in sinus node cells
can reduce the beating rate via still unknown mechanisms (see Table 7 for
details). In atrial muscle cells, H2-histamine receptors (via cAMP, see
Figure 1A) and H1-histamine receptors (see Figure 1B via, for instance,
activation of PLC and thereafter formation of IP3 and/or diacylglycerol and
subsequent phosphorylation steps) can both increase atrial force of
contraction in some species. In other species, H1-histamine receptors in atrial
muscle cells decrease force of contraction by activation of
phosphodiesterase, inhibition of protein kinases and/or activation of
phosphatases. In the atrioventricular (AV) node, H1-histamine receptors in
most species inhibit electrical conduction into the ventricle (see Table 7 for
details). Likewise, in the ventricular muscle cells, H2-histamine receptors
increase force of contraction by the mechanism depicted in Figure 1A. But
also, in some species, ventricular muscle H1-histamine receptors can increase
force of contraction (see Figure 1B), in other species, H1-histamine receptors
lead to a reduction in force of contraction via the hypothetical mechanism
depicted: a cGMP-mediated increase in phosphodiesterase II (PDE II) activity.
Alternatively, in other species cGMP might inhibit PDE III and thereby increase
cAMP and subsequently (See Figure 1B for details) force of contraction.
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TABLE 4 | Cardiac effects of histamine.

Species Left atrium Right atrium Atrioventricular
node

Ventricle References

Man PIE: 3H2 PIE: 1,2,3,5,8H2 PIE: 5H1 NIE: 1,6H1

PCE: 1,4,7H2 NCE:
1H1 cAMP: 5H1,2

PKA: 5H1,2 cGMP: 5H1
4Arrhythmias

7AV-block: H1 PIE: 3,7H2,
5H1 NIE: 6H1

1Genovese et al. (1988)
2Zerkowski et al. (1993)
(both)
3Ginsburg et al. (1980)
4Levi et al. (1981)
5Sanders et al. (1996) (both)
6Guo et al. (1984)
7Vigorito et al. (1983) (both)
8Graver et al. (1986)

Cat 9PIE: NE-release 9PCE: H2, β: release of NE n. d 9PIE: NE-release 9Laher and McNeill (1980c)
(both)

Rabbit PIE: 10,11H2 H2:
10,11cAMP

H1:
11IP3

10H1: cGMP H1:
11no effect on force

PCE: 10H2
10H2: cAMP 10H1:

cGMP
AV-block H1 PIE: 10H2 (weak) PIE: 10H1 (strong)

10H1: cGMP 12H1: IP3
10PIE: H1

> H2

10Hattori et al. (1988a)
11Hattori et al. (1991a)
12Hattori et al. (1994) (both)

Dog no effect PIE: H1 PCE: 13,16H1 PIE: 13H1 release of
NE via H3 or H4? or H1

16,19AV-block H1
13No effect in vivo NIE: H1

15PIE
15cAMP

13Vidrio and Priola (1990)
(both)
14Chiba (1976)
15Endoh (1979) (both)
16Flacke et al. (1967) (both)
17Powell and Brody (1976)
18Li et al. (1998)
19Hashimoto (1925)

Guinea pig PIE: 29,32H1:
23IP3 PIE:

20,28,30H1 NIE: H1 and H2

Neonatal: PIE H2
29PIE:

via NE

PCE: 21,22,27H2 cAMP: 21H2 PIE:
21H2

29PCE via NE

27AV-block: H1 PIE:21,22,27, 32,12 H1 Neonatal: only
H2 mediated PIE cAMP: 21,32 H2

PIE: 21,32,12H2
12IP3: H1

25negative
inotropic effect: H1

20Hattori et al. (1994) (both)
21Verma and McNeill (1977)
(both)
22Macleod et al. (1986) (both)
23Sakuma et al. (1988) (male)
24Kiniwa and Tasaka (1989)
25Zavecz and Levi (1978)
(male)
26Hattori et al. (1991b) (both)
27Levi and Kuye (1974) (male)
28Hattori and Kanno (1985)
(both)
29Laher and McNeill (1980b)
(both)
30Hattori et al. (1988b) (both)
31Houki (1973)
32Shigenobu et al. (1980)
(male)

Rat 36PIE: NE-release 3,35NIE 36PIE: NE-release 36NCE:
Acetylcholine-release

? 35NIE: PIE: NE-Release 33,34No
effect

33Dai (1976) (male)
34Wellner-Kienitz et al. (2003)
(both)
35Bartlet (1963)
36Laher and McNeill (1980a)
(both)
37Went et al. (1952)

Mouse 40PIE 41NIE: H2
42H2:

cAMP 38,39,41no effect

42PCE: H2 n.d 38,39no effect 38Gergs et al. (2019)
38Gergs et al. (2020) (both)
40Liu et al. (2002)
41Goren et al. (1993)
42Goren et al. (1994)
43Goren et al. (1995)

Pig PIE: 44H2 NIE: 44H1 In vivo: 45PIE:H2 In vivo: 45NIE: H1

PIE: 44H1 NIE: 44H1

44Du et al. (1993) (both)
45Cooper et al. (1995) (both)

Ferret PIE: Papillary muscle: iCa
2+, cAMP 46Hurrell et al. (1993) (male)

Chicken PCE: H2 No effect ? 47Kiniwa and Tasaka (1989)
Four-
striated
snake

PCE: H2 PIE: H2 Kiniwa and Tasaka (1989)

Soft-shelled
turtle

PCE: H1 PIE:H1 Kiniwa and Tasaka (1989)

Pond turtle no effect no effect Kiniwa and Tasaka (1989)
(Continued on following page)
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be of huge clinical relevance, as they can certainly lead to various
cardiac arrhythmias. Alterations of H2R expression might be
relevant for not only primary arrhythmias because of inborn
errors but also secondary arrhythmias upon ischaemia,
hypertrophy, drug treatment, and perhaps ageing. However,
further research in this regard needs to be undertaken.

Concerning the expression (Figures 1, 3, 4 and Table 5) and
the cellular heterogeneity of H2-histamine receptors in the heart,
H2-histamine receptors have long been known to be present and
functional in blood cells. These blood cells are pumped into the
heart and continuously removed by circulation. Specifically, H2R
is expressed on leucocytes, macrophages, mast cells (Marquardt
et al., 1994), neutrophils (Fredholm et al., 1999), thrombocytes,
and erythrocytes (Table 5). In histological studies with
antibodies, the specificity of which is poor and a research need
(Seifert et al., 2013) or messenger ribonucleic acid (mRNA)
detection), H2-histamine receptors have been identified in
blood containing cardiac tissue section samples or cardiac
homogenates. However, measurements of H2-histamine
receptors in cardiac homogenates reveal their expression in all
cell types present in the heart. It could be assumed that bands
thought to be specific to H2R in Western blots, which are made
from whole heart homogenates, mainly arise from
cardiomyocytes. This assumption, however, does not
necessarily hold true unless it is repeated with homogenates
from purified cardiomyocytes (Gergs et al., 2019; and own
unpublished observations). Hence, some data in the literature
on cellular expression of H2R proteins await confirmation.

4 EXPRESSION, INTERACTION, AND
DESENSITISATION OF H2R

4.1 Brief Notes on H2R Biochemistry
The homology of mouse and human H2-histamine receptors at
the protein level is about 85% (Kobayashi et al., 1996). The three-
dimensional structure of the H2R has been studied using virtual
crystallisation (Conrad et al., 2020; Hok et al., 2020). Histamine
has been observed to bind to amino acids in transmembrane
domains three and five or six (Panula et al., 2015). However, to
the best of our knowledge, crystallisation data on human H2-
histamine receptors alone and binding to a H2R agonist or
binding to a H2R antagonist are currently not available (Hok
et al., 2020).

Several transcription initiation sites of the promoter of the human
H2R gene and variable 3′-untranslated regions have been
characterised (Murakami et al., 1999). These transcript variants are
thought to explain, at least in part, the up-and-down regulation of
receptors and their differential expression. Only a few data on the
altered expression of H2R in the human heart are available. However,
in the heart of a special transgenicmouse, the expression of H2R at the
mRNA level and protein level was decreased (Fitzsimons et al., 2001).
In this mouse model, histidine decarboxylase, which is the main
enzyme responsible for the production of histamine, was deleted in all
tissues (Fitzsimons et al., 2001). These data are proof of the principle
that the transcriptional regulation of H2R can occur in mammalian
hearts. However, this field is largely unexplored and requires further
research.

TABLE 4 | (Continued) Cardiac effects of histamine.

Species Left atrium Right atrium Atrioventricular
node

Ventricle References

Fish e.g.
common
carp

no effect no effect Kiniwa and Tasaka (1989)
but see also for exceptions
48Reite (1972)

Bullfrog no chronotropic effect PIE: H2
49Einis (1913)

Crocodile PCE: H2 PIE: H2 Kiniwa and Tasaka (1989)
Python In vitro and in vivo PCE: H2 PIE: H2

50Skovgaard et al. (2009)

In this table, H1- or H2-histamine receptor-mediated contractile effects in several regions (first row) of relevant (for clinically oriented research) mammalian species (first columns) have been
compared. It is apparent that for some species and regions H2-histamine receptor are unimportant, partially important or solely important for the cardiac contractile effects of histamine.
This has also to be taken into consideration when planning studies or translating them to humans. PIE: positive inotropic effect to histamine or its derivatives; PCE: positive chronotropic
effect to histamine or its derivatives; NIE: negative inotropic effect to histamine or its derivatives; a question mark indicates that some uncertainty concerning the nature of the histamine
receptor involved exists. NE-release indicates that histamine induces the release of noradrenaline from probably sympathetic varicosities in the cardiac preparations and then NE, activates
β-adrenoceptors (β) thus indirectly increasing contractility. The secondmessengers probably involved in the signal transduction of the histamine receptors (see also Figure 2) are given as
cAMP, cGMP, or IP3. H1 and H2 stand for H1-histamine receptors and H2-histamine receptors and indicate that we think these receptors mediate the change in force or beating rate or
increase in the level of the second messenger which follow the receptor name. AV-block means atrioventricular block of conduction in the heart. H2-TG, indicates transgenic mice with
heart-specific overexpression of the H2-histamine receptor. H1 >H2 is meaning that H1-histamin receptor function dominates over H2-histamine receptor function. AV-block: H1; indicates
that histamine induces an atrioventricular block which is H1-histamine receptor mediated. H2 cAMP, or H1 cGMP, or H1 IP3 reads that stimulation of the H2-histamine receptor or of the H1-
histamine receptor in this species and cardiac region is known to raise the level of cAMP, or cGMP, or IP3, respectively in this tissue. Unless state otherwise, these data refer to isolated
cardiac preparations. In canine studies, Chiba injected histamine, 0.3–100 μg, into the cannulated sinus node artery of the isolated right atriumwhich was blood perfused by a living donor
dog (the sex of the dogs was not published: Chiba, 1976). In living anaesthetized dogs on bypass, histamine 0.1–100 mg was intracoronarilly applied (Vidrio and Priola, 1990). In dog lung
preparations with blood obtained from donor hearts, histamine (calculated as free base) was intravenously given at doses of 0.1–10 mg (Flacke et al.,1967).
In living pigs, histamine hydrochloride solution was infused intravenously at a rate ranging from 0.5 to 10 µg per kilogram body weight per minute and they measured left ventricular
pressure via an intraventricular catheter (Cooper et al., 1995). At low concentration of histamine they noted a negative inotropic effect and at high concentration they measured a positive
inotropic effect that was antagonized by ranitidine. In patients, histamine hydrochloride was pumped at a rate of 0.4 µg per kilogram body weight per minute into the left antecubital vein
(Vigorito et al., 1983).
The symbol “β “indicates that for instance the positive chronotropic effect of histamine in cat heart is in part blocked by application of a β-adrenoceptor antagonist, suggesting themediation
of that effect via β-adrenoceptors.
In the column with references in brackets available information on sex of animals or human patients were given: male: male animals; both: both genders were used. In some publications,
even on humans, sex was not published and therefore is not listed here.
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It is well known that even a single amino acid mutation can
alter the ligand affinity of G-protein coupled receptors. The
same principle applies to H2-histamine receptors. Indeed,
mutations to dissect the ligand binding sites and the
sequences involved in signal transduction of the H2R have
been widely studied (Panula et al., 2015). For instance, the
expression of a C-terminally truncated variant of H2R was
found to lead to more generation of cAMP compared with the
expression of wild-type (non-mutated) H2-histamine
receptors (Fukushima et al., 1997) in transfected cells in
culture, which may therefore be regarded as a gain in
function mutation. Further studies on mutations revealed
that G-protein coupled receptor kinase 2 and 3 (GRK2 and
GRK3) in COS-7 cells (a fibroblast-like cell line) led to the
desensitisation of H2R in histamine (Rodriguez-Pena et al.,
2000). It would be interesting to overexpress these mutated
H2-histamine receptors in the mouse heart and determine
whether a gain in function or the histamine-induced
desensitisation of force of contraction in the heart were
regulated in a fashion similar to transfected non-muscle
cells. As previously discussed in this paper, the isolated
heart of wild-type mice does not react to histamine: wild-
type mice have no functional histamine receptors that
increase beating rate or force of contraction. It could be
argued that a mutated H2R in mouse heart could be
practically overexpressed on a “knock out” baseline; hence,
it should be possible to study mutations in comparison with
the hearts of wild-type mice (Gergs et al., 2019). At present, it
is unknown why the mouse heart does not display inotropic or
chronotropic effects of exogenously applied histamine.

FIGURE 4 | Cardiac conducting system and regional histamine receptor
expression in the heart (modified from Stein et al., 1998). Here, one has tried to
relate the mechanical information in Figure 2 with anatomically correct
location of the receptor. In the sinus node (SA), the H2-histamine
receptor when it is expressed probably also increase chronotropy, that is
increases the heart rate. If the H1-histamine receptor is functional, if can
decrease but sometimes also increase the heart rate: this is meant by ↓ and ↑
(see Table 4 for species differences). For simplicity, in the ventricle a negative
inotropic effect of H1-histamine receptor activation is only depicted. However,
in some species a positive inotropic effect of H1-histamine receptor activation
has been described (compare Table 4). If a functional H2-histamine receptor
is expressed in the atrium or ventricle it always increases inotropy (Table 4).
Also indicated is the proarrhythmic effect of H2-histamine receptor stimulation
in the ventricle by indicating increased automaticity. H1-histamine receptors, if
present in the AV node (AV), always seem to have negative dromotropic
effects, that is, they slow the conduction through the AV node (Table 7). Here,
also His-bundles (HIS) are shown where a decrease in the conduction time via
H1-histamine receptors can sometimes be measured.

TABLE 5 | Localization of H2-histamine receptors.

Tissue Species Tissue/Cell type: References

1. Cardiomyocytes
1.1 Adult rat Whole heart: Matsuda et al. (2004) Zeng et al. (2014)

Neonatal rat Cardiomyocyte: Zeng et al. (2014)
1.2 Pig Ventricle: Cooper et al. (1995)
1.3 Human Atrium and ventricle: Matsuda et al. (2004)
1.4 Mouse Ventricle: Lacking: Gergs et al. (2019): Present: Fitzsimons et al. (2001)
1.5 Rabbit Ventricle: Hattori et al. (1991a), (1991b)
1.6 Guinea pig Ventricle: Agata et al. (2010), Matsuda et al. (2004)

2. Blood cells
2.1 Human Platelets: Nakamura et al. (1999)
2.2 Human Mast cells: Bachert (2002)
2.3 Human Macrophages: Jutel et al. (2009)
2.4 Human Neutrophils: Busse and Sosman (1976)
2.5 Human Erythrocytes: Wagner et al. (2006)

3 Human Vascular smooth muscle cells: Ottoson et al. (1988)
4 Human Endothelial cells: Luo et al. (2013)
5 Human Lymphocytes: Jutel et al. (2009)
6 Human Basophils: Bachert (2002)
7 Rat Fibroblasts: Zeng et al. (2014)

Here, the tissue distribution and localization of H2-histamine receptors in different cell types (first column) present in the heart of several species (second column) or blood constituents (third
column) are listed. It is apparent that H2-histamine receptors are by noway confined tomast cells but are present on several cell types. SMC: smoothmuscle cells. EC: endothelial cells. It is
worth mentioning that whereas the H2-histamine receptor is found biochemically in the adult rat heart, it is only functional in neonatal and possibly fetal rat heart when one compares this
table with Table 4. In the mouse, H2-histamine receptors were present in wild-type cardiomyocytes as messenger ribonucleic acid by polymerase chain reaction but were functionally
absent even in electrically stimulated adult cardiomyocytes (Gergs et al.,2019).
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Indeed, the mRNA and protein of H2R are present in mouse
heart (Fitzsimons et al., 2001; Gergs et al., 2019). However, the
lack of effect of H2R on mouse heart is not an isolated
curiosity. Similarly, the mRNA and protein of H2R were
present in the hearts of rats (Matsuda et al., 2004).

4.2 Interactions Between Histamine,
Histamine Receptors, and Noradrenaline
Any positive inotropic effects of histamine in rat cardiac
preparations vanished when the animals were pre-treated
with reserpine or studied in an organ bath in the
continuous presence of β-adrenoceptor antagonists such as
propranolol (Laher and McNeill 1980a). These experimental
findings are consistent with the explanation that in rats,
histamine receptors release noradrenaline, which stimulates
β-adrenoceptors that increase the force of contraction (Laher
and McNeill 1980c). These actions of noradrenaline are
impossible if the animals are pre-treated with reserpine
because it is known to lower the noradrenaline content in
the heart and if the tissue contains β-adrenoceptor antagonists
such as propranolol (Laher and McNeill 1980c). We have
noted that a single bolus of 100 µM of histamine, non-
cumulatively applied in isolated electrically stimulated left
atrial preparations of wild-type mice in an organ bath
exerted a small but reproducible positive inotropic effect,
which is absent in the presence of propranolol or after pre-
treatment of mice with reserpine (Gergs et al., 2019 and
unpublished observations). Hence, in rat and mouse hearts,
H2-histamine receptors are either not present on
cardiomyocytes, or they do not couple with pathways that
increase the force of contraction or heartbeat.

Interestingly, at least in guinea pig left atrial preparations, a
biphasic effect of histamine was observed. When histamine
was not cumulatively but sequentially applied, a fast initial
increase in force was followed by a slower increase in the force
of contraction (Wilson and Broadley 1980). 2-Methyl-
histamine, another typical H1R agonist (Black et al., 1972),
and 2-pyridylethylamine (PEA) in the presence of propranolol
(to rule out indirect effects of histamine on β-adrenoceptors
via noradrenaline release) also elicited a biphasic positive
inotropic effect in isolated left atrial preparations in guinea
pigs. These biphasic effects were more prominent at 25°C than
at 37°C in an organ bath (Wilson and Broadley 1981a). At 25°C
in the organ bath, the first peak in force generation was
dissolved in the presence of the H1R antagonist
mepyramine, but the second peak was maintained (Wilson
and Broadley 1981a), which prompted the authors to predict
that a possible novel histamine receptor was involved, which,
however, was apparently never fully clarified (Wilson and
Broadley 1981b). In isolated right atrial guinea pig
preparations, blocking H2-histamine receptors by cimetidine
revoked the positive inotropic effect of histamine, but the
histamine exerted a biphasic effect on the force of
contraction. The biphasic pattern was explained by an
intermediate negative inotropic effect of histamine mediated
via H1-histamine receptors (Wilson and Broadley 1981b)

(Table 4; Figure 1B). These findings might be regarded as
evidence that even in the same region of the heart, histamine
uses different histamine receptors.

4.3 Homologous and Heterologous
Desensitisation and Sensitisation of the H2R
The desensitisation of H2R in the native cells of various species
and in transfected cells using human, monkey, rat, or canine H2-
histamine receptors expressed in transfected non-muscle cells has
repeatedly and consistently been reported. These studies used the
cellular cAMP content to determine the cellular response to
histamine and to identify the receptor involved by using
specific agonists and antagonists (Schreurs et al., 1984; Arima
et al., 1993; Smit et al., 1994, 1996a, 1996b; Lemos Legnazzi et al.,
2000; Fernandez et al., 2008; Fukushima et al., 1993). In one step
in studying the desensitisation of humanH2R in the human heart,
functional homologous desensitisation in human H2R-expressing
mice heart has been recently reported (Gergs et al., 2019).
Interestingly, cross desensitisation was also observed to occur:
in cell culture, the stimulation of H1-histamine receptors
attenuated the H2R agonist-mediated increase in cAMP levels
(Fernandez et al., 2011; Alonso et al., 2013). Translating these
findings to clinical application could predict that desensitisation
is expected in patients undergoing long-term therapy with H2R
agonists or suffering tumours (e.g., phaeochromocytoma) in
which histamine is produced. In a clinical setting, histamine is
given parenterally to treat certain types of haematological
tumours (Grauers Wiktorin et al., 2019), but, to the best of
our knowledge, studies on cardiac desensitisation in these
patients have not yet been published. Using cAMP as read
out, sensitisation or even resensitisation after desensitisation
by the application of H2R antagonists such as cimetidine
(Table 2) or ranitidine (Table 2) in CHO cells or by removing
an H2R agonist have been reported (Smit et al., 1996b; Alewijnse
et al., 1998). Intriguingly, the heterologous sensitisation of human
cardiac H2-histamine receptors has been measured in human
atrial cardiac strips in patients treated with β-adrenoceptor
blockers for some time prior to cardiac surgery and compared
with patients without β-adrenoceptor blockage (Sanders et al.,
1996). The authors observed that in isolated electrically
stimulated human right atrial muscle strips, there was an
enhanced (increased potency and efficacy) contractile response
to histamine (Sanders et al., 1996). However, the clinical
relevance of their findings is still under speculation, and they
might warrant further research effort because the density of H2-
histamine receptors at the mRNA or protein level was not
reported (Sanders et al., 1996). Moreover, it would be
interesting to know the incidence of arrhythmias in these
patients prior to cardiac operation. Two different
pharmacological effects would be in play: the proarrhythmic
effect of more sensitive H2-histamine receptors and the anti-
arrhythmic effect of the β-adrenoceptor antagonist, which might
cancel each other out in a living patient with an intact vegetative
nervous system. Mechanistically, it seems relevant that the
overexpression of H2-histamine receptors in mouse heart
increased the incidence of supraventricular arrhythmias in
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isolated right atrial preparations in these animals in an organ bath
(Neumann et al., 2021b). This finding suggests that the increased
density of H2-histamine receptors in patients might be caused by
supraventricular arrhythmias. Furthermore, it could be
speculated that in these patients, H2R antagonists may prevent
such supraventricular arrhythmias.

Mutations in other regions of the H2R revealed that different
sequences are involved in receptor desensitisation apart from
receptor internalisation (Rodriguez-Pena et al., 2000). Some
mutations of human H2R have been correlated with various
diseases, such as stomach carcinoma, schizophrenia, asthma,
allergies, and Morbus Parkinson (Orange et al., 1996; Ito et al.,
2000; Jones and Kearns 2011; Arisawa et al., 2012). However, to
the best of our knowledge, a significant correlation between
mutations of the H2R and cardiac disease has not yet been
reported. Recently, RNA sequencing in the human heart
identified the H2R directly on the RNA level, as well as a
splice variant that might be relevant for the manifestation of
cardiac hypertrophy (Leary et al., 2018a) (see below).

5 SIGNAL TRANSDUCTION OF CARDIAC
HISTAMINE RECEPTORS

The signal transduction (Figure 1A) of H2R in general also
involves binding to stimulatory G-proteins (Gs-proteins) in
peripheral tissues (Table 6). When generated, cAMP then
activates a cAMP-dependent protein kinase (PKA), which then

phosphorylates typical targets in the heart (Figure 1A). Some of
these targets are still hypothetical substrates, such as the
ryanodine receptor, whereas others have been shown in
transgenic mice (phospholamban, phosphatase inhibitor 1)
(Gergs et al., 2019, 2020, 2021b; Neumann et al., 2021d).
Moreover, H2R stimulation can increase the phosphorylation
state of the inhibitory subunit of troponin (TnI) and the
myocardial C-protein. Observations in H2-TG (transgenic
mice with heart-specific overexpression of the H2R) have
remained unpublished. In the isolated human atrium, H2R
stimulation increased cAMP content (Sanders et al., 1996), the
activity of PKA (Sanders et al., 1996), the phosphorylation state of
phospholamban on serine 16 (Neumann et al., 2021a), which is
phosphorylated by PKA, and the phosphorylation state of
phospholamban on threonine 17 (Neumann et al., 2021a),
which is phosphorylated by a Ca2+ calmodulin-dependent
protein kinase (CaMKII). The phosphorylation of phosphatase
inhibitor 1 (Gergs et al., 2019) was observed to activate this
protein, which then inhibited protein phosphatase 1, a major
cardiac phosphatase (Figure 1A) (Herzig and Neumann 2000),
thus amplifying and possibly prolonging the effect of PKA on
protein phosphorylation in the heart. Phosphatase 1 showed a
highly complicated compartmentalisation in the heart (Herzig
and Neumann 2000; Liu, 2021), and thus histamine pathways
might be fine-tuned. H2-histamine receptors not only increased
phosphorylation via PKA but also via β-arrestin (Figure 1A) and
other transducers, which finally increased the phosphorylation
state and activity of downstream kinases, such as extracellular

TABLE 6 | Signal transduction of H2-histamine receptors.

Signal Species/cell type References

cAMP↑ 1Guinea pig Langendorff-heart, 2human cardiac atrium 1Kukovetz et al. (1973)
2Sanders et al. (1996)

PKA activity ↑ human cardiac atrium Sanders et al. (1996)
L-Ca2+-channel activity ↑ human left ventricular papillary muscle Eckel et al. (1982)
Adenylyl cyclase- activity↑ human cardiac left and right ventricle Bristow et al. (1982a,b)
Gi 1Guinea pig adult cardiomyocytes 1Belevych et al. (2004)

2human right cardiac atrium 2Kilts et al. (2000)
Gq rat adult cardiomyocytes Wellner-Kienitz et al. (2003)
GIRK (GTP-binding protein coupled inwardly rectifying potassium current) ↑ rat adult cardiomyocytes Wellner-Kienitz et al. (2003)
Bax ↑ neonatal rat cardiomyocytes Luo et al. (2013)

Zeng et al. (2014)
TnFα (tumor necrosis factor alpha) release ↑ adult rat heart reperfusion Gilles et al. (2003)
ANP ↑ neonatal rat cardiomyocytes Luo et al. (2013)
Apoptosis ↑ neonatal rat cardiomyocytes Luo et al. (2013)

Zeng et al. (2014)
β-MHC (beta myosin heavy chain) ↑ neonatal rat cardiomyocytes Luo et al. (2013)
Translocation of BAX to mitochondria neonatal rat cardiomyocytes Luo et al. (2013)
Phosphorylation state of ERK1/2 ↑ neonatal rat cardiomyocytes Luo et al. (2013)
Phosphorylation state of DAPK2 ↑ neonatal rat cardiomyocytes Luo et al. (2013)
Calcineurin ↑ neonatal rat cardiac fibroblast Zeng et al. (2014)
Translocation of NFAT (nuclear factor of activated T-cells) neonatal rat cardiac fibroblast Zeng et al. (2014)
α-SMA (smooth muscle actin) ↑ neonatal rat cardiac fibroblast Zeng et al. (2014)
Cleavage caspase 3 ↑ neonatal rat cardiomyocytes Zeng et al. (2014)

The signal transduction mechanism(s) described in the literature for H2-histamine receptor activation in the heart are listed. Increase (↑) and decrease (↓). First column indicates the
biochemical signal in that study (third column) and the cell system and species where this study was done. Some abbreviations: ANP, atrial natriuretic peptide; Bax is a homolog of Bcl-2,
and an apoptosis activator; β-MHC: beta-myosin heavy chain; calcineurin, protein phosphatase 2B or 3; DAPK2, death associated protein kinase 2; ERK, an extracellularly activated
protein kinase; Gi, pertussis toxin sensitive inhibitory GTP, binding protein; GIRK, GTP-binding protein coupled inwardly rectifying potassium current; Gq, GTP, binding protein; PKA,
cAMP-dependent protein kinase; TnFα, tumour necrosis factor alpha.
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regulated receptor kinase 1/2 (ERK1/2) (Figure 1A) (Luo et al.,
2013) and death-associated protein kinase 2 (DAPK2) in neonatal
rat cardiomyocytes (Figure 1A) (Luo et al., 2013). As ERK1/2
phosphorylation and DAPK2 phosphorylation can mediate
apoptosis, they may explain which H2-histamine receptors in
the heart can induce apoptosis (Luo et al., 2013; Zeng et al., 2014).
Apoptosis could be initiated by a H2R-mediated increase in the
protein expression of calcineurin (�protein phosphatase 2B) in
neonatal rat fibroblasts (Zeng et al., 2014). This calcineurin also
increased proliferation in neonatal rat fibroblasts (Zeng et al.,
2014). In neonatal rat fibroblasts, the stimulation of H2-histamine
receptors by amthamine increased the translocation of the
nuclear factor of activated T-cells c3 (NFATc3) to the nuclear
fraction of these cells, as well as the expression of α-smooth
muscle actin (αSMA) (Zeng et al., 2014). Similarly, the
stimulation of H2-histamine receptors in neonatal rat
cardiomyocytes could also increase the protein levels of the
proapoptotic caspase 3 (in Western blotting), which could also
contribute to H2R-mediated cardiac apoptosis (Figure 5) (Zeng
et al., 2014). The stimulation of neonatal rat cardiomyocytes for
24 h with histamine increased the protein expression of the
proapoptotic protein Bax (�homolog of Bcl-2, an apoptosis
activator) and the translocation of Bax to mitochondria in
these cells, where Bax may have contributed to mitochondrial-
initiated apoptosis (Luo et al., 2013; Zeng et al., 2014). Moreover,
H2-histamine receptors can lead to the release of proteins like
atrial natriuretic peptide(s) (ANP) from neonatal rat
cardiomyocytes (Luo et al., 2013). Whether these signal

transduction pathways are used in adult hearts or even in
human hearts remains an open question that should be
addressed in future research.

H2R couples not only through stimulatory G-proteins in the
heart but also via inhibitory G-proteins (Figure 2) (Kilts et al.,
2000; Belevych et al., 2004) and via so-called Gq proteins
(Figure 2) (Wellner-Kienitz et al., 2003). Similarly, H2-
histamine receptors couple not only to cardiac L-type Ca2+

channels but also to potassium channels (Figure 1A) in the
sarcolemma (Wellner-Kienitz et al., 2003).

As mentioned above, published data have shown that in the
human cardiac right atrium, H2R stimulation also increases the
level of 3′, 5′-cyclic guanosine monophosphate (cGMP)
(Figure 1) (Sanders et al., 1996). These authors speculated
(Figure 1A) that H2R may be responsible for the production
of nitric oxide (NO) in cardiomyocytes or in endothelial cells.
This NO may lead to an increase in cGMP via the activation of
guanylyl cyclase (Figures 1B, 3) (Sanders et al., 1996). The
produced cGMP can inhibit the activity of phosphodiesterase
III (Figures 1B, 3) (Sanders et al., 1996). This inhibition would
raise cAMP levels in the cells, which would contribute to a
positive inotropic effect of H2R in the human heart
(Figure 1B, 3) (Sanders et al., 1996). This interesting
hypothesis (Sanders et al., 1996) has apparently never been
tested experimentally. Moreover, although it could be shown
that the H2R increases the force of contraction in the human right
and left ventricles in vitro (Ginsburg et al., 1980; Bristow et al.,
1982b) and activates ventricular adenylyl cyclase (Bristow et al.,

FIGURE 5 | Scheme: putative pathophysiological role(s) of cardiac H2-histamine-receptors (H2R). H2R via stimulatory GTP-binding proteins (Gs) can activate
adenylyl cyclases (AC) which would enhance the 3′,5′-cyclic adenosine-phosphate (cAMP)-levels in central compartments of the cardiomyocyte and activate cAMP-
dependent protein kinases (PKA), which would increase the phosphorylation state and thereby the activity of various regulatory proteins in the cell (see Figure 1A). PKA-
stimulated phosphorylationmight also increase the current through the L-type Ca2+ channel (LTCC) and/or release of Ca2+ from the sarcoplasmic reticulum (SR) via
the cardiac ryanodine receptor (RYR), which can occur in a non synchronous way that leads to early (top left) or delayed (top right) afterdepolarizations and thus to
arrhythmias. In diastole, Ca2+ is pumped via the SR-Ca2+-ATPase (SERCA) from the cytosol into the SR. Activity of SERCA is increased by phosphorylation of
phospholamban (PLB). PKA can enhance nuclear gene transcription. In this context, the expression of putatively detrimental proteins may be enhanced and that may
impair cardiac function by fostering fibrosis and hypertrophy, reduce cardiac contractility and may lead to heart failure. Hypoxia (reduced oxygen partial pressure: pO2)
and ischaemia impair respiration in the mitochondrion and thus formation of ATP in mitochondria or might activate directly hypoxia-inducible transcription factors (HIF).
Increased expression or altered function of sarcolemmal ion channels like the sodium cation channel (Na+) or the sodium/calcium exchanger (NCX) but also increased
expression of H2-histamine receptors, can lead to supraventricular or ventricular arrhythmias by alteration of Ca2+ homeostasis.
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TABLE 7 | Electrophysiological actions of histamine in the mammalian heart.

Species Sinus node Atrium AV-node Purkinje fibers Ventricle References

Dog H2-receptor: → positive
chronotropic effect2,
H1-receptor → negative
chronotropic effect2

n.d H2-receptor: →
positive dromotropic
effect2, H1-receptor
→ negative
dromotropic effect1,2

n.d n.d 1Flacke et al.
(1967)
2Hageman et al.
(1979)

Sheep n.d n.d n.d H2-receptors: activate
3

L-type Ca2+, APD (action
potential duration) ↓4,
oscillations of action
potentials and DAD
(delayed after-
depolarisations)1,3,4

n.d 3Mugelli et al.
(1980)
4Cerbai et al.
(1990)

Monkey n.d H2-receptor: Right atrium:
increase in beating rate

n.d H2-receptor: APD ↓ H2-receptor: L-type Ca2+

and Ca2+ induced
arrhythmias

Hattori et al.
(1983)

Man n.d H2-receptor: DAD
6, slope

of phase IV ↑6,
spontaneous
depolarisations ↑6,
amplitude of AP6 ↑

n.d n.d H2-receptor: prolongation
of monophasic action
potentials5

5Eckel et al. (1982)
6Levi et al. (1981)

Guinea pig n.d H1-receptor: (left atrium)
AP prolonged7 L-type-
Ca2-channels activated7,9,
amplitude of AP ↑7 cell
hyperpolarizes Vmax

(maximal velocity of the
action potential) ↑7

H1-receptor: AV-
inhibition until
block13,12 faster AP
Vmax and amplitude
of AP ↑

n.d H1-receptor: L-type Ca2+

channels ↑19 H2-receptor:
AP prolonged20,21 APD
shortened7,17 DAD,
arrhythmias21 L-type
Ca2+ channels ↑7,19 H1-

and H2-receptors,
threshold of fibrillation ↓16,
Vmax of AP↑ slow action
potentials ↑17,18,
idioventricular rate ↑15

7Borchard et al.
(1986)
8Vial et al. (1991)
9Kecskeméti
(1978)
10Levi and Giotti
(1967)
11Levi et al. (1981)
12Levi (1972)
13Capurro and
Levi (1973)
14Senges et al.
(1977)
15Levi and Zavecz
(1979)
16Trzeciakowski
and Levi (1982)
17Houki (1973)
18Inui and
Imamura (1976)
19Hescheler et al.
(1987)
20Muramatsu et al.
(1987)
21Levi and Alloatti
(1988)

Rabbit H2-receptor: amplitude
AP ↑22, maximum
diastolic potential ↑22
steepness of AP23

frequency of AP ↑ 23

DAD22 L-type-Ca2+-
channels ↑22 If-current
↑22 steepness of phase
IV AP ↑23

n.d n.d n.d H2-receptor: APD ↓24 AP
amplitude ↑24 H1-
receptor: APD ↑24 AP
amplitude ↑24

22Satoh (1993)
23Levi and Giotti
(1967)
24Hattori et al.
(1990)

Neonatal
Guinea pig
atria

n.d H2-receptor: APD ↑ n.d n.d n.d Agata et al. (2010)

This table lists in the first column the different species fromwhich the heart, the tissue or cardiomyocytes were taken. The second to sixth column differentiate in which region of these hearts
the measurement was performed. This is to show that species- and region-specific effects of histamine exist. These species differences have to be kept in mind when one wants to
translate animal data to the clinic. AP: action potential, APD ↓: shortened AP, duration. APD ↑ prolonged AP, duration. DAD: delayed afterdepolarization. If: funny (fuzzy, HCN)-current �
pacemaker current in the sinus node. Increase (↑) and decrease (↓). Oscillations in this table mean that abnormal spontaneous automatic deporalizations and repolarizations ofmonophasic
action potentials were recorded in multicellular preparations. N.d. stands for none documented. Vmax: maximal velocity of the action potential.
Hageman et al. (1979) studied living adult mongrel dogs (sex not reported) anesthetized by sodium pentobarbital and ventilated by an endotracheal tube. They used 2-methylhistamine
(100 µg as bolus) as a H1-histamine receptor agonist and 4-methylhistamine (100 µg as bolus) as a H2-histamine receptor agonist and applied these compounds via the sinus node artery
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1982a; 1982b), to the best of our knowledge, an effect of H2-
histamine receptors on cAMP levels or phospholamban
phosphorylation in the human cardiac ventricle has never
been reported, which warrants future research.

The signal transduction of H1R (Figure 1B) differs from the
signal transduction of H2R in the heart. Some previous studies
claimed that the positive inotropic effect of H1R stimulation on
rabbit heart was due to an increase in IP3 content in the heart
because H1R stimulation was accompanied by an increase in
cardiac IP3 levels (Figure 1B) (Sakuma et al., 1988). However,
the positive inotropic effect of H1R stimulation was still
observed in rabbit heart in the presence of inhibitors of IP3-
generation (Hattori et al., 1989). Thus, it might be concluded
that an increase in cardiac IP3-content does not cause the
positive inotropic effect of histamine in rabbit heart.
Subsequently, it was reported that the positive inotropic
effect of histamine on guinea pig atrium led via H1R to the
tyrosine phosphorylation of regulatory cardiac proteins. This
increase in the phosphorylation of the amino acid tyrosine of
currently unidentified proteins of apparent molecular weights of
25, 35, 65, and 150 kDa may have caused a positive inotropic
effect via the H1-histamine receptors, as pre-treatment with a
tyrosine kinase inhibitor abolished any positive inotropic effect
of histamine in guinea pig atrium (Akaishi et al., 2000). It was
suggested that the tyrosine phosphorylation of, for instance,
myofilaments might have led to an increase in the Ca2+

sensitivity of the myofilaments, which may have caused the
positive inotropic effect on histamine in the left atrium of guinea
pig (Akaishi et al., 2000).

6 ELECTROPHYSIOLOGICAL EFFECTS OF
CARDIAC HISTAMINE RECEPTOR
STIMULATION
To better understand the mechanism of the inotropic,
chronotropic and pro-arrhythmogenic effects of histamine
on the human heart, it is necessary to review the
electrophysiological effects of histamine on the heart of
laboratory animals and human surgical samples (see
Table 7). The stimulation of both H1- and H2-histamine
receptors can affect cardiac ionic currents. Thus, in guinea
pig atrial cells, histamine enhanced the slow delayed rectifier
potassium current (IKs), the slow component of the
repolarising current IK, via H1R and via protein kinase C
(PKC) with an EC50-value (�half maximal effective
concentration values) of 0.7 µM (Matsumoto et al., 1999).
On the rapid component of IK, IKr (�rapid delayed rectifier
potassium current), histamine exerted an inhibitory effect via
H1-histamine receptors with an EC50-value of 0.3 µM in a
PKC-independent manner (Matsumoto et al., 1999). The
overall effect of the stimulation of H1-histamine receptors

to detect effects on the sinus node (Hageman et al.,1979). Similarly, the drugs were also injected into the atrioventricular node artery and surface ECGs, were recorded (Hageman
et al.,1979). Flacke et al. (1967) used also living adult dogs (not selected by sex or breed) anesthetized by sodium pentobarbital and ventilated the lungs. They injected histamine (bolus
0.1–10 mg) and/or diphenhydramine (bolus 3 mg, as an H1-histamine-receptor antagonist) in the venous inflow tubing near the entrance of the right heart (Flacke et al.,1967). Cerbai et al.
(1990) used isolated Purkinje fibers from sheep heart obtained from a slaughterhouse (age and sex not reported). These isolated Purkinje fibers were electrically stimulated and
transmembrane action potentials were recorded (Cerbai et al.,1990). They used 1–100 µM of 4-methylhistamine or dimaprit as H2-histamine receptor agonists and 10 µM cimetidine as
H2-histamine receptor antagonist (Cerbai et al.,1990). Likewise, Purkinje fibers were isolated from sheep hearts obtained from a slaughterhouse (age and sex not reported) electrically
stimulated in the presence of low potassium ion concentrations (0.53 mM, Mugelli et al.,1980). Then the electrical stimulation was stopped, 10 µM histamine was added and histamine
induced spontaneous oscillatory activity of the transmembrane action potentials, indicative of cardiac arrhythmias induced by histamine, were recorded (Mugelli et al.,1980). These effects
of histamine were abolished by the H2-histamine receptor antagonist burimamide (20 μM, Mugelli et al.,1980).
Eckel et al. (1982) studied isolated electrically-stimulated human papillary muscle samples from thirteen female and four male patients, aged 5–72 years. They used 0.1 µM to 10 mM
histamine or 0.1–100 µMdimaprit in the absence or presence of 10 µMcimetidine (Eckel et al.,1982). They studied action potential duration (APD, 90 and 20%, Eckel et al.,1982). Levi et al.
(1981) studied right atrial preparations from patients ageing 1–65 years (sex was not reported). They measured in these samples during spontaneous activity the transmembrane action
potential (Levi et al.,1981). They used 1 nM -100 µM histamine in the absence and presence of 3–30 µM cimetidine (Levi et al.,1981). Houki, 1973, studied right ventricular papillary muscle
from guinea pigs (sex not given). Houki recorded transmembrane action potential at 30°C and used 0.1–100 µM histamine (Houki, 1973). Borchard et al. (1986) studied isolated electrically
driven left atrial preparations or right ventricular papillary muscles from guinea pigs. They studied 1–10 µM histamine, dimaprit or impromidine in the absence and presence of 10 µM
cimetidine, or 10 µM dimetindene, a H1-histamine receptor antagonist (Borchard et al.,1986). Levi and Zavecz (1979) used a modified Langendorff-set-up for isolated guinea pig hearts.
They opened surgically the atrium and using a silk suture and mechanically brought about a complete atrioventricular conduction block in these hearts (Levi and Zavecz 1979). Surface
ECG, from the hearts were recorded as read out (Levi and Zavecz, 1979). They injected into the aorta histamine (0.1–30 µg), 4-methylhistamine and 2-(2-thiazolyl) ethylamine, a H1-
histamine receptor agonist at low concentrations, alone or in addition cimetidine (3 µM) or chlorpheniramine (a H1-histamine receptor agonist at low concentrations 1 µM) (Levi and Zavecz,
1979). Trzeciakowski and Levi (1982) usedmale guinea pigs of 250–300 g weight for Langendorff studies. Two needle electrodes were inserted into the ventricle of spontaneously beating
guinea pig hearts to induce ventricular arrhythmias and thus establish a threshold for arrhythmogenesis (Trzeciakowski and Levi 1982). They used as agonists histamine, pyrilamine, 2-(2-
thiazolyl) ethylamine, tiotidine and impromidine (0.3 nM-1 mM, Trzeciakowski and Levi, 1982). Inui and Imamura (1976) isolated papillary muscles from 350–500 g weighing guinea pigs.
They measured transmembrane action potentials under physiological conditions and in the presence of 27 mM potassium cations in order to depolarize the muscle and to measure slow
potentials being indicative of the action of the L-type Ca2+-channel (Inui and Imamura, 1976). They used histamine (0.3–30 µM), metiamide (a H2-histamine receptor antagonist 3 µM), and
diphenhydramine (a H1-histamine-receptor agonist at low concentrations 10 μM, (Inui and Imamura, 1976). A similar approach as Ini and Imamura (1976) was used by Kecskeméti (1978),
but on left atrial preparations from the guinea pig heart. Senges et al. (1977) studied isolated papillary muscles from the right ventricles of the guinea pigs (400–600 g). They recorded
transmembrane action potentials in electrically paced preparations (Senges et al.,1977). They used histamine (20 µM) and 20 µM burimamide (a H2-histamine receptor antagonist) and
brompheniramine (a H1-histamine receptor antagonist) (Senges et al.,1977).
Muramatsu et al. (1987) isolated ventricular cardiomyocytes from adult guinea pigs (sex not recorded). Thereafter, they applied the whole cell patch clamp technique to record currents
through L-type Ca2+-channels (Muramatsu et al.,1987). Levi and Alloatti (1988) isolated ventricular cardiomyocytes from guinea pigs, weighing 200–300 g of either sex. These cells were
used for patch clamp experiments at room temperature (Levi and Alloatti, 1988). Others used the same technique as Levi and Alloatti (1988) as but recorded at 35°C (Hescheler et al.,
1987). Levi and Giotti (1967) studied isolated sinus node preparations from rabbits of either sex (1.5 kg weight). Measurements took place at 30°C and samples were beating on their own
(Levi and Giotti, 1967). Satoh (1993) isolated sinus node preparations from rabbits (1.5–2 kg, sex not reported) and recorded at 36°C. Hattori et al. (1990) studied right ventricular papillary
muscles from rabbits of either sex weighing 2–3 kg. In these preparations, transmembrane action potentials were recorded during electrical stimulation (Hattori et al.,1990). Similarly,
Hattori et al. (1983) studied the heart of Japanese monkeys of either sex weighing 3–5 kg. They excised left atria, right atria, right ventricular papillary muscles, right ventricular Purkinje
fibers, left and right ventricular wall strips (Hattori et al. 1983). Where necessary, samples were electrical stimulated and transmembrane action potentials were recorded using 1 µM
histamine alone or in the presence of 10 µM cimetidine (Hattori et al.,1983).
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in atrial cardiomyocytes is the prolongation of the AP
(Amerini et al., 1982; Borchard and Hafner 1986; Hattori
et al., 1988b), which might result from a higher contribution
of the IKr component, lower EC50 for IKr (inhibition) or from
additional effects, such as the inhibition of IK. ACh (�G-protein
gated potassium channel (Tohse et al., 1995). However, the
effects of H1R stimulation may depend on the density of IKr,
IKs, and the cell type. The reason is that in ventricular guinea
pig cardiomyocytes, a shortening of the AP was observed
(Valenzuela and Zhou 1992). The stimulation of the H2R in
guinea pig ventricular cardiomyocytes increased the
repolarising current IK with an EC50 of 38 nM via the
cAMP-PKA pathway, which could explain the shortening
of the AP (Yazawa and Abiko 1993).

In the past, slow APs were used as a surrogate for the Ca2+

carried slow inward current and for testing the effects of calcium
antagonistic drugs. These slow potentials were elicited by
histamine (1–10 µM) in K+ (20–30 mM) depolarised papillary
muscles (e.g., Barbieri et al., 1991). They, however, indicated a
possible direct or indirect effect of histamine on the cardiac
L-type Ca2+ channel current (ICa.L), which is in line with the
finding that histamine can elicit spontaneous APls in Purkinje
fibres in sheep (Cerbai et al., 1990). Accordingly, in guinea pig
atrial myocytes, histamine enhanced the intracellular Ca2+-
concentration measured by Indo-1 (a calcium indicator)
fluorescence via H1-histamine receptors in a nifedipine-
sensible way (Yoshimoto et al., 1998). Although it could be
assumed that this could indicate the stimulation of ICa.L, it was
shown that this effect of histamine on the Ca2+ current was an
indirect effect by prolonging the AP duration, due to the
inhibition of the outward potassium current, thereby
extending the time window for the influx of ICa.L and Ca2+

([Ca2+]i) (Yoshimoto et al., 1998). Whole cell voltage clamp
experiments showed that histamine did not directly alter ICa.L
(Yoshimoto et al., 1998). However, in guinea pig ventricular cells,
H2R stimulation enhanced the amplitude of the slow Ca2+-
current. This effect was mimicked by GDPYS (�in gamma
position sulphur substituted guanosine triphosphate)
(Hescheler et al., 1987).

Also modulated by histamine was the pacemaker current I(f)
(�the hyperpolarisation-activated inward current (formerly
known as I [h] and now as I [f]), which was enhanced via the
stimulation of H2-histamine receptors in rabbit sinoatrial nodal
cells (Satoh 1993). In addition, it was shown by the
overexpression of H2-histamine receptors in rat atrial cells that
histamine—in this experimental situation—inhibited IK. ACh

(Wellner-Kienitz et al., 2003), which was previously shown in
earlier guinea pig atrial cells (Tohse et al., 1995). Thus, the
increase in heart rate following histamine administration may
be attributable to a combined effect that includes the stimulation
of I(f), the enhancement of ICa.L, the increase in [Ca2+]i and at
least partial inhibition of IK. ACh.

Combined, the effects of histamine on the electrophysiology of
the heart depend on the amount and subtype of histamine
receptors (H1R; H2R), on the density of the target channels
and currents (IKr; IKs; IK. ACh; If; ICa.L) and the area of the
heart under investigation (i.e., the sino-atrial node,

atrioventricular (AV) node, the conduction system and the
ventricle), which varies among species. An overview is
provided in Table 7.

The results shown in Tables 4, 7 indicate that the
electrophysiological effects of histamine were recorded only in
species where inotropic effects of histamine were detectable. The
involvement of H2-histamine receptors usually leads to
electrophysiological effects that are opposite those of the
involvement of H1-histamine receptors. Table 7 also shows
mechanisms for the arrhythmogenic effects of histamine. The
term “slow APs” indicates the effect of histamine on partially
depolarised cardiac tissue when calcium cations, not sodium
cations, carry the sarcolemmal current.

7 COMPARISON OF THE POTENCY OF H2R
AGONISTS IN INOTROPY AND
CHRONOTROPY IN SEVERAL SPECIES
The first investigators in the field of histamine pharmacology
noted a histamine-induced positive inotropic effect in the hearts
of experimental mammals (Dale and Laidlaw 1910). These early
researchers noted that histamine was also active in the human
cardiovascular system, which paved the way for future research
(Dale and Laidlaw 1910). As shown in Table 8, a positive
inotropic effect or a positive chronotropic effect of histamine
or its derivatives was observed in humans and in several
laboratory animals. However, in some frequently used
laboratory animals, histamine did not act on the force of
contraction via histamine receptors but by the release of
noradrenaline (Table 8) in mice (Gergs et al., 2019) and rats
(Laher andMcNeill 1980a). Animals such as wild-type mouse, rat
and cat are not useful as model systems of the human heart. Mice
with the overexpression of H2-histamine receptors may be a
better choice (Gergs et al., 2019, 2020). They have been
successfully used to predict the effects of H2-histamine
receptor agonists or H2-histamine receptor antagonists on
human hearts (Neumann et al., 2021b,c).

8 ADENYLYL CYCLASE-DEPENDENT
SIGNALLING OF HISTAMINE

The involvement of adenylyl cyclase in the positive inotropic
effect of histamine (Figures 1A,B) was initially suggested by Pöch
and Kukovetz (1967) and later tested directly by measuring
cardiac adenylyl cyclase activity and by measuring cAMP
levels in isolated freeze-clamped cardiac preparations. It was
tested indirectly by inhibiting the degradation of cAMP by
treatment of cardiac preparations with phosphodiesterase
inhibitors (Kukovetz et al., 1973). Klein and Levey (1971) were
the first to report that histamine could stimulate the activity of
adenylyl cyclase in broken cell preparations from guinea pig
hearts, one human heart and cat hearts. The data on kitten cardiac
membranes (Klein and Levey 1971) are probably doubtful, as the
cat has no functional H2-histamine receptors (Table 4) (Laher
and McNeil 1980c). Because these early researchers had no H2R

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 73284216

Neumann et al. H2 Review

121

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


TABLE 8 | EC50-values for H2-histamine receptor agonists on isolated cardiac preparations from various species.

Agonist System Species EC50 -values Effectivity, force
or frequency
measured

References

Histamine right ventricular papillary muscle ferret (male, 12–14 weeks) 5.90 Force Hurrell et al. (1993)
Amthamine left ventricular papillary muscle Guinea pig (250–350 g) 6.17 full agonist force Poli et al. (1993)
Amthamine right atrial preparations Guinea pig (250–350 g) 6.72 full agonist

frequency
Poli et al. (1993)

Amthamine left ventricular papillary muscle Guinea pig (300–400 g) 6.17 force Coruzzi et al. (1995)
Amthamine right atrial preparations Guinea pig (300–400 g) 6.72 frequency Coruzzi et al. (1995)
Dimaprit left ventricular papillary muscle Guinea pig (male, 300–400 g) 4.88 force Poli et al. (1993)
Dimaprit right atrial preparations Guinea pig (250–350 g) 5.32 full agonist

frequency
Poli et al. (1993)

Dimaprit left and right ventricle (Langendorff) Guinea pig (female,
400–550 g)

6.2 × 10-9 mol (bolus) force Baumann et al. (1981b)

Dimaprit right atrial preparations Guinea pig (male, 350–400 g) 5.74 frequency partial
agonist

Krielaart et al. (1990)

Histamine left ventricular papillary muscle Guinea pig (250–350 g) 5.92 force Poli et al. (1993)
Histamine right atrial preparations Guinea pig (250–350 g) 6.01 frequency Poli et al. (1993)
Histamine right atrial preparations Guinea pig (male) 5.95 frequency Reinhardt et al. (1974)
Histamine right atrial preparations Guinea pig (male) 6.07 force Reinhardt et al. (1974)
Histamine left atrial preparations Guinea pig (male) 5.90 force Reinhardt et al. (1974)
Histamine right atrial preparations Guinea pig 5.85 frequency Krielaart et al. (1990)
Histamine left ventricular papillary muscle Guinea pig (300–400 g) 6.30 force Bertaccini und Coruzzi

(1981)
Histamine left atrial preparations Guinea pig (male, 300–500 g) 5.92 force Sakuma et al. (1988)
Histamine ventricular adult cardiomyocytes Guinea pig (both, 200–300 g) 8.00 L-type Ca2+-

current
Levi and Alloatti (1988)

Histamine left and right ventricle (Langendorff) Guinea pig (female,
400–550 g)

2.4 × 10-9 mol (bolus) force Baumann et al. (1981b)

Histamine neonatal left atrium Guinea pig 5.29 force Agata et al. (2010)
Histamine right ventricular papillary muscle Guinea pig (250–450 g) 6.16 force Hattori et al. (1994)
Histamine left ventricle (Langendorff) Guinea pig (male, 250–300 g) 7.27 frequency Trzeciakowski and Levi

(1982)
Impromidine left ventricle (Langendorff) Guinea pig (male, 250–300 g) 8.30 frequency Trzeciakowski and Levi

(1982)
Impromidine left and right ventricle (Langendorff) Guinea pig (female,

400–550 g)
3.3 × 10-11 mol

(bolus)
force Baumann et al. (1981b)

4-
Methylhistamine

right atrial preparations Guinea pig (both, 300–500 g) 5.44 partial agonist,
frequency

MacLeod and McNeill
(1981)

4-
Methylhistamine

left atrial preparations Guinea pig (both, 300–500 g) 5.82 force MacLeod and McNeill
(1981)

4-
Methylhistamine

left atrial preparations Guinea pig (male, 300–400 g) n.d. (no plateau was
reached)

force Amerini et al. (1982)

4-
Methylhistamine

right ventricular strips Guinea pig (male, 300–400 g) n.d. (no plateau was
reached)

force Amerini et al. (1982)

4-
Methylhistamine

right atrial preparations Guinea pig (male, 300–400 g) n.d. (no plateau was
reached)

frequency Amerini et al. (1982)

Amthamine right atrial preparations man 5.38 full agonist; force Poli et al. (1993), (1994)
Amthamine right atrial preparations man 5.38 force Coruzzi et al. (1995)
Dimaprit right atrial preparations man 4.37 full agonist; force Poli et al. (1993), (1994)
Histamine right and left ventricular papillary

muscles
man 5.60 force Bristow et al. (1982b)

Histamine left ventricular papillary muscle man (11 male, 16 female,
40–69 years)

5.64 force Brown et al. (1986)

Histamine left ventricular papillarly muscle man (14 female, 4 male,
5–72 years)

5.41 force Eckel et al. (1982)

Histamine right atrial preparations man (26 female 60 male,
33–75 years)

5.5 force Zerkowski et al. (1993)

Histamine right atrial preparations man 5.19 force Poli et al. (1993), (1994)
Histamine right atrial preparations man (both, 60–78 years) n.d force Neumann et al. (2021e)
Impromidine right atrial preparations man 6.59 partial agonist; force Poli et al. (1994)
Impromidine left ventricular papillary muscle man (12 male, 8 female) around 5.0 partial agonist; force English et al. (1986)
Histamine left atrial preparations monkey (both, 3–5 kg) 7.04 force Hattori et al. (1983)
Histamine right atrial preparations monkey (both, 3–5 kg) 6.22 frequency Hattori et al. (1983)
Histamine right ventricular papillary muscle monkey (both, 3–5 kg) 6.70 force Hattori et al. (1983)

(Continued on following page)
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antagonist at their disposal, they could only block the activity of
adenylyl cyclases with very high concentrations of promethazine,
which were at lower concentrations a H1R antagonist but at
higher concentrations in an H2R antagonist (Klein and Levey
1971). In contrast, other researchers reported that the histamine-
induced stimulation of guinea pig membrane-bound adenylyl
cyclase was not inhibitable by promethazine at concentrations
that were specific for H1-histamine receptors (McNeill and
Muschek 1972), that is, in concentrations that were so high
that, as we now know, promethazine also blocked H2-
histamine receptors. However, they later obtained samples of
burimamide (the first reported H2R antagonist) (Black et al.,
1972). They showed that burimamide antagonised the histamine-
stimulated activity of adenylyl cyclase in guinea pig cardiac
membranes (Verma and McNeill 1974). Over time, it became
apparent that histamine increased the potency and effectiveness
of the activity of guinea pig cardiac adenylyl cyclases if
guanylnucleotides were added to the incubation medium,
which was the first indication of the involvement of GTP-
binding proteins in this process (Figures 1A,B). Under these
experimental conditions, dimaprit, Nα-methylhistamine, and 4-
methylhistamine were partial agonists, and PEA (now regarded as
a H1R agonist) was ineffective in increasing the activity of
adenylyl cyclase in guinea pig cardiac membranes (Johnson
et al., 1979) (Table 1) in agonists often used in cardiac
pharmacology. The stimulatory effects of histamine on guinea
pig adenylyl cyclase in cardiac membranes were also antagonised
by clinically relevant antagonists, such as cimetidine (see Table 2
for a list of commonly used antagonists) and were thus regarded
as H2R-mediated (Johnson et al., 1979; Kanof and Greengard

1979). However, other cardiovascular drugs, such as clonidine,
stimulated cardiac adenylyl cyclase via H2-histamine receptors
(Kanof and Greengard 1979). Clonidine is currently used as an
antihypertensive agent because of its stimulatory action on
central α2-adrenoceptors. Whether the stimulatory effect of
clonidine is species specific is unclear. Therefore, future
research should be conducted to determine whether clonidine
also stimulates human H2-histamine receptors in cardiac
preparations, which is currently unknown, but it might be
clinically relevant.

Another potentially relevant antagonistic action in cardiac H2-
histamine receptors has been known for many years. The
stimulatory effects of histamine on the activity of adenylyl
cyclase in guinea pig ventricular preparations were inhibited in
a competitive fashion by antidepressant and neuroleptic drugs
(Kanof and Greengard 1979) (Table 2, lower part). In isolated
guinea pig Langendorff-perfused hearts, high concentrations of
promethazine reduced histamine-induced increases in
contractility and reduced histamine-stimulated cardiac cAMP
content (McNeill and Verma 1974a), extending the biochemical
data to functional data.

A study on adenylyl cyclases in human ventricles that were
obtained during surgery from failing and non-failing human
hearts revealed findings similar to guinea pig cardiac adenylyl
cyclases. Histamine concentration dependently increased
adenylyl cyclase activity, which was more effective in the
presence of a non-hydrolysable GTP derivative, suggesting the
involvement of G-proteins (Figure 1A) in the human heart as
well (Bristow et al., 1982b). Impromidine and dimaprit (Table 1)
were less effective than histamine in increasing adenylyl cyclase

TABLE 8 | (Continued) EC50-values for H2-histamine receptor agonists on isolated cardiac preparations from various species.

Agonist System Species EC50 -values Effectivity, force
or frequency
measured

References

Dimaprit left atrial preparations mouse: H2-TG (both,
60–90 days)

6.39 force Gergs et al. (2019), (2020)

Histamine left atrial preparations mouse: H2-TG (both,
60–90 days)

6.73 force Gergs et al. (2019), (2020),
(2021a)

Histamine right ventricular papillary muscle rabbit (both, 1.8–2.5 kg) 5.79 force Hattori et al. (1994)
Histamine left atrial preparations rabbit (both, 1.8–2.5 kg) 5.53 force Hattori et al. (1988a)
Histamine right atrial preparations rabbit (both, 1.8–2.5 kg) 5.47 force Hattori et al. (1988a)
Impromidine left atrial preparations rabbit (both, 1.8–2.5 kg) 8.69 force Hattori et al. (1988a)
Impromidine right atrial preparations rabbit (both, 1.8–2.5 kg) 8.55 force Hattori et al. (1988a)
Histamine neonatal rat cardiomyocytes

spontaneously beating
Rat (One to 2 days old) 6.30 frequency McCall and Lui (1986)

Here, some of the agonists at H2-histamine-receptor (first column) have been compared for their inotropic or chronotropic potencies (fourth column), the signal studied (force � force of
contraction, frequency: beating rate: fifth column), differentiated according to region of the heart (second column) and species studied (third column) and the references is given in the last
column. The table is ordered firstly by species and therein by agonist. Right atrial preparation means that in isolated preparations the force of contraction was measured in spontaneously
beating preparations and the intervals between beats have been used by the authors to assess the potency of the agonist on beating rate (�frequency of beating) and used this to calculate
its positive chronotropic effect. In the paper fromMcCall and Lui (1986), movement of the wall of neonatal rat cardiomyocytes was used to assess the beating rate under amicroscope. Left
atrial preparations or left ventricular preparations (usually papillary muscle sometimes strips of ventricular walls were used) indicates that in isolated preparations the force of contraction
was measured in electrically stimulated preparations and the authors used force to assess the potency of the agonist to exert a positive inotropic effect. “Langendorff” in the columns
means that an isolated spontaneously beating buffer perfused heart was studied (Langendorff 1895). Baumann et al. (1981b) measured with balloons the pressure in the right ventricle as
well as the left ventricle in isolated spontaneously beating hearts according to Langendorff (1895). In brackets, in the third columns “both”, “male” or female” refer to gender of patients or
animals and “g” to body weight in grams in animals. If data are lacking in brackets, no data to gender or age or weight were found in the original publication. n.d. indicates that the value was
not documented, for instance, because not enough agonist in the concentration response curve was used to reach saturation of the effects (�no plateau reached). If for drug that acts on a
histamine receptor, there is added “full agonist” or “partial agonist”: this means that in that study the drug was as effective as histamine (full agonist) or less effective than histamine (partial
agonist).
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activity in membranes of human ventricles (Bristow et al., 1982b).
However, the stimulatory effects of histamine on adenylyl cyclase
activity in human ventricle membranes were cimetidine sensitive
and thus were probably H2R-mediated (Bristow et al., 1982b).
Other studies, in contrast, found that dimaprit and impromidine
were as effective as histamine in stimulating the activity of
adenylyl cyclase in membranes prepared from human
papillary muscles (Baumann et al., 1981b). However, Bristow
et al. (1982b) data were in line with functional data. In performing
contraction experiments in isolated human left ventricular
preparations, they found that impromidine was less effective
than histamine. Moreover, impromidine antagonised the
positive inotropic effects of histamine; thus, impromidine
acted as a partial agonist of cardiac human H2-histamine
receptors (English et al., 1986; Felix et al., 1995).

Based on the foregoing studies on promethazine in the heart
and adenylyl cyclases isolated in guinea pig brain, drugs used in
psychiatry were noted to inhibit the histamine-stimulated activity
of cerebral adenylyl cyclases. Notably, amitriptyline and
nortriptyline, doxepin, haloperidol, clozapine, chlorpromazine,
thioridazine, and mianserin inhibited the histamine-stimulated
activity of cerebral adenylyl cyclases (Green and Maayani 1977;
Kanof and Greengard 1978; Dam Trung Tuong et al., 1980). The
authors speculated that the inhibition of brain H2-histamine
receptors might underlie the clinical effects of these drugs
(Green and Maayani 1977; Kanof and Greengard 1978; Dam
Trung Tuong et al., 1980). However, that view has been disputed
(Kanba and Richelson 1983), and it is currently not the preferred
explanation of the clinical effects of these psychiatric drugs.
However, such data indicate that these psychiatric drugs could
clinically interfere with cardiac H2-histamine receptors. Based on
these reports, amitriptyline was recently shown to antagonise the
effects of histamine on the force of contraction in isolated atrial
preparations from human hearts, indicating that old data on
psychiatric drugs are still clinically relevant, and they have not
been considered seriously in the past (Neumann et al., 2021b).

Early data showed that histamine increased the force of
contraction and the beating rate in prenatal whole human
heart, right atrium, or paced ventricular preparations
(Wollemann and Papp 1979). These inotropic data on human
prenatal hearts were accompanied by measuring the histamine-
stimulated activity of adenylyl cyclase in foetal human hearts,
which was antagonised by cimetidine and therefore
H2R-mediated (Wollemann and Papp 1979).

9 HISTAMINE AND CAMP IN THE HEART:
AGE- AND SPECIES-DEPENDENT
PRESENCE OF CARDIAC HISTAMINE
RECEPTORS

It is likely that the first reports that histamine increased the cAMP
content in whole heart were based on isolated spontaneously
beating guinea pig heart (Kukovetz et al., 1973). They reported
that theophylline could potentiate the positive inotropic effects of
histamine in Langendorff-perfused guinea pig hearts.

Theophylline was used as a phosphodiesterase (PDE) inhibitor
(Kukovetz et al., 1973). Furthermore, they reported that in rapidly
frozen isolated guinea pig hearts, the positive inotropic effect of
histamine was accompanied and even pre-ceded by increases in
cAMP content (Kukovetz et al., 1973). Data on the use of subtype-
specific PDE inhibitors, such as EHNA (�erythro-9-(2-hydroxy-
3-nonyl) adenine) for PDE II, cilostamide for PDE III and
rolipram for PDE IV have been confirmed and extended to
left atrial preparations of mice overexpressing human H2-
histamine receptors (Neumann et al., 2021c). In mice, PDE II
and IV were found to be particularly relevant for degrading
cAMP formed by the stimulation of H2-histamine receptors,
which is not necessarily true in the human heart, but it needs
to be elucidated (Neumann et al., 2021c). Kukovetz et al. (1973)
data were confirmed and extended by other researchers who
blocked the histamine-induced increase in cAMP content using
burimamide (the first H2R antagonist, Table 2) in contracting
and rapidly frozen isolated guinea pig cardiac preparations
(McNeill and Verma 1974b).

Other researchers included papaverine in their atrial
preparations (Reinhardt et al., 1977). They used papaverine as
a PDE inhibitor (Reinhardt et al., 1977). Papaverine shifted the
effect of histamine on the force of contraction and cAMP content
in guinea pig papillary muscles to lower concentrations of
histamine (Reinhardt et al., 1977). Their findings also
suggested that H2-histamine receptors are coupled with the
generation of cAMP, at least in guinea pig papillary muscle
(Reinhardt et al., 1977). Similarly, the positive chronotropic
effect of histamine in spontaneously beating guinea pig right
atrial preparations could be potentiated by papaverine (Reinhardt
et al., 1977). This result suggested that cAMP was formed in the
sinus node, which caused an increase in the beating rate of
isolated right atrial preparations from guinea pigs (Reinhardt
et al., 1977). In contrast to the results shown in the guinea pig
ventricle, histamine did not increase cAMP content in isolated
electrically stimulated preparations from the left atrial in guinea
pigs. Moreover, the inotropic effect of histamine in isolated
electrically stimulated preparations from the left atrial of
guinea pigs was neither potentiated by papaverine (Reinhardt
et al., 1977) nor antagonised by burimamide (Verma andMcNeill
1977). These results suggest that H2-histamine receptors and
cAMP were not involved in the effect of histamine in the guinea
pig left atrial preparations but only in the guinea pig right atrium
preparations (Verma and McNeill 1977). These findings are
summarised in Table 4. However, the positive inotropic effect
of histamine in the left atrium of guinea pigs was antagonised by
the H1R antagonist mepyramine (Wilson and Broadley 1980),
which provided evidence that the positive inotropic effects of
histamine in the left atrium of guinea pigs are H1R-mediated.
Thus, histamine can use different receptors and different second
messengers in different regions of the mammalian heart (see Brief
Notes on H2R Biochemistry and Table 4 for synopses of these
findings).

Early indirect evidence suggested that the positive inotropic
effect of H2R stimulation wasmediated by the activation of L-type
Ca2+ channels, but not the positive inotropic effect of H1-
histamine receptors. For instance, in isolated guinea pig left
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atria that contained only H1-histamine receptors (Table 4), under
potassium-induced depolarised conditions, histamine was unable
to increase the force of contraction, whereas in isolated right
ventricular guinea pig muscle that contained both H1- and H2-
histamine receptors (Table 4), histamine elicited an increase in
the force of contraction (Hattori and Kanno 1985). These findings
can be explained as follows: under partial depolarisation with
high potassium, the L-type Ca2+ channel is activated by cAMP-
increasing pathways, such as the pathway initiated by H2-
histamine receptors. However, pathways that do not use
cAMP, such as H1R, are unable to activate the L-type Ca2+

channel; thus, under these conditions, they cannot generate
force. The same mechanism was also measured in the isolated
electrically stimulated left atrium of H2R overexpressing mice,
where histamine elicited an increase in force under potassium
depolarisation (Gergs et al., 2021a). These findings support the
notion that in guinea pig atria, H2R stimulation increases the
force of contraction by first opening L-type Ca 2+ channels, which
leads to an increase in cytosolic free Ca 2+, thereby finally
increasing force (Figures 1A,B) (Gergs et al., 2021a).

Regarding time parameters, H1R stimulation by applying the
H1R agonist PEA in the additional presence of the H2R antagonist
cimetidine increased the time to peak tension and the relaxation
time in isolated guinea pig right ventricular strips. The positive
inotropic effect was more pronounced at a stimulation rate of
1 Hz than at higher stimulation rates (Mantelli et al., 1982). In
contrast, the H2R-mediated effect elicited by 4-methylhistamine
led to the shortening of mechanical contraction parameters
(Mantelli et al., 1982). Moreover, 4-methylhistamine was able
to elicit a contraction in potassium depolarised isolated guinea pig
right ventricular strips, which again suggested Ca2+ channel
activation by H2-histamine receptors but not by H1-histamine
receptors (Mantelli et al., 1982).

9.1 Age-dependent Histamine Effects
Histamine also increased cAMP content and augmented
contractility (i.e., increased the amplitude of contraction and
shortened both time to peak and time of relaxation) in isolated
foetal mammalian cardiomyocytes in rats, which was initially
reported in spontaneously beating neonatal rat cardiomyocytes
(Warbanow and Wollenberger 1979). Several years later, a full-
length paper (Tables 4, 8) (McCall and Lui 1986) confirmed these
data in neonatal rat cardiomyocytes and extended them by
showing that the positive chronotropic effects (cell length was
used to obtain data for heart beating rates, but inotropy was not
reported) and the cAMP-increasing effects of histamine in cell
cultures of neonatal rat cardiomyocytes were antagonised by
cimetidine but not by diphenhydramine and hence were
H2R-mediated (McCall and Lui 1986). These data showed that
the function of histamine in rat heart is age-related: there was an
H2R-mediated effect in neonatal ventricular but not in adult
ventricular cardiomyocytes. These data challenged the
comparability of previous studies on histamine effects in
neonatal rats and adult rats. We argue that the effects of
histamine on cell culture work in neonatal rats, such as
measuring signal transduction, cannot be translated into
results in adult rats or humans without further control

experiments. Similarly, isolated foetal guinea pig ventricular
cardiomyocytes in culture showed an increase in contractility
due to the application of histamine via H2-histamine receptors
(Warbanow andWollenberger 1979). Based on the data on rats, it
could be predicted that one could measure a positive inotropic
effect of histamine also on foetal or neonatal mouse
cardiomyocytes, which rapidly vanished during the maturation
of the mouse heart. Such age-related data could easily be
generated, but they are currently unavailable.

Moreover, positive contractile effects of histamine and
dimaprit were reported in isolated electrically stimulated adult
cardiomyocytes in transgenic mice with the cardiac
overexpression of H2-histamine receptors but not from wild-
type mice. In the same adult cardiomyocytes, histamine increased
the level of free cytosolic Ca2+. These effects were antagonised by
cimetidine (Gergs et al., 2019) (Figure 1A; Tables 4, 8). We draw
attention to the fact that in adult rat hearts, histamine does not
stimulate histamine receptors; it releases only noradrenaline,
which then increases the force of contraction (Table 4) (Laher
and McNeill 1980a). In other words, in rats, H2R-mediated
positive inotropic effects are present only in neonatal rat cells.
Based on the results of Northern blots and Western blots, the
receptors are still biochemically present in adult rat hearts
(Matsuda et al., 2004), but they are inotropically inactive.
Either they are present only in non-cardiomyocytes in adult
rat hearts or they are present in cardiomyocytes themselves. In
either case, the H2-histamine receptors in cardiomyocytes do not
couple with adenylyl cyclase, or the local PDE activity is
exceedingly high, which is currently unknown. The
evolutionary advantage of this process in the rat heart remains
an enigma. In principle, age not only leads to the loss of the
histamine effect in the heart, as in the rat. Age can also alter the
use of histamine receptor subtypes, which has been reported, for
example, in guinea pigs. In isolated electrically stimulated right
ventricular preparations from neonatal hearts, the positive
inotropic effect of histamine was antagonised by the H2R
antagonist cimetidine (10 µM) but not by the H1R antagonist
chlorpheniramine (1 µM) (Shigenobu et al., 1980). In contrast, in
isolated electrically stimulated right ventricular preparations
from adult guinea pigs (300–500 g, older than 10 days), the
positive inotropic effect of histamine was only slightly
antagonised by the H2R antagonist cimetidine (10 µM).
However, it was antagonised mainly by the H1R antagonist
chlorpheniramine (1 µM) (Shigenobu et al., 1980). A different
situation was found in the left atrium of guinea pigs. In isolated
electrically stimulated left atrial preparations from neonatal
guinea pigs, the positive inotropic effect of histamine was
antagonised by the H2R antagonist ranitidine (10 µM), but it
was not antagonised by the H1R antagonist chlorpheniramine
(0.3 µM) or by the H3R antagonist thioperamide (1 µM) (Agata
et al., 2010). This result suggests that in the right ventricle and left
atrium of guinea pig, H1R gains a main inotropic role postnatally.
The situation is different in the human heart: H2-histamine
receptors are inotropically active in foetal, newborn and adult
hearts (Papp and Resch 1975). The first results of a contractile
response to histamine in human hearts were obtained in isolated
foetal human hearts (Papp and Resch 1975). In the early foetal
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stage, histamine increased only the beating rate of isolated human
hearts. Subsequently, in the gestational period of the foetus,
effects of histamine on force in isolated atrium and ventricle
were noted, which could be antagonised by burimamide or
metiamide (Papp and Resch 1975). The positive inotropic
effect and positive chronotropic effect of histamine increased
after birth, which were classified as H2R-mediated (Papp and
Resch 1975). In mid-foetal life, they showed that histamine
decreased the rate of depolarisation and delayed
atrioventricular conduction, which, based on the findings in
guinea pigs, might suggest the action of H1-histamine
receptors (Papp and Resch 1975). In severely damaged adult
human hearts obtained from transplantation recipients, it was
similarly noted that histamine was as potent and perhaps as
effective in muscle samples drawn from the right or left atrium or
from the right or left ventricle. All effects of histamine could be
antagonised by cimetidine; they were regarded as being
H2R-mediated (Ginsburg et al., 1980). In porcine heart,
histamine acted only via H2-histamine receptors in isolated
paced porcine right atrial muscle strips. Here, histamine was
less potent but more effective than noradrenaline, whereas in
isolated paced muscle strips from porcine left ventricle, histamine
acted only via H1-histamine receptors. It was also less potent and
less efficacious in increasing the force of contraction compared
with noradrenaline (Du et al., 1993) (Table 4). As in the left
guinea pig atrium, in the porcine ventricle as well as in the left
atrium, the initial positive inotropic effect of histamine was
followed by a negative inotropic effect that could be abrogated
by the H1R blocker mepyramine (Du et al., 1993). This transient
negative inotropic effect of histamine was also seen in three
quarters of human ventricular and atrial preparations; it was
not blocked by cimetidine and thus was not H2R-mediated (Du
et al., 1993). In these series of experiments, noradrenaline was
more potent than histamine in the human atrium and ventricle,
but it was as efficacious as histamine in augmenting the force of
contraction (Du et al., 1993). In isolated porcine atrium, the
positive inotropic effect of histamine was H2R-mediated because
the effect was blocked by cimetidine, whereas in the isolated
porcine ventricle, the positive inotropic effects were not
antagonised by cimetidine but by mepyramine and were thus
H1R-mediated (Du et al., 1993).

10 HISTAMINE RECEPTORS IN HUMAN
HEART

In samples of human left or right ventricular papillary muscles
obtained during open heart surgery in non-failing hearts with
mitral valve lesions, histamine and dimaprit (dimaprit being less
potent than histamine) exerted concentration-dependent positive
inotropic effects that were accompanied by a reduction in time to
peak tension and time of relaxation (Eckel et al., 1982) (Tables 4,
8). Similar changes in the time parameters of contraction were
later reported in transgenic mice with the cardiac overexpression
of human H2-histamine receptors (Gergs et al., 2019). These
contractile effects were antagonised by cimetidine but not by
propranolol, suggesting the involvement of H2-histamine

receptors (Eckel et al., 1982). Noradrenaline was more potent
and effective than histamine in increasing the force of contraction
(Eckel et al., 1982). These contractile data were later confirmed
qualitatively by other researchers in isolated muscle strips from
human ventricles (e.g., Du et al., 1993). However, in their studies,
noradrenaline was shown to be as effective as histamine, a
discrepancy that likely resulted from the fact that they used
non-failing human hearts in their contraction study (Du et al.,
1993). In spontaneously beating human right atrial pectinate
preparations, histamine exerted a concentration-dependent
positive chronotropic and inotropic effect (Guo et al., 1984)
(Tables 4, 8, Figure 1). In the additional presence of
cimetidine (or ranitidine in therapeutically relevant
concentrations), increasing concentrations of histamine first
decreased the force of contraction, and at higher histamine
concentrations, increased the force of contraction (Guo et al.,
1984). This result was interpreted as a transient negative inotropic
effect because low concentrations of histamine-stimulated H1-
histamine receptors that had an innate negative inotropic effect
(Guo et al., 1984 (Figure 1B). In line with that hypothesis,
histamine was more potent in the presence of the H1R
antagonist pyrilamine than when only histamine was given.
The inotropic effects of histamine were not due to the release
of noradrenaline and the subsequent stimulation of
β-adrenoceptors, because pindolol (an unselective β1-and β2-
adrenoceptor antagonist) did not affect the contractile effects
of histamine (Guo et al., 1984). The negative inotropic effect of
the mixed H1R and H2R agonist 2-(2-thiazolyl)-ethylamine
(ThEA) in the presence of cimetidine was more pronounced
than the negative inotropic effect of histamine, which supported a
negative inotropic effect of H1R stimulation (Guo et al., 1984).
Moreover, in spontaneously beating musculi pectinati in the
human right atrium, the H1R antagonist pyrilamine increased
the concentration-dependent positive chronotropic effect of
histamine (Genovese et al., 1988). This result was interpreted
as evidence for a H1R-mediated negative chronotropic effect on
the beating rate of the human heart (Genovese et al., 1988)
(Figure 3). This conclusion was supported by the observation
that the efficacy of A1-adenosine receptor stimulation or M2-
muscarinic receptor stimulation to reduce the positive
chronotropic effect of histamine was attenuated by the
addition of pyrilamine (Genovese et al., 1988). For anatomical
reasons, the effects of histamine on the human sinus node, the
physiological pacemaker, were not investigated in that study.
Therefore, the role of H1-histamine receptors compared with H2-
histamine receptors in the human sinus node requires in vitro
research. The authors were concerned that the inotropic effects of
histamine on these preparations could have been indirect because
in the human atrium, an increase in beating rate (even without
receptor activation) leads to an increase in the force of
contraction. Hence, the authors repeated their experiments
using paced right atrial muscle strips and obtained
qualitatively similar results (Guo et al., 1984), which indicated
the direct negative inotropic effect of H1-histamine receptors.

When H3-histamine receptors and H4-histamine receptors
were cloned or identified, respectively, it became possible to
develop specific agonists and specific antagonists for H3- and
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H4-histamine receptors. It then became feasible to study both
receptors in fine detail, which led to the reclassification of hitherto
known H1R and H2R agonists, some of which were found to be
good agonists or antagonists of H3-histamine receptors and H4-
histamine receptors (Panula et al., 2015). Hence, some older
studies in the literature may require new interpretations
concerning histamine receptor specificity. Here, we address a
controversy regarding the positive inotropic effects (Sanders
et al., 1996) and negative inotropic effects (Guo et al., 1984) of
histamine, which were observed in isolated right atrial or left
atrial preparations of the human heart obtained during cardiac
surgery. The contrasting findings from the two well-regarded
groups are difficult to reconcile. The fact that in both studies,
human atrial samples were obtained during surgery makes it
difficult to identify the physiological functions of histamine in the
atrium in healthy subjects. At least two publications reported a
H1R-mediated effect in the human atrium: Guo et al. (1984) and
Genovese et al. (1988). These effects might have resulted from the
inhibition of the activity of cardiac adenylyl cyclase. Our
laboratories have recently generated a transgenic mouse with
the heart-specific overexpression of human H1R, which should
help us to see here more clearly what the role of H1R in cardiac
myocytes is. The positive inotropic effect of H1R stimulation on
the human heart (Figure 1B, Sanders et al., 1996) was tentatively
explained as follows: H1-histamine receptors residing in non-
muscle cells or muscle cells generated NO, which was diffused in
the cell or neighbouring cells, where it stimulated soluble
guanylate cyclase, generating cGMP (which they measured as
increased). This cGMP inhibited phosphodiesterase III, and thus
cAMP levels increased, generating more force (Figure 1B)
(Sanders et al., 1996). Other researchers argued that the
positive inotropic effect, such as in rabbit heart and potentially
in human heart, of H1R stimulation might be due to the coupling
to phospholipase C (PLC) and the generation of IP3, which then
binds to IP3-receptors in the sarcoplasmic reticulum (SR).
Subsequently, cytosolic Ca2+ increases, and thus force
increases, which Sakuma et al. (1988) showed in rabbit atrium
(Figures 1A,B). Other researchers claimed that not PLC but
tyrosine phosphorylation is involved. Thus, the activation of
tyrosine kinases or the inhibition of tyrosine phosphatases
should be involved (Akaishi et al., 2000).

However, convincing data have shown that histamine
exerts a positive inotropic effect in human right and left
atrial preparations obtained from prospective organ donors
(Ginsburg et al., 1980; Kaliner et al., 1981). However, the
possible involvement of H1-histamine receptors has not been
extensively examined. Even non-failing donor hearts
underwent drug treatment before and during cardiac
explantation surgery, which might have altered the cardiac
effects of histamine to some extent and might have
contributed to conflicting contractile data on the role of
H1-histamine receptors. For instance, data have shown that
PDE inhibitors used to treat asthmatics or heart failure
patients in desperate need potentiated the contractile
function of H2R stimulation (Pöch and Kukovetz 1967;
Neumann et al., 2021c). It cannot be excluded that such
drugs have been taken by some patients. Therefore, data on

healthy volunteers subjected to invasive cardiac
catheterisation are of special value. Moreover, currently
they are probably the best proof that histamine exerts
stimulatory contractile effects on healthy human cardiac
ventricles in vivo (Vigorito et al., 1983; 1986a; 1986b).

How does the efficacy of histamine compare with other
inotropic interventions? In other words, how relevant is
histamine in the human heart? These questions are relevant
because histamine is of equal potency but of double efficacy
compared with serotonin (acting via 5-HT4 receptors). Histamine
also has 75% of the efficacy of maximum β-adrenergic
stimulation (Zerkowski et al., 1993). In the human ventricle,
histamine might be less important than in the human atrium
because the maximum positive inotropic effect of histamine
(i.e., its efficacy) is only half of that in the human atrium
(Zerkowski et al., 1993). This finding is in contrast to earlier
research on human cardiac explants, which showed that the
positive inotropic effect of histamine on the left ventricle and
right atrium were superimposable (Ginsburg et al., 1980). These
differences might have been due to unreported differences in
clinical data on patients, such as time from operating theatre to
laboratory, slight differences in the preparation of buffer
composition, age and gender, or drug therapy. Moreover, in
the human atrium, some effects of histamine were
propranolol-sensitive and thus probably due to a release of
noradrenaline from cardiac storage sites (Ginsburg et al.,
1980). The finding that at high single doses, histamine might
release cardiac noradrenaline and thence indirectly increase force
is not without precedence (Table 4). Thus, in the next section, we
return to the animal model.

10.1 The Animal Model
In cat and probably in mouse and rat, any histamine effects on
contractility are indirect: histamine releases noradrenaline.
Currently, as shown in Tables 4, 8, rabbits and guinea pigs
are used when a model of histamine in the human heart is
sought. Guinea pigs have the disadvantage that the positive
inotropic effect on the left atrium is only H1R-mediated. In
rabbits, the ventricular effects are also mainly H1R-mediated.
However, a mouse model was found to express functional human
H2-histamine receptors in all regions of the heart (Gergs et al.,
2019, 2020). This model has enabled research on the function of
human H2R in the left atrium and the ventricles. However, mice
do not express functional human H1-histamine receptors.
Moreover, the human coronary system is better studied in pigs
or in guinea pigs than in mice because of its greater similarity to
the human coronary system. Nevertheless, mice have advantages
because they are somewhat easier to keep and breed. Moreover,
they could be crossbred with KOmice or other transgenic mice to
study in detail cardiac signal transduction in the heart (Schwarzer
et al., 2019; Gergs et al., 2020; Neumann et al., 2021d). Other
approaches have also been successfully used. For example, the
overexpression of H2-histamine receptors in rat cardiomyocytes
using gene transfection was used to study the signal transduction
of human H2R in detail (Wellner-Kienitz et al., 2003); however,
mechanical function was not assessed in their study. Mice with
KO of all histamine receptors are available from commercial
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suppliers (Neumann et al., 2014). However, they are not used
frequently in cardiac research, as mice probably have no H1- or
H2-histamine receptors that affect cardiac contraction (Gergs
et al., 2019, 2020). However, the positive inotropic effect of
histamine on the guinea pig left atrium cannot be solely
explained by effects on ion currents because the maximum
positive inotropic effects of histamine and isoprenaline in the
left atrium of guinea pigs are similar, whereas the maximum
increase in cytosolic Ca2+ in the atrial cardiomyocytes of guinea
pigs to histamine was 50% of the maximum increase of cytosolic
Ca2+, which was due to isoprenaline (Yoshimoto et al., 1998).
Hence, it was suggested that H1R (which is active in the guinea pig
left atrium) stimulation might sensitise myofilaments to Ca2+

(Yoshimoto et al., 1998). Regrettably, this work has apparently
not been continued. Therefore, it would be informative to know
the identity of the four proteins in which the tyrosine
phosphorylation state was found to be enhanced. It could be
hypothesised that they are located in the myofilaments.
Moreover, it would be interesting to know how their
phosphorylation state directly alters their Ca2+ sensitivity or
whether further signalling steps are involved. Similar findings
in the human atrium were reported in a study based on the use of
dimparit in addition to histamine and noradrenaline. Histamine
was less potent than noradrenaline, but it was more potent than
dimparit. All three drugs were of equal efficacy regarding their
positive inotropic effects (Gristwood et al., 1980).

11 ROLES OF HISTAMINE AND HISTAMINE
RECEPTORS IN CARDIAC DISEASE

Figures 3–5 are referred to in Roles of Histamine and Histamine
Receptors in Cardiac Disease.

11.1 Histamine-Induced Arrhythmias
Histamine-induced arrhythmia was observed early in the surface
electrocardiographies (ECG) of patients (Schenk 1921).
Intravenous injections of histamine led to tachycardia in
patients (Weiss et al., 1932). In dogs, the injection of
histamine led to I-, II-, and III-degree AV-block in surface
ECG (Hashimoto 1925). Histamine injection in dogs can also
lead to ventricular arrhythmias (Flacke et al., 1967). In guinea
pigs, histamine exerted negative dromotropic effects via H1-
histamine receptors (Levi and Kuye 1974). It must be
considered that, at least in mice, H3-histamine receptors are
also involved in cardiac arrhythmias. Reperfusion arrhythmias
occurred less frequently in H3R KO mice (Koyama et al., 2003a,
b). This effect was indirect, as H3R stimulation would impair
cardiac release of noradrenaline from cardiac ganglia. The effect
was blunted in H3R KO mice, and thus fewer arrhythmias
occurred (Koyama et al., 2003a, b). In an organ bath,
histamine induced a positive chronotropic effect and
occasional arrhythmias in trabeculae isolated from a human
heart. These effects were cimetidine sensitive and thus were
regarded as H2R-mediated (Ginsburg et al., 1980; Levi et al.,
1981). It is well known that reperfusion of the heart leads to a
release of histamine from the heart, which Davani et al. (2002)

showed in rat hearts. The released histamine, which was partially
derived from cardiac mast cells, contributed to reperfusion
arrhythmias (Davani et al., 2002). However, rat hearts do not
possess functional H2-histamine receptors. After a myocardial
infarction, histamine is released, at least in part, frommast cells in
the myocardium (Pierpaoli et al., 2003). Indeed, the extent of the
increase in histamine in the plasma in dogs after coronary
occlusion was correlated with the severity of the arrhythmias,
which Wolff and Levi (1988) showed in their review.

Interestingly, in vivo, central and peripheral (Wolff and Levi
1986) sympathetic mechanisms contributed to histamine-
induced cardiac arrhythmias; an increase in the beating rate in
the heart led to the increased release of histamine isolated from
guinea pig (Gross et al., 1984) or mouse heart (He et al., 2012).
This release also occurred in mast-cell-deficient mice (He et al.,
2012). Histamine release in cardiac ischaemia did not occur in
histidine decarboxylase (HDC) KO mice, and few arrhythmias
occurred (He et al., 2012). In perfused wild-type (WT) mouse
hearts, ischaemia-induced arrhythmias could not be stopped by
perfusion with famotidine or atenolol alone, but by their
combined application (He et al., 2012).

In animal models (mainly guinea pigs) of allergic shock,
histamine levels increased, which was accompanied by many
forms of cardiac arrhythmias, such as sinus arrhythmias,
junctional extrasystoles, AV-block, ventricular ectopy and
premature beats, tachycardia, and ventricular fibrillation
(Capurro and Levi 1973). Animal experiments have suggested
that arrhythmias in septic shock might be treated not by H2R
blockers alone but only in combination with H1R blockers (Wolff
and Levi 1986; Felix et al., 1991b). Other researchers reported
good anti-arrhythmic effects of H2R antagonists in animal models
(Frommeyer et al., 2017).

Isolated spontaneously beating right atrial strips of musculi
pectinati from patients were studied in an organ bath. Histamine
induced arrhythmias that were both verapamil-sensitive and
cimetidine sensitive (Levi et al., 1981). This result might
indicate the involvement of H2-histamine receptors and L-type
Ca2+ channels in histamine-induced supraventricular arrhythmias
in the human heart (Levi et al., 1981). Other researchers found in
paced right atrial human preparations that both dimaprit and
histamine induced arrhythmias (Gristwood et al., 1980). In
electrically driven muscle strips isolated from the right human
atrium, Sanders et al. (1996) reported low beating rate histamine-
induced arrhythmias, which were blocked by famotidine, but not
by mepyramine, and thus were apparently H2R-mediated. In a
transgenic mouse model, the overexpression of H2-histamine
receptors per se led to a significant increase in the incidence of
supraventricular and ventricular arrhythmias (Gergs et al., 2021a).
This incidence was further increased by the addition of histamine
(the physiological ligand) or dimaprit, which did not activate H1-
but, in this context, it activated H2-histamine receptors (Gergs
et al., 2021a). Hence, it might be useful to determine whether the
expression of H2-histamine receptors is elevated in the hearts of
patients suffering, for instance, from atrial fibrillation. As atrial
thrombi would release histamine, H2R stimulation would both
initiate and maintain atrial fibrillation. However, this function is
under speculation at present.
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Interestingly, in patients, the higher the plasma level of
histamine, the higher the incidence of atrial fibrillation
(Layritz et al., 2014). This is positive evidence that histamine
might be a legitimate target for anti-arrhythmic therapy in future
clinical trials. It has been reported that drinking red wine
increases the incidence of arrhythmias. This has been
suggested as due to either high histamine levels in some
brands of wine and/or ethanol inhibiting the enzymes
responsible for the degradation of histamine in the intestine or
the heart, such as diamine oxidase (DAO) (Liang et al., 2012). In
patients with allergies to some foods (e.g., kiwi) or to foods that
contain large amounts of histamine (e.g., cheese and fish), an
increased incidence of cardiac arrhythmias was noted (Rojas-
Perez-Ezquerra et al., 2017).

Based on the literature reviewed above, a high rate of the
production of histamine in patients is expected to lead to
arrhythmias. Mast cells produce large amounts of histamine.
A rare example of a histamine-producing disease is
mastocytosis, which affects mast cell production. Patients
suffering from mastocytosis show increased amounts of
mast cells in the skin and/or internal organs. The
histamine may reach cardiomyocytes via the bloodstream,
where it may stimulate H2-histamine receptors. Indeed,
patients affected by mastocytosis, including adults and
children, have an increased incidence of arrhythmias (Rohr
et al., 2005; Shaffer et al., 2006).

Histamine in plasma can directly cause arrhythmias via H2-
histamine receptors on cardiomyocytes. It is known that
histamine can also indirectly cause arrhythmias. Histamine
does not need to reach cardiomyocytes. If histamine leads to a
decrease in coronary perfusion, arrhythmias may result. Indeed,
the histamine-induced constriction of coronary arteries is known
to lead to arrhythmias. A case report showed that one patient with
Quincke oedema, which also leads to high tissue and blood levels
of histamine, developed coronary constriction, ST-elevation and
arrhythmias (Weber et al., 1982).

Furthermore, terfenadine and astemizole (H1R
antagonists) can release histamine, and they have been
shown to lead to arrhythmias (Llenas et al., 1999). These
arrhythmias are usually explained by the inhibitory action of
these drugs on potassium channels leading to prolonged
duration of the AP, which are delayed after-depolarisations
to torsade de pointes arrhythmias (Llenas et al., 1999). Other
researchers have argued that both compounds can accumulate
in the heart and release histamine, which stimulates H2-
histamine receptors and thus elicits arrhythmias (Llenas
et al., 1999).

11.2 Roles of Histamine and Histamine
Receptors in Ischaemia and Hypoxia
There is some evidence that in a minority of patients with
Prinzmetal-angina, a form of angina pectoris in which
coronary arteries contract despite histologically normal
endothelial and smooth muscle cells, the causative agent might
be histamine. In these patients, it has been speculated that their
coronary arteries are less susceptible to H2R-mediated

vasodilatation and prone to H1R-mediated vasoconstriction,
which was explained by a higher density of mast cells near the
coronary arteries, altered function of mast cells that facilitated the
release of histamine and/or deleterious alterations in endothelial
cells, including less histamine receptor mediated vasodilatation
caused by blocked signal transduction in them (Ginsburg et al.,
1981; Okumura et al., 1991). It is well known that cardiac
ischaemia leads to the release of adenosine, which is thought
to dampen the effect of adrenaline and which might be regarded
as an anti-adrenergic effect of adenosine. Interestingly, an “anti-
histaminergic” effect of adenosine has been noted. Adenosine has
been reported to inhibit the stimulatory effect of histamine (via
H2-histamine receptors) on adenylyl cyclase activity (Endoh
1979; Baumann et al., 1981a). Moreover, the interaction of
isoprenaline and histamine has been reported, in which
histamine reduced the β-adrenoceptor-mediated increase in
L-type Ca2+ current in guinea pig ventricular cardiomyocytes
(Belevych et al., 2004). An ischaemia-mediated release of
noradrenaline from the heart was attenuated by histamine
acting on H4-histamine receptors in cardiac ganglia (Aldi
et al., 2014) as well via H3-histamine receptors, as previously
mentioned (Koyama et al., 2003b). In patients, an acute
myocardial infarction was accompanied by an increase in the
plasma histamine levels, which was reported in reviews by Reid
et al. (2011) and Luo et al. (2013). In animal hearts, the release of
histamine by ischaemia was described in early research (Genovese
et al., 1988).

Ischaemia and reperfusion led to detrimental increases in the
permeability of the endothelial layers of arterial vessels mediated by
H1-histamine receptors and impaired the function of mitochondria
in cardiomyocytes. These detrimental events partially resulted from
the activation of H2-histamine receptors by histamine released from
cardiac mast cells in reperfusion. This hypothesis is supported by
the fact that in mice pre-treated with famotidine or with general KO
of the H2R, ischaemia alone (24 h occlusion of left coronary artery)
or ischaemia (1 h occlusion of left coronary arteries) and
reperfusion (24 h) led to less myocardial necrosis and thus to
less inhibition of cardiac function than in WT hearts (Luo et al.,
2013). However, these studies were mainly performed in neonatal
rat cardiomyocytes that contained inotropically activeH2-histamine
receptors, whereas these receptors are inactive in adult mouse
cardiomyocytes and hearts (Gergs et al., 2019). Hence, it could
be hypothesised that the beneficial results of H2R KO or famotidine
treatment are due to the lack or blockade of H2-histamine receptors
in non-muscle cells of the heart, such as fibroblasts, endothelial cells,
smooth muscle cells and mast cells (Table 5). In contrast, isolated
left atrial preparations of mice that overexpressed H2R in the heart
showed greater resilience against hypoxia compared with the WT
control preparations (Gergs et al., 2020). However, in the isolated
left ventricle with global ischaemia, preparations from mice that
overexpressed H2R in the heart showed a more rapid decline in
force under these ischaemic conditions compared with WT control
preparations (Gergs et al., 2020). Thus, the protective or deleterious
effects of H2-histamine receptors might be dependent on the region
of the mammalian heart. Further research should be conducted to
investigate whether these regional differences are also present in the
human heart.
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12 ROLES OF HISTAMINE AND HISTAMINE
RECEPTORS IN CHRONIC HEART FAILURE

Currently, the involvement of histamine and its receptors in the
genesis, maintenance and prevention of chronic heart failure is
insufficiently understood. The following sections give an
overview of the possible implications of histamine and
histamine receptors for different kinds of heart failure in
animal models and in humans. To illustrate, Figures 3, 5
show potentially involved signalling pathways.

12.1 Animal Models of Chronic Heart Failure
12.1.1 Ischaemia-Induced Heart Failure
In guinea pigs, where heart failure was induced by closing a
coronary artery, the positive inotropic effect of β-adrenoceptor
agonists was blunted; however, histamine showed a positive
inotropic effect (Baumann et al., 1982). These findings are in
line with results of samples drawn from human hearts, where the
efficacy of histamine in increasing the force of contraction was
preserved in patients with end-stage heart failure, which is
discussed in the following sub-section.

13.1.2 Pressure- or Volume-Induced Heart Failure
Using transverse aortic constriction, mice pre-treated with
famotidine or lacking H2-histamine receptors (H2R KO mice)
showed better cardiac performance and less histological damage
compared with WT mice (Zeng et al., 2014). These results were
explained by H2R-induced cardiac fibrosis and apoptosis in WT
mice. In addition, the researchers used neonatal rat
cardiomyocytes and fibroblasts. The results showed that the
activation of H2-histamine receptors led to increased apoptosis
of cardiomyocytes and fibrosis via fibroblast activation (Zeng
et al., 2014). However, as adult rats and adult mice show no
inotropically active H2-histamine receptors, this finding is
difficult to understand (Zeng et al., 2014; Gergs et al., 2019).
Perhaps the lack of H2-histamine receptors in the fibroblasts of
KO mice could partially explain these findings.

In a guinea pig model of heart failure as a result of a pressure
overload by infusion of vasopressin, H2R agonists such as
impromidine exhibited a positive inotropic effect and a
positive chronotropic effect (Felix et al., 1991b). This result
was interpreted as indicating that H2R-stimulated inotropic
pathways were still active in chronic heart failure, which was
in line with findings in humans (Felix et al., 1991b).

In dogs, heart failure induced by volume overload due to
surgically induced mitral insufficiency, an increased density of
cardiac mast cells was observed (Stewart et al., 2003).
Subsequently, in a rat model of heart failure, namely volume
overload by surgically producing a hemodynamically relevant
fistula in the abdomen of rats, nedocromil, a mast cell stabiliser
that mitigated the release of histamine from mast cells, reduced
mechanical dysfunction, cardiac hypertrophy, and the combined
end points of morbidity andmortality (Brower and Janicki, 2005).
In this model system, mast-cell-deficient rats showed less
impairment of cardiac function under volume overload
(Levick et al., 2008). Mast cells contain histamine, which was
increased in this model of heart failure. This finding was

suggested to be in line with findings in human chronic heart
failure patients where mast cell density and histamine content
were found to increase and could be interpreted as proof of the
principle that volume overload in patients alters cardiac
histamine content.

Similarly, in pressure-induced heart failure in spontaneously
hypertensive (SHR) rats, an increase in cardiac histamine levels
and an increase in the density of H2-histamine receptors were
observed (Potnuri et al., 2018). However, as previously
(Interactions Between Histamine, Histamine Receptors, and
Noradrenaline), a conceptual problem is that histamine in rat
heart acts on the force of contraction not via H2R but via the
release of endogenous catecholamines (Laher and McNeill
1980a). Hence, additional actions of histamine must be
operational here. Famotidine improved systolic and diastolic
function in SHR, reduced cardiac hypertrophy, reduced
cardiac fibrosis, reduced histamine concentrations, elevated
calcineurin activity, and the phosphorylation of protein kinase
B (AKT) in SHR compared with the controls (Potnuri et al.,
2018). These effects were explained as follows: famotidine might
inhibit mast cell degranulation by blocking H2-histamine
receptors on the mast cells (Potnuri et al., 2018).

12.1.3 Drug-Induced Heart Failure
Doxorubicin is well known to induce chronic heart failure in
humans. The mechanism by which it occurs is still disputed. In a
dog model, the application of doxorubicin in concentrations that
led to heart failure also increased cardiac histamine levels. The
authors speculated that this mechanism might come into play in
human patients (Bristow et al., 1981). Similar findings were
reported in rats treated with doxorubicin, which led to
elevated levels of histamine in the isolated right atria (Decorti
et al., 1997).

12.1.4 Myocarditis-Induced Heart Failure
Rats were injected with a preparation containing porcine myosin
as an antigen, which over time led to myocarditis. Ranitidine did
not reduce the loss of cardiac contractility due to myocarditis,
whereas a H4R antagonist was beneficial (Stasiak et al., 2018).
These results indicate that targeting H2R is not generally
beneficial in the treatment of chronic heart failure.
Furthermore, these data indicate that H2R antagonists in
general would not be useful in autoimmune myocarditis and
resultant heart failure. However, to the best of our knowledge,
comparable human data are currently lacking. Myocarditis due to
the encephalo-myocarditis virus was more pronounced in WT
hearts than in two lines of mast-cell-deficient mice. The cardiac
function of these mice was improved by administering an H1R
antagonist (Higuchi et al., 2008).

12.1.5 Tachycardia-Induced Heart Failure
In a dog model of tachycardia-induced heart failure, pacemakers
were implanted, and the hearts were stimulated at high beating
rates for a prolonged period, which eventually led to heart failure.
Samples drawn from canine hearts showed increasing densities of
cardiac mast cells and elevated cardiac levels of histamine in a
time-dependent manner (Takahama et al., 2010).
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12.1.6 Genetically Induced Heart Failure as a Model
System
Preliminary data suggest that under certain conditions, H2R
may be beneficial in treating cardiac hypertrophy and failure.
In a genetic model of cardiomyopathy and contractile
dysfunction in mice that overexpressed the catalytic
subunit of the serine/threonine protein phosphatase 2A
(PP2A) to the heart, crossbreeding with mice that
overexpressed human H2R, improved cardiac function
(Gergs et al., 2020).

12.2 Human Heart Failure
12.2.1 Heart Failure and Histamine
It has been suggested that mastocytosis caused by increasing
histamine levels might contribute to the development of heart
failure (Klock et al., 2007). In the blood of patients with a special
subtype of chronic heart failure, namely idiopathic dilative
cardiomyopathy (IDC), histamine levels were increased
(Zdravkovic et al., 2011). This elevated histamine has been
speculated to be fibrinogenic, which could contribute to
cardiac fibrosis observed in heart failure (Patella et al., 1998).
Hence, there could be a positive feedback loop between histamine
levels in the heart and a positive inotropic effect of histamine in
the human heart. However, the activity of DAO, a histamine
degrading enzyme, was increased in patients with heart failure,
which was reported in a review by Stolen et al. (2004). Hence, it
could be speculated that the increase in DAO is used as a
counterbalance to protect the heart against excessively high
plasma histamine levels.

12.2.2 Heart Failure and H2R Agonists
The positive inotropic effect of histamine was observed in
samples from patients in which the positive inotropic effect of
β1-adrenoceptor stimulation was diminished (Bristow et al.,
1982a). Similarly, the histamine maintained the ability to
increase the activity of adenylyl cyclase in failing human heart
samples, in which the coupling of noradrenaline with the activity
of adenylyl cyclase was attenuated (Bristow et al., 1982a; 1982b).
However, as mentioned above, histamine is not a useful inotrope;
it also acts on all other histamine receptors, and to a large extent,
it is metabolised and thus inactivated if taken orally by chronic
heart failure patients. Hence, it is important to find and test H2R
selective agonists (Table 1). One H2R selective agonist was found
in the form of impromidine (Table 1). It was found to be active as
a positive inotropic agent in heart failure patients. In patients with
end-stage congestive heart failure and intact coronary blood flow,
the force of cardiac contraction could no longer be increased by
the stimulation of β-adrenoceptor agonists using dobutamine,
which, clinically, is often called “catecholamine refractory heart
failure”. However, in severely ill patients, impromidine increased
cardiac output, decreased pulmonary capillary wedge pressure
and decreased systemic vascular resistance (Baumann et al., 1984;
Felix et al., 1995). Impromidine was not tested further because the
authors noted increases in gastric acid secretion, which was
caused by H2R agonists in the stomach, and in cardiac
arrhythmias, which are commonly found in connection with

cAMP-elevating agents (Felix et al., 1995). The same research
group argued that because the concentration response curve was
bell-shaped, the H2R-mediated increase in gastric secretion in
impromidine-treated patients might be self-limiting and that the
patients always complained about a skin flush that was accounted
for by cutaneous vasodilation (Baumann et al., 1984).

In line with the positive inotropic effect of H2R agonists in
human heart failure, the density of H2-histamine receptors was
unaltered in chronic heart failure patients, whereas in the same
human cardiac samples, the density of β1-adrenoceptors was
diminished (Baumann et al., 1984). It is unclear whether the
preserved ability of histamine to generate cAMP in failing human
hearts is really beneficial. It has been speculated that the
histamine-induced cAMP increase in failing hearts might, in
part, explain deadly cardiac arrhythmias in these patients, as
cAMP is known to increase the propensity to generate
arrhythmias presumably by increasing Ca2+ influx into heart
cells (Leary et al., 2018b).

Here, a further caveat is in order. Another research group
noted that the positive inotropic effect of histamine in failing
human cardiac ventricular trabeculae was diminished (Brown
et al., 1986; Böhm et al., 1988b). Whether this was the result of
different techniques of contraction measurement, different pre-
operative drug therapy, or different patient characteristics was
never resolved. However, it is a clinically relevant discrepancy in
the field that should be addressed in future research.

12.2.3 H2R Antagonists in Heart Failure
Registered data on Japanese patients showed that the
administration of the H2R antagonist famotidine reduced the
incidence of heart failure (Kim et al., 2004). Similar results were
observed in a clinical study where the incidence of cardiac
remodelling in heart failure patients decreased with famotidine
treatment (Kim et al., 2006). Of major interest in our context is a
10-years progressive observational study on initial non-heart
disease patients. In this study, H2R antagonists such as
famotidine reduced the development of not only left
ventricular hypertrophy (Leary et al., 2016) but also right
ventricular hypertrophy (Leary et al., 2014). Another cause of
right-sided heart failure is pulmonary hypertension, a disease
with high mortality. The registered data suggest that pulmonary
hypertensive patients who were administered famotidine had
lower mortality (Leary et al., 2018b). A nationwide Danish
registry study compared new users of proton pump inhibitors
or H2R antagonists after a hospital stay because of heart failure.
The rate of hospital admissions for worsening heart failure and
one- and 5-years total mortality were lower in H2R antagonist-
treated patients (Adelborg et al., 2018). The question has been
raised whether famotidine is the best choice of an H2R antagonist
for the treatment of heart failure. Unlike burimamide, famotidine
is not a pure antagonist but an inverse agonist or a biased agonist
(Alonso et al., 2015; Leary et al., 2016).

What causes the beneficial effects of famotidine? It has been
suggested that famotidine acts on mast cells and not on
cardiomyocytes (Klock et al., 2007). Correspondingly, the
density of mast cells is higher in patients with heart failure
(Patella et al., 1998). Others have speculated that famotidine
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has an indirect effect by blocking H2-histamine receptors; thus,
cardiac histamine is free to act on H3-histamine receptors.
Histamine is more potent on H3-histamine receptors than on
H2-histamine receptors (Panula et al., 2015). Thus, via H3R,
cardiac histamine might reduce the release of noradrenaline
from cardiac ganglia (Panula et al., 2015), thus potentially
abrogating the deleterious effects of noradrenaline on cardiac
β-adrenoceptors (Asanuma et al., 2006). The unhindered
stimulation of β-adrenoceptors can lead to cardiac
hypertrophy (e.g., Gergs et al., 2020). In patients with
coronary heart disease, the vasoconstrictory effects of
histamine on arteriosclerotic vessels have been speculated to
be reduced by famotidine (Ginsburg et al., 1981; Asanuma
et al., 2006). Others have speculated that the beneficial effects
might result from altered renal blood flow, reduced systemic
blood pressure or the reduced detrimental remodelling of the
heart due to the action on fibroblasts (Leary et al., 2014).
However, the present review revealed conflicting results. Some
researchers noted increased mortality from heart failure in
patients treated with famotidine (Yoshihisa et al., 2017). Thus,
timing, duration and dose of famotidine or subtle differences in
the clinical characteristics of studies may account for conflicting
results. Thus, further clinical studies on famotidine in cardiac
hypertrophy are necessary to improve the stratification of
patients.

12.2.4 Mutations of Histamine Receptors and Human
Heart Failure
A study on Han Chinese showed a correlation between a
mutation of H3R but not of H2R, DAO, or histamine
N-methyl-transferase (HMT) and the risk of developing
systolic heart failure (He et al., 2016). A recent study, which
seems to be the only one to connect mutations of H2-histamine
receptors and heart failure, reported four relevant single
nucleotide polymorphisms in the deoxyribonucleic acid (DNA)
extracted from peripheral leukocytes in participants. The allele
rs2241562 was significantly correlated with chronic heart failure
in US patients with a Chinese heritage and a history of
hypertension (Leary et al., 2018a). The allele rs2241562 is an
intron variant, and it may be relevant for the stability of the RNA,
or it may be a transcription enhancer. This allele was present only
in the participants of Chinese heritage and not in participants of
other ethnicities who took part in this trial (Leary et al., 2018a).
The same report included a different population of patients with
systolic heart failure due to idiopathic cardiomyopathy at the time
of randomisation (Leary et al., 2018a). Heart failure was defined
as a left ventricular ejection fraction lower than 40% using
ventriculography (Leary et al., 2018a). The study participants
were treated with the β-adrenoceptor antagonists carvedilol or
metoprolol. The participants underwent a biopsy in the right
ventricular distal septum before and after treatment with
β-adrenoceptor antagonists (Leary et al., 2018a). From these
biopsies, mRNA was isolated and sequenced (Leary et al.,
2018a). Two transcript variants of human H2R were identified
in coding for proteins comprised of 397 or 359 amino acids (Leary
et al., 2018a). The shorter 359 amino acid variant was found to be
homologous to the originally cloned human H2R and was

designated as the canonical variant (Leary et al., 2018a).
Hence, this study has shown the actual presence of different
messenger RNAs of H2-histamine receptors in the human right
ventricle (Leary et al., 2018a). Participants who responded to β1-
adrenoceptor antagonist treatment with an increase in the left
ventricular ejection fraction by more or equal to 10 absolute
percentages (in this study called super-responders) had a higher
expression of mRNA coding for the shorter (359 amino acids)
protein isoform of H2R (Leary et al., 2018a). In contrast,
participants who did not improve their left ventricular ejection
fraction under therapy with β-adrenoceptor antagonists, the so-
called non-responders, exhibited a lower expression of the mRNA
coding of the longer variant (397 amino acids) as well as a lower
expression of the summary of both variants of H2R in right
ventricular biopsies (Leary et al., 2018a). Whether these two
receptor variants displayed a differential function profile is not
yet known; moreover, the studied cohorts were small. In other
words, it remains to be elucidated whether such changes in the
expression of variants of H2R in the human heart contribute to
the success of β-adrenoceptor antagonist therapy and whether
this information could be used to improve patient stratification
and treatment. However, the researchers recommended further
research on H2-histamine receptors and their role in human heart
failure.

13 SEPSIS AND ACUTE HEART FAILURE

Over decades of research, there has been consensus that in septic
shock, histamine levels in plasma increase. An example is a
hundred-fold increase in the plasma of rabbits, as reported in
a review by Matsuda et al. (2002). In a rat model of septic shock,
the mortality of the animals was lowered by administering both
H1R and H2R antagonists (Brackett et al., 1985). In HDC KO
mice, the injection of lipopolysaccharide (LPS), a model of sepsis,
in living mice led to lower increases in IL-6 in serum or liver
(heart was not reported) than in WT (Horvath et al., 2002). In
septic mice subjected to LPS treatment to induce sepsis, the prior
application of a drug (amodaiquine) that inhibits the activity of
histamine-methyl transferase (an enzyme that inactivates
histamine), increased tissue levels of histamine in the liver,
and reduced sepsis-induced mortality in mice, which was
explained, in part, by the measured reduction in the tumour
necrosis factor alpha (Yokoyama et al., 2007). In a rabbit model of
sepsis, sepsis-induced tachycardia was blunted by a H2R
antagonist (Matsuda et al., 2002). Sepsis increased mRNA
levels of H2- and H1- histamine receptors in the atrium and
ventricle of septic rabbits (Matsuda et al., 2002). If
lipopolysaccharides were used to induce sepsis in mice, the
role of histamine and H2-histamine receptors was
corroborated. In H2R KO mice and HDC KO mice, sepsis was
more lethal than in WT mice (Yokoyama et al., 2004). The
beneficial effects of H2R stimulation have been explained by
the fact that in H2R null mice, LPS injection in the animals
led to higher levels of cytokines and histologically confirmed liver
damage. However, the heart was not examined (Masaki et al.,
2005). In isolated human monocytes, LPS increased the
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expression of adhesion molecules, which was mediated by H2-
histamine receptors (Morichika et al., 2003). This result led to the
suggestion that sepsis therapy could be improved by the
application of H2R antagonists (Takahashi et al., 2004).
Similarly, mice with cardiac overexpression of H2R were more
susceptible to the detrimental effect of LPS in the left ventricular
ejection fraction compared with littermate WT control mice
(Gergs et al., 2020).

14 CARDIOVASCULAR H2-HISTAMINE
RECEPTORS AND AGEING

The data on this relationship are limited; hence, further
research is warranted. The H2R-induced relaxation of
isolated aortic strips using dimaprit as an agonist was
greatly attenuated in mature rabbits (6–7 months of age)
compared to young rabbits (6 weeks of age) (Holl and
Mokler 1982). A contrasting finding was reported in strips
isolated from coronary arteries in dogs. In older beagle dogs
(2 years and 12 years), H2R-induced relaxation was more
potent and effective than in young beagle dogs
(80–110 days of age) (Toda et al., 1987). Neonatal and
adult animal models are discussed in Age-Dependent
Histamine Effects.

In human subjects aged from 20 to 81 years, the
vasodilatory effects of histamine via H2-histamine receptors
diminished with increasing age, while the vasodilatory effects
of H1-histamine receptors did not change during aging
(Bedarida et al., 1995). In this study, the effects of the
intravenous infusion of histamine (2–136 ng histamine/min
in the absence or presence of 49 μg/min of the H2R antagonist
cimetidine or 530 ng/min of the H1R antagonist
brompheniramine on the diameter of the dorsal hand veins)
were studied (Bedarida et al., 1995).

15 CARDIOVASCULAR H2-HISTAMINE
RECEPTORS AND EXERCISE

In healthy male subjects undergoing exercise by cycling, an
increase in plasma histamine levels was observed (Doh et al.,
2016). After a longer duration (more than 15 min) of skeletal
muscle exercise, both H1- and H2-histamine receptors mediated
post-exercise hyperaemia (Doh et al., 2016). Post-exercise
systemic vascular pressure was reduced in both men and
women, and these reductions were attenuated when 300 mg
ranitidine (Table 2) per os or a combination of 540 mg
fexofenadine and 300 mg ranitidine per os were administered
(McCord et al., 2006a; McCord and Halliwill, 2006b). The
beneficial effects of H1R and H2R antagonism were
accompanied by and conceivably mediated by an increase in
skeletal muscle perfusion in humans (Van der Stede et al., 2021).
In patients with high normal hypertension (systolic blood
pressure 120–139 mmHg in males aged 20–27 years), the
effects of the blockade of H1- and H2-histamine receptors on

post-exercise hemodynamics were lower than in normotensive
subjects (Naylor et al., 2020). These results suggested that under
pathological conditions (higher blood pressure), the vasodilatory
effects of H1-histamine receptors on endothelial cells and of H2-
histamine receptors on smooth muscle cells in the vessels of the
skeletal musculature might be blunted (Naylor et al., 2020).
Another interpretation of these data might be that
hypertension is in part due to the functional impairment of
H2- and H1-histamine receptors.

16 OUTLOOK

From a mechanistic point of view, a real (not only virtual)
crystal structure of human H2R at a good spatial resolution is
crucial to better understand the receptor. The next logical step is
the generation of crystal structures using histamine or dimaprit.
Thereafter, crystal structures with binding proteins, such as
stimulatory or inhibitory GTP-binding proteins and other
signal transduction proteins, would be important. The
subcellular localisation of human H2R should be studied in
much more detail. It might not be confined to the sarcolemma,
which would have functional implications that are still
unknown. The improved knowledge of the regulation of the
promoter of human H2R should be another research goal.
Another important step forward involves the production and
characterisation of a reliable antibody for detecting human H2R
in Western blots. This antibody would enable research on
diseases that alter the expression of human H2R on the
protein level, such as ischaemia, which would enable the
development of a therapeutic intervention. Another step is
the development of cell-type specific agonists and antagonists
of human H2R, which might be achieved by the typical synthesis
of new small molecules. Alternatively, a virus that has a cell
type-specific promoter could be developed to code receptors.
Novel cell type-specific agonists might make it possible, for
example, to increase the force of contraction without acting on
the sinus node. In other words, a positive inotropic effect that
did not require high oxygen expenditure by simultaneously
increasing the beating rate might be achieved by these novel
compounds. Conversely, using smooth muscle specific H2R
agonists, blood pressure could be reduced without increasing
the force of contraction. An open question remains regarding
the role of histamine in arrhythmogenesis in humans. Finally,
although they would be expensive, clinical trials conducted to
test the usefulness of H2R therapy in treating various forms of
congestive heart failure would contribute to not only the
literature but also the efficacious treatment of patients with
this disease.
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GLOSSARY

5-HT4 receptor serotonin 4 receptor

β-MHC beta myosin heavy chain

AKT protein kinase B

ANP atrial natriuretic peptide(s)

AP action potential

APD action potential duration

ATP adenosine triphosphate

AV atrioventricular node

Bax homolog of Bcl-2, an apoptosis activator

CaMKII Ca2+ and calmodulin-dependent protein kinase

cAMP 3′, 5′- cyclic adenosine monophosphate

cGMP 3′, 5′- cyclic guanosine monophosphate

CHO Chinese hamster ovary cells

CREB cAMP-dependent transcription factor

COX2 Cyclooxygenase 2

CSQ calsequestrin

DAD delayed action potential

DAG diacylglycerol

DAO diamine oxidase

DAPK2 death-associated protein kinase 2

DNA deoxyribonucleic acid

EC endothelial cells

EC50-value half maximal effective concentration values

ECG electrocardiography

EHNA erythro-9-(2-hydroxy-3-nonyl)adenine

ERK1/2 extracellular regulated receptor kinase 1/2

G-protein guanosine triphosphate (GTP) binding protein

GC guanylyl cyclase

GDP-Y -S in gamma position sulphur substituted guanosine triphosphate

GIRK GTP-binding protein coupled inwardly rectifying potassium current

GRK G-protein coupled receptor kinase 2

H2-TG transgenic mice with heart-specific overexpression of the H2-
histamine-receptor

H1R H1-histamine receptor

H2R H2-histamine receptor

HCN If-currents, hyperpolarisation-activated ion channel

HDC histidine decarboxylase

HIF hypoxia-inducible transcription factors

HMT histamine N-methyl-transferase

IDC idiopathic dilative cardiomyopathy

I(f) the hyperpolarisation-activated inward current (formerly known as I(h)

IK. Ach G-protein gated potassium channel

IKr rapid delayed rectifier potassium current

IKs slow delayed rectifier potassium current

Indo-1 calcium indicator

IP3 inositol trisphosphate

JNK c-jun N terminal kinase

KO knock out: deletion of a gene in a mouse

LPS lipopolysaccharide, a model of sepsis

LTCC L-type Ca2+ channel

MAPK mitogen activated protein kinase

NCE negative chronotropic effect

NCX sodium/calcium exchanger

NE noradrenaline (�norepinephrine)
NFAT nuclear factor of activated T-cells

NIE negative inotropic effect

NO nitric oxide

NOS nitric oxide synthase

P38 p38 mitogen activated protein kinase

PCE positive chronotropic effect

PDE phosphodiesterase

PEA 2-pyridylethylamine, H1R agonist

PIE positive inotropic effect

PLA2 phospholipase A2

PLC phospholipase C

PKC protein kinase C

PLB phospholamban

PP1 serine threonine protein phosphatase 1

PP2A serine threonine protein phosphatase 2A

RNA ribonucleic acid

RYR ryanodine receptor

SA Sinus node

SERCA SR-Ca2+-ATPase

SHR spontaneously hypertensive rats

SMA smooth muscle actin

SMC smooth muscle cells

SR sarcoplasmic reticulum

ThEA 2-(2-thiazolyl)-ethylamine, a H1R agonist

TnI inhibitory subunit of troponin

TnFα tumour necrosis factor alpha

WT wild type

Vmax maximal velocity of the action potential
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Heart failure (HF) is one of the main public health problems at present. Although some
breakthroughs have beenmade in the treatment of HF, themortality rate remains very high.
However, we should also pay attention to improving the quality of life of patients with HF.
Traditional Chinese medicine (TCM) has a long history of being used to treat HF. To
demonstrate the clinical effects and mechanisms of TCM, we searched published clinical
trial studies and basic studies. The search results showed that adjuvant therapy with TCM
might benefit patients with HF, and its mechanism may be related to microvascular
circulation, myocardial energy metabolism, oxidative stress, and inflammation.

Keywords: heart failure, traditional Chinese medicine, microvascular circulation, myocardial energy metabolism,
inflammation, oxidative stress

INTRODUCTION

Heart failure (HF) is a clinical syndrome characterized by with dyspnea, fatigue, and hydroncus,
which is caused by decreased cardiac output or elevated endocardial pressure resulting from a change
in the cardiac structure or function (McDonagh et al., 2021). As shown in the 2017 Global Burden of
Disease Study, the number of patients with HF is about 64.34 million, which makes HF an epidemic
public health problem (Disease et al., 2018). The morbidity of HF in adults from developed countries
is between 1 and 2% (Groenewegen et al., 2020). Data from the USA in 2019 showed that 6.2 million
people aged above 20 years old have HF, andHFmorbidity is estimated to increase by 46% from 2012
to 2030 (Benjamin et al., 2019). The 2012–2015 China Hypertension Survey found that the morbidity
of HF in adults aged 35 years and over was 1.3% (Wang Z et al., 2018). Moreover, the incidence of
heart failure increases with age. Data from the Heart Failure Association of the European Society
indicates that 1-year all-cause mortality of acute heart failure (AHF) and chronic heart failure (CHF)
are 23.6 and 6.4%, respectively (Crespo-Leiro et al., 2016). The INTERnational Congestive Heart
Failure (INTER-CHF) prospective cohort study showed that HF 1-year all-cause mortality was
16.5%, which in Africa was 34%, in Southeast Asia was 15%, in China was 7%, in South America was
9%, and in the Middle East was 9% (Dokainish et al., 2017).

In clinical practice, HF can be divided into HF with reduced ejection fraction [HFrEF, left
ventricular ejection fraction (LVEF) ≤ 40%] and HF with preserved ejection fraction (HFpEF, LVEF
≥ 50%) based on the LVEF (Bozkurt et al., 2021). Research into the treatment of HFrEF has formed a
new quadruple chemotherapy consisting of angiotensin-converting enzyme inhibitors, beta-
blockers, mineralocorticoid receptor antagonists, and sodium-dependent glucose transporters 2
inhibitors in medication (McMurray et al., 2014; McMurray et al., 2019; Packer et al., 2020).
Although these treatments show prognostic benefits, the 5-years mortality after hospitalization of
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patients with HFrEF is still high, even up to 75.3% (Shah et al.,
2017). Among all research aimed at HFpEF published to date, only
the EMPEROR-Preserved Trial proved that medicine could
improve prognosis (Anker et al., 2021). Previous guidelines
defined HF (LVEF = 41–49%) as HF with a mid-range ejection
fraction (Ponikowski et al., 2016). Meanwhile, the latest European
Society of Cardiology guidelines defined it as HF with mildly
reduced ejection fraction (HFmrEF); however, we lack prospective
experimental evidence for patients with HFmrEF. All analyses and
suggestions are based on post hoc analyses of HFrEF and HFpEF
(McDonagh et al., 2021). Therefore, the treatment of HF still faces
great challenges. One the one hand, we need to focus on improving
life qualities of patients with HF, in addition to its notable
morbidity and mortality (Fiuzat et al., 2020). On the other
hand, medicine exploitation needs new therapeutic targets, such
as microvascular circulation, myocardial energy metabolism,
inflammation, and mitochondrial function (Reddy et al., 2020;
Ghionzoli et al., 2021).

Traditional Chinese Medicine (TCM), based on its own theory,
has resulted in Chinese medicinal herbs being used widely in the
therapy of HF. For example, many anti-HF prescriptions are
recorded in textbooks (such as Zhenwu decoction, Shengmai
powder, and Lingguizhugan decoction), while only a few of them
have been studied strictly (Fu et al., 2010). Chinese medicinal herbs
have been used for a long time to cure heart failure. By contrast,
research into the effects and mechanisms of TCM are still in the
initial stage. In this article, we summarize recent development in this
field, with the aim of clarifying themechanisms of Chinesemedicinal
herbs in therapy for HF and to provide new directions for the
development and clinical application of HF therapeutic drugs.

CLINICAL STUDIES OF TRADITIONAL
CHINESE MEDICINE IN TREATING HEART
FAILURE
Considering the large number of studies about TCM treatment in
HF, we only searched two databases, the Chinese Clinical Trial
Registry (http://www.chictr.org.cn) and ClinicalTrials.gov
(http://www.clinicaltrials.gov), and then obtained relevant data
from the China National Knowledge Infrastructure (https://www.
cnki.net/) and PubMed (https://pubmed.ncbi.nlm.nih.gov/),
which resulted in 13 studies being selected (Table 1). The
search date was August 28, 2021. Two investigators (Anzhu
Wang and Pingping Huang) screened the literature separately,
and a third investigator (Xiao-Chang Ma) checked the search
results. Two investigators (Anzhu Wang and Pingping Huang)
used the Cochrane risk of bias assessment tool to assess the risk of
bias for the included studies. Disagreements in the process were
resolved through discussion and consultation with a third
investigator (Xiaochang Ma). The search process and quality
assessment were placed in Supplementary Figures S1, S2.

Qili Qiangxin Capsules
In 2013, Li et al. (2013) reported a multicenter, randomized,
double-blind, parallel-group, placebo-controlled study on the
efficacy and safety of Qili Qiangxin capsules in 512 patients

with CHF. After 12 weeks of treatment, the level of N-terminal
pro-B-type natriuretic peptide (NT-proBNP) in the two groups
was significantly lower than baseline. However, reduction in the
Qili Qiangxin capsules group was markedly larger than that in
placebo group [240.15 pg/ml (−23.15, 1113.85) vs. 0.00 pg/ml
(−286.00, 800.00), p = 0.002]. The therapeutic effects of Qili
Qiangxin capsules were clearly better than that of the placebo (p <
0.05) in terms of composite cardiac events, New York Heart
Association (NYHA) functional classification, LVEF, 6-min
walking distance (6MWD), and Quality of life assessment
using the Minnesota Living with Heart Failure Questionnaire
(MLHFQ). In terms of safety, the differences between two groups
for serious adverse events (SAEs) and adverse events (AEs) were
not statistically significant (p < 0.05). Elevated levels of circulating
NT-proBNP contribute to the diagnosis of HF and are linked to
increased mortality and morbidity in HF patients (McDonagh
et al., 2021). The findings revealed that Qili Qiangxin capsules can
significantly lower NT-proBNP levels, indicating that patients
may have a better prognosis with long-term therapy. To test this
theory, a large, randomized, controlled trial with all-cause death
as the outcome is required.

Qishen Yiqi Dripping Pills
In 2020, Mao et al. (2020) reported a prospective randomized,
double-blind, multicenter, placebo-controlled study on the efficacy
and safety of Qishen Yiqi dripping pills that enrolled 640 patients
with ischemic heart failure (IHF). After 6 months of treatment, the
level of 6MWD in the two groups was significantly higher than
baseline. However, increase in the Qishen Yiqi dripping pills group
was obviously greater than that in the placebo group (336.15 ±
100.84 m to 374.47 ± 103.09 m vs. 334.40 ± 100.27 m to 340.71 ±
104.57 m, p < 0.001). Compared with those in the placebo group,
the MLHFQ grades of Qishen Yiqi dripping pills group were better
and the NYHA functional classification was ameliorated (p < 0.05).
Although Qishen Yiqi dripping pills increased LVEF and BNP
during a 6-month period, the effects were not substantially larger
than those seen in the placebo group. This was also linked to a lack
of meaningful difference in composite clinical events at 6 months
and 1 year (follow-up), despite a tendency for decreased HF
hospitalizations at 6 months. To thoroughly assess the impact
of Qishen Yiqi dripping pills on clinical events in IHF, longer-term
medication and follow-up may be required. In terms of safety, AEs
in the Qishen Yiqi dripping pills group were less common and
milder.

Shenmai Injection
In 2016, Xian et al. (2016) delivered a randomized, double-blind,
multicenter, placebo-controlled study on the efficacy and safety of
Shenmai injection in 240 patients with CHF. After 7 days of
treatment, the levels of the NYHA functional classification in the
two groups were lower than baseline. However, the proportion of
improved patients in the Shenmai injection group was
significantly bigger than placebo group (NYHA Ⅰ: 22.8 vs.
8.8%, NYHA Ⅱ: 12.3 vs. 14.9%, NYHA Ⅲ: 28.1 vs. 19.3%, and
NYHAⅣ: 7.0 vs. 4.4%, p = 0.001). In 6MWD, the short-form 36
(SF-36) hearth survey score and the TCM syndrome score,
Shenmai injection therapy was more effective than the placebo
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TABLE 1 | Clinical studies of TCM to treating HF.

Study Registration
number

N Patient cohort TCM intervention measures Length of
study

Primary endpoints Secondary
endpoints

Li et al.
(2013)

ChiCTR-TRC-
11001478

512 LVEF ≤ 40%; NT-
proBNP ≥450 pg/ml;
NYHA II-IV

Qili Qiangxin capsules: Astragulus
embranaceus (Fisch.) Bge., Panax
ginseng C. A. Mey., Aconitum
carmichaelii Debx., Salvia miltiorrhiza
Bge., Lepidium apetalum Willd,
Alisma orientalis (Sam.)Juzep,
Polygonatum odoratum (Mill.) Druce,
Cinnamomum cassia Presl,
Carthamus tinctorius L., Periploca
sepium Bge., and Citrus reticulata
Blanco

12 Weeks NT-proBNP CCEs, NYHA, LVEF,
LVED, 6MWD,
MLHFQ

Mao
et al.
(2020)

NCT01555320 640 Ischemic heart
disease; LVEF ≤45%
or a history of HF/
related clinical
symptoms for more
than 3 months; NYHA
II-IV

Qishen Yiqi dripping pills: Astragulus
embranaceus (Fisch.) Bge., Salvia
miltiorrhiza Bge., Panax notoginseng
(Burk.) F. H. Chen, Dalbergia
odorifera T.Chen

6 Months 6MWD Composite endpoints,
BNP, LVEF, NYHA,
MLHFQ

Xian
et al.
(2016)

ChiCTR-TRC-
12003063

240 CHF combined with
coronary artery
disease; Qi-Yin
deficiency; NYHA II-IV

Shenmai Injection: Panax ginseng
C.A.Mey., OPhiopogon japonicus
(L.f) Ker-Gawl

7 Days NYHA 6MWD, SF-36 hearth
survey score, TCM
syndrome score,
LVEF, BNP

Wang
et al.
(2020)

ChiCTR1800016293 120 Unstable condition
requiring further
treatment in the
hospital; NYHA II–IV

Shenmai Injection: Panax ginseng
C.A.Mey., OPhiopogon japonicus
(L.f) Ker-Gawl

7 Days FFAs, Glucose, LA, PA,
BCAAs

NYHA, TCM
syndrome score,
LVEF, LVIDd,
LVIDs, BNP

Wang
et al.
(2019)

ChiCTR-TRC-
12002857

160 Coronary heart
disease; CHF during
acute aggravation;
Yang and Qi
deficiency; LVEF
≤50%; NYHA III-IV

Shenfu Injection: Panax ginseng C.A.
Mey., Aconitum carmichaelii Debx

7 Days NYHA, TCM syndrome
score

Lee’s CHF score,
6MWD, LVEF, The
incidence rate of
cardiovascular events
and HF emergency/
rehospitalization

Xu et al.
(2011)

ChiCTR-TRC-
08000257

118 CHF during acute
aggravation Qi
deficiency LVEF
≤40%; NYHA III-IV

Huangqi Injection: Astragulus
embranaceus (Fisch.)Bge

7 Days LVEF Dyspnea situatio,
NYHA, Clinical sign,
Tei index

Wang
et al.
(2017b)

ChiCTR-TRC-
12002061

465 CHF caused by
ischemic heart disease
or dilated
cardiomyopathy; 35%
≤ LVEF ≤50%; 720/
24 h ≤ VPCs ≤
10,000/24 h; NYHA
II-III

Shensong Yangxin capsules:
Astragulus embranaceus (Fisch.)
Bge., OPhiopogon japonicus (L.f)
Ker-Gawl., Cornus officinalis Sieb. et
Zucc., Salvia miltiorrhiza Bge.,
Ziziphus jujuba Mill. var. spinosa
(Bunge) Hu ex H.F.Chou, Taxillus
chinensis(DC.) Danser, Paeonia
lactiflora Pall.; Paeonia veitchii)
Lynch, Eupolypha gasinensis Walk,
Naradostachys jatamansi DC.,
Coptis chinensis Franch.,
Schisandra sphenantheraRehd.et
Wils., Fossilia Ossia Mastodi

12 Weeks VPCs LVEF, LVEDD, NT-
proBNP, NYHA,
6MWD, MLHFQ.

Xian
et al.
(2015)

ChiCTR-TRC-
09000549

228 NYHA II-Ⅲ and Stage
C of HF; Qi-Yin
deficiency, blood
stasis and water
stagnation

Yangxinkang Tablets: Panax ginseng
C.A.Mey., Astragulus embranaceus
(Fisch.) Bge., OPhiopogon japonicus
(L.f) Ker-Gawl., Schisandra chinensis
(Turcz.) Baill., Ilex pubescens Hook.
et Arn., Leonurus japonicus Houtt.,
Lepidium apetalum Willd

4 Weeks NYHA, CM syndromes,
Symptom score, Sign
Score, MLHFQ

General
characteristics

Li X. X
et al.
(2021)

ChiCTR1900022036 76 NYHA Ⅱ-Ⅲ and stage
C of HF; Qi deficiency,
blood stasis and water
stagnation

Qishen Taohong Granule: Astragulus
embranaceus (Fisch.) Bge,
Codonopsis pilosula (Frnnch.)Nannf,
Salvia miltiorrhiza Bge, Prunus
persica (L.) Batsch, Carthamus
tinctorius L., Morus allba L.,

4 Weeks NYHA, LVEF, CHFQLS 6MWD, CM syndrome
score, Symptom
score, Sign score, NT-
proBNP.

(Continued on following page)
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(p < 0.05). For safety, treatment with Shenmai injection within
1 week was well tolerated with no apparent safety concerns (p >
0.05). It is worth noting that, despite indications of improvements
in these endpoints, there is no evidence in this trial to
demonstrate any benefits in long-term results of Shenmai
injection. If a long-term duration is envisaged, more detailed
study should be conducted.

In 2020, Wang et al. (2020) initiated a controlled experiment
in which 120 patients with HF requiring further treatment in the
hospital were randomly assigned to one of three groups: Shenmai

injection, trimetazidine, or placebo. After 7 days of treatment,
compared with the control group, Shenmai injection could inhibit
the production of free fatty acids (FFAs, 452.88 ± 226.62 vs.
571.42 ± 209.40 μmol/L, p < 0.05) and branched-chain amino
acids (BCAAs, 0.55 ± 0.17 vs. 0.47 ± 0.17 nmol/μL, p < 0.05),
improved the NYHA functional classification, and raised the level
of TCM score associated brain natriuretic peptide (BNP, p <
0.05). The advantage of Shenmai injection in HFmay be due to an
improvement in energy metabolism that was more noticeable
than that seen after trimetazidine therapy. However, the number

TABLE 1 | (Continued) Clinical studies of TCM to treating HF.

Study Registration
number

N Patient cohort TCM intervention measures Length of
study

Primary endpoints Secondary
endpoints

Lepidium apetalum Willd, Polyporus
umbellatus (Pers) Fries, Lycopur
Lucidus Turcz. var. hirtus Regel

Tang,
(2020)

ChiCTR-INR-
17010696

108 Insufficient heart blood
and heart Yang;
LVEF <40%

Yangxinxue granule: Bupleurum
chinense DC, Ostrea gigas
Thunberg, Ziziphus jujuba Mill. var.
spinosa (Bunge) Hu ex H.F. Chou,
Angelica sinensis (Oliv.) Diels,
Rehmannia glutinosa Libosc,
Paeonia lactiflora Pall.,
Acanthopanax gracilistylus W.W.
Smith, Ligusticum chuanxiong Hort.,
Panax ginseng C. A. Mey.,
Polygonatum odoratum (Mill.) Druce,
Cinnamomum cassia Presl

6 Months 1-Year cardiovascular-
related mortality

BNP, Length of
hospital stay, Number
of hospitalization,
Rehospitalization
frequency and length,
6MWD, MLHFQ

Recurrence frequency
of AHF

Wang
et al.
(2017b)

ChiCTR-TRC-
08000059

340 CHF admitted to
hospital; LVEF ≤50%;
NYHA Ⅱ-Ⅳ

Traditional Chinese Medicine
preparations (Shenfu injection,
Shenmai injection, Danhong
injection, Qili Qiangxin Capsules,
Buyiqiangxin tablets): The
composition of Buyiqiangxin tablets
is as follows: Panax ginseng C. A.
Mey., Astragulus embranaceus
(Fisch.) Bge., Periploca sepium Bge.,
Salvia miltiorrhiza Bge, OPhiopogon
japonicus (L.f) Ker-Gawl., Lepidium
apetalum Willd

1 ±
2 Weeks
and
6 Months

All-cause mortality BNP, 6MWD, LVEF,
MLHFQ

Liu,
(2020)

ChiCTR2000030921 60 HFpEF; NYHA Ⅰ-Ⅲ Yangyin Shuxin prescription: Cornus
officinalis Sieb. et Zucc., OPhiopogon
japonicus (L.f) Ker-Gawl.,
Poygonautun kingianum Coll. et
Hemsl., Coptis chinensis Franch,
Trionyx sinensis Wiegmann, Salvia
miltiorrhiza Bge., pheretima
aspergillum (E.perrier), Pinellia ternata
(Thunb.) Breit., Trichosanthes kirilowii
Maxim., Citrus aurantium L

14 ±
3 Days

Cardiac ultrasound
index (,two-dimensional
ultrasound,pulsed-
wave doppler, tissue
doppler imaging,
speckle tracking
imaging), Exercise
tolerance (Peak VO₂,
minute ventilation/VCO₂

slope)

TCM syndrome score,
MLHFQ, BNP

Gao
et al.
(2017)

NCT01939236 64 Coronary heart
disease; NYHA II-III;
LVEF <40%

Chinese herbal medicine granules:
Astragulus embranaceus (Fisch.)
Bge, Codonopsis pilosula (Frnnch.)
Nannf., Salvia miltiorrhiza Bge,
Prunus persica (L.) Batsch,
Carthamus tinctorius L., Paeonia
veitchii Lynch

28 Days Metabolomics analysis 6MWT, LVEF

6MWD (6-min walking distance), BCAAs (Branched-chain amino acids), BNP (Brain natriuretic peptide), CCEs (Composite cardiac events), CHF (Chronic heart failure), CHFQLS (Quality of
Life measured by the CHF Integrated Chinese and Western Medicine Survival Scale), CM (Chinese medicine), ECG (Electrocardiograph), FFAs (Free fatty acids), HF (Heart Failure), LA
(Lactic acid), LVED (Left ventricular end-diastolic diameter), LVEDD (Left ventricular end diastolic diameter), LVEF (Left ventricular ejection fraction), LVIDd (Left ventricular internal diastolic
diameter), LVIDs (Left ventricular internal dimension systole), MLHFQ (Minnesota Living with Heart Failure Questionnaire), NT-proBNP(N-terminal pro-B-type natriuretic peptide), NYHA
(New York Heart Association), PA (Pyroracemic acid), SF-36 (Short-form 36), TCM (Traditional Chinese Medicine), VPCs (Ventricular premature complexes).
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of serological metabolic indexes was limited, and there were no
direct associations between metabolic indexes and enhanced
cardiac function, nor were there any links between metabolic
indexes. As a result, greater study into changes in serological
metabolism after Shenmai injection therapy in HF is needed to
corroborate these findings.

Shenfu Injection
In 2019, Wang et al. (2019) reported a randomized, double-
blinded, multicenter, placebo-controlled trial of Shenfu Injection
in 160 patients with CHF during the acute phase of symptom
aggravation (Yang and Qi Deficiency Syndrome). After 7 days of
treatment, compared with the control group, Shenfu Injection
could improve the NYHA classification (78.38 vs. 61.43%, p =
0.0026), and increase the TCM syndrome score (89.19 vs. 60.00%,
p < 0.001), Lee’s HF score, and 6MWD (p < 0.05). In terms of
safety, treatment with Shenfu Injection within 1 week showed no
statistical differences in the occurrence of AEs and adverse drug
reactions (ADRs) (p > 0.05). However, this study was limited to a
few places, and the observation duration was brief. Furthermore,
we found no significant differences in several endpoint markers,
such as composite cardiac events (CCEs) or fatalities, across these
groups.

Huangqi Injection
In 2011, Xu et al. (2011) reported a randomized controlled trial
(RCT) of Huangqi injection in 128 patients with acute
decompensated CHF(Qi deficiency syndrome). After 7 days of
treatment, compared with the control group, Huangqi injection
could improve the LVEF (37.98 ± 12.77 vs. 31.06 ± 10.36, p =
0.003), strengthen dyspnea, and increase the NYHA functional
classification and Tei index (p < 0.05). In terms of safety, Huangqi
injection was well tolerated, with no AEs. In addition, this trial
designed the application dose of Huangqi injection at 40 ml/d,
which was double the conventional dosage, suggesting that the
application of Huangqi injection for the treatment of AHF can be
increased, although fluid intake must be tightly regulated.
Currently, there are no thorough pharmacodynamic and
pharmacokinetic studies as well as large-scale RCTs on
Huangqi injection for the treatment of HF, which need to be
examined further.

Shensong Yangxin Capsules
In 2017, Wang et al. (2017b) reported a randomized, double-
blind, multicenter placebo-controlled trial of Shensong Yangxin
capsules in 465 patients with CHF with frequent ventricular
premature complexes (VPCs). After 12 weeks of treatment,
compared with the placebo group, the Shensong Yangxin
capsules group had significantly fewer total number of VPCs
on a 24-h ambulatory electrocardiogram (1538 ± 2187 vs. 2746 ±
3889, p < 0.05). In addition, it also increased NT-proBNP, LVEF,
NYHA functional classification, 6MWD, and the MLHFQ score
(p < 0.05). In terms of safety, the differences between two groups
for SAEs were not statistically significant (p > 0.05). On the basis
of conventional CHF therapy, Shensong Yangxin capsules were
shown to have the advantages of reducing VPCs and enhancing
cardiac function with good compliance in this research. However,

because the frequency of VPCs varies daily or on a regular basis, a
longer period of ECG, such as 72 h or even 7 days, is seen to be
more compelling. Because the 12-weeks timeframe in this study
was so short, a bigger size and longer duration of a well-designed
clinical trial should be conducted for a more thorough
examination of Shensong Yangxin capsules in CHF patients
with VPCs.

Yangxinkang Tablets
In 2105, Xian et al. (2015) reported a randomized, double-blind,
multicenter, placebo-controlled study of Yangxinkang Tablets in
228 patients with CHF. After 4 weeks of treatment, compared
with the placebo group, Yangxinkang Tablets could improve the
NYHA functional classification, Chinese medicine (CM)
syndromes, the symptom score, the Sign Score, and quality of
life measured by the MLHFQ score (p < 0.05). No prominent
ADRs were noted during the study. Yangxinkang tablets were
shown to relieve clinical symptoms in CHF patients in this trial,
although the lack of laboratory markers made the findings less
reliable.

Qishen Taohong Granules
In 2021, Li X. X et al. (2021) reported a single-center, prospective,
randomized, controlled clinical trial of Qishen Taohong granules
in 76 patients with CHF. After 4 weeks of treatment, compared
with trimetazidine, the Qishen Taohong granules could improve
the NYHA classification (74.29 vs. 54.29%, p < 0.05), quality of
life measured using the CHF Integrated Chinese and Western
Medicine Survival Scale (CHFQLS; 13.82 ± 6.04 vs. 7.49 ± 2.28,
p < 0.05). Treatment with Qishen Taohong granules also showed
a superior performance in 6MWT, CM syndrome, shortness of
breath, fatigue, gasping, general edema, and NT-proBNP levels
(p < 0.05). No remarkable AEs was revealed during the study. The
findings of this study should be interpreted with care due to the
small sample size and short observation period. Furthermore,
because this study lacked quantitative markers directly connected
to energy metabolism, it was unable to evaluate if improved qi
deficiency symptoms equated to improved energy metabolism.

Yangxinxue Granules
In 2020, Tang (2020) reported a multicenter, randomized,
double-blind, placebo-controlled study of Yangxinxue granules
in 108 patients with CHF. After 6 months of treatment, as well as
6 months of follow-up, although the differences between two
groups for 1-year cardiovascular-related disease mortality were
not statistically significant (13.33 vs. 6.52%, p > 0.05), the attack
rate and rehospitalization rate were much lower for patients with
AHF in the Yangxinxue granule group (p < 0.05). Moreover, the
Yangxinxue granules could reduce the BNP level, and improve
the 6MWT and MLHFQ scores (p < 0.05). No significant ADRs
were noted during the study (p > 0.05). In addition to the
standard treatment, Yangxinxue granules could significantly
reduce the number of episodes of AHF and BNP levels,
indicating that Yangxinxue granules had definite clinical
efficacy in the treatment of CHF. The study included four
research centers, but all were located in China’s Sichuan
province and may not reflect regional differences.
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TCM Preparations
In 2017, Wang et al. (2017a) reported a prospective, single-blind,
randomized, controlled, and multicenter clinical trial of TCM
preparations in 340 patients with CHF. During hospitalization,
the control group received polarized solution and the treatment
group received Danhong injection with Shenfu injection or
Shenmai injection. After discharge, all patients were treated
with Qiliqiangxin capsules and Buyiqiangxin tablets or a
placebo for 6 months. After 6 months, the Kaplan-Meier
curves revealed a significantly improved trend in the treatment
group’s cumulative survival rate compared to the control group.
Although the treatment group ceased taking TCM and got the
same therapy as the control group after 6 months, the treatment
group’s cumulative survival rate remained higher than the control
group until the 12th month (p = 0.208). More research is needed
to identify whether this favorable trend is the result of TCM’s
delayed effect or of other reasons. There was no significant
difference between the groups in BNP, Lee’s HF scores and
LVEF (p > 0.05). The treatment group showed greater
improvement in 6MWT and MLHFQ (p < 0.05). No
significant ADRs were noted during the study (p > 0.05).

Yangyin Shuxin Prescription
In 2020, Liu (2020) reported a randomized, controlled clinical
trial of Yangyin Shuxin prescription in 60 patients with HFpEF.
The study evaluated the diastolic function of patients using
various methods including two-dimensional ultrasound
echocardiography, pulsed-wave doppler, tissue doppler
imaging and speckle tracking imaging. After 14 ± 3 days of
treatment, the mean difference in untwisting rate was 0.14%
(95% CI: 0.07–0.21%, p < 0.001) and the mean difference in left
atrial volume index was −4.99 ml/m2 (95% CI: −7.09 to −2.99 ml/
m2, p < 0.001) between the two groups on the basis of
conventional treatment, suggesting that Yangyin Shuxin
prescription could improve diastolic function in patients with
HFpEF. This research’s diagnostic criteria correspond to various
guidelines, but there were issues such as a limited number of
patients, a short observation duration, and insufficient persuasive
power of outcome indicators, necessitating a more well-designed
clinical investigation.

Chinese Herbal Medicine Granules
In 2017, Gao et al. (2017) reported a randomized, double-blind
controlled clinical trial of Chinese herbal medicine granules in 64
patients with HFpEF of Qi deficiency and blood stasis syndrome.
After 28 days of treatment, compared with the placebo group,
Chinese herbal medicine granules could improve the LVEF and
6MWT (p < 0.05). By comparing metabolic profiles, 9
biomarkers, including 2-arachidonoylglycerophosphocholine,
lysophosphatidylethanolamine (LPE) 16:0, phosphatidylserine
21:0, LPE 20:4, LPE 18:0, linoleic acid, LPE 18:2, 4-
hydroxybenzenesulfonic acid, and LPE 22:6, may be
particularly important for the effect of Chinese herbal
medicine granules. This study used a metabolomics approach
to validate the efficacy of herbal medicines, which can provide
ideas for other studies.

MECHANISMS OF TRADITIONAL CHINESE
MEDICINE IN TREATING HEART FAILURE

Coronary Microvascular Dysfunction
Ischemic heart disease (IHD) commonly leads to HF (Pagliaro
et al., 2020). Besides atherosclerosis and obstructive
atherothrombotic events in epicardial coronary arteries,
myocardial ischemia also has a close connection with coronary
microvascular dysfunction (CMD) (Marzilli et al., 2012; Ford
et al., 2018). CMD, characterized by coronary flow reserve (CFR)
injury, means that the structure and function of coronary
microcirculation are affected (Padro et al., 2020). As for
obstructive coronary syndrome, although revascularization
could recover the blood flow, CMD in distal coronary
vasculature might bring about limited or incomplete recovery
of damaged cardiomyocytes. Furthermore, myocardial fibrosis
and adverse ventricular remodeling might result in HfrEF
(Elgendy et al., 2019). In contrast to HFrEF resulting from
myocardial scar and following left ventricular dilatation, the
pathophysiological mechanisms of HFpEF are more
complicated (Lam et al., 2018). As a result of CMD,
heterogeneity in blood flow and oxygen levels would increase.
Long term of CFR injury would result in damage to cardiac
muscle cells and interstitial fibrosis (Yang et al., 2020). Thus, a
wealth of supporting evidence suggests that CMD is the
potential mechanism HFpEF and is a therapeutic target
(Shah et al., 2018; Taqueti et al., 2018; Ahmad et al., 2021).
The endothelium plays an important part in CMD. Endothelial
structure and function are distinct in different angiosomes,
whereas all of them could secrete and regulate vascular
tension and substance permeability, especially in heart
muscle capillaries, which are connected directly with
endothelial cells and adjacent cardiomyocytes (Brutsaert,
2003; Zuchi et al., 2020). In addition, CMD is also associated
with smooth muscle cell dysfunction, microvascular spasm/
sympathetic dysfunction and altered microvascular
remodeling (Pries and Reglin, 2017).

Astragulus embranaceus (Fisch.) Bge
Many TCM composite preparations include Astragulus
embranaceus (Fisch.) Bge., which could affect endothelial
function. Further research of the effective ingredient in
Astragulus embranaceus (Fisch.) Bge. also proved its function
(Tse et al., 2012; Hu et al., 2018). For example, Astragaloside IV
(PubChem CID: 13943297) can not only improve vascular
endothelial dysfunction induced by hyperglycemia via
inhibiting the Toll-like receptor 4 (TLR4)/nuclear factor
kappa-B(NF-κB) signaling pathway (Leng et al., 2018), but
also inhibits vascular endothelial dysfunction via the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/
endothelial nitric oxide synthase (eNOS) signaling pathway in rat
aortic rings (Lin et al., 2018). Calycosin (PubChem CID:
5280448) can also promote angiogenesis, via a mechanism
that involves vascular endothelial growth factor (VEGF)-
vascular endothelial growth factor receptor 2 (VEGFR2) and
mitogen-activated protein kinase (MAPK) signaling pathways
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(Tang et al., 2010; Li et al., 2011). Astragalus polysaccharide
(PubChem CID: 2782115) can restrain apoptosis of human
cardiac microvascular endothelial cells undergoing hypoxia
and reoxygenation by activating the PI3K/AKT signaling
pathway (Xie et al., 2016), (Table 2).

Panax ginseng C. A. Mey
Ginsenoside Rg3 (PubChem CID: 9918693) isolated from Panax
ginseng C. A. Mey. undertakes key roles of relaxing vessels and
exerting a cytoprotective effect via induction of inducible nitric
oxide synthase (iNOS) by activating NF-κB (Kim et al., 2003).
Rg3 can antagonize adriamycin-induced cardiotoxicity by
improving endothelial dysfunction via upregulating the nuclear
factor-erythroid 2-related factor-2 (NRF2)-antioxidant
responsive element (ARE) pathway through activation of AKT
(Wang et al., 2015). Under normal cellular oxygen conditions in
human umbilical vein endothelial cells, Ginsenoside Rg1
(PubChem CID: 441923) is a valid stimulator of hypoxia-
inducible factor, which is an important transcription regulator
for numerous angiogenic factors, through activating PI3K/AKT/
ribosomal protein S6 kinase B1 (p70S6K) signaling (Leung et al.,
2011), (Table 2).

Salvia miltiorrhiza Bge
Studies on effective ingredients of Salvia miltiorrhiza Bge. are
numerous. The direct vasorelaxation induced by Tanshinone IIa
(PubChem CID: 164676) is mediated by the nongenomic action
of the estrogen receptor through endothelial nitric oxide synthase
activation and Ca2+ mobilization (Fan et al., 2011). Tanshinone
IIa also attenuates hypoxia/reoxygenation (H/R)-induced
apoptosis via inhibiting the Janus kinase 2 (JAK2)/signal
transducer and activator of transcription 3 (STAT3) signaling
pathway (Cui et al., 2016) and protects human coronary artery
endothelial cells from ferroptosis by activating the NRF2 pathway
(He L et al., 2021). Ursolic acid (PubChem CID: 64945) exerts
beneficial effects by upregulation of eNOS and a parallel
downregulation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4 (NOX4), leading to an
increase in bioactive nitric oxide (NO) (Steinkamp-Fenske
et al., 2007). Magnesium lithospermate B (PubChem CID:
6918234) also can activate eNOS, which in turn enhances
vascular nitric oxide production, which is medicated via the
PI3K/AKT pathway (Liu Y. L et al., 2019), (Table 2).

Panax notoginseng (Burk.) F. H. Chen
Panax notoginseng saponins, which are the major active
components of Panax notoginseng (Burk.) F. H. Chen, are a
kind of chemical mixture containing different dammarane-
type saponins, such as Notoginsenoside R1, and Ginsenosides
Rb1, Rd, Re, and Rg1 (Xu et al., 2019). The pro-angiogenic and
endothelial protection effects of Panax notoginseng saponins
have been demonstrated in vitro and in vivo experimental
models by upregulating sirtuin 1 (SIRT1) and antioxidants,
and enhancing autophagy through phosphorylation of 5′-
adenosine monophosphate-activated protein kinase (AMPK)
Thr172 and calcium/calmodulin-dependent protein kinase II
(CaMKII) Thr287, and eNOS-dependent pathways (Wang D

et al., 2017; Bo et al., 2020; Wang D et al., 2021).
Notoginsenoside R1 (PubChem CID: 441934) plays an
important role among Panax notoginseng saponin active
component by activating the angiogenin 2 (ANG2)/tyrosine
kinase with immunoglobin and epidermal growth factor
homology domain 2 (TIE2) pathway (Zhong et al., 2020) and
PI3K/AKT pathway (Fang et al., 2018) to promote angiogenesis
and activating NRF2 in endothelial cells to suppressing monocyte
adhesion (Fan et al., 2016), (Table 2).

Others
Tetramethylpyrazine (PubChem CID: 14296), the
predominant active ingredient in Ligusticum chuanxiong
Hort. or Schisandra sphenantheraRehd.et Wils., can suppress
angiotensin II-induced soluble epoxide hydrolase (sEH)
expression in the coronary endothelium via an anti-
endoplasmic reticulum (ER) stress mechanism (Mak et al.,
2017) and attenuates the endotheliotoxicity of doxorubicin via
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein gamma (14-3-3γ)/B-cell lymphoma-2
(BCL-2) (Yang et al., 2019). Gomisin A (PubChem CID:
634470) contained in Schisandra chinensis (Turcz.) Baill.
induces Ca2+-dependent activation of eNOS in human
coronary artery endothelial cells, events that are linked to
NO production and thereby endothelial-dependent
vasorelaxation (Park et al., 2009). Saikosaponin C
(PubChem CID: 131801344) in Bupleurum chinense DC can
induce endothelial cell growth, migration, and capillary tube
formation via activating MMP-2, VEGF, MAPK, and ERK
(Shyu et al., 2004), (Table 2).

Energy Metabolism
The heart is an organ with high energy demands. The adenosine-
triphosphate (ATP) required for cardiac contraction, relaxation,
and basal metabolism in healthy adults is mainly provided by
mitochondrial oxidative phosphorylation, and a small part comes
from glycolysis (Stanley et al., 2005). There are a variety of energy
substrates that can be used by cardiomyocytes. Approximately
70–90% of cardiac ATP is a result of the oxidation of fatty acids
and the remaining 10–30% comes from the metabolism of
glucose, lactate, ketone bodies, and certain amino acids
(Doenst et al., 2013). Changes in energy metabolism during
HF are mainly related to changes in the metabolic substrates
and mitochondrial changes (He Y et al., 2021). The metabolic
changes of cardiomyocytes not only depend on the severity and
type of HF, but also are related to different underlying diseases
(Lopaschuk et al., 2021). Generally, in the early stage of HF, the
utilization of fatty acids remains the same or increases slightly as
the severity of HF progresses, the rate of myocardial fatty acid
oxidation decreases (Bertero and Maack, 2018b). Glucose
metabolism in HF is characterized by an increased glucose
uptake and glycolysis rate, without accompanying increase in
glucose oxidation (De Jong and Lopaschuk, 2017). In the late
stage of HF, the reduced sensitivity of the myocardium to insulin
can lead to impaired myocardial glucose uptake (Lin et al., 2017).
Ketone bodies, as substrates of cardiometabolic metabolism, have
received extensive attention in recent years (Selvaraj et al., 2020).
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TABLE 2 | The mechanisms of TCM in improving CMD.

TCM Component PubChem
CID

Structure Underlying
mechanisms

References

Astragulus embranaceus (Fisch.) Bge, Astragaloside IV 13943297 PI3K/AKT pathway↑ Leng et al. (2018)
TLR4/NF-κB pathway↓ Lin et al. (2018)

Calycosin 5280448 VEGF-VEGFR2 and MAPK
pathways↑

Li et al. (2011)
Tang et al. (2010)

Astragalus
polysaccharide

2782115 PI3K/AKT pathway↑ Xie et al. (2016)

Panax ginseng C. A. Mey, Ginsenoside Rg3 9918693 NF-κB↑ Kim et al. (2003)

Ginsenoside Rg1 441923 PI3K/AKT/p70S6K pathway ↑ Leung et al. (2011)
NRF2-ARE pathway↑ Wang et al. (2015)

Salvia miltiorrhiza Bge, Tanshinone IIa 164676 Estrogen receptor pathway↑ Cui et al. (2016)
JAK2/STAT3 pathway↓ Fan et al. (2011)
NRF2 pathway↑ He L et al. (2021)

Ursolic acid 64945 eNOS↑ and NOX4 ↓ Steinkamp-Fenske
et al. (2007)

Magnesium
lithospermate B

6918234 PI3K/AKT pathway↑ Liu Y. L et al. (2019)

(Continued on following page)
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The utilization of ketone bodies increases as the use of fatty acid
and glucose decreases (Bedi et al., 2016). Clinical studies have
shown that exogenous ketone body supplementation can improve
heart function in patients with HF (Nielsen et al., 2019). Most of
the ATP (about 95%) consumed by the heart comes from
oxidative metabolism in the mitochondria (Manolis et al.,
2021). Changes in metabolic substrates during HF mean that
the function and structure of mitochondria also change (Bayeva
et al., 2013; Chaanine et al., 2019). On the one hand, after
mitochondrial damage, oxidative phosphorylation is reduced,
and the production of high-energy phosphoric acid
compounds in the respiratory chain is impeded, resulting in
insufficient bioenergy and aggravating the progression of HF
(Zhou and Tian, 2018). On the other hand, other changes in
mitochondrial function and structure, such as impaired
mitochondrial electron transport chain activity, increased
formation of reactive oxygen species, aberrant mitochondrial

dynamics, and altered ion homeostasis, are also closely related
to the occurrence of HF (Brown et al., 2017).

Panax ginseng C. A. Mey
In the Langendorff system, total ginsenosides of Panax ginseng C.
A. Mey. may modulate tricarboxylic acid cycle protein expression,
such as L-lactate dehydrogenase B chain (LDHB), glycerol-3-
phosphate dehydrogenase (G3PD), pyruvate dehydrogenase
complex (PDC)and aldose reductase (AR), to improve cardiac
energy metabolism in ischemic rat heart tissues (Wang et al.,
2012). Panax ginseng polysaccharide protected mitochondria by
inhibiting mitochondrial injury and swelling in a concentration-
dependent manner, and improved energy metabolism (Li et al.,
2009). The SIRT1 signaling pathway could improve glucose
aerobic metabolism and mitochondrial biosynthesis and
ginsenoside Rc acts as a SIRT1 activator (Huang et al., 2021).
Ginsenoside Rg1 adjusts energy metabolism via regulating the

TABLE 2 | (Continued) The mechanisms of TCM in improving CMD.

TCM Component PubChem
CID

Structure Underlying
mechanisms

References

Panax notoginseng (Burk.) F. H. Chen, Panax Notoginseng
saponins

NA NA SIRT1↓ Bo et al. (2020)
AMPK Thr172 and CaMKII
Thr287↑, eNOS dependent
pathways↑

Wang et al. (2017a)
Wang D et al. (2021)

Notoginsenoside R1 441934 ANG2/TIE2 pathway↑ Fan et al. (2016)
PI3K/AKT pathway↑ Fang et al. (2018)
NRF2 pathway↑ Zhong et al. (2020)

Ligusticum chuanxiong Hort, Tetramethylpyrazine 14296 sEH↓, 14-3-3γ/BCL-2↑ Mak et al. (2017)
Yang et al. (2019)

Schisandra chinensis (Turcz.) Baill,
Schisandra SphenantheraRehd.et Wils,

Gomisin A 634470 eNOS↑ Park et al. (2009)

Bupleurum chinense DC, Saikosaponin C 131801344 MMP-2↑, VEFG↑,
MAPK↑, ERK↑

Shyu et al. (2004)

↑ (Upregulation), ↓ (Downregulation), 14-3-3γ (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma), AKT (Protein kinase B), AMPK Thr172 (5′-adenosine
monophosphat-activated protein kinase), ANG2 (Angiogenin 2), ARE (Antioxidant responsive element), BCL-2 (B-cell lymphoma-2), CaMKII Thr287 (Calcium/calmodulin-dependent
protein kinase II), CMD (Coronary microvascular dysfunction), eNOS (Endothelial nitric oxide synthase), ERK (Extracellular-regulated kinase), JAK2 (Janus kinase 2), MAPK (Mitogen-
activated protein kinase), MMP (Matrix metalloproteinase), NA (Not applicable), NF-κB (Nuclear factor kappa-B), NOX4 (NADPH oxidase 4), NRF (Nuclear factor-erythroid 2-related factor),
p70S6K (Ribosomal protein S6 kinase B1), PI3K (Phosphatidylinositol 3-kinase), sEH (Soluble epoxide hydrolase ), SIRT1 (Sirtuin), STAT3 (Signal transducer and activator of transcription
3), TCM (Traditional Chinese Medicine), TIE2 (Tyrosine kinase with immunoglobin and epidermal growth factor homology domain 2), TLR4 (Toll-like receptor), VEGF (Vascular endothelial
growth factor), VEGFR2 (Vascular endothelial growth factor receptor 2).
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TABLE 3 | The mechanisms of TCM in improving energy metabolism.

TCM Component PubChem
CID

Structure Underlying mechanisms References

Panax ginseng C. A. Mey Total ginsenosides NA NA LDHB↓, G3PD↓, PDC↓, AR↓, ATP↓ Wang et al. (2012)
Panax ginseng
polysaccharide

NA NA ATP↑, ADP↑, TAP↑, AEC↑ Li et al. (2009)

Ginsenoside Rc 12855889 SIRT1 ↑ Huang et al. (2021)

Ginsenoside Rg1 441923 RHOA pathway↓, interaction between
Beclin1 and BCL-2↓

Li et al. (2016)
Li et al. (2018)

Ginsenoside Rb3 12912363 PPARα pathway↑ Chen et al. (2019)
Zhang Y et al. (2021)

Ginsenoside Rb1 9898279 O-GlcNAcylation↓ Qin et al. (2019)

Aconitum carmichaelii Debx, Aconitum alkaloids NA NA Glucose↓, and increase AMP↑, GMP↑,
ADP↑, ATP↑

Wu H et al. (2019)

Salsolinol 91588 MCU pathway↓ Wen et al. (2019)

Aconitine 245005 SIRT3↑ ,CYPD↓ Wang N. N et al.
(2021)

Astragulus embranaceus (Fisch.)
Bge,

Astragaloside IV 13943297 NF-κB/PGC1α pathway ↑, PPARα↑,
MCAD↑, MCPT1↑, GSK-3beta↓, HES1↓,
BCL-2-mediated mitochondrial function↑

Dong et al. (2017)
He et al. (2012)
Huang et al. (2016)
Luo et al. (2019)
Tang et al. (2018)
Tu et al. (2013)
Zhang et al. (2015)

Formononetin 5280378 PPARγ pathway ↑ Nie et al. (2018)

(Continued on following page)
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expression of associated proteins, thus increasing the activity of
mitochondria respiratory complexes and the expression of ATP
synthase, H+ transporting, mitochondrial F1 complex, delta
subunit (ATP5D), which might be the result of binding to Ras
homolog family member A (RHOA) and inactivating RHOA/
Rho associated coiled-coil containing protein kinase 1 (ROCK1)
signaling (Li et al., 2018). Ginsenoside Rg1 an also promote
autophagy, and inhibits apoptosis by weakening the interaction
between Beclin1 and BCL-2 (Li et al., 2016). Ginsenoside
Rb3(PubChem CID: 12912363) regulates energy metabolism
and inhibits myocardial fibrosis by regulating peroxisome
proliferator activated receptor a (PPARα) (Chen et al., 2019,
Zhang Y et al., 2021). Ginsenoside Rb1(PubChem CID: 9898279)
might regulate calcium signaling by alleviating protein
O-GlcNAcylation to improve diabetic cardiomyopathy (Qin
et al., 2019), (Table 3).

Aconitum carmichaelii Debx
Aconitum carmichaelii Debx is a TCM that is, used extensively in
HF as the processed product of Aconitum carmichaelii Debeaux
tubers (Zhou W et al., 2021). Aconitum alkaloids, which include
C19-diterpenoid alkaloids (mainly comprising aconitine,
mesaconitine, and hypaconitine) and C20-diterpenoid
alkaloids (predominantly benzoylmesaconitine,
benzoylaconitine, and benzoylhypacoitine) and other alkaloids
(mainly comprising higenamine and salsolinol) have versatile
chemical structures (Zhou et al., 2015). Their cardiotoxicity and
neurotoxicity hinder the use of Aconitum alkaloids; however, in

TCM’s theory that even toxic substances are powerful medicines
and can show reduced toxicity by proper methods (Liu et al.,
2017; Zong et al., 2019; Mi et al., 2021). Emerging evidence also
shows that Aconitum alkaloids could improve energy metabolism
and mitochondrial function to generate cardioprotective effects.
Aconitum alkaloids could reduce glucose levels, and increase
creatine, adenosine monophosphate (AMP), Guanosine
monophosphate (GMP), Adenosine diphosphate (ADP), and
ATP levels in myocardial infarction rats (Wu H et al., 2019).
Salsolinol (PubChem CID: 91588) attenuates doxorubicin-
induced CHF in rats via a mechanism that might be related to
themitochondrial calcium uniporter (MCU) pathway (Wen et al.,
2019). Aconitine (PubChem CID: 245005) alleviated the energy
metabolic dysfunction of a myocardial injury model induced by
Angiotensin II in H9c2 cells by activating SIRT3 to deacetylate
cyclophilin D (CYPD) (WangN. N et al., 2021). A combination of
Zingiber officinale Rosc. and Aconitum carmichaelii Debx. showed
an enhancing effect (Yu et al., 2012; Wen et al., 2020a). The
potential mechanism of this effect might be related to
mitochondrial energy metabolism, and it can be mediated by
MCU in AHF rats induced by propafenone hydrochloride (Zhang
et al., 2017) and improved by the liver kinase B1 (LKB1)/AMPKα/
SIRT1 signaling pathway in doxorubicin (DOX)-induced CHF
rats (Wen et al., 2020b), (Table 3).

Astragulus embranaceus (Fisch.) Bge
Astragaloside IV can increase the ratio of ATP/AMP, and
decrease the content of FFAs in heart tissue of rats compared

TABLE 3 | (Continued) The mechanisms of TCM in improving energy metabolism.

TCM Component PubChem
CID

Structure Underlying mechanisms References

Astragalus
polysaccharide

2782115 TNF-α/PGC1α pathway ↑ Luan et al. (2015)

Salvia miltiorrhiza Bge, Tanshinone IIa 164676 SIRT1/PGC1α pathway↑ Zhong et al. (2019)

Cryptotanshinone 160254 PGC1α↑, NRF-1↑, TFAM↑ Zhang et al. (2016)

↑(Upregulation), ↓(Downregulation), ADP (Adenosine diphosphate), AEC (Adenylate energy charge), AR (Aldose reductase), AMP (Adenosine monophosphate), ATP (Adenosine-
triphosphate), BCL-2 (B-cell lymphoma-2), CYPD (Cyclophilin D), G3PD (Glycerol-3-phosphate dehydrogenase), GMP (Guanosine monophosphate), GSK-3beta (Glycogen synthase
kinase 3 beta), HES1 (Hairy and enhancer of split-1), LDHB (L-lactate dehydrogenase B chain), MCAD (Medium-chain acyl-CoA dehydrogenase), MCPT1 (Mast cell protease 1), MCU
(Mitochondrial calcium uniporter), NA (Not applicable), NF-κB (Nuclear factor kappa-B), NRF-1 (Nuclear factor-erythroid 2-related factor), PDC (Pyruvate dehydrogenase complex),
O-GlcNAcylation (O-linked β--acetylglucosamine modification), PGC1α (Peroxisome proliferator-activated receptor gamma coactivator-1 alpha), PPAR (Peroxisome proliferator-activated
receptor), RHOA (Ras homolog family member A), SIR (Sirtuin), TAP (Total adenylate pool), TCM (Traditional Chinese Medicine), TFAM (Transcription factor A, mitochondrial), TNF-α
(Tumor necrosis factor-α).
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TABLE 4 | The mechanisms of TCM in improving oxidative stress.

TCM Component PubChem CID Structure Underlying mechanisms References

Coptis chinensis Franch, Berberine 2353 SIRT1/p53 pathway, SIRT3↑, SIRT1/
p66Shc pathway↑

Coelho et al. (2017)
Liu D. Q et al. (2019)
Wu Y. Z et al. (2019)

Coptisine 72322 AKT and JNK/NRF2/NQO1 pathway↑ Hu et al. (2017)

Palmatine 19009 LDH↓, CK↓, MDA↓, SOD↓, and CAT↓ Kim et al. (2009)

Rhodiola crenulate (Hook .f. et
Thoms.) H. Ohba,

Salidroside 159278 PI3K-AKT pathway↑, NOX1↓, mTOR↑,
AMPK↑, AKT/HO-1↑

Hao et al. (2021)
Ni et al. (2021)
Wang et al. (2013)
Zhu et al. (2011)

Polygonum cuspidatum Sieb. et
Zucc,

Polydatin 445154 NADPH↓, NF-κB↓ Dong et al. (2015)
Notch1/HS1- PTEN/AKT↑,ROCK↓ Tan et al. (2020)

Yu et al. (2018)

Resveratrol 5281718 DJ-1↑, mitochondrial complex I ↑, HMGB1
pathway↓, SIRT1↑, AMPK pathway↑,
autophagy by SIRT1/FOXO1/RAB7 axis↑

Bagul et al. (2015)
Guo et al. (2015)
Wang et al. (2014)
Wu et al. (2016)
Zhang et al. (2018)

Curcuma Longa L Curcumin 969516 mTOR or 14-3-3γ pathway↑, SIRT1↑,
NRF2↑, NF-κB↓, SIRT1-FOXO1 and
PI3K-AKT↑

He et al. (2018)
Liu Q et al. (2019)
Ren et al. (2020)
Xiao et al. (2016)
Yu et al. (2020)
Zeng et al. (2015)

↑ (Upregulation), ↓ (Downregulation), 14-3-3γ (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein gamma) AKT (Protein kinase B) AMPK (5′-adenosine
monophosphat-activated protein kinase), CAT(Catalase), CK (Creatine kinase), DJ-1 (Parkinsonism associated deglycase), FOXO1 (Forkhead box O1), HMGB1 (High-mobility group box
1), HO-1 (Heme oxygenase-1), HS1 (Heat stable protein 1), JNK (c-Jun N-terminal kinase), LDH (Lactate dehydrogenase), MDA (Malondialdehyde), mTOR (Mechanistic target of
rapamycin), NADPH (Nicotinamide Adenine Dinucleotide Phosphate), NF-κB (Nuclear factor kappa-B), Notch1 (Notch receptor 1), NOX (NADPH oxidase), NQO1 [NAD(P)H quinone
dehydrogenase 1], NRF2 (Nuclear factor-erythroid 2-related factor), p53 (Tumor protein p53), p66Shc (Src-homology-2-domain-containing transforming protein 1), PI3K
(Phosphatidylinositol 3-kinase), PTEN (Phosphatase and tensin homolog), RAB7 (Member RAS oncogene family), ROCK (Rho associated coiled-coil containing protein kinase 1),
SIRT(Sirtuin), SOD (Superoxide dismutase), TCM (Traditional Chinese Medicine).
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with isoproterenol alone via NF-κB/peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC1α)
signaling-mediated energy biosynthesis (Zhang et al., 2015).
The function of Astragaloside IV in improving fatty acid
utilization might be connected with PPARα, medium-chain
acyl-CoA dehydrogenase (MCAD), and mast cell protease 1
(MCPT1) (Dong et al., 2017; Tang et al., 2018). Astragaloside
IV prevents ischemia/reperfusion (I/R) injury by maintaining the
mitochondrial membrane potential, inhibiting mitochondrial
permeability transition pore opening, and improving energy

metabolism via inactivating glycogen synthase kinase 3 beta
(GSK-3beta) and hairy and enhancer of split-1 (HES1), thus
improving BCL-2-mediated mitochondrial function (He et al.,
2012; Tu et al., 2013; Huang et al., 2016; Luo et al., 2019).
Formononetin (PubChem CID: 5280378) has beneficial effects
on obesity and insulin resistance by modulating PPARγ activity
(Nie et al., 2018). Astragalus polysaccharide attenuates iso-
induced cardiac hypertrophy through regulating tumor
necrosis factor-α (TNF-α)/PGC1α signaling, resulting in
decreased FFA contents (Luan et al., 2015), (Table 3).

TABLE 5 | The mechanisms of TCM in improving inflammation.

TCM Component PubChem
CID

Structure Underlying
mechanisms

References

Paeonia lactiflora Pall, Paeoniflorin 442534 NF-κB pathway↓ Liu X et al. (2019)
MAPK pathway↓ , Zhai and Guo,

(2016),
PI3K/AKT pathway ↑ Zhou et al. (2013)

Paeonia veitchii Lynch, Gallic acid 370 PTEN↑ Han D et al. (2020)

Paeonia suffruticosa Andr, Paeonol 11092 miR-1↑ Wu et al. (2018)

Crataegus pinnatifida Bge. var.
major N.E.Br,

Hyperoside 5281643 p38 MAPK, JNK, ERK and NF-κB
pathway↓, NLRP1 inflammation
pathway↓, AKT pathway ↓, miR-21↓

Jang et al. (2018)
Ku et al. (2014)
Wang X et al. (2018)
Yang et al. (2021)
Zhang J et al. (2021)

Cinnamomum cassia Presl, 2-
methoxycinnamaldehyde

641298 HO-1↑ Hwa et al. (2012)

Cinnamaldehyde 637511 TLR4/6-IRAK4/1 signal↓, TLR4-
NOX4 pathway↓, TLR4-NF-κB ↓

Ding et al. (2010)
Kang et al. (2016)
Song et al. (2013)
Zhao et al. (2016)

↑ (Upregulation),↓ (Downregulation), AKT (Protein kinase B), ERK (Extracellular-regulated kinase), HO-1 (Heme oxygenase-1), IRAK (IL-1R-associated kinase), JNK (c-Jun N-terminal
kinase), MAPK (Mitogen-activated protein kinase), miR (MicroRNA), NF-κB (Nuclear factor kappa-B),NLRP1 (Nucleotide-binding domain and leucine-rich repeat related family, pyrin
domain containing 3), NOX (NADPH oxidase), p38 MAPK (Mitogen-activated protein kinase), PI3K (Phosphatidylinositol 3-kinase), PTEN (Phosphatase and tensin homolog ), TCM
(Traditional Chinese Medicine), TLR (Toll-like receptor).
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Salvia miltiorrhiza Bge
Tanshinone IIa blocks mitochondrial damage via activating the
SIRT1/PGC1α pathway in acute cardiac microcirculation I/R
injury (Zhong et al., 2019). Cryptotanshinone (PubChem CID:
160254) protects against adriamycin-induced mitochondrial
dysfunction in cardiomyocytes by increasing the activities of
complexes, except complex II, and promotes mitochondrial
biogenesis-relative factors PGC1α, NRF-1, and TFAM (Zhang
et al., 2016), (Table 3).

Oxidative Stress
Oxidative stress is defined as an imbalance between the
generation of reactive oxygen species (ROS) and the
endogenous antioxidant defense mechanisms (Zhou Y et al.,
2021). At low concentrations, ROS modulates critical functions
in cell homeostasis, whereas an overabundance of ROS plays a
crucial role of worsening of the systolic and diastolic function and
HF (Munzel et al., 2015). ROS production in the heart is primarily
achieved by the mitochondria, NADPH oxidases, xanthine
oxidase, and uncoupled nitric oxide synthase (NOS) (Munzel
et al., 2017). Although pre-clinical studies have shown the
beneficial effects of antioxidant strategies on HF, clinical
studies in patients with HF have not achieved ideal results. A
meta-analysis of 50 RCTs showed that supplementation with
vitamins and antioxidants was not associated with reductions in
the risk of major cardiovascular events (Myung et al., 2013). The
future of anti-oxidative stress therapies might lie in increasing the
endogenous antioxidant capacity or targeting mitochondrial ROS
(Bertero and Maack, 2018a; Zhang et al., 2020). Study of TCM in
oxidative stress might provide new ideas for the antioxidant
treatment of HF (Table 3).

Coptis chinensis Franch
Berberine (PubChem CID: 2353), Palmatine (PubChem CID:
19009), and Coptisine (PubChem CID: 72322) are the main
components of Coptis chinensis Franch. (Meng et al., 2018).
Berberine protects rat hearts from I/R injury by decreasing the
level of ROS and malondialdehyde (MDA), improving
mitochondrial dysfunction via increasing MMP and complex I
activity, as well as activating the SIRT1/tumor protein p53 (p53)
signaling pathway (Liu D. Q et al., 2019). Berberine also
ameliorates the doxorubicin-induced oxidative insult and
mitochondrial damage as a modulator of SIRT3 or the SIRT1/
Src-homology-2-domain-containing transforming protein 1
(p66Shc)-mediated pathway (Coelho et al., 2017; Wu Y. Z
et al., 2019). Coptisine reduces oxidative stress by activating
AKT and the JNK/NRF2/NAD(P)H quinone dehydrogenase 1
(NQO1) pathway (Hu et al., 2017), and Palmatine can inhibit the
increase of lactate dehydrogenase (LDH), Creatine kinase (CK),
and MDA and halt the decline of superoxide dismutase (SOD)
and catalase (CAT) in I/R cardiac tissues (Kim et al., 2009),
(Table 4).

Rhodiola crenulate (Hook. f. et Thoms.) H. Ohba
Salidroside (PubChem CID: 159278) has been identified as one of
the most active ingredients isolated from Rhodiola crenulate
(Hook.f. et Thoms.) H. Ohba, which reduces oxidative stress to

fight against cardiovascular diseases (Tao et al., 2019; Zhao et al.,
2021). Salidroside protected cardiomyocytes against hydrogen
peroxide-induced injury via an PI3K-AKT dependent pathway
and increaed the expression and activities of endogenous PI3K-
dependent antioxidant enzymes (Zhu et al., 2011). In
doxorubicin-induced cardiotoxicity, salidroside suppressed the
excessive oxidative stress by inhibiting NOX1 and augmented the
endogenous antioxidative enzymes, catalase, and manganese
superoxide dismutase (Wang et al., 2013). Salidroside protects
against diabetes-induced cardiac dysfunction by modulating the
mechanistic target of rapamycin (mTOR), AMPK, and AKT/
heme oxygenase-1(HO-1) signaling pathways (Hao et al., 2021;
Ni et al., 2021), (Table 4).

Polygonum cuspidatum Sieb. et Zucc
Over 67 compounds been isolated from Polygonum cuspidatum
Sieb. et Zucc. and identified, among them, Polydatin (PubChem
CID: 5281718) and Resveratrol (PubChem CID: 445154) have
attracted wide attention in the field of oxidative stress (Peng et al.,
2013). Polydatin protects myocardial function in diabetic rats via
inhibition of NADPH oxidase and NF-κB activities (Tan et al.,
2020), and also alleviates oxidative/nitrative stress damage via the
Notch receptor 1 (Notch1)/heat stable protein 1(HS1)-
phosphatase and tensin homolog (PTEN)/AKT signaling
pathway in diabetic myocardial I/R injury (Yu et al., 2018).
Polydatin prevents myocardial hypertrophy mediated by
inhibition of ROS-dependent ROCK activation (Dong et al.,
2015). In models of cardiac I/R injury, pharmacological agent-
induced cardiotoxicity, obesity, long-term nicotine intake, and
diabetes, Resveratrol activates the antioxidant genes such as those
encoding HO-1, SOD, CAT, and glutathione (GSH), which can
help to promote the balance between oxidative stress and
antioxidants, especially in the mitochondria (Kovacic and
Somanathan, 2010; Li et al., 2012; Ahmad and Hoda, 2020;
Ramalingam et al., 2021). Parkinsonism associated deglycase
(DJ-1) preserves mitochondrial complex I activity, thus
playing an important role in Resveratrol-mediated
cardioprotective effects against I/R-induced oxidative stress
damage (Zhang et al., 2018). For the myocardial damage
caused by diabetes, Resveratrol can inhibit the high-mobility
group box 1tbox1 (HMGB 1)-mediated signaling pathway
(Wu et al., 2016), activate SIRT1 leading to deacetylation of
both NF-kB/p65 and histone 3 (H3) (Bagul et al., 2015), improve
AMPK-related pathways (Guo et al., 2015), and enhance
autophagy via the SIRT1/Forkhead box O1(FOXO1)/member
RAS oncogene family (RAB7) axis (Wang et al., 2014), (Table 4).

Curcuma Longa L
Curcumin (PubChem CID: 969516) is an important compound
in Curcuma Longa L., which is the golden spice in treating
cardiovascular diseases (Li et al., 2020). Chemotherapeutic
drugs induce cardiotoxicity, limiting their clinical application,
and curcumin rescues DOX-induced cardiac injury by
suppressing oxidative stress and improving mitochondrial
function via regulation of the mode of cell death (autophagy,
apoptosis, and pyroptosis) via an mTOR or 14-3-3γ-dependent
pathway (He et al., 2018; Liu Q et al., 2019; Yu et al., 2020).
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Curcumin acts as an agonist of SIRT1 to protect against
myocardial infarction-induced cardiac fibrosis (Xiao et al.,
2016). The protection provided by curcumin in myocardial
damage induced by metabolic disorders might be associated
with activating Nrf2, inactivating NF-κB, and modulating the
SIRT1-FOXO1 and PI3K-AKT pathways (Zeng et al., 2015; Ren
et al., 2020), (Table 4).

Inflammation
The innate immune system is activated by a variety of cardiac
disease states that lead to cardiac injury through the interaction
between damage-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs) and pattern-
recognition receptors (PRRs), most commonly TLR4 (Dutka
et al., 2020). Activation of PRRs induces a variety of non-
cellular effectors (pro-inflammatory cytokine, chemokines, and
inflammasome assembly) and cellular effectors (neutrophils,
monocytes, and macrophages) in the heart, especially NF-kB
(Adamo et al., 2020). Adaptive immunity is activated by the
innate immune system, resulting in the recruitment of B cells
and T cells to injured cardiomyocytes (Rhee and Lavine, 2020). On
a myocardial level, inflammation promotes myofibroblast
formation and interstitial collagen deposition, and influences
multiple peripheral organ systems to exacerbate the
development of HF (Murphy et al., 2020). Similar to the clinical
studies of oxidative stress, the results of other anti-inflammatory
treatments are not satisfactory, except in the CANTOS trial
(Everett et al., 2020). The study of inflammation in TCM might
provide new ideas for the treatment of HF.

Genus Paeonia
Paeonia lactiflora Pall. and Paeonia veitchii Lynch belong to the
genus Paeonia, from which more than 400 compounds have been
structurally identified (Yan et al., 2018; Li P et al., 2021).
Paeoniflorin (PubChem CID: 442534) is unique to the genus
Paeonia and several studies have reported its anti-inflammatory
effects (Jiao et al., 2021). Paeoniflorin decreased the levels of tumor
necrosis factor-α (TNFα) and interleukin-1β (IL)-1β in a mouse
pressure overload-induced cardiac remodeling model by inhibiting
NF-κB pathways (Zhou et al., 2013). Paeoniflorin reduces TNFα,
IL-6, and monocyte chemoattractant protein (MCP)-1 levels and
plays a cardioprotective role in spontaneous hypertensive rats via
the MAPK signaling pathway (Liu X et al., 2019). The levels of
inflammatory cytokines of TNF-α, IL-1β, IL-6, IL-12, MCP-1, and
interferon (IFN)-γ can be decreased by paeoniflorin in
endotoxemic mice to improve cardiac function via activation of
PI3K/AKT signaling (Zhai and Guo, 2016). Gallic acid is a tannin
of the genus Paeonia. Gallic acid (PubChem CID: 370) protects
cardiac dysfunction by reducing the level of IL-6 and TNF-α in
particulate matter-induced rat model (Radan et al., 2019) and
ameliorates angiotensin II-induced atrial fibrillation by inhibiting
immunoproteasome-mediated PTEN degradation in mice (Han D
et al., 2020). Paeonol (PubChemCID: 11092) is another compound
in the genus Paeonia, especially Paeonia suffruticosa Andr., which
has a cardioprotective effect in epirubicin-induced cardiotoxicity
via increasing MicroRNA-1 (miR-1) to suppress the PI3K/AKT/
mTOR and NF-kB signaling pathways (Wu et al., 2018) and

reducing inflammatory damage in I/R injury rats (Ma et al.,
2016), (Table 5).

Crataegus pinnatifida Bge. var. Major N.E.Br
Hyperoside (PubChem CID: 5281643), a flavonoid from
Crataegus pinnatifida Bge. var. major N.E.Br., suppresses
vascular inflammatory responses in diabetic complications and
atherosclerosis by downregulating mitogen-activated protein
kinases (p38 MAPK, JNK, and ERK) and NF-κB signaling (Ku
et al., 2014; Jang et al., 2018). Hyperoside also plays a protective
role against heart damage caused by other diseases. Hyperoside
ameliorated myocardial hypertrophy, collagen volume fraction,
and cardiomyocyte inflammation in the myocardial infarction
mice by regulating autophagy via the nucleotide-binding domain
and leucine-rich repeat related (NLR) family, pyrin domain
containing 1(NLRP1) inflammation pathway (Yang et al.,
2021). Hyperoside decreased the levels of inflammatory
factors, including IL-1β, IL-6, TNF-α, and MCP-1 in an
angiotensin II-induced cardiomyocyte hypertrophy model to
improve cardiac function via AKT signaling (Wang X et al.,
2018). Hyperoside treated cardiac dysfunction in a mouse model
of sepsis by regulating cardiomyocyte viability and inflammation
via suppressing miR-21 (Zhang J et al., 2021), (Table 5).

Cinnamomum cassia Presl
The anti-inflammatory effects ofCinnamomum cassia Presl extracts
have been used to treat a variety of diseases, and research on its anti-
inflammatory mechanism has found that it might be closely related
to NF-κB, and Toll-like receptors TLR2 and TLR4 (Reddy et al.,
2004; Schink et al., 2018). More than 160 components have been
isolated and identified from Cinnamomum cassia Presl.
Phenylpropanoids are the main bioactive components, including
2-Methoxycinnamaldehyde (PubChem CID: 641298),
Cinnamaldehyde (PubChem CID: 637511) (Zhang et al., 2019).
2-Methoxycinnamaldehyde acid inhibits vascular cell adhesion
molecule-1(VCAM-1) and NF-κB expression, which are
activated by TNF-α in endothelial cells and inhibited by HO-1
induction, thus the heart function of rats with I/R injury can be
protected (Hwa et al., 2012). Cinnamaldehyde inhibits the
activation of NLRP3 inflammasomes by attenuating the cluster
of differentiation 36 (CD36)-mediated TLR4/6-IRAK (IRAK) 4/1
signaling, thereby reducing fructose-induced cardiac inflammation
and fibrosis (Kang et al., 2016). Cinnamaldehyde can also improve
lipopolysaccharide-induced cardiac dysfunction through the TLR4-
NOX4 pathway (Zhao et al., 2016). Cinnamaldehyde and its
derivative cinnamic acid can reduce TNF-α and IL-6 in rats
with acute myocardial ischemia induced by isoproterenol (Song
et al., 2013), which also directly reduces the inflammation of viral
myocarditis induced by coxsackie virus B3 by inhibiting the TLR4-
NF-κB signal transduction pathway (Ding et al., 2010), (Table 5).

DISCUSSION

In this review, we retrospectively analyzed clinical studies on the
intervention of TCM in HF, and discussed the mechanisms of some
commonly used TCMs and their components in the treatment of
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HF. From the perspective of clinical research, TCM has the
advantages of good curative effect and low levels of side effects in
the treatment of HF, which can make up for the shortcomings of
current treatment methods to a certain extent, and the two sides can
produce complementary advantages. Basic research has shown that
TCM can play its role in many ways, such as microcirculation
improvements, energy metabolism promotion, anti-inflammation,
and anti-oxidation. However, it should be noted that the
compositions of TCM are complex. On the one hand, a variety
of chemical components can affect organisms through many
biological reactions. On the other hand, this kind of diversity
makes it possible for different active ingredients in TCM to be
synergistic, enhancing, and antagonistic. In the basic theories of
TCM, the principles of drug application are also mentioned.
However, currently, it is unclear which combinations of active
ingredients have synergistic and antagonistic effects, or which
combinations might increase toxicity, not to mention the effective
or optimal dose of each active ingredient in the combination.

HF comprises a group of clinical syndromes with complex
pathological mechanisms, involving multiple signaling pathways
and targets. Natural medicines or their active ingredients can act
on a variety of pathways and targets to effectively treat diseases,
which is also the advantage of the application of TCM. To clarify the
mechanism of TCM, it is necessary to study the pathways and targets
of each active ingredient alone and in different combinations. It is
also necessary to find a suitable breakthrough point and establish a
reasonable pharmacological model based on genomics, proteomics,
functional metabolomics, TCM pharmacology, and other -omics
research (Han Y et al., 2020; Ma et al., 2020; Wang T et al., 2021).
Determining themechanism of the effective ingredients can not only
explain how the various ingredients in TCMwork individually or in
combination, but also, and more importantly, it can discover new
mechanisms and synergistic effects of the effective ingredients, which
is conducive to innovation of TCM and the development of TCM
theories.

A large number RCTs of integrated TCM and western medicine
are reported every year; however, the quality of these studies is
uneven. On the one hand, clinical research in TCM should carry
out randomized, double-blind, placebo-controlled large-sample,
multi-center RCT studies. During the implementation of RCTs,
patients need to be included in strict accordance with the latest
diagnostic criteria. The design of the placebo should be completely
consistent with TCM in appearance and smell etc. Curative effect
indicators should pay more attention on hard endpoints of
cardiovascular events or choose internationally recognized
intermediate endpoints as the primary endpoints to carry out
long-term follow-up. On the other hand, the advantage of TCM

treatment lies in individualized therapy based on syndrome
differentiation. The direction of our future efforts is to form an
RCT research method for TCM treatment and enable TCM with
RCT evidence to enter clinical practice.

CONCLUSION

The results of RCTs indicate that as an adjuvant treatment to
conventional drugs, TCMmight be beneficial to patients with HF.
Recent studies on the mechanism of HF in vitro and in animal
models have shown that TCM has microcirculation
improvement, energy metabolism promotion, anti-
inflammation, and anti-oxidation effects.
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GLOSSARY

14-3-3γ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein gamma

6MWD 6-min walking distance

ADP Adenosine diphosphate

ADRs Adverse drug reactions

AEC Adenylate energy charge

AEs Adverse events

AHF Acute heart failure

AKT Protein kinase B

AMP Adenosine monophosphate

AMPK 5′-adenosine monophosphat-activated protein kinase

ANG2 Angiogenin 2

AR Aldose reductase

ARE Antioxidant responsive element

ATP Adenosine-triphosphate

ATP5D ATP synthase, H+ transporting, mitochondrial F1 complex, delta
subunit

BCAAs Branched-chain amino acids

BCL-2 B-cell lymphoma-2

BNP Brain natriuretic peptide

CaMKII Calcium/calmodulin-dependent protein kinase II

CAT Catalase

CCEs Composite cardiac events

CD36 Cluster of differentiation 36

CFR Coronary flow reserve

CHF Chronic heart failure

CHFQLS Quality of Life measured by the CHF Integrated Chinese and
Western Medicine Survival Scale

CK Creatine kinase

CM Chinese medicine

CMD Coronary microvascular dysfunction

CYPD Cyclophilin D

DAMPs Damage-associated molecular patterns

DJ-1 Parkinsonism associated deglycase

DOX Doxorubicin

ECG Electrocardiograph

eNOS Endothelial nitric oxide synthase

ERK Extracellular-regulated kinase

FFAs Free fatty acids

FOXO1 Forkhead box O1

G3PD Glycerol-3-phosphate dehydrogenase

GMP Guanosine monophosphate

GSH Glutathione

GSK-3beta Glycogen synthase kinase 3 beta

H/R Hypoxia/reoxygenation

H3 Histone 3

HES1 Hairy and enhancer of split-1

HF Heart Failure

HFmrEF HF with mildly reduced ejection fraction

HFpEF HF with preserved ejection fraction

HFrEF HF with reduced ejection fraction

HMGB1 High-mobility group box 1

HO-1 Heme oxygenase-1

HS1 Heat stable protein 1

I/R Ischemia/reperfusion

IFN Interferon

IHD Ischemic heart disease

IHF Ischemic heart failure

IL Interleukin

iNOS Inducible nitric oxide synthase

INTER-CHF INTERnational Congestive Heart Failure

IRAK IL-1R-associated kinase

JAK2 Janus kinase 2

JNK c-Jun N-terminal kinase

LA Lactic acid

LDH Lactate dehydrogenase

LDHB L-lactate dehydrogenase B chain

LKB1 Liver kinase B1

LPE Lysophosphatidylethanolamine

LVED Left ventricular end-diastolic diameter

LVEDD Left ventricular end diastolic diameter

LVEF Left ventricular ejection fraction

LVIDd Left ventricular internal diastolic diameter

LVIDs Left ventricular internal dimension systole

MAPK Mitogen-activated protein kinase

MCAD Medium-chain acyl-CoA dehydrogenase

MCP Monocyte chemoattractant protein

MCPT1 Mast cell protease 1

MCU Mitochondrial calcium uniporter

MDA Malondialdehyde

MI Myocardial infarction

miR MicroRNA

MLHFQ Minnesota Living with Heart Failure Questionnaire

MMP Matrix metalloproteinase

mTOR Mechanistic target of rapamycin

NADPH Nicotinamide Adenine Dinucleotide Phosphate
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NF-κB Nuclear factor kappa-B

NLRP3 Nucleotide-binding domain and leucine-rich repeat related family,
pyrin domain containing 3

NO Nitric oxide

NOS Nitric oxide synthase

Notch1 Notch receptor 1

NOX NADPH oxidase

NQO1 NAD(P)H quinone dehydrogenase 1

NRF Nuclear factor-erythroid 2-related factor

NT-proBNP N-terminal pro-B-type natriuretic peptide

NYHA New York Heart Association

O-GlcNAcylation O-linked β–acetylglucosamine modification

p53 Tumor protein p53

p66Shc Src-homology-2-domain-containing transforming protein 1

p70S6K Ribosomal protein S6 kinase B1

PA Pyroracemic acid

PAMPs Pathogen-associated molecular patterns

PDC Pyruvate dehydrogenase complex

PGC1α Peroxisome proliferator-activated receptor gamma coactivator-
1 alpha

PI3K Phosphatidylinositol 3-kinase

PPAR Peroxisome proliferator-activated receptor

PRRS Pattern-recognition receptors

PTEN Phosphatase and tensin homolog

RAB7 Member RAS oncogene family

RCT Randomized controlled trial

RHOA Ras homolog family member A

ROCK1 Rho associated coiled-coil containing protein kinase 1

ROS Reactive oxygen species

SAEs Serious adverse events

sEH Soluble epoxide hydrolase

SF-36 Short-form 36

SIRT Sirtuin

SOD Superoxide dismutase

STAT3 Signal transducer and activator of transcription 3

TAP Total adenylate pool

TCM Traditional Chinese Medicine

TFAM Transcription factor A, mitochondrial

TIE2 Tyrosine kinase with immunoglobin and epidermal growth factor
homology domain 2

TLR Toll-like receptor

TNF-α Tumor necrosis factor-α

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor

VEGFR2 Vascular endothelial growth factor receptor 2

VPCs Ventricular premature complexes
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Type 2 Diabetes Complicated With
Heart Failure: Research on
Therapeutic Mechanism and Potential
Drug Development Based on Insulin
Signaling Pathway
Hui Ye1†, Yanan He1†, Chuan Zheng2, Fang Wang3, Ming Yang3, Junzhi Lin2*, Runchun Xu1*
and Dingkun Zhang1*

1State Key Laboratory of Southwestern Chinese Medicine Resources, Pharmacy School, Chengdu University of Traditional
Chinese Medicine, Chengdu, China, 2TCM Regulating Metabolic Diseases Key Laboratory of Sichuan Province, Hospital of
Chengdu University of Traditional Chinese Medicine, Chengdu, China, 3State Key Laboratory of Innovation Medicine and High
Efficiency and Energy Saving Pharmaceutical Equipment, Jiangxi University of Traditional Chinese Medicine, Nanchang, China

Type 2 diabetes mellitus (T2DM) and heart failure (HF) are diseases characterized by high
morbidity and mortality. They often occur simultaneously and increase the risk of each
other. T2DM complicated with HF, as one of the most dangerous disease combinations in
modern medicine, is more common in middle-aged and elderly people, making the
treatment more difficult. At present, the combination of blood glucose control and anti-
heart failure is a common therapy for patients with T2DM complicated with HF, but their
effect is not ideal, and many hypoglycemic drugs have the risk of heart failure. Abnormal
insulin signaling pathway, as a common pathogenic mechanism in T2DM and HF, could
lead to pathological features such as insulin resistance (IR), myocardial energy metabolism
disorders, and vascular endothelial disorders. The therapy based on the insulin signaling
pathway may become a specific therapeutic target for T2DM patients with HF. Here, we
reviewed the mechanisms and potential drugs of insulin signaling pathway in the treatment
of T2DM complicated with HF, with a view to opening up a new perspective for the
treatment of T2DM patients with HF and the research and development of new drugs.

Keywords: type 2 diabetes, heart failure, insulin signaling pathway, myocardial energy metabolism, insulin
resistance, drugs

INTRODUCTION

Type 2 diabetes mellitus (T2DM) and heart failure (HF) are common chronic diseases, which often
occur simultaneously. About 415 million people worldwide suffer from diabetes, with T2DM
accounting for more than 90% (Chatterjee et al., 2017). The annual meeting of the EASD
(European Association for the Study of Diabetes) in 2004 pointed out that when T2DM occurs,
patients have a first-degree HF. T2DM accelerates physiological cardiac aging through
hyperglycemia and hyperinsulinemia (Sciacqua et al., 2021). Thus, T2DM complicated with HF
is the final outcome in elderly patients with T2DM. The clinical incidence and mortality of T2DM
complicated with HF are significantly higher than those of the general population, 4–8 times those of
non-diabetic patients (Bell and David, 2004). Compared with patients without T2DM, patients with
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T2DM complicated with HF have more obvious clinical
symptoms and signs, and their cardiac function classification,
quality of life, and prognosis are worse (Seferović et al., 2018).
Paolisso et al. (2021) also found patients with hyperglycemia
versus normoglycemia had higher levels of inflammatory markers
and B-type natriuretic peptide and lower left ventricular ejection
fraction, and higher rates of heart failure and death. Acute
hyperglycemia could induce a more severe depression of
cardiac pump, with cardiac denervation, increased rate of
acute HF, and worse prognosis at follow-up (Paolisso et al.,
2021). Meanwhile, the intersection of T2DM and HF is mainly
concentrated in elderly patients, which also increases the
difficulty of its treatment.

Until recently, T2DM and HF have been managed
independently. There is no effective therapy for T2DM
complicated with HF, which is usually combined with blood
glucose control and anti-HF therapy. The therapeutic drugs are
very limited, and the effect is poor. Many hypoglycemic drugs
have been found to have potential cardiovascular risks, which are
not conducive to HF. And conventional drugs for HF treatment
are also not effective in the treatment of DM, and it is still unclear
whether they will aggravate the condition of diabetes or benefit
the prognosis of diabetes. Therefore, it is necessary to further

explore the treatment plan of DM combined with HF. Recently,
sodium-dependent glucose transporter 2 inhibitors (SGLT2i), an
oral glucose-lowering agent, have hit two birds (T2DM and HF)
with a single stone (Santos-Ferreira et al., 2020). SGLT2i
significantly reduced the rates of HF hospitalization in
multiple cardiovascular outcome trials (CVOTs) (Marfella
et al., 2021). Based on this evidence, the recent trend of
SGLT2i has shifted from the prevention of HF in T2DM
patients to the treatment of HF regardless of the presence of
T2DM (Marfella et al., 2021). This also brings hope for drug
therapy of T2DM complicated with HF.

The main pathological mechanism of T2DM complicated with
HF is energy metabolism disorders and severe insulin resistance
(IR). Early intervention to correct the metabolic disorder is an
effective way to prevent the deterioration of the disease (Xiaoli
and Shu, 2010). The insulin signaling pathway is a common
signaling pathway to regulate myocardial energy metabolism and
IR. Regulating this signaling pathway can improve a series of
physiological and pathological mechanisms such as abnormal
myocardial energy metabolism of HF, IR and vascular endothelial
dysfunction, inflammation, and oxidative stress. Furthermore, it
has the effect of reducing blood sugar and improving heart
function, which is the best way to treat T2DM complicated

Graphical Abstract | The insulin signaling pathway is a common signaling pathway to regulate myocardial energy metabolism and IR. The regulation of insulin
signaling pathway will become an effective treatment for T2DM complicated with HF.
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with HF. In this paper, we reviewed the mechanisms and
potential drugs of insulin signaling pathway in the treatment
of T2DM complicated with HF to provide a comprehensive and
detailed reference for relevant studies, and to contribute to the
further research and development of new drugs for T2DM
patients with HF.

INSULIN SIGNALING PATHWAY

There are two main pathways of insulin receptor signal
transduction: 1) phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) pathway, which is involved in the survival, growth,
and proliferation of cells and protein synthesis and 2) RAS/
mitogen-activated protein kinase (RAS-MAPK) pathway, which
mainly regulates cell differentiation.

Normal Insulin Signaling Pathway
The insulin signaling pathway includes PI3K/Akt and RAS-
MAPK signaling pathways. The binding of insulin or insulin-
like growth factor (IGF-1) to the corresponding receptor can
phosphorylate insulin substrate-1/2 (IRS-1/2), thus activating
PI3K/Akt and RAS-MAPK signaling pathways (Figure 1). The
PI3K/Akt signaling pathway is the most classical insulin signaling
pathway, in which AKT phosphorylation is the key role. The
phosphorylation of Akt leads to the phosphorylation of many
downstream targets involved in cell growth and metabolism,
including glycogen synthase kinase-3β (GSK-3β), glucose
transporter-4 (GLUT-4), forkhead transcription factor O1
(FoxO1), endothelial nitric oxide synthase (eNOS), nuclear
factor-κB (NF-κB), P21, and mammalian target of rapamycin
(mTOR), thereby mediating the cell growth and proliferation, cell
cycle regulation, and glucose metabolism regulation induced by

insulin and various growth factors (Plotnikov et al., 2011). The
RAS-MAPK signaling pathway can be indirectly activated by
phosphorylation of IRS-1/2, thereby activating extracellular
signal–regulated kinases (ERK1/2), c-Jun N-terminal kinase
(JNK), and p38MAPK. These signals can activate downstream
related factors and regulate many physiological processes such as
cell growth, proliferation, differentiation, apoptosis, and immune
response (Plotnikov et al., 2011).

(After insulin and IGF-1 activate, IRS, PI3K, and RAS are
activated, and phosphorylation of PI3K activates Akt. These two
important insulin signaling pathways can mediate cell growth,
proliferation, differentiation, apoptosis, and immune response
and regulate glucose metabolism and the energy metabolism,
structure, and function of the heart.)

The Change of Insulin Signaling Pathway in
T2DM Patients With HF
In T2DM patients with HF, the insulin signaling pathway is
obviously abnormal and accompanied by IR. In the early stage
of T2DMwithHF, the insulin signaling pathway is not significantly
impaired. In the middle and late stages, the impairment of insulin
signaling pathway is aggravated, accompanied by the synchronous
aggravation of IR. In end-stage HF, the Akt signaling pathway is
severely inhibited and the MAPK signaling pathway is partially
active, accompanied by severe IR (Riehle and Abel, 2016).

Schulze et al. (Chokshi et al., 2012) found that myocardial Akt
phosphorylation was significantly inhibited in the left ventricular
samples from patients with advanced HF. After implanting the
left ventricular assist device, the patient’s left ventricular function
was significantly restored and the PI3K/Akt signaling cascade was
activated. In addition, the activation of JNK and p38MAPK could
induce apoptosis and necrosis, affect myocardial contractility,

FIGURE 1 | Insulin signaling pathway.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8165883

Ye et al. T2DM With HF

169

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


and deteriorate cardiac function (Bin, 2008). In both HF animal
models and HF patients, the activities of JNK and p38MAPK in
the failed myocardium are significantly higher than those in the
healthy heart; also, the activities of JNK and p38MAPK in severe
HF patients are also significantly higher than those in mild HF
patients (Cook et al., 1999; Arabacilar and Marber, 2015).
Significant improvement in cardiac function was observed
after using p38MAPK inhibitors (Riba et al., 2017). These
studies showed that the expression of insulin signaling
pathway is abnormal during HF, especially in the end-stage
HF. Meanwhile, the recovery of ventricular function is related
to the activation of Akt signaling pathway and the inhibition of
JNK and p38MAPK signaling pathways.

MECHANISM OF TREATING T2DM
COMPLICATED WITH HF BASED ON
INSULIN SIGNALING PATHWAY
T2DM complicated with HF has a complicated pathogenesis and
involves multiple pathological mechanisms, including IR,
myocardial energy metabolism disorders, vascular endothelial
dysfunction, abnormal apoptosis of myocardial cells, abnormal
calcium circulation of the myocardium, excessive inflammation
of the myocardium, and oxidative stress. Regulating the insulin
signaling pathway can activate/inhibit multiple targets, mediate
the above-mentioned multiple mechanisms such as glucose and
lipid metabolism, apoptosis, and inflammatory factor secretion,
and improve T2DM complicated with HF.

Insulin Signaling Pathway and IR
IR refers to a state in which insulin secretion is normal, but the
sensitivity of tissues, organs, and cells to insulin is reduced and
the role of insulin in promoting glucose uptake and utilization in
target organs is reduced (Semenkovich, 2016). IR is a pathological
feature of T2DM, as well as the main metabolic feature of
pathophysiology of HF. Swan et al. (1997) found that the
severity of chronic HF is significantly associated with

increased IR, and patients with T2DM complicated with HF
may have both systemic and cardiac IR. Furthermore, IR and
T2DM complicated with HF are mutually causal, forming a
vicious circle and worsening the disease (Figure 2).

The combined effect of systemic IR and myocardial IR can
lead to a series of pathological injuries, such as impaired calcium
signaling (Roe et al., 2013), substrate metabolism disorders,
mitochondrial dysfunction (Qi et al., 2013) and oxidative
stress, ER stress, and impaired cardiomyocyte endothelial
nitric oxide (NO) signaling (Falskov et al., 2011). These
pathological injuries could damage the heart, resulting in
impaired calcium processing and contractility of the
myocardium, decreased cardiac energy efficiency, myocardial
cell apoptosis, and cardiac fibrosis (Aroor et al., 2012),
accelerating the deterioration of T2DM complicated with HF
(Nagoshi et al., 2011). Meanwhile, they can also aggravate IR,
triggering a vicious cycle. With the development of T2DM
complicated with HF, IR also aggravated. Especially in end-
stage HF, patients are accompanied by severe IR. Therefore,
improving IR can be a key entry point for treating T2DM
complicated with HF.

Studies have shown that mitochondria play a major role in the
pathogenesis of IR. An increase in mitochondrial oxidants is a
consistent feature of IR in vitro and in vivo and in humans and
can rapidly impair insulin-regulated GLUT4 translocation and
significantly contribute to IR (Fazakerley et al., 2018). The
mitochondrial oxidative stress and mitochondrial dysfunction
are all related to IR (Fazakerley et al., 2018). Furthermore, the
abnormality of insulin signaling pathway plays a key role in the
occurrence and development of IR. IR can be induced by any
abnormal insulin signal site, such as degradation,
phosphorylation, and distribution of IRS, blocked activation
and abnormal expression of PI3K, abnormal expression of
PKD, Akt, GSK-3, and glucose transporters, reduction and
activity disorder of glucose transporters, and activation of
FoxO1 (Goedeke et al., 2019; Park et al., 2019). Therefore, it is
beneficial for the early prevention and prognosis of T2DM
complicated with HF to improve IR and break the vicious

FIGURE 2 | Relationship between insulin resistance and heart failure.
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cycle of T2DM with HF by regulating the insulin signaling
pathway.

(IR can induce HF through myocardial metabolic disorders,
endothelial dysfunction, impaired calcium signaling transduction
pathway, hormone endocrine abnormalities, inflammation, and
oxidative stress. HF can also cause hyper-activation of the
neuroendocrine system and inflammatory cytokine increases,
which increase the free fatty acid (FFA) level and damage the
insulin signaling pathway, thus leading to IR. HF and IR will form
a vicious cycle, aggravating the disease.)

Insulin Signaling Pathway and Energy
Metabolism Disorders
There are severe systemic and myocardial glucose and lipid
metabolism disorders in T2DM patients complicated with HF,
resulting in significant abnormalities of myocardial energy
metabolism and dysfunction of myocardial contraction. HF is
a progressive disease. The metabolic substrates show different
metabolic states in different stages and degrees of HF. In the early
stage of HF, cardiomyocytes are in the compensatory stage, where
the oxidative metabolic rate of FA remains normal or slightly
increases, and glucose oxidation may increase to supplement
myocardial energy deficiency (Aroor et al., 2012). In the early and
middle stages of HF, there is no significant change in the
utilization of myocardial energy substrates, and myocardial
mitochondria may increase for compensation to maintain the
overall quantity balance (Wang et al., 2009). In the late stage of
HF, the heart loses its metabolic flexibility, where FA oxidation
metabolism is significantly down-regulated, and the heart relies to
a greater extent on glucose oxidation as a priority metabolic
substrate (Aroor et al., 2012). Severe myocardial blood oxygen
deficiency leads to IR. And glucose aerobic oxidation is reduced,
and the energy supply mode is changed to glycolysis (Aroor et al.,
2012). The ventricular remodeling process progresses to the
decompensated state, myocardial energy is in a state of lack,
and pyruvate produced by glycolysis is converted to lactic acid
under hypoxia, further aggravating HF (Aroor et al., 2012). In
addition, cardiomyocyte apoptosis and autophagy aggravate in
the late stage of HF, and the cells cannot continue to maintain the
compensatory effect of synthesizing mitochondria, which
significantly reduces mitochondria and exacerbates energy
metabolism disorders (Wang et al., 2009).

The insulin signaling pathway can improve abnormal energy
metabolism in the whole body and myocardium by regulating the
conversion of metabolic substrates and mitochondrial function.
After activation of Akt, GLUT4 can be directly transferred from
the cytosol to the plasma membrane to enhance glucose uptake of
myocardial cells, as well as regulating the expression of genes such
as GSK-3 and FoxO1 to promote myocardial glucose uptake and
inhibit glycogen synthesis (Melenovsky et al., 2011; Jiménez-
Osorio et al., 2016). In addition, stimulation of glucose oxidation
not only increases energy supply in ischemic heart disease and HF
but also increases heart function due to better coupling of
glycolysis and glucose oxidation (Lopaschuk et al., 2010).
Meanwhile, regulating the expression of GSK-3β, mTOR, and
NF-κB can improve mitochondrial function and regulate

myocardial mitochondrial metabolism. Parra et al. (2014) have
confirmed that the activation of Akt–mTOR–NF-κB signaling
pathway increased the Opa-1 protein level in myocardial cells
both in vitro and in vivo, promoted mitochondrial fusion,
increased the mitochondrial membrane potential, and
increased the intracellular ATP level and oxygen consumption,
thereby acutely regulating mitochondrial metabolism in
myocardial cells.

Therefore, when cardiac energy metabolism has not been
unbalanced in the early and middle stages of HF, the
regulation of insulin signaling pathway could increase the
aerobic oxidation of glucose and inhibit the acceleration of
cardiomyocyte apoptosis to prevent mitochondrial dysfunction,
thus effectively preventing the deterioration of HF. In the late
stage of HF, the body has severe energy metabolism disorder
accompanied by IR. The regulation of insulin signaling pathway
could increase the aerobic oxidation of glucose, inhibit the aerobic
oxidation of fatty acids, improve insulin sensitivity, improve IR,
and improve mitochondrial function, which are the treatments
for energy metabolism in the late stage of HF.

Insulin Signaling Pathway and Vascular
Endothelial Dysfunction
Vascular endothelial dysfunction (VED), a common pathological
mechanism of diabetes and cardiovascular disease, directly affects
the prognosis and survival of patients in the course of diabetes
and cardiovascular disease. VED occurs early in the chain of
atherosclerotic process and is a main determinant of acute
coronary events, infarction, and reduction of cardiac pump
(Harjola et al., 2020). VED can increase the whole systemic
peripheral resistance and afterload through peripheral effects
and aggravate the cardiac function impairment through central
effects such as myocardial ischemia and inducible nitric oxide
synthase (iNOS)-induced damaging effects (Penna et al., 2006).
Nemoto et al. (2019) found that impaired endothelial function
results in severe coronary artery stenosis as well as plaque
vulnerability, while chronic hyperglycemia aggravates VED,
resulting in more diffuse coronary artery lesions and worse
clinical outcomes (Kang et al., 2018). Meanwhile, coronary
heart disease and infarction are precipitants of acute HF, and
VED under hyperglycemia is highly likely to cause acute HF and
seriously increases cardiac mortality (Driscoll et al., 2017). Studies
have also confirmed a higher rate of coronary endothelial
dysfunction in DM patients, which is also the reason for the
high incidence of HF and poor clinical outcomes in DM patients
(Sardu et al., 2019a).

VED is mainly characterized by a reduction in the
bioavailability of nitric oxide (NO) and excess production of
reactive oxygen species (Quyyumi et al., 1995; Ren et al., 2017).
Many diabetes and cardiovascular risk factors contribute to VED,
such that hyperglycemia and IR in pre-DM might lead to
endothelial dysfunction and worse prognosis by alterations in
vasomotor tone and by the overproduction of inflammatory
molecules and reactive oxygen species. And various cytokines
produced in inflammation inhibit NO production and
endothelial vasodilation by down-regulating the PI3K signaling
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pathway. The stabilization of vascular endothelial cell function
and myocardial vasomotor capacity could be maintained by
activating the Akt–eNOS signal axis and RAS–MAPK (ERK1/
2)–ET-1 signaling pathway to mediate the production of
vasodilator NO and vasoconstrictor ET-1, as well as
maintaining the balance of NO and ET-1 (Kang et al., 2017).
Akt1 was confirmed to be the key kinase of eNOS in the
endothelial-specific Akt1-deleted adult mouse model, and
eNOS function impairment reduced NO secretion and affected
endothelial relaxation (Lee et al., 2018). In addition, it can
regulate the insulin signaling pathway (GSK-3β, NF-κB,
p38MAPK) to improve blood glucose homeostasis, IR,
inflammation, and oxidative stress, thereby alleviating VED.

Insulin Signaling Pathway and Apoptosis
T2DM is characterized by pancreatic β cell dysfunction, including
hypofunction and the decrease of β-cells (Zhang et al., 2011).
Studies have shown that β-cell replication can compensate for
peripheral IR in patients with T2DM. However, the decreased
expression of insulin receptor and the dysfunction of insulin
signal transduction accelerated β apoptosis, which leads to the
failure of β-cell proliferation and cannot compensate for
peripheral IR to aggravate T2DM (Folli et al., 2011).
Additionally, cardiomyocyte apoptosis and autophagy also
occur at the end stage of HF, resulting in the reduction of the
number of mitochondria and cardiomyocytes, which further
accelerates the development of HF (Xiaomei and Guoliang, 2014).

The PI3K/Akt signaling pathway and MAPK signaling
pathway can regulate the apoptosis of β-cells and
cardiomyocytes, which is beneficial to improve islet function
and slow the development of HF. The PI3K/AKT signaling
pathway could affect the activation of a variety of downstream
effector molecules, such as Bcl-2/Bcl-XL–associated death
promoter (Shultz et al., 2010), FoxO1 (Gardino and Yaffe,
2011; Battiprolu et al., 2012; Qi et al., 2013; Guo, 2014),
Caspase-9 (Shultz et al., 2010), and nuclear factor-κB (NF-κB),
to produce anti-apoptotic effect in cells and promote cell survival.
Both in vitro and in vivo experiments have shown that the
activation of Akt signaling pathway can slow the pancreatic
islet apoptosis of rats, prolong the survival of pancreatic islets,
and remarkably improve its function of synthesizing and
secreting insulin (Richards et al., 2005; Wang et al., 2011). In
addition, Shiojima and Walsh (2002) showed that the activation
of Akt can inhibit apoptosis of endothelial cells and promote
neovascularization. The activation of JNK and p38MAPK
signaling pathways promotes apoptosis, while the activation of
ERK signaling pathway inhibits apoptosis.

Insulin Signaling Pathway and Myocardial
Contraction
A character of HF is increased leakage of Ca2+ from the
sarcoplasmic reticulum (SR) via type 2 ryanodine receptor
(RyR2) (Cho et al., 2016). The leaked Ca2+ in SR will be
redistributed into the cytosol, thus increasing the cytoplasmic
Ca2+ concentration, decreasing the electrochemical gradient
inside and outside the cell, and impairing myocardial

contractility (Cho et al., 2016). SR Ca2+ ATPase 2a (SERCA2a)
is an important ATPase that can pump Ca2+ back into the SR of
myocardial cells to mediate myocardial relaxation (Gorski et al.,
2015). The decrease ofmyocardial SERCA level will severely impair
systolic and diastolic functions. The activation of insulin signaling
pathway can indirectly up-regulate the cellular calcium signaling
pathway and regulate the intracellular Ca2+ concentration, thereby
improving the myocardial contraction (Kim et al., 2008). Li et al.
(2012) found that the mice with conditional cardiomyocyte-
specific SERCA2 knockout would develop the end-stage HF
with elevated [Na (+)] (i) and intracellular acidosis during 4 or
7 weeks. Studies have found that the activation of PI3K/Akt
signaling pathway can enhance the function of L-type Ca2+

channels, up-regulate the activity of SERCA2a, regulate the
calcium signaling pathway, increase the Ca2+ concentration, and
maintain the normal heart beating (Aroor et al., 2012). A clinical
trial (Jessup et al., 2011) also confirmed that the up-regulation of
SERCA2a expression can improve myocardial contractility and is
beneficial to HF treatment.

Insulin Signaling Pathways and
Inflammatory Reaction
Both T2DM and HF are regarded as inflammatory diseases. In
patients with T2DM complicated with HF, the inflammatory
markers such as TNF-α, IL-6, and CRP are significantly higher
than those in healthy people (Pickup et al., 2000; Leinonen et al.,
2003). In HFrEF and HFpEF patients, elevated circulating levels
of pro-inflammatory cytokines and cytokine receptors were
associated with mortality (Kenny and Abel, 2019). Therefore,
early anti-inflammatory therapy can effectively prevent T2DM
complicated with HF. PI3K/Akt/NF-κB, p38MAPK, and other
insulin signaling pathways can regulate the production of
inflammatory factors and ROS, play anti-inflammatory and
antioxidant roles, and improve myocardial inflammation.
Related studies (Maier et al., 2012) have shown that the NF-
κB expression in patients with HF is significantly higher than that
in healthy people, and the activity of NF-κB increased with the
aggravation of HF. Watanabe et al. (2013) found that the
inhibitor of NF-κB kinase (IKK) significantly alleviated
myocarditis in myocarditis rats, as well as alleviating heart injury.

It has a close relationship of pathological mechanisms between
T2DM and HF and can interact among IR, energy metabolism
disorders, inflammation, oxidative stress, and endothelial
dysfunction. Taking the regulation of insulin signaling
pathway as the starting point, it can regulate a variety of
pathological mechanisms of T2DM and HF at the same time,
so as to delay the development of T2DM complicated with HF
and improve the condition.

POTENTIAL DRUGS FOR THE TREATMENT
OF T2DM COMPLICATED WITH HF BASED
ON INSULIN SIGNALING PATHWAY
At present, marketed hypoglycemic drugs, lipid-lowering drugs,
and anti-anginal drugs have found some drugs could regulate the
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TABLE 1 | Clinical application of hypoglycemic drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types
of experiments

Patients Number of
examinees (n)

Drug usage
and dosage

Usage
time

Main results
and conclusion

Metformin Prospective study HF patients with DM
(mean age is 71.7 ±
7.8 years)

n = 1,519; metformin
therapy group (n = 592)

/ / Metformin therapy is
associated with reduced
mortality of HF patients with
new-onset DM, mainly due
to decreased cardiovascular
mortality, and with a lower
hospitalization rate.

Romero et al.
(2013)

A randomized,
double-blind,
placebo-controlled,
crossover study

Treatment naive
diabetic patients with
chronic HF

n = 45 p.o., 2 g/day 3 months Compared to placebo,
metformin significantly
reduced HbA1c and
improved insulin sensibility. It
confirms that metformin
improves blood glucose
control in patients with
T2DM and chronic HF.

Stolarikova
et al. (2018)

A multicenter
prospective study

Propensity
score–matched
patients with stable
angina

n = 258 / 6 months The patients with pre-DM
had a higher percentage of
endothelial LAD dysfunction
as compared to patients
with pre-DM treated with
metformin. At the 24th
month of follow-up, in pre-
DM metformin patients,
MACEwas lower than that of
pre-DM patients.

Sardu et al.
(2019)

A retrospective
observational study

Patients with left
ventricular
hypertrophy (LVH)

n = 212 / / There is significant reduction
in the incidence of HF in the
metformin group compared
to the non-metformin group
(risk reduction 54%). And the
metformin group did not
develop any symptoms of
HF. Metformin may delay the
progression of early stages
of HF to the advanced stage.

David and
Droogan
(2013)

Sitagliptin A population-based
study

Patients with
diabetes (age
≥45 years)

n = 8,288 / / There were 935 events of
hospitalization for HF (HHF),
in which the association
between the number of HHF
events and the adherence to
sitagliptin was linear. The
use of sitagliptin was
associated with a higher risk
of HHF, but no excessive risk
for mortality was observed.

Wang et al.
(2014)

A population-based,
retrospective cohort
study

Patients with
diabetes and
incident HF

n = 7,620; sitagliptin
therapy group (n = 887)

/ / Sitagliptin use was not
associated with an increased
risk of all-cause hospitalizations
or death but was associated
with an increased risk of HF-
related hospitalizations among
patients with T2DM with pre-
existing HF.

Weir et al.
(2014)

A randomized
controlled clinical trial

Patients with T2DM
and HF

n = 36; experimental
group (n = 18), control
group (n = 18)

p.o.,
100 mg/day

24 weeks The blood glucose indicators
FPG, 2hPG, HbAlc, and BMI
in the experimental group
were significantly lower than
those in the control group.
LVEF was higher than that in
the control group, and the
cardiac function and blood
glucose were both
improved.

Jin et al.
(2014)

(Continued on following page)

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8165887

Ye et al. T2DM With HF

173

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


insulin signaling pathway. These drugs can improve glucose and
lipid metabolism, myocardial energy metabolism, and heart
function of patients through the insulin signaling pathway.

Synthetic Drugs
Hypoglycemic Drugs
Biguanides (metformin), glucagon-like peptide-1 (GLP-1)
receptor agonists, and dipeptidyl peptidase-IV (DPP-4)
inhibitors in hypoglycemic drugs can treat T2DM complicated
with HF through the insulin signaling pathway and have little
cardiovascular safety risk. So, they can be considered potential

therapeutic agents for T2DM complicated with HF in the future.
Table 1 summarizes the clinical research of the effect of these
hypoglycemic drugs on T2DM and HF.

Biguanides
Biguanides are classic oral hypoglycemic drugs, mainly including
phenformin and metformin, but phenformin has been
discontinued due to its severe lactic acidosis. Studies have
confirmed that metformin is the first choice for the treatment
of T2DM complicated with HF. Metformin could improve left
ventricular remodeling and function by activating the AMP-

TABLE 1 | (Continued) Clinical application of hypoglycemic drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types
of experiments

Patients Number of
examinees (n)

Drug usage
and dosage

Usage
time

Main results
and conclusion

Exenatide A double-blind,
randomized
controlled clinical trial

Patients with T2DM
with congestive
HF (CHF)

n = 20 i.v.gtt.,
0.12 pmol/kg/
min

6 h Exenatide has rapid
hemodynamic effects in
male patients with type 2
diabetic CHF. Infusion of
exenatide to patients will
increase the cardiac index
(CIP) due to time.

Nathanson
et al. (2012)

A randomized
controlled trial

Patients with T2DM
with HF

n = 2,389; exenatide
therapy group (n = 1,161),
placebo group (n = 1,228)

2 mg, once a
week

/ The reduction in all-cause
death or HHF was seen with
exenatide in patients. And
HHF was reduced in the
exenatide group versus
placebo.

Fudim et al.
(2019)

A randomized,
double-blind,
placebo-controlled,
crossover study

Patients with ST-
segment elevation
myocardial infarction

n = 334; exenatide therapy
group (n = 175), placebo
group (n = 159)

/ / Admission for HF was lower
in the exenatide group (11%)
compared to the placebo
group (20%). All-cause
mortality occurred in 14% in
the exenatide group versus
9% in the placebo group.

Kyhl et al.
(2016)

Liraglutide A single-center,
open-label,
randomized, parallel-
group, pilot study

T2DM patients with
history of post-
ischemic chronic HF

n = 32; liraglutide therapy
group (n = 10), sitagliptin
therapy group (n = 10),
insulin glargine therapy
group (n = 12)

i.h., establish
tolerance to
1.8 mg/day

52 weeks Only in liraglutide-treated
patients, left ventricular end-
systolic volume index
(LVESVI) reduced and
cardiac output and cardiac
index increased significantly.

Arturi et al.
(2017)

A randomized,
double-blinded,
placebo-controlled
multicenter trial

Patients with reduced
LVEF ≤45%

n = 241; liraglutide therapy
group (n = 122), placebo
group (n = 119)

i.h., establish
tolerance to
1.8 mg/day

24 weeks Liraglutide did not affect left
ventricular systolic function
compared with placebo in
stable chronic HF patients
with and without diabetes.
And liraglutide was
associated with an increase
in heart rate and more
serious cardiac adverse
events.

Jorsal et al.
(2017)

A multicenter,
double-blind,
randomized,
placebo-controlled
clinical trial

Stable chronic HF
patients with and
without DM

n = 541 i.h., establish
tolerance to
1.8 mg/day

/ In LIVE, liraglutide
significantly decreased
hemoglobin A1c and
increased heart rate and
serious cardiac adverse
events.

Liang and Gu
(2020)

“/”means unclear; “q.d.”means once a day; “b.i.d.”means twice a day; “t.i.d.”means three times a day; “p.o.”means oral administration; “i.m.”means intramuscular injection; “i.v.”means
intravenous injection; “i.v.gtt.” means intravenous infusion; “i.h.” means hypodermic injection.
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TABLE 2 | Clinical application of lipid-lowering drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types

of experiments

Patients Number of

examinees (n)

Drug usage

and dosage

Usage time Main results and conclusion

Atorvastatin A randomized

controlled clinical trial

Patients with asymptomatic HF after

myocardial infarction

n = 162; observation group

(n = 81), control group (n = 81)

p.o., 20 mg per

night

12 months TNFα, hs-CRP, IL-6, and other factors were improved

in both groups, but the observation group showed

greater results than the control group. Atorvastatin

exerted a great effect in treating asymptomatic HF after

myocardial infarction, which can evidently improve

cardiac function and vascular endothelial function.

Wang et al.

(2020)

A follow-up study Patients hospitalized for ischemic HF n = 155; atorvastatin therapy

group (n = 92)

/ / The most frequent rehospitalization was in patients

without statin therapy (66.7%), followed by patients on

rosuvastatin (64.1%) and atorvastatin (13.2%). It

confirms that statin therapy is associated with

substantially better long-term outcomes in patients

with HF.

Faris et al. (2018)

A randomized

controlled clinical trial

Non-ischemic chronic HF patients n = 40; control group (n = 20),

experimental group (n = 20)

p.o., 40 mg/day 6 weeks In patients, atorvastatin improved heart function E/A

velocity ratio; decreased LV-end diastolic diameter (LV-

EDD) and LV-end systolic diameter (LV-ESD), and

significantly reduced serum lipid profiles, cTnT, hs-

CRP, and MDA versus patient controls.

Elmadbouh et al.

(2015)

Rosuvastatin A randomized, double-

blind, placebo-

controlled trial

Patients with chronic HF n = 4,574; rosuvastatin

therapy group (n = 2,285),

placebo group (n = 2,289)

p.o., 10 mg/day Followed up for a

median of

3.9 years

1,305 (57%) patients in the rosuvastatin group and

1,283 (56%) in the placebo group died or were

admitted to the hospital for cardiovascular reasons. It

confirms that rosuvastatin 10 mg daily did not affect

clinical outcomes in patients with chronic HF of any

cause.

Mitrohina and

Kuryata (2008)

/ Non-diabetic participants n = 8,749; participants on

statin treatment (n = 2,142)

/ / Participants on statin treatment had a 46% increased

risk of T2DM. Insulin sensitivity was decreased by 24%

and insulin secretion by 12% in individuals on statin

treatment compared with individuals without statin

treatment.

Cederberg et al.

(2015)

/ Patients with systolic HF (age

≥60 years)

n = 5,011 / / Rosuvastatin was shown to reduce the risk of HHF by

approximately 15%–20%, equating to approximately

76 fewer admissions per 1,000 patients treated over a

median 33 months of follow-up.

Rogers et al.

(2014)

Fluvastatin / Patients with ischemic HF and

hyperlipidemia

n = 29 p.o., 80 mg/day 3 months Compared with those of healthy subjects, the heart rate

recovery (HRR) values were significantly lower in the HF

patients in both the 1st and 3rd minutes. The results

revealed an improvement in HRR in HF patients by

fluvastatin treatment.

Katircibasi et al.

(2005)

A prospective

uncontrolled study

Patients with ischemic HF n = 29 p.o., 80 mg/day 12 weeks After fluvastatin therapy, levels of IL-10 in the plasma

were significantly increased and plasma TNF-α levels

were significantly decreased. Fluvastatin therapy

significantly improved HRR at 1 min after 12 weeks

compared with baseline.

Tekin et al. (2016)

An open label and

prospective study

HF patients with idiopathic dilated

cardiomyopathy (DCM) and

ischemic cardiomyopathy (ICM)

n = 40; DCM group (n = 20),

ICM group (n = 20)

p.o., 80 mg/day 12 weeks After fluvastatin therapy, functional capacity and LVEF

improved and the levels of TNF-α and IL-6 decreased.

The results revealed fluvastatin improved cardiac

functions and the clinical symptoms in HF patients with

either idiopathic dilated or ischemic etiology.

Gürgün et al.

(2008)

Simvastatin A randomized, double-

blind, placebo-

controlled trial

Patients with coronary heart disease

without evidence of HF

n = 4,444; placebo group (n =

2,223), simvastatin therapy

group (n = 2,221)

p.o.,

20 mg–40 mg

Followed for more

than 5 years

Mortality was 31.9% in the placebo group and 25.5% in

the simvastatin group among patientswhodevelopedHF.

There were 45 hospitalizations because of acute HF in the

placebo group and 23 in the simvastatin group. This

indicates that long-term prevention with simvastatin

reduces the occurrence of HF in a cohort of patients with

coronary heart diseasewithout previous evidence of CHF.

Kjekshus et al.

(1997)

An open non-

randomized study

Patients with diastolic chronic HF n = 125; main group (n = 66),

control group (n = 59)

/ 6 months Significant increase in E (peak early diastolic left

ventricular filling velocity) value by 14.1% and E/A (A

peak left ventricular filling velocity at atrial contraction)

ratio by 18.7% was found in the main group. It confirms

that simvastatin therapy resulted in significant

improvement in the left ventricle diastolic function.

Pinchuk et al.

(2015)

A randomized, double-

blind, controlled trial

Patients with chronic HF and

preserved systolic function

n = 34; study group 1 (n = 20),

control group 2 (n = 14)

p.o., 10 mg/day 12 weeks After 12 weeks of treatment with simvastatin, insulin

levels in 30% patients have decreased in group 1 by

26.47% and HOMA index by 28.78% and in 19%

patients in group 2 by 9.47 and 9.76%, respectively. It

confirms that simvastatin is effective and safe for

patients with chronic HF and preserved systolic

function and reduces IR.

Mitrohina and

Kuryata (2008)

Fenofibrate / Patients with chronic HF ICM patients (n = 57), DCM

patients (n = 71)

/ / In circulating angiogenic cells (CACs), fibronectin

adhesion function was reversed by FF treatment,

suggesting that FF reversed CACs and late EPC

dysfunction in chronic HF patients.

Huang et al.

(2020)

A randomized, double-

blind, controlled trial

Patients with chronic HF n = 70; standard therapy

group (n = 35), FF therapy

group (n = 35)

p.o., 0.2 g q.d. 6 months After FF combined with standard therapy, the patients’

serum PC Ⅰ, PC Ⅲ, LN, and HA concentrations

decreased significantly, and the decrease was greater

than that in the standard therapy alone. At the same

time, the systolic and diastolic functions of the patient

were significantly improved.

Xiaoyan et al.

(2013)

(Continued on following page)
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activated protein kinase (AMPK) to increase glucose uptake and
fatty acid oxidation, enhance insulin sensitivity, and reduce IR,
thereby preventing the progression of HF (Nesti and Natali,
2017). Meanwhile, metformin can inhibit the activation of NF-
κB by activating AMPK, thereby reducing the expression and
release of inflammatory factors and adhesion molecules and thus
reducing the incidence of inflammatory cardiovascular diseases
(Kinsara and Ismail, 2018).

At present, there has been sufficient clinical evidence to prove
that metformin can significantly reduce the glycosylated
hemoglobin (HbA1c) level, mortality, all-cause
rehospitalization rate, and cardiovascular rehospitalization rate
in patients with DM complicated with HF (Stolarikova et al.,
2018; Romero et al., 2013). Furthermore, metformin could also
significantly improve the cardiac function and prognosis of
patients. Especially in patients with end-stage HF, the one-year
survival rate of the metformin group was significantly improved
compared with that of the non-metformin group (Table 1)
(Miaomiao and Shuang, 2018). Metformin therapy may reduce
the high risk of cardiovascular events and the exacerbation of
diabetic cardiomyopathy in pre-DM patients by reducing
coronary endothelial dysfunction (Sardu et al., 2019).

In conclusion, although metformin can be used safely and
effectively in T2DM patients complicated with HF, it should be
noted that currently metformin is forbidden to be used in patients
with acute or unstable HF. Patients with impaired liver and
kidney function should be cautious about taking long-term use
of metformin, as metformin can significantly limit liver and
kidney clearance and may cause lactate poisoning (2018). But
metformin can also be used in patients with stable congestive HF
if patients’ renal function is normal (2018b). Patients with
gastrointestinal reactions and other adverse reactions should
be prevented and treated on time, as well as paying attention
to regular examination of patients’ liver and kidney function.

Glucagon-Like Peptide-1 Receptor Agonists
In recent years, GLP-1 receptor agonists (GLP-1 RAs) have
become the most attractive drug for diabetes. At present,
exenatide and liraglutide have discovered the potential to treat
T2DM complicated with HF. Other GLP-1 RAs have little
cardiovascular research. Exenatide could up-regulate the
expression of GLUT-4 and increase phosphorylation of AMPK
and Akt to increase the glucose uptake of cardiomyocytes, thereby
improving cardiac systolic function (Vyas et al., 2011). Exenatide
can also enhance SR reuptake of Ca2+ by enhancing SERCA2a
expression to improve calcium circulation (Harikumar et al.,

2012). Liraglutide can mediate metabolism, vascular endothelial
disorders, inflammation, endoplasmic reticulum stress, and other
multiple pathways by inhibiting the activity of PPARγ, increasing the
expression of AMPK (Koshibu et al., 2019), and inhibiting the JNK
signaling pathway and caspase-12–mediated apoptosis signaling
pathway (Li et al., 2019). In addition, serum-reduced GLP-1
levels were positively associated with IR (Ahmed et al., 2017).
Studies have also confirmed that GLP-1 RAs (liraglutide) can
reverse the increased phosphorylation of IRS1 serines, IKKα/β,
and JNK in the model of IR and thus reverse the inhibited
downstream mediators of IRS1 such as Akt, AS160, and GLUT4
translocation (Li et al., 2018). And liraglutide can also reduce theNF-
KB activation, thus reducing inflammatory cytokines (Li et al., 2018).
Importantly, GLP-1 may improve insulin sensitivity, glycemic
control, and endothelial function, increase muscle microvascular
perfusion, and stimulate angiogenesis, and these effects are retained
in IR (Hagve et al., 2019; Love et al., 2020).

At present, GLP-1 agonists have been used for the treatment of
chronic IR. They have beneficial cardiovascular effects for T2DM
patients and are very suitable for T2DM patients with
cardiomyopathy (Hagve et al., 2019; Love et al., 2020).
Intervention of GLP-1 RA to CRTd therapy in diabetic
patients significantly improved LVEF and the 6 min walking
test, reduced the arrhythmic burden, and reduced hospital
admissions for heart failure worsening by increasing the CRTd
responder rate (Sardu et al., 2018). Clinical studies of exenatide
and liraglutide show that GLP-1 RAs can reduce blood glucose as
much as traditional hypoglycemic agents, and both can reduce
hemoglobin A1c (Monami et al., 2014). Moreover, the incidence
of hypoglycemia is much lower than that of sulfonylurea, insulin,
and other drugs (Monami et al., 2014). However, it is unstable for
these two drugs to improve left ventricular ejection fraction
(LVEF) and other systolic function indicators in the clinical
treatment of HF. In some clinic studies, it was found that
exenatide and liraglutide not only failed to improve HF but
even increased the heart rate (HR) and cardiovascular adverse
events of patients (Table 1). Therefore, the cardiovascular safety
of GLP-1 RA needs to be verified by more clinical studies.

Lipid-Lowering Drugs
Hyperlipidemia is closely related to atherosclerosis and is a risk
factor for most cardiovascular diseases. Clinical studies have
found that some lipid-lowering drugs can effectively treat HF
and also have a certain effect on T2DM. Therefore, we discuss the
commonly used lipid-lowering drugs based on the insulin
signaling pathway—statins and fibrates.

TABLE 2 | (Continued) Clinical application of lipid-lowering drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types

of experiments

Patients Number of

examinees (n)

Drug usage

and dosage

Usage time Main results and conclusion

A randomized

controlled clinical trial

Elderly patients with chronic HF(age

62–75 years)

n = 32; FF therapy group (n =

16), control group (n = 16)

200 mg every

night

6 months After 90 days of treatment, the NYHA classification,

6MWD, TG, and BUA levels of the FF group improved

better than those in the control group. The LVEF and

LVEDD of the FF group were significantly improved

compared with those in the control group after

180 days of treatment.

Zhiming and

Zhonghua (2011)
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Statins
Statins are the most important and widely used lipid-lowering
drugs in the clinic. They are also widely used in atherosclerosis
and are themost effective drugs for the prophylaxis and treatment
of coronary heart disease. Most statins promote the production of
NO in the myocardial vascular endothelium and improve
vascular endothelial dysfunction in the IR state by up-
regulating the expressions of Akt and P-Akt and PI3K/Akt/e
NOS signaling pathway, thereby exerting vascular protection (Jie
et al., 2014). Atorvastatin also can increase the activation of
AMPK and inhibit FoxO1 to achieve the anti-myocardial
hypertrophy effect (Park et al., 2018; Yu et al., 2018).

Statins have a remarkable clinical effect on HF (Table 2),
which could significantly improve cardiac indicators (such as
LVEF and HR), reduce the levels of myocardial inflammatory
factors and risk of HF, and increase the risk of T2DM (Cederberg
et al., 2015; Elmadbouh et al., 2015). Clinical trials have also
found that statins cause the reduction of insulin sensitivity and IR
and are associated with an increased risk of diabetes. Compared
with placebo, statin therapy was associated with a 9% increased
risk for incident diabetes (Sattar et al., 2010). Henna Cederberg
(Cederberg et al., 2015) and Yaluri et al. (2016) found that both
simvastatin and rosuvastatin can lead to insulin sensitivity and IR.
Pravastatin, rosuvastatin, and other statins were also found to be
related to the increase of DM (Culver et al., 2012; Ridker et al.,
2012). Some studies also found that cardiovascular benefits of
statins are far greater than those of DM. For instance, statins
significantly reduced the primary major adverse cardiac endpoint
in both high-risk DM participants and low-risk DM participants
(Yandrapalli et al., 2019). The reason for this effect may be the
difference in the dosage of statins. Considering the therapeutic
effects of statins on HF and the potential risk of diabetes, it is clear
that statins have a good prospect in the treatment of simple HF,
which is worthy of further research. However, they are not
suitable for the treatment of T2DM complicated with HF.

Fibrates
At present, fenofibrate (FF) is the only fibrate drug found to be
able to treat HF by the insulin signaling pathway. It can enhance
the oxidative metabolism of free fatty acids by up-regulating the
expression of myocardial PPARα and FoxO1 (Ramakrishnan
et al., 2016) to improve the energy metabolism of failed
myocardium, inhibit ventricular remodeling (Li et al., 2015),
and inhibit cardiomyocyte hypertrophy in multiple ways (Le
et al., 2012). Meanwhile, FF down-regulates the activity of
phosphokinase and phosphatase-1 in mitochondria, thus
prolonging insulin action to improve its sensitivity and
alleviate IR (Huang et al., 2017). Clinical studies have shown
that FF has a good effect on HF patients (Table 2), which can
significantly improve cardiac function indicators and myocardial
systolic and diastolic functions. However, there is no clinical
study of FF in the treatment of T2DM complicated with HF.

The bioavailability of FF is low, the patient’s compliance is poor,
and there are large individual differences (Chang and Guangyu,
2021). In order to solve the problem of low bioavailability of
FF, micro-powder technology, nanocrystallization technology,
self-emulsifying technology, and slow and controlled release

technology have been developed to improve the dissolution of
FF dosage form. For example, the Fournier Laboratories
developed the FF suprabioavailable tablet which can increase
bioavailability by 25% via combining micronization technology
with a new micro-coating process (Guichard et al., 2000). FF has
shown good safety in long-term clinical application, with a low
incidence of adverse reactions, most of which are mild.
Considering its efficacy and safety, FF is expected to be a
therapeutic agent for T2DM complicated with HF, but its
clinical study in T2DM complicated with HF needs to be
expanded.

Dipeptidyl Peptidase-IV Inhibitors
Dipeptidyl peptidase-IV (DPP-4) inhibitors are hypoglycemic
drugs, commonly used in patients with T2DM. Some DPP-4
inhibitors have a protective effect on the heart. For example,
sitagliptin can increase IRS-2 mRNA, inhibit PI3K-p85α protein
expression, improve the IRS-2/PI3K signaling pathway, reduce
IR, activate the AMPK signaling pathway, and inhibit the MAPK
signaling pathway and NF-κB signaling pathway to reduce
inflammatory response and cardiovascular diseases (Zheng
et al., 2018). However, clinical studies (Table 1) show that
DPP-4 inhibitors are generally not safe and have a potential
cardiovascular risk profile. For instance, alogliptin has a higher
risk of HF (Guo et al., 2017). Although sitagliptin and saxagliptin
did not increase the risk of HF, they will increase the
hospitalization rate of HF patients (Bowes et al., 2019).
Furthermore, some studies illustrated that sitagliptin increases
the risk of HF and the hospitalization rate of HF in DM patients
(Weir et al., 2014). In 2013, the European Congress of Cardiology
conducted a study, and the results showed that 20.1% (1,672)
patients treated with saxagliptin and 19.6% (1,643) patients
treated with placebo experienced cardiovascular adverse
events. 3.5% (289) patients in the group treated with
saxagliptin and 2.8% (228) patients in the group treated with
placebo were hospitalized due to HF. The results suggested that
saxagliptin did not increase the occurrence of ischemic
cardiovascular events, but it inclined to increased
hospitalization for HF in patients with the already present HF
(Spinar and Smahelová, 2013). Based on the cardiovascular safety
of DPP-4 inhibitors, sitagliptin, saxagliptin, and vildagliptin with
low cardiovascular risk are recommended to be used as second-
line or third-line additional treatment for T2DM combined with
HF, which cannot increase the risk of HF, hypoglycemia, or death.

Diabetes is a common pathogenesis basis and risk factor of HF,
and its complication rate is high clinically. Hypoglycemic drugs
that treat HF through the insulin signaling pathway will be
suitable for treating T2DM complicated with HF, which
greatly reduces the incidence risk of HF and improves the
therapeutic effect compared with simple HF treatment.
Although hypoglycemic agents can regulate metabolism
through the insulin signaling pathway, not all are suitable for
the treatment of HF. Some hypoglycemic agents can cause
adverse effects on the cardiovascular system, such as causing
arrhythmia and HF. Furthermore, some drugs can treat HF, but
there is a lack of clinical research on the treatment of T2DM
combined with HF, and their safety needs to be investigated.
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Therefore, the hypoglycemic agents for HF need to be strictly
screened.

Anti-Anginal—Trimetazidine
The therapeutic effect of anti-anginal drugs is worthy of
affirmation for cardiovascular disease. Trimetazidine (TMZ),
the first-line anti-angina drug, can treat HF through the
insulin signaling pathway. Recent guidelines published by ESC
2016 have recommended TMZ in patients with HF with ongoing
angina (Dalal and Mishra, 2017). TMZ can prevent reperfusion-
mediated heart injury and dysfunction by activating insulin
signaling pathways such as p38MAPK and Akt and regulating
the expression of miRNA-21 in cardiomyocytes both in vivo and
in vitro, thereby reducing cardiomyocyte apoptosis and
enhancing anti-inflammatory and antioxidant capacity (Khan
et al., 2010; Gao et al., 2011). Clinical studies of TMZ in HF
treatment (Table 3) showed that it can indeed significantly
improve the blood glucose and left ventricle function of
patients and can significantly improve HbA1c, the blood
glucose level, LVEF, the myocardial velocity of the left
ventricle (LV) and right ventricle (RV), and other indicators.
For T2DM patients with HF, the clinical effect of TMZ is more
significant.

In clinics, TMZ ordinary tablets and sustained-release tablets
were commonly used. Compared with ordinary tablets,
sustained-release tablets can delay the release of TMZ, ensure
a uniform and constant blood concentration, avoid peaking the
problem of blood concentration, and make the anti-myocardial
ischemia effect more durable, effectively covering the early
morning dangerous period (Meirong et al., 2012). In addition,
TMZ is well tolerated, with only a few cases of adverse reactions
(such as nausea and vomiting). Considering the efficacy and
safety, the clinical research of TMZ in HF is relatively mature, and
it is recommended for the treatment of T2DM complicated
with HF.

Among the above synthetic drugs, metformin and
trimetazidine have good efficacy and high safety in treating
T2DM complicated with HF, which can be extended to the
clinical treatment of T2DM complicated with HF after
improvement. Although GLP-1 agonists can be partially
effective in T2DM complicated with HF, the efficacy is poor.
Therefore, more effective derivatives or prodrugs need to be
found. Metformin, trimetazidine, and fenofibrate have good
efficacy in the treatment of HF, but there are defects such as
low bioavailability and gastrointestinal adverse reactions.
Therefore, they can be modified in the structure or dosage
form to improve their bioavailability and reduce adverse
reactions. For example, metformin has poor lipophilic
property and low bioavailability and may cause gastrointestinal
discomfort in some patients (Mingji, 2014). In order to improve
the lipophilic property, bioavailability, and safety of metformin, it
is necessary to modify the structure of metformin by introducing
some lipophilic groups. Huttunen et al. (2013) synthesized several
lipophilic sulfenamide prodrugs of metformin, and the oral
absorption of these drugs was greatly improved compared
with that of metformin. The bioavailability of prodrug 2a in
rats is increased from 43 to 65%, and with increased oral

absorption, the dose of metformin could be reduced, thereby
reducing some of the adverse reactions (Huttunen et al., 2009). In
addition, the absorbability of different dosage forms of FF in vivo
is quite different. The bioavailability of common dosage form FF
is 60%–90%, while the bioavailability of FF can be increased by
30% after micronization (Kai et al., 2010).

Natural Products
Natural drugs and their active components have the advantages
of multiple targets, comprehensive curative effect, small side
effects, high safety, etc., which can make up for the defects of
synthetic drugs such as single action and more adverse reactions.
At least 16 natural products have been found to be capable of
treating DM or HF via the insulin signaling pathway, such as
astragaloside IV (Shi-Guang et al., 2015; Zhiwei et al., 2017),
tanshinone IIA (Hwang et al., 2013; Yuan et al., 2014), and
salvianolic acid A (Chen et al., 2016; Xue-Li et al., 2019), but only
sodium ferulate (SF), tetramethylpyrazine (TMP), and
resveratrol; TMP and resveratrol can be used for both DM
and HF. These three natural products have been clinically
used in T2DM and HF, respectively (Table 4), and they have
great potential for the treatment of T2DM complicated with HF.

Sodium Ferulate
SF, with the chemical name 3-methoxy-4-hydroxycinnamate
sodium, is the sodium salt of ferulate acid, which is the main
component of Angelica sinensis (Oliv.) Diels and Ligusticum
chuanxiong Hort. Studies have confirmed that SF can induce
mkP-1 protein expression to alleviate myocardial hypertrophy
caused by angina pectoris by inhibiting the expression of PKC-β,
RAF-1, and p-ERK1/2 protein and regulating MAPK/ERK and
JNK pathways (Luo et al., 2019; Hu et al., 2017). For the clinical
treatment of cardiovascular diseases, SF sodium chloride
injection and SF glucose injection are mainly used in the
adjuvant treatment of vascular diseases such as atherosclerosis,
coronary heart disease, and vasculitis. Clinical data also
demonstrate that SF works well in the treatment of T2DM
and HF (Table 4), and SF, with low toxicity and good safety,
is easy to be metabolized by the human body. However, SF
aqueous solution is unstable to light and easily decomposes,
which may cause adverse reactions due to its impurities
(Yanhua et al., 2011). Therefore, it is suggested to take
measures to avoid light to increase drug stability and reduce
adverse drug reactions.

Tetramethylpyrazine
TMP is an alkaloid extracted from Ligusticum chuanxiong Hort.
Studies have shown that TMP mainly activates the Akt and
AMPK signaling pathways, up-regulates the expressions of
GLUT-4 and eNOS to mediate the recovery of insulin signal
transduction, reduces IR, increases the utilization of glucose by
cardiomyocytes, and regulates apoptosis and autophagy, thereby
improving cardiac function (Yanhua et al., 2011; Lv et al., 2012;
Rai et al., 2019). At present, TMP phosphate tablets, TMP
phosphate capsules, TMP phosphate injection (only for
intramuscular injection), TMP hydrochloride injection, and
other dosage forms are mainly used clinically. The
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combination of TMP injection and Astragalus membranaceus
(Fisch.) had a better effect on HF and can significantly improve
the symptoms of HF (Zhen and Faxiang, 2011). Salvia
miltiorrhiza and ligustrazine injection can also effectively
improve the left ventricular function and myocardial systolic
function in the treatment of chronic congestive HF with high
safety (Wenhhhe, 2016).

There are many TMP derivatives, including TMP ether
derivatives, ester derivatives, piperazine derivatives, and
stilbene derivatives (such as resveratrol), most of which show
a certain cardiovascular protection (Zou et al., 2018). For
example, TMP-amide derivatives have protective effects on
injured vascular endothelial cells; TMP-benzyl alcohol ether
derivatives mostly protect against ischemia–reperfusion injury
and improve vasodilation (Zhen and Faxiang, 2011; Wenhhhe,
2016). Many studies have modified the structure of TMP and
found that the pyrazine ring (parent nucleus) of TMP may be its
pharmacodynamic group, and the side chain is its
pharmacokinetic group, which mainly affects the absorption,
distribution, and metabolism of TMP in vivo (Zou et al.,
2018). On the basis of retaining the parent nucleus, the side
chain of TMP can be modified to obtain cardiovascular drugs
with lower toxicity, better efficacy, better water solubility, and

higher bioavailability (Chen et al., 2011). Chen et al. (2011)
synthesized a series of novel ligustrazinyloxy-cinnamic acid
derivatives, several of which showed enhanced inhibitory effect
on platelet aggregation compared with TMP.

Resveratrol
Resveratrol, a representative drug of ligustrazine-stilbene
derivatives, has pharmacological effects on regulating the
blood lipid level, preventing oxidation of low-density
lipoprotein and anti-platelet agglutination, and reducing the
incidence of sudden heart disease (Li et al., 2016). Studies
confirmed that resveratrol mainly activates p38MAPK-β, Akt,
NF-κB, and PI3K/Akt/mTOR signaling pathways and inhibits
PI3K/Akt/FoxO3a and p38MAPK-α signaling pathways to
regulate apoptosis and related inflammatory factors, thereby
exerting myocardial protection (Das et al., 2006; Wu et al.,
2017; Xiuling et al., 2019). Although resveratrol is highly
absorbed when given orally, it has a very low bioavailability
due to rapid metabolism of its glucuronide and sulfate
conjugates (Walle et al., 2004). Therefore, its effective dosage
is not accurate. When the dosage is low (5 μmol/L–20 μmol/L), it
can protect the myocardium from ROS damage. It will promote
oxidation and cause adverse reactions at higher dosages, such as

TABLE 3 | Clinical application of anti-anginal drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types
of experiments

Patients Number of
examinees (n)

Drug usage
and dosage

Usage
time

Main results
and conclusion

Trimetazidine A meta-analysis of
randomized controlled
trials

Patients with
chronic HF

n = 994; TMZ therapy
group (n = 80),
placebo therapy
group (n = 76)

/ / Treatment with TMZ also
resulted in significant decrease
in LVESV, LVEDV,
hospitalization for cardiac
causes, and B-type natriuretic
peptide. However, there were
no significant differences in
exercise duration and all-
cause mortality between
patients treated with TMZ and
placebo.

Zhou et al.
(2014)

A prospective, single-
blind and single-center
study

HF patients n = 87; TMZ therapy
group (n = 51),
placebo therapy
group (n = 36)

p.o., 20 mg t.i.d. 3 months Compared to placebo,
increments in LVEF and
myocardial velocities were
significantly higher with TMZ.
An increase in LVEF with TMZ
was significantly correlated
with the presence of DM. It is
suggested that addition of
trimetazidine to current
treatment of HF, especially for
those who are diabetic, may
improve LV and RV functions.

Gunes et al.
(2009)

A prospective,
observational, non-
interventional, open-
label clinical study

Patients with
stable angina
pectoris and
T2DM

n = 737 p.o., 35 mg t.i.d.
Patients with
moderate renal
impairment received
TMZ 35 mg q.d.

6 months TMZ treatment significantly
improved glucose
metabolism, lowered HbA1c
and glucose levels, and
decreased arterial stiffness. In
most patients, the tolerability
of trimetazidine was rated as
excellent to good, with a low
incidence of adverse events.

Meiszterics
et al. (2017)
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liver and kidney toxicity (Zordoky et al., 2015). A study has
shown that resveratrol has been shown to inhibit angiogenesis at
30 mg/kg/day or higher doses (Zordoky et al., 2015).

In summary, SF, TMP, and resveratrol have low side effects,
high safety, and mature clinical application, so we can consider
increasing their clinical verification as potential therapeutic drugs
for T2DM complicated with HF in the future. Many in vitro
studies have shown that promising active components of natural

drugs have been abandoned due to extremely low or even no
activity or high toxicity in vivo. The reason for low activity in vivo
may be due to its unsatisfactory pharmacokinetic properties,
such as strong first-pass effect, low bioavailability, short half-
life, rapid metabolism, and difficulty in entering target organs
through biofilm (Shu, 2005). The bioavailability in the active
ingredients of natural drugs is low, and the clinical dosage needs
to be increased. It will inevitably increase the clinical risk and the

TABLE 4 | Clinical application of natural drugs in patients with HF and T2DM.

Drug Clinical application References

Clinic types
of experiments

Patients Number of
examinees (n)

Drug usage
and dosage

Usage
time

Main results
and conclusion

SF / Patients with chronic
pulmonary heart
disease and HF

n = 31 Venous drop, SF
and glucose
injection 200 ml
(200 mg), q.d.

10 days In the SF treatment group, 28
cases were markedly effective,
with a total effective rate of
90.3%. Most patients’
symptoms were improved,
blood gas indexes were normal
or improved, and no adverse
reactions occurred.

Song (2007)

A randomized
controlled clinical
trial

Patients with diabetic
cardiomyopathy

n = 60 i.v.gtt., sodium
ferulate injection
(0.3 g), q.d.

30 days In the SF group, EF and E peak/A
peak were significantly higher
after treatment than before
treatment. SF combined with
basic medication and insulin
subcutaneous injection can
effectively reduce blood lipids,
improve heart function, and
effectively alleviate the
symptoms of DCM.

Fengxiang
(2014)

TMP / DM patients n = 16 i.v.gtt., TMP
injection (LJ)
250 ml
(5 mg/kg), q.d.

20 days Whole blood viscosity at 3.75 s
shear rate was decreased, ADP-
induced PA was decreased, and
ED was slightly changed. It
indicated that TMP could be a
potential medication to
ameliorate or prevent chronic
vascular complications in
diabetes.

Zhao et al.
(1989)

/ Patients with chronic
congestive HF

n = 84 i.v.gtt., Astragalus
injection 250 ml
q.d., LJ (400 mg)
250 ml q.d.

14 days The combination of TMP
injection and Astragalus
membranaceus is more effective
in the treatment of HF and can
significantly improve the
symptoms of HF.

Zhen and
Faxiang (2011)

Resveratrol / HF patients n = 59 p.o., resveratrol
4 mg every night

2 months Serum total cholesterol (TC),
low-density lipoprotein
cholesterol (LDL-C), and CRP
were all reduced to varying
degrees, while LVEF was
significantly increased, and the
number of hospitalizations, total
days, and mortality were
reduced compared with those in
the control group.

Guoping et al.
(2005)

A randomized,
double-blind,
placebo-controlled
trial

Patients with T2DM
and coronary heart
disease (CHD)

n = 56; resveratrol
therapy group (n =
28), placebo group
(n = 28)

p.o., resveratrol
500 mg/day

4 weeks Our-week supplementation of
resveratrol in patients with T2DM
and CHD had beneficial effects
on glycemic control, HDL-
cholesterol levels, the total/HDL-
cholesterol ratio, and TAC and
MDA levels.

Hoseini et al.
(2019)
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number/amount of patients taking the drugs and is not conducive
to clinical safety and patient compliance. The same is true of
sodium ferulate, ligustrazine, and resveratrol. At present, these
defects can be improved through structural modification and
dosage form change. For example, Peng et al. (Xiaoyun et al.,
2005) prepared ligustrazine phosphate dropping pills, which
significantly improved its bioavailability and inevitably reduced
its clinical risk. Peñalva et al. (2018) wrapped resveratrol with
casein nanoparticles and found that its oral bioavailability is
26.5%, which was 10 times higher than when the resveratrol was
administered as an oral solution. Themodification of dosage form
for natural drugs can improve its bioavailability, reduce the
number and dose of drugs taken by patients every day, and
improve patients’ compliance. Meanwhile, this way can also
reduce clinical risk and improve efficacy, which is suitable for
long-term medication of T2DM complicated with HF and other
cardiovascular diseases.

Other Drugs
Many new drugs currently in the research and development stage
have the potential to treat cardiovascular diseases through the
insulin signaling pathway. Poxel SA’s Imeglimin, a new T2DM
drug, has successfully completed phase 3 development in Japan.
Marianne et al. (Lachaux et al., 2020) found that Imeglimin
immediately countered metabolic syndrome–related cardiac
diastolic and vascular dysfunction in a rat model with human
metabolic syndrome by reducing oxidative stress/increased NO
bioavailability and improving myocardial perfusion. After 90-day
treatment, myocardial and kidney structures in rats were
improved after 90-day treatment (Lachaux et al., 2020).
Esperion’s bempedoic acid, a new type of non-statin lipid-
lowering drug, affects glucose and lipid metabolism and

inhibits fatty acid and cholesterol synthesis by activating AMPK
and has completed a phase 3 clinical trial. Masson et al. (2020)
found that bempedoic acid significantly can reduce the levels of all
atherogenic lipid markers, including LDL-C, non-HDL-C, and
apolipoprotein B, and prevent atherosclerosis. Therefore, we can
explore potential drugs to reduce cardiovascular risk in new drugs
such as hypoglycemic drugs and lipid-lowering drugs, which also
provides direction and convenience for the research and
development of drugs based on the insulin signaling pathway to
treat T2DM complicated with HF.

Integration Analysis of Drug, Target, and
Metabolic Pathway
After summarizing the action pathways, targets, and metabolic
pathways of synthetic drugs, natural drugs, and a few derivatives
mentioned above, it was found that most drugs regulate glucose
metabolism, fatty acid oxidation, vascular endothelial function,
and apoptosis mainly by acting on several signaling pathways or
targets such as PI3K/Akt, AMPK, eNOS, NF-κB, and p38MAPK.
Cascading the main signaling pathways (Figure 3), it is found
that the activation of Akt is the core that affects other pathways
and gene expression. Through the action of Akt on AMPK,
MAPK, eNOS, NF-κB, and other pathways and targets, it can
affect glycolysis, cell growth, protein synthesis, and other metabolic
pathways. There is a direct or indirect relationship between each
target and pathway, and they are inseparable, so we can consider
the combination of drugs to exert the maximum efficacy and
appropriately reduce the adverse reactions. For example, Pan et al.
(Jing et al., 2019) usedmetformin combined with sitagliptin to treat
T2DM patients with HF. After three-month treatment, they found
that the combined treatment had significant therapeutic effect,

FIGURE 3 | Signaling pathway cascade diagram.
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which could improve cardiac function and effectively reduce blood
glucose and the level of related inflammatory factors (Jing et al.,
2019). Moreover, the prognosis was good, and the clinical effect
was better than that of metformin alone. Feng et al. (Yanling, 2021)
used atorvastatin combined with metformin to treat patients with
diabetic cardiomyopathy, and the results showed that atorvastatin
combined with metformin treatment could reduce the blood
glucose level, improve heart function, and regulate blood lipids.
In addition, many targets and pathways involved in Figure 3 can be
used as new directions for the future development of T2DM
complicated with HF drugs, such as the continued development
of PPAR agonists and GLP-1 agonists.

(Figure 3 involves PI3K/Akt, AMPK, VEGF, NF-κB, MAPK,
and mTOR signaling pathways. It can be seen that the core of
insulin signaling pathways is the activation of Akt. By activating
the PI3K/Akt signaling pathway, it acts on pathways and targets
such as AMPK, MAPK, eNOS, and NF-κB and affects metabolic
pathways such as glycolysis, cell growth, and protein synthesis to
regulate heart function.)

CONCLUSION AND PROSPECTS

It is certain that the insulin signaling pathway is a promising
therapeutic direction for T2DM patients with HF. It can
improve myocardial energy metabolism and IR and regulate cell
apoptosis, inflammatory response, vascular endothelial function,
and other ways to improve T2DM, thus protecting the heart and
improving heart function. Different from the current combination
therapy for T2DM complicated with HF, the regulation of insulin
signaling pathway can provide targeted treatment for the special
combination, improve the common physiological and pathological
characteristics of the two diseases, delay the development of T2DM
complicated with HF, and ensure a good prognosis. The synthetic
drugs in this article are mostly listed drugs and have basically
mature drug research. They can regulate blood sugar and blood
lipids while treating HF. Compared with the previous drugs, natural
drugs and their active ingredients not only can improve patient’s
cardiac function and prognosis but also are safe and suitable for
long-term treatment of HF patients.

Notably, it has certain defects for drug therapy based on the
insulin signaling pathway. Regulating the insulin signaling
pathway to treat T2DM complicated with HF mainly aims to
improve myocardial energy metabolism disorder, so as to ensure
adequate heart energy and recover heart function, which is a
chronic treatment. In different types and stages of HF, myocardial
energy metabolism presents different states. The treatment of HF
by regulating the insulin signaling pathway should be adjusted
according to the disease progress. Acute HF is a severe stress state
with severe hyperglycemia (Hongji, 2018). Metabolic therapy
based on insulin signaling is not applicable to T2DM
complicated with acute HF, which is in critical condition and
needs urgent treatment. This therapy is suitable for T2DM
complicated with chronic HF or T2DM complicated with
acute HF in the stable phase. Chronic HF can be divided into
four stages, including A, B, C, and D. Drug therapy of insulin
signaling pathway can be considered for A, B, C stages, especially

in A and B stages. The reason is that stage A is mainly for the
treatment of HF risk factors, and stage B is mainly to prevent and
improve ventricular remodeling and prevent aggravation of heart
failure symptoms (Osuna et al., 2018). In these two stages, the use
of insulin signaling pathway drugs to treat the energy metabolism
disorder and slow down the development of IR can effectively
prevent the development of HF to the next stage. In the C and D
stages, the disease is further aggravated, especially in the D stage.
Most powerful drugs in conjunction with the application of
mechanical assist devices, heart transplantation, ultrafiltration,
and other treatment methods were used in these two stages, so
that drug therapy based on the insulin signaling pathway is not
suitable in two stages. Therefore, it is suitable to use insulin
signaling pathway drug therapy in the early term andmid-term of
T2DM complicated with HF, which can effectively control blood
sugar and prevent the further development of HF.

The insulin signaling pathway has not yet been considered in
the treatment of HF because it still has several problems that need
to be clarified. First is the effect of excessive activation of insulin
signaling pathway on HF. Studies have shown that over-expression
of Akt can cause pathological myocardial hypertrophy (Dorn and
Force, 2005). Whether the over-expression of other genes can harm
themyocardium has not been clearly investigated. But as a potential
risk factor, excessive activation of insulin signaling pathway may
worsen heart failure. Second is the regulation of systemic insulin
signaling pathway. While drugs regulate the myocardial insulin
signaling pathway and improve myocardial IR, the systemic insulin
signaling pathway is also affected. The disorder of systemic
metabolic environment may trigger other diseases or affect the
prognosis of HF. Third, although the drugs mentioned in this
review can act through the insulin signaling pathway, most of them
lack clinical trials in T2DM complicated with HF and cannot
directly prove that they can treat HF through the insulin
signaling pathway. In particular, clinical data on natural drugs
are very scarce, with only a small amount in China. Moreover, due
to the poor absorption and low bioavailability of natural drugs,
further structural modifications are needed to obtain drugs more
suitable for clinical use. Fourth, patients with T2DM complicated
withHF need long-termmedication and long-term treatment.Most
of the drugs mentioned in this article have a short medication time
in clinical trials, so the long-term effects and safety of these drugs
need further research and demonstration. In the future, medical
treatment of HF will be promoted along the direction of insulin
signaling pathway. With more perfect and optimized research
results and the advent of new drugs, the pattern of drug
treatment dominated by the “Golden Triangle” in the past will
gradually change, and the treatment of HF will usher in a more
diversified landscape.
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Baicalein Ameliorates Myocardial
Ischemia Through Reduction of
Oxidative Stress, Inflammation and
Apoptosis via TLR4/MyD88/MAPKS/
NF-κBPathway andRegulation of Ca2+

Homeostasis by L-type Ca2+ Channels
Jinghan Li1†, Yakun Yang2†, Hua Wang1, Donglai Ma2, Hongfang Wang2, Li Chu2,3*,
Yuanyuan Zhang2* and Yonggang Gao1*

1School of Basic Medicine, Hebei University of Chinese Medicine, Shijiazhuang, China, 2School of Pharmacy, Hebei University of
Chinese Medicine, Shijiazhuang, China, 3Hebei Key Laboratory of Integrative Medicine on Liver-Kidney Patterns, Hebei University
of Chinese Medicine, Shijiazhuang, China

Background: Baicalein (Bai) is the principal ingredient of Scutellaria baicalensis Georgi.
Reports concerning the therapeutic advantages in treating cardiovascular diseases have been
published. However, its protective mechanism towards myocardial ischemia (MI) is undefined.

Objective: The aim of this study was to investigate the protective mechanisms of Bai on
mouse and rat models of MI.

Methods: Mice were pre-treated with Bai (30 and 60mg/kg/day) for 7 days followed by
subcutaneous injections of isoproterenol (ISO, 85mg/kg/day) for 2 days to establish the MI
model. Electrocardiograms were recorded and serum was used to detect creatine kinase
(CK), lactate dehydrogenase (LDH), superoxide dismutase (SOD), catalase (CAT), glutathione
(GSH) and malondialdehyde (MDA). Cardiac tissues were used to detect Ca2+ concentration,
morphological pathologies, reactive oxygen species (ROS), interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α). In addition, the expression levels of Bcl-2-associated X (Bax), B cell
lymphoma-2 (Bcl-2), Caspase-3, Toll-like receptor-4 (TLR4), myeloid differentiation protein 88
(MyD88), nuclear factor-kappa B (NF-κB), p-p38, p-extracellular signal-regulated kinase1/2
(p-ERK1/2) and c-Jun N-terminal kinase (p-JNK) were assessed by western blots in
myocardial tissues. The effects of Bai on L-type Ca2+ currents (ICa-L), contractility and Ca2+

transients in rat isolated cardiomyocytes were monitored by using patch clamp technique and
IonOptix system. Moreover, ISO-induced H9c2 myocardial injury was used to detect levels of
inflammation and apoptosis.
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Results: Bai caused an improvement in heart rate, ST-segment and heart coefficients.
Moreover, Bai led to a reduction in CK, LDH and Ca2+ concentrations and improved
morphological pathologies. Bai inhibited ROS generation and reinstated SOD, CAT and
GSH activities in addition to inhibition of replenishing MDA content. Also, expressions of IL-
6 and TNF-α in addition to Bax and Caspase-3 were suppressed, while Bcl-2 expression
was upregulated. Bai inhibited protein expressions of TLR4/MyD88/MAPKS/NF-κB and
significantly inhibited ICa-L, myocyte contraction and Ca2+ transients. Furthermore, Bai
caused a reduction in inflammation and apoptosis in H9c2 cells.

Conclusions: Bai demonstrated ameliorative actions towards MI, which might have been
related to attenuation of oxidative stress, inflammation and apoptosis via suppression of TLR4/
MyD88/MAPKS/NF-κBpathway and adjustment of Ca2+ homeostasis via L-typeCa2+ channels.

Keywords: baicalein, myocardial ischemia, TLR4/MyD88/MAPKs/NF-κB pathway, l-type Ca2+ channels,
inflammation, apoptosis

1 INTRODUCTION

Ischemic heart disease is the leading cause of disease burdenworldwide
(Lopez and Murray, 1998). Cardiomyocyte death resulting from
myocardial ischemia (MI) underlies the most significant
cardiovascular-related deaths (Cannon, 2005). MI usually happens
in the middle-aged and elderly population, however, with the
increasing competition in society and the increasing pressure on
young people, its onset tends to be younger and younger (Ingram
et al., 2013). Therefore, the prevention and treatment of myocardial
ischemia have significant implications in the future.

MI results in a reduction in the supply of oxygen and abnormal
energy metabolism that is inadequate to ensure healthy heart
function (Hausenloy and Yellon, 2013). Long-lasting ischemia
causes irreversible cellular damage and eventually apoptosis.
Inflammation and oxidative stress are both closely associated
with MI (Matin et al., 2020; Mo et al., 2021). Pro-inflammatory
cytokines exert a crucial role in heart injury (Lauer et al., 2014), and
the Toll-like receptor-4/nuclear factor-kappa B (TLR4/NF-κB)
pathway regulates the secretion of these cytokines. Myeloid
differentiation protein 88 (MyD88) is an adapter protein that is
critical for TLR4 (Singh et al., 2012) and causes enhancement of
inflammation and an increase in reactive oxygen species (ROS)
production (W. Gao et al., 2016). After the cardiac injury, NF-κB
activates and evokes transcription of pro-inflammatory cytokines
(Wu et al., 2018; Han et al., 2020). Therefore, inhibition of the
TLR4/NF-κB pathway averts inflammation (Hirotani et al., 2002;
Lawrence, 2009; X.; Wang, 2001). NF-κB can activate mitogen-
activated protein kinases (MAPKs), MAPKs are important for
regulating apoptosis (Du et al., 2017).

Calcium ions are important in many aspects of normal cardiac
function as well as in the response to certain pathologic states.
Enhanced contractility of cardiomyocytes is a central characteristic
of cardiac response in ischemic cardiomyopathy (Bristow et al.,
1985; Y.; Gao et al., 2014). Ca2+ enters cardiomyocytes principally
via L-type Ca2+ channels (LTCC) as described by several groups of
researchers (Piper et al., 1998; Ferrier and Howlett, 2001). The
increase in intracellular Ca2+ leads to enhanced myocardial
contractility and accelerated pathological changes (Frey and

Olson, 2003; Chen et al., 2005). Calcium channel blockers are
capable of alleviating MI by inhibiting LTCCs, interfering with
Ca2+ influx and weakening myocardial contractility. Our previous
studies also have demonstrated that drugs specifically attenuating
L-type Ca2+ currents are promising agents concerning exerting
cardiac protection (Song et al., 2016; Han et al., 2019).

Scutellaria baicalensis is a traditional Chinese medicine with a
variety of pharmacological functions for treating cardiovascular
disease and hypertension (Li-Weber, 2009). Baicalein (5, 6, 7-
Trihydroxyflavone, C15H10O5, Bai, Figure 1) is the main active
flavonoid constituent in S. baicalensis Georgi plants (Xiping et al.,
2007; Dinda et al., 2017). Bai is an antioxidant (Kim et al., 2018)
and has potent anti-inflammatory activities (Luo et al., 2017).
Recently, emerging evidence demonstrated that Bai could
suppress apoptosis in response to simulated ischemia/
reperfusion (L. Song et al., 2014). Nevertheless, the mechanism
of Bai against MI has not been reported.

Given the above-mentioned facts, we intended to evaluate the
mechanisms underlying the cardioprotective actions of Bai against
ISO-induced MI based on the inhibition of the TLR4/MyD88/
MAPKS/NF-κB signaling pathway and the regulation of Ca2+

homeostasis. This study would not only assist in better
elaborating the role of Bai in clinical treatment but would also
provide an experimental basis for the reasonable application of Bai.

2 MATERIALS AND METHODS

2.1 Drugs and Reagents
Bai (purity >99%) was obtained from Damas-Beta (Shanghai
Titan Scientific Co., Ltd), ISO was purchased from Amylet
Scientific Inc. (Michigan, United States), and verapamil (Ver)
was provided by Harvest Pharmaceutical Co., Ltd. (Shanghai,
China). Nicardipine (Nic) was obtained from Sigma Chemical
Co. (St. Louis, Mo). Bai was diluted into the proper
concentrations in carboxymethyl cellulose and used
immediately. ISO and Ver were dissolved in normal saline.
Dulbecco’s modified Eagle’s medium (DMEM, Catalog:
12430047), fetal bovine serum (Catalog: 10093188), trypsin
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(Catalog: 25200072), and penicillin/streptomycin were purchased
from Gibco (Thermo Fisher Scientific, Inc. Missouri,
United States). Unless otherwise specified, other laboratory
chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
United States) and were of analytical purity.

2.2 Animals
Forty Kunming male mice (20 ± 2 g; 4–5 weeks) and male adult
Sprague-Dawley rats (180–220 g; 42–45 days) were obtained
from the Experimental Animal Centre, Hebei Medical
University. Before the experiments, animals were brought into
the laboratory and allowed to acclimate for 1 week. Mice were
caged in 22 ± 2°C with 12 h light/dark cycles and supplied with
adequate food and water. The experiments were performed
according to the International Association of Veterinary
Editors guidelines and approved by the Ethics Committee for
Animal Experiments of Hebei University of Chinese Medicine
(approval number: DWLL2020073).

2.3 Experimental Design
Forty male Kunming mice were randomly allocated into five
groups with eight mice per group. The doses of ISO and Bai are
can be obtained from previous references (Haleagrahara et al.,
2011; Dinda et al., 2017). Details of the experimental groups are as
follows:

Control (Con): Mice were intraperitoneally injected (i.p.)
with 0.9% normal saline (0.1 M/kg/day) once each day for
7 days.

ISO: Mice were subcutaneously administered ISO (85 mg/kg,
s. c.) on the last two consecutive days of the experiment.

Low-dose Bai (L-Bai): Mice in the L-Bai group were pre-
treated with Bai solution (30 mg/kg/day) via gavage for 7 days.
Then mice were subcutaneously administered ISO (85 mg/kg, s.
c.) on the last two consecutive days of the experiment.

High-dose Bai (H-Bai): Mice were pre-treated with Bai
solution (60 mg/kg/day) via gavage for 7 days. Then mice were
subcutaneously administered ISO, the same as the L-Bai group.

Ver: Mice were given Ver (2 mg/kg/day, i. p.) for 7 days. Then
ISO was subcutaneously administered, the same as L-Bai and
H-Bai groups.

Twenty-four h after the last treatment, pentobarbital sodium
(50 mg/kg) was injected i. p. to anesthetize the mice (B. Zheng
et al., 2021). The electrocardiogram (ECG) was recorded on
anesthetized mice. After that, blood was collected and serum
was separated by centrifugation. Then hearts were quickly
dissected, rinsed with saline, weighed, and photographed. For
further detection, the heart tissues were placed into liquid
nitrogen.

2.4 Determination of Electrocardiogram
After anesthesia, the RM6240BD Biological Signal Collection
System (Chengdu Manufacture Factory) was used to record
the ECG and monitor changes in heart rate and ST-segment
elevation in each group of mice. ECG was recorded using three
subcutaneous needle electrodes: 1) green electrode connected to
the right upper limb; 2) black electrode connected to the right
lower limb; and 3) red electrode connected to the left lower limb.

2.5 Estimations of Cardiac Marker Enzymes
Mice were anesthetized, blood was drawn from the enucleation of
the eyeball and collected in heparinized tubes. The serum was
separated by centrifugation at 3,500 rpm for 10 min. Creatine
serum (CK) in serum (No. A032-1-1) and lactate dehydrogenase
(LDH) levels (No. A020-2-2) were measured to estimate
myocardial damage via a colorimetric method using standard
diagnostic kits (Jian Cheng Biological Engineering Institute,
Nanjing, China). A UNICO-UV2000 spectrophotometer
(JianCheng, Nanjing, China) was used to measure
corresponding absorbances.

2.6 Detections of Ca2+ Concentration
The concentration of Ca2+ (No. C004-2-1) was assessed in the
myocardium. Heart tissue was homogenized in 10% deionized
water. The homogenate was centrifuged at 2,500 rpm for 10 min
and the supernatant was used for the assay. After the samples
were processed, the BCA kit was used to detect the protein
concentration. The concentration of Ca2+ was measured by
methylthymol blue staining following the commercially
available kit’s instructions (Jiancheng, Nanjing, China). Finally,
the OD value of each well was measured at 610 nm using an
enzyme marker.

2.7 Histopathology Observations
The heart samples were prepared and immediately stocked in 4%
paraformaldehyde. After 24 h, samples were routinely processed
and embedded in paraffin. Samples were sectioned (5 μm) and
stained using hematoxylin and eosin (H&E). Sections were
visualized via light microscopy (Leica DM4000B, Solms,
Germany).

2.8 Oxidative Stress Detection
2.8.1 Probing for ROS Production
The fluorescent probe, dihydroethidium (DHE, Cat. Beyotime
Institute of Biotechnology, Shanghai, China), was used to
measure the amount of ROS in heart tissues. Heart tissues
were added to an optimum cutting temperature (OCT)
embedding medium (No. 4583; Sakura) and then frozen in dry

FIGURE 1 | Chemical structure of Baicalein (Bai).
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ice. Frozen slides were brought to room temperature, and excess
liquid was discarded. The target tissue was marked with a fluid
blocker pen. ROS staining solution (No. G1045; Servicebio,
Wuhan, China) was added to the marked area, and the slide
was incubated at 37°C and kept in the dark for 30 min. After
washing three times with phosphate-buffered saline (PBS) at pH
7.4 (No. G002; Servicebio, Wuhan, China) in a Rocker device for
5 min each, 4’,6-diaminidino-2-phenylindole (DAPI) solution
was dripped onto the slide (No. G1012; Servicebio, Wuhan,
China) and incubated at room temperature in the dark. Ten
minutes later, the slices were washed using the previous method
and sealed with an anti-fade mounting medium coverslip (No.
G1401; Servicebio, Wuhan, China). Images of ROS generation
were collected using fluorescence microscopy. Red fluorescence
labeling was detected when ROS was generated and quantified
using Image-Pro Plus software.

2.8.2 SOD, CAT, GSH, and MDA Detection
The serum samples were checked for the activities of superoxide
dismutase (SOD, No. A001-3-1), and catalase (CAT, No. A007-1-
1), glutathione (GSH, No. A006-2-1) and the level of
malondialdehyde (MDA, No. A003-1-1). These antioxidant
enzymes and lipid peroxides were detected by
spectrophotometry using commercially available kits
(Jiancheng, Nanjing, China).

2.9 Measurements of Interleukin-6 (IL-6)
and Tumor Necrosis Factor-α (TNF-α)
IL-6 (No. 88-7064) and TNF-α (No. 88-7324) expressions in
heart tissues were measured to test the inflammatory status in
mice of the five groups using enzyme-linked immunosorbent
assay (ELISA) kits according to manufacturer’s instructions
(Servicebio, Wuhan, China).

2.10 Assessment of Bcl-2-Associated X
(Bax), B Cell Lymphoma-2 (Bcl-2),
Caspase-3, and TLR4/MyD88/NF-κB/
MAPKs Pathway by Western Blot
As previously described (Zhang et al., 2016), the cardiac tissues
were dissolved in RIPA lysis buffer (No. G2002; Servicebio,
Wuhan, China). The supernatant containing total protein
extract was used to determine the concentration using the
BCA protein quantitative assay kit (No. G2026; Servicebio,
Wuhan, China) after centrifugation (12,000 rpm, 10 min, 4°C).
Heart tissue lysates were loaded onto a 10% SDS-PAGE gel (No.
G2003; Servicebio, Wuhan, China), transferred into
polyvinylidene fluoride membranes (No. G6015–0.45;
Servicebio, Wuhan, China), and blocked with TBST buffer
carrying 5% (w/v) skim milk at 37°C for 30 min. The
membranes underwent overnight incubation at 4°C with
primary antibodies against Bax (No. GB11690; Servicebio,
Wuhan, China; diluted 1:1,000), Bcl-2 (No. PAA778Mu01;
Cloud-Clone, Wuhan, China; diluted 1:1,000), Caspase-3 (No.
66470-2-lg; San Ying, Wuhan, China; diluted 1:1,000), TLR4 (No.
GB11519; Servicebio, Wuhan, China; diluted 1:1,000), MyD88

(No. 23230-1-AP; San Ying, Wuhan, China; diluted 1:1,000),
polyclonal anti-NF-κB (p65) (No. GB11142; Servicebio, Wuhan,
China; diluted 1:1,000), p-p38 (no. 4511; Cell Signaling
Technology, Massachusetts, United States; diluted 1:1,000),
p-extracellular signal-regulated kinase1/2 (p-ERK1/2, No. 4370;
Cell Signaling Technology, Massachusetts, United States; diluted
1:1,000), and c-Jun N-terminal kinase (p-JNK, no. 4668; Cell
Signaling Technology, Massachusetts, United States; diluted 1:
1,000). Anti-β-actin (No. GB12001; Servicebio, Wuhan, China;
diluted 1:1,000) was used as the internal standard. The next day,
the membrane was washed with PBS-T (No. G0001-2L;
Servicebio, Wuhan, China) and incubated with horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit or anti-
mouse antibodies (No. GB23303 or No. GB23301; Servicebio,
Wuhan, China; diluted 1:3,000) for 30 min at 37°C. The bound
antibodies were visualized using the enhanced
chemiluminescence (ECL) system (No. G2014; Servicebio,
Wuhan, China) and quantified by densitometry using an
Alpha Ease FC system (Alpha Innotech, Shanghai, China).

2.11 Isolation of Rat Ventricular
Myocardium
Single ventricular myocardia were isolated from normal
experimental rats that were anesthetized by injection of i. p.
heparin sodium (500 IU/kg) and ethyl carbamate (1.0 g/kg). The
hearts were promptly dissected, soaked in frozen Tyrode’s
solution, and suspended in Langendorff equipment perfused
by oxygenated frozen free Ca2+ Tyrode’s solution for 5 min.
After that, an enzymatic solution (Collagenase Type Ⅱ,
ThermoFisher, No. 17101-015) was applied to digest the heart
for 15–20 min. Subsequently, the heart was removed, and the
tissue was cleaned thoroughly with Tyrode’s solution. The
ventricle was torn into tiny pieces in Kreb’s buffer solution.
The freshly dissociated cardiomyocytes were preserved in
Kreb’s buffer solution filled with oxygen for up to 1 h at room
temperature before subsequent experiments were performed.
Solutions used in the perfusion process must be oxygenated
with 100% O2 and prepared as described in Table 1. The pH
of normal Tyrode’s solution and the enzyme solution was
adjusted to 7.4 using 3 M NaOH. The external/internal
solution was adjusted to pH 7.3 with CsOH, and the Kreb’s
buffer solution was adjusted to pH 7.2 using KOH.

Myocardial ischemia was induced in the rats by subcutaneous
injection with ISO (85 mg/kg). The dose and pattern of injection
were carried out according to a previous study (Han et al., 2019).
After two consecutive days of ischemia were established, and
experimental treatments were performed as described above to
isolate ventricular cells from normal rats.

2.12 Electrophysiological Recordings of
L-type Ca2+ Currents
Whole-cell patch clamp recordings were performed in ventricular
myocytes to measure the L-type Ca2+ currents. The pipette puller
(Sutter Instrument, Novato, CA, United States) was employed for
pulling the borosilicate glass microelectrodes of 3–5 MΩ
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resistance, which were later filled with a pipetted internal
solution. ICa-L was recorded using an Axon Patch 200B
amplifier with a 2 kHz applied to recordings. Data analyses
were done using the Pclamp10.0 software (Axon Instruments,
Union City, CA, United States). All experiments were performed
in an air-conditioned room (23–25°C).

2.13 Measurements of Myocyte
Contractions and Ca2+ Transients
Ventricular myocyte contractions and Ca2+ transients were
detected using the IonOptix detection system (Ion Optix,
Milton, Massachusetts, United States). Cardiac myocytes
placed in the bath were perfused with normal Tyrode’s
solution. Myocardial shortening was initiated twice by field
stimulation (0.5-Hz frequency, 2-ms duration) and observed
under inverted microscopy. Only cardiomyocytes with a
distinct vein were suitable for measuring contractions.
Cardiomyocytes were dyed in the dark for 15 min with the
fluorescent indicator fura-2/AM (1 mmol/L) and illuminated
by alternating between 340 and 380 nm filters. The emitted
fluorescence was tested at 510 nm, and Ca2+ transients were
recorded with the Ion Optix (United States) fluorescence
system.

2.14 Cell Culture and Treatment
Rat H9c2 cardiomyocytes were purchased from Bluefbio
(Shanghai, China, No. BFN60804388) and cultured in high-
glucose DMEM which contained 10% fetal bovine serum
(Gibco, Grand Island, NY, United States, No. 2176377) and
100 U/mL penicillin/streptomycin under 5% CO2 and 95% air
at 37°C. The cell culture reagents were changed once every
2 days. H9c2 cardiomyocytes were digested with 0.25 g/L

trypsin (Gibco) at approximately 80% cell confluence to be
used for subculturing (Y. Zheng et al., 2019). The cells were
seeded in 25-cm2 culture flasks and passaged every 3 days. The
follow-up experiments were performed after H9c2
cardiomyocytes had reached the logarithmic growth phase.
H9c2 cardiomyocytes were divided into four groups (A) Con
group; (B) ISO group at 50 μmol/L (Hu et al., 2013; Lin et al.,
2017); (C) L-Bai group (10 μmol/L); (D) H-Bai group
(30 μmol/L).

2.15 Measurements of Intracellular IL-6 and
TNF-α by ELISA
After the experiment, H9c2 cardiomyocytes were digested with a
moderate amount of trypsin and centrifuged for 10 min at
1,500 rpm. The supernatant was discarded, and 500 μL
phosphate-buffered saline (PBS) was added to resuspend the
cell precipitate after which it was the mix. After that, cells
were ruptured 10 times via ultrasound for 2 s to collect cell
homogenate for detection. The concentration of IL-6 (No.
H007) and TNF-α (No. H052) were determined by enzyme-
linked immunosorbent (ELISA) kits according to the
manufacturer’s instructions.

2.16 Assessment of Apoptosis by Hoechst
33258 Staining
As a nucleus-specific dye, Hoechst 33258 (Beijing Solarbio
Science & Technology, Beijing, China, No. IH0060) is used to
evaluate the extent of apoptosis. Following the experiment, the
cell culture media in 24-well plates from different groups were
discarded, and H9c2 cardiomyocytes were washed three times
with PBS (No. 003,002). After washing, cells in each group

TABLE 1 | Components of solutions used in the study.

Solution components
(unit in
mM)

Normal Tyrode’s
solution

The enzyme
solution

The external
solution

The internal
solution

Kreb’s buffer

Hepes free acid (HEPES) 10 10 10 10 10
Glucose 10 10 10 — 10
CaCl2 1.8 0.03 1.8 —

MgCl2 1 1 2 — —

Taurine 10 4.4 — — 20
NaCl 135 135 — — —

KCl 5.4 5.4 — — —

NaH2PO4 0.33 0.33 — — —

Bovine serum albumin — 0.5a — — —

Collagenase type Ⅱ — 0.6a — — —

Tetraethylammonium chloride (TEA-Cl) — — 140 20 —

CsCl — — — 120 —

Mg-ATP — — — 5 —

EGTA — — — 10 1
MgSO4 — — — — 3
KCl — — — — 40
KH2PO4 — — — — 25
KOH — — — — 80
Glutamic acid — — — — 50

aUnit in mg/mL.
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were incubated in 500 μL/well of Hoechst 33258 staining
solution (10 μg/ml) for 20 min in the dark at room
temperature, and they were then rinsed twice with PBS. The
cells were observed and photographed immediately under
fluorescence microscopy (Leica, Germany) (Y. Zheng et al.,
2019). Nuclei with brightly stained and bright fragments were
regarded as apoptotic cells, while cells with blue chromatin and
organized structure were considered to be normal.

2.17 Data Analysis
The resulting data are shown as mean ± standard error of the
mean (S.E.M.) Statistical analyses were performed using Origin
Pro version 9.1 software. One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc tests was performed to compare

more than two groups. A value of p < 0.05 was considered
statistically significant.

3 RESULTS

3.1 Effects of Bai on ECG
Figure 2A shows representative ECG tracings. As shown in
Figures 2B,C, the heart rate and ST-segment showed
significant elevations in ISO-induced MI mice (p < 0.01).
Heart rate and ST-segment in L-Bai, H-Bai, and Ver groups
had decreased when compared with ISO group (p < 0.01 or p <
0.05). The results revealed that Bai inhibited heart rate and ST
segment in a dose-dependent manner in mice.

3.2 Effects of Bai on Heart Appearance,
Coefficients
As shown in Figure 2D and Table 2, a marked difference between
the Con and ISO groups in terms of gross appearances and body
and heart weights was found. Compared to other groups, ISO
treatment caused an enlargement of the heart and a significant
decrease in body weight in mice, while heart weights from mice
with cardiac hypertrophy increased. At the same time, the heart
coefficient in ISO-treated hearts was markedly elevated (p < 0.01
or p < 0.05). In contrast, L-Bai, H-Bai, and Ver administrations

FIGURE 2 | (A) Representative electrocardiogram (ECG) tracings of each group in mice. (B) Statistical analysis of heart rate (C) ST segment in each group. (D)
Effects of Bai on heart appearance inmice. Scale bar = 1 cm. Data are themeans ± standard error of themean (S.E.M.) for n = 8. p < 0.01 versus control (Con);p < 0.01, p
< 0.05 versus isoproterenol (ISO).

TABLE 2 | Effects of Bai on heart coefficients in mice.

Groups HW (mg) BW (g) Heart coefficients (mg/g)

Con 111.00 ± 7.7 33.375 ± 0.436 3.31491 ± 0.4263
ISO 143.05 ± 3.25** 26.067 ± 0.491** 5.56207 ± 0.2666**
L-Bai 127.12 ± 1.81# 26.300 ± 0.966 4.76463 ± 0.1803#

H-Bai 124.12 ± 3.38## 30.880 ± 0.762## 4.01981 ± 0.0558##

Ver 124.62 ± 1.27## 33.367 ± 0.606## 3.83765 ± 0.2523##

BW, bodyweight; HW, heart weight; heart coefficients, heart weight (HW) to-bodyweight
(BW) ratio. Data are presented as mean ± S.E.M. (n = 8). Compared to the Con group
(p < 0.01); compared to the ISO, group (p < 0.01, p < 0.05).
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resulted in a significant improvement of pathology in addition to
the reduction in heart weight, heart coefficients, and
augmentation in body weight (p < 0.01 or p < 0.05). These
findings suggested that Bai improved the gross appearance and
coefficients of the heart in a dose-dependent manner.

3.3 Effects of Bai on Cardiac Marker
Enzymes and Ca2+ Concentration
As presented in Figures 3A,B, the mouse serum levels of CK,
LDH, and myocardium Ca2+ concentrations in the ISO group
were higher than those in the Con group (p < 0.01), while L-Bai,
H-Bai, and Ver groups showed a significant recovery to varying
degrees (p < 0.01).

3.4 Effects of Bai on Histopathology
Figure 3C presented the histopathology change of mouse hearts.
Cardiac slices in the Con group showed a normal myofibrillar
structure, while the ISO group demonstrated evident
degeneration, infiltrating inflammatory cells, and necrosis. The
necrosis and inflammatory cells in the Bai and Ver groups were
less than those in ISO group. These changes in pathological
structures were dramatically increased in the ISO group

compared to the Con group (p < 0.01). Conversely, the L-Bai,
H-Bai, and Ver groups reduced these pathological structural
changes with increasing dose compared with the ISO group (p
< 0.01 or p < 0.05).

3.5 Effects of Bai on Oxidative Stress
3.5.1 Effects of Bai on ROS Generation
The fluorescence of a dihydroethidium probe was applied to
determine ROS generation in mouse cardiac tissue. As seen in
Figures 4A,B, no obvious dichloro-fluorescein fluorescence was
detected in the Con group. An abundance of ROS in the ISO
group was detected. L-Bai, H-Bai, and Ver groups led to a
significant reduction in ROS production compared to the ISO
group. The results suggested that Bai decreased the ROS
generation in a dose-dependent manner.

3.5.2 Effects of Bai on SOD, CAT, GSH, and MDA
As shown in Figures 4C–F, the activities of SOD, CAT, and
GSH of mouse serum in the ISO group significantly declined,
while the level of MDA was noticeably elevated (p < 0.01). In
contrast to the ISO group, pretreatment of L-Bai, H-Bai, and
Ver caused an increase in SOD, CAT, and GSH activities and
a reduction in MDA levels (p < 0.01 or p < 0.05). It was

FIGURE 3 | (A) Effects of Bai on levels of creatinine kinase and lactate dehydrogenase (CK and LDH, respectively) (B) concentration of Ca2+ in mice. (C)
Representative heart histopathological images from Con, ISO, L-Bai, H-Bai, and verapamil (Ver) in mice, and the area of myocardial injury in each group was calculated.
Scale bar = 50 μm (magnification: ×400).
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FIGURE 4 | Effects of Bai on oxidative stress. (A) The fluorescence intensity images for reactive oxygen species (ROS) were observed by fluorescent probe
dihydroethidium (DHE) at a magnification: ×200 in each group. Scale bar = 100 μm. (B) The area percentages of ROS levels were calculated. (C-F) Effects of Bai on
activities of superoxide dismutase, catalase, and glutathione (SOD, CAT, GSH, respectively) and concentration of malondialdehyde (MDA). Values are denoted by
means ± S.E.M. p < 0.01 versus Con; p < 0.01, p < 0.05 versus ISO.
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revealed that Bai reduced the levels of oxidative stress in a
dose-dependent manner.

3.6 Effects of Bai on Inflammatory Markers
of IL-6 and TNF-α
In contrast with the Con group, the results indicate that IL-6 and
TNF-α in the ISO treated group were significantly elevated
(Figures 5A,B, p < 0.01). Meanwhile, the L-Bai, H-Bai, and
Ver groups were found to cause a decrease in the levels of IL-
6 and TNF-α to varying degrees inmice (p < 0.01 or p < 0.05). Our
findings suggested that Bai inhibited the levels of inflammatory
factors in a dose-dependent manner.

3.7 Effects of Bai on Apoptosis Markers of
Bax, Bcl-2, and Caspase-3
We determined protein levels of the apoptotic markers based
on Western blots to observe the expression of Bax, Bcl-2, and
Caspase-3 factors that are mainly associated with apoptosis
(Figures 5C–F). Compared to the Con group, the ISO group
showed a noticeable increase (p < 0.01), while the Bcl-2 level
showed a significant decrease. Mice given L-Bai, H-Bai, and
Ver showed a reduction in Bax and Caspase-3 levels (p < 0.01
or p < 0.05), while the Bcl-2 level showed enhancement
during the same period compared to the ISO group (p <
0.01 or p < 0.05). It was manifested that Bai inhibited the

expressions of apoptotic factors in a dose-dependent
manner.

3.8 Effects of Bai on TLR4/MyD88/MAPKs/
NF-κB Pathway
Figure 6A–H illustrates that the protein expressions of TLR4,
MyD88, NF-κB, p-p38, p-ERK1/2, and p-JNK in ISO were
significantly increased compared to the Con group (p < 0.01).
In groups that mice were treated with L-Bai, H-Bai, and Ver, these
protein expressions were significantly depressed (p < 0.01 or p <
0.05). The results revealed that Bai inhibited the expressions of
TLR4/MyD88/MAPKs/NF-κB pathway in a dose-dependent
manner.

3.9 Reduction of L-type Ca2+ Currents,
Myocyte Contractions and Ca2+ Transients
by Bai
3.9.1 Confirmation of L-type Ca2+ Currents
L-type Ca2+ currents are determined using a steady-state
activation protocol. The currents were almost totally blocked
by Nic (10−3 M), a specific LTCC antagonist, indicating that they
were LTCC (p < 0.01) as shown in Figures 7Aa,b. As a specific
T-type Ca2+ channel blocker, NiCl2 (10

−2 M) did not affect the
currents (Figure 7Ba,b), indicating that no existence of T-type
Ca2+ currents could be found. Ver (10−6 M) is a specific L-type

FIGURE 5 | Effects of Bai on interleukin 6, tumour necrosis factor alpha (IL-6, TNF-α), Bcl-associated X protein, B-cell lymphoma 2 (Bax and Bcl-2, respectively) and
Caspase-3 in mouse myocardium. (A,B) IL-6 and TNF-α levels were measured by enzyme-linked immunosorbent assay (ELISA). (C) Western blotting was applied to
measure the protein expressions of Bax, Bcl-2, and Caspase-3. (D-F)Relative intensities of Bax, Bcl-2, and Caspase-3 were normalized to β-actin. Values are presented
as means ± S.E.M. p < 0.01 versus Con; p < 0.01, p < 0.05 versus ISO.
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Ca2+ currents inhibitor and capable of almost completely
inhibiting current flow (p < 0.01, Figure 7Ca,b). These
findings indicated that the currents in rat cardiomyocytes were
evoked by LTCC.

3.9.2 Inhibitory Effects of Bai on L-type Ca2+ Currents
in Normal and Ischemic Ventricular Myocardial Cells
Figure 7D, E show that the peak of L-type Ca2+ currents was
significantly inhibited (p < 0.01) by 61.57 ± 1.03% and 60.26 ± 1.42%
after administration of 10−4M Bai. Nevertheless, L-type Ca2+

currents partially recovered after being subject to washout with
an external solution. The results demonstrated that Bai inhibits
L-type Ca2+ currents in normal and ischemic rat cardiomyocytes,
which appears to be a partially reversible process.

3.9.3 Concentration-dependent Effects of Bai on
L-type Ca2+ Currents
Figure 7Fa exhibits the representative current traces evoked from
the test potentials of –80 to 0 mV at different Bai concentrations.
The time course of the peak L-type Ca2+ currents were
continuously reduced after using increasing concentrations of
Bai (10−6, 3 × 10−6, 10−5, 3 × 10−5, 10−4, 3 × 10−4 M) or Ver
(10−6 M) as shown in Figure 7Fb. The half-maximal inhibitory
concentration (IC50) of Bai was 4.7295 × 10−5 M. The inhibition
rates by Bai at 10−6, 3 × 10−6, 10−5, 3 × 10−5, 10−4, and 3 × 10−4 M
were 7.97 ± 0.15%, 12.95 ± 0.85%, 21.5 ± 0.8%, 45.45 ± 0.6%,
61.57 ± 1.03%, and 76.67 ± 0.5%, respectively (Figure 7Fc).

3.9.4 Effects of Bai on the Current–Voltage (I–V)
Relationship of L-type Ca2+ Currents
Figure 8A,B show the I–V relationship curves at distinct
concentrations of Bai (10−5 M, 3 × 10−5 M, and 10−4 M) and
Ver (10−6 M). The currents appeared between –60 and 60 mV.
Also, Bai produced a dose-dependent effect on I–V curves. The
amplitudes of L-type Ca2+ currents were enhanced at –20 mV.
Nevertheless, the I–V relationship of L-type Ca2+ currents and the
reversal potential did not significantly change after these
treatments.

3.9.5 Effects of Bai on Steady-State Activation and
Inactivation of L-type Ca2+ Currents
The voltage-dependent effects of different Con and Bai
concentrations (10−5 and 10−4 M) on the state of steady
activation and inactivation of L-type Ca2+ currents were
shown in Figures 8C,D. However, Bai generated an
obvious leftward shift of the inactivation curve of L-type
Ca2+ currents. The values of V1/2 and slope factor (k) for the
activation of Con and Bai (10−5 and 10−4 M) were –10.94 ±
1.05 mV/7.277 ± 0.95, –11.78 ± 0.89 mV/6.79 ± 0.80, and
–11.24 ± 0.41 mV/6.69 ± 0.37, respectively. The values of V1/2

and slope factor (k) for inactivation in the Con and Bai (10−5

and 10−4 M) groups were –27.91 ± 0.75 mV/3.7979 ± 0.75,
–28.62 ± 0.76 mV/4.10 ± 0.77, and –32.51 ± 0.52 mV/5.41 ±
0.47, respectively.

FIGURE 6 | Effects of Bai on TLR4, MyD88, NF-κB, and MAPKs pathways. (A,E)Western blot was applied to measure the protein expressions of TLR4, MyD88,
NF-κB, p-p38, p-ERK1/2, and p-JNK in mice. (B-D) Relative intensities of TLR4, MyD88, and NF-κB were normalized to β-actin (F–H) in addition to p-p38,
p-extracellular-regulated kinase 1/2 (p-ERK1/2), and p-jun kinase (p-JNK). Values are presented as means ± S.E.M. p < 0.01 versus Con; p < 0.01, p < 0.05 versus ISO.
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3.9.6 Effects of Bai onMyocyte Contractions and Ca2+
Transients
Changes in rat myocyte contractions in Con and Bai groups are
shown in Figure 9A,B in which the representative myocyte
contractions in the absence and presence of Bai (3 × 10−5M) are
displayed. It can be seen that contractility after wash-out was
partially recovered. The results show that Bai significantly
inhibited myocyte shortening by 39.19 ± 0.84%, 51.495 ± 1.905%,
and 61.96 ± 3.92% (p < 0.01) at doses of 10−5, 3 × 10−5, and 10−4M,
respectively (Figure 9C). Figures 9D–F shows the variations in Ca2+

transient with/without Bai (10−5, 3 × 10−5, 10−4 M). The
representative Ca2+ transients in both the presence and absence
of Bai (3 × 10−5M) are displayed in Figures 7D,E. The amplitudes of
Ca2+ transients decreased by 30.57 ± 1.19%, 42.64 ± 1.36%, and
59.2 ± 2.18% at concentrations of 10−5, 3 × 10−5, and 10−4M,
respectively (p < 0.01 or p < 0.05) as shown in Figure 7F.

3.10 Effects of Bai on Cultured H9c2
Cardiomyocytes
3.10.1 Effects of Bai on H9c2 Cells Inflammatory
Markers of IL-6 and TNF-α
As shown in Figures 10A,B the levels of IL-6 and TNF-α in
cultured H9c2 cardiomyocytes were significantly upregulated in
ISO groups (p < 0.01); However, these levels significantly
decreased after Bai administration (p < 0.01 or p < 0.05). The
results indicate that Bai could ameliorate ISO-induced
inflammatory injury.

3.10.2 Effects of Bai on H9c2 Cells Apoptosis by
Hoechst 33258 Staining
Myocardial apoptosis was demonstrated as the presence of areas
of Hoechst 33258 staining (Figures 10C,D). The intensity of

FIGURE 7 | Confirmation of L-type Ca2+ currents in rat cardiomyocytes. (A–C[a]) Typical traces and (A–C[b]) summary data exhibited the representative L-type
Ca2+ currents recordings with the application of (A) Nic (10−3 M) (B) NiCl2 (10

−2 M), and (C) Ver (10−6 M). Nic and Ver almost totally blocked the L-type Ca2+ currents.
Effects of Bai on L-type Ca2+ currents in (D) normal ventricular myocytes and (E) ischemic ventricular myocytes. (D,E[a]) Typical traces (D,E[b]) temporal course of
L-type Ca2+ currents, and (D,E[c]) summary data were recorded in the control conditions, during applications of Bai (10−4 M) and washout. (F[a]) Current traces
and (F[b]) the temporal course of L-type Ca2+ currents were recorded in the control conditions during exposure to 10−6, 3 × 10−6, 10−5, 3 × 10−5, 10−4, and 3 × 10−4 M
Bai, and 10−6 M Ver. (F[c]) Concentration-response curve representing the percent inhibition of Bai. Values are expressed as means ± S.E.M. p < 0.01 versus Con, n =
6-8 cells.
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fluorescence from the ISO group significantly increased when
compared with Con group (p < 0.01). Fluorescence was
significantly downregulated in the L-Bai and H-Bai groups (p
< 0.01). The results indicate that Bai exerts protective effects
against ISO-induced myocardial apoptosis.

4 DISCUSSION

As the leading cause of fatality worldwide, MI has become a
serious threat to human health (Priori et al., 2015). At present, the
medications used to treat MI still have many adverse effects, so it
is particularly important to find other alternative drugs with
minimal side effects.

It is an effective approach to establish animal models for
investigating the prevention and treatment of ischemic heart
disease, particularly MI. An experimentally ISO-induced MI model
could show changes in the ECG, cardiac shape, and marker enzymes
similar to human MI (Karthick and Stanely Mainzen Prince, 2006).
MI signs on an ECG are ST-segment elevation and heart rate
acceleration. In our study, heart coefficients were reduced after
exposure to Bai. Also, a previous study demonstrated that ISO
causes myocardial cell damage and loss of cell membrane function
integrity, which stimulates the release of cardiac marker enzymes into
the blood (Constant, 1997). As shown in Figure 3A, Bai could cause a

reduction in the levels of serum CK and LDH in mice. Besides, Ca2+

overload is closely associated with MI (Zhang et al., 2018), so we
measured Ca2+ concentrations in heart tissues. The results indicated
that Bai treatment inhibited Ca2+ influx. Also, the significant
improvement in histopathological examination in mice further
demonstrated the cardioprotective effect of Bai.

ROS is a critical element in the pathogenesis of ISO-inducing
MI (Patel et al., 2010). The autoxidation of high dose ISO
produces highly toxic ROS that disrupts the balance between
pro and antioxidants and enhances lipid peroxidation. In
addition, antioxidant defense systems composed of various
antioxidant enzymes and antioxidants exist within cells. Our
results show that Bai could lead to a decrease in the
production of ROS; moreover, Bai caused a significant
enhancement of SOD, CAT, and GSH activities and a
reduction in MDA levels in mice (Figure 4), which were
consistent with previously described studies (Haleagrahara
et al., 2011; Han et al., 2019). The antioxidant capacity of Bai
appears to be the potential mechanism against ISO-induced MI.

TLR4 and NF-κB signaling pathways could be activated by
excessive ROS (X. Wang et al., 1998). The TLR4 signaling
pathway is an important mediator of myocardial injury induced
by inflammation (Jenke et al., 2013). Activation of TLR4 leads to
an improvement in the MyD88 level, which is one of the major
adaptor proteins for TLR4 involved in promoting signal transduction

FIGURE 8 | Effects of Bai on the I-V relationship of L-type Ca2+ currents in rat cardiomyocytes. (A) Typical traces and (B) summary data are exhibited under the
application of Con ( ), Bai at 10−5 M ( ), 3 × 10−5 M ( ), 10−4 M ( ), and Ver at 10−6 M ( ). Effects of Bai on steady-state activation and inactivation of L-type Ca2+

currents. (C) Activation curves and (D) inactivation curves of L-type Ca2+ currents exhibited under the application of Con and Bai at 10−5 M and 10−4 M. Values are
presented as means ± S.E.M. n = 6-8 cells.
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(Medzhitov et al., 1998). In the meantime, the MyD88-dependent
pathway might activate MAPKs and the NF-κB pathway (Keating
et al., 2007; G.; Wang et al., 2017). Results in our study indicated that

injection of ISO caused an increase in pro-inflammatory cytokine
levels, such as IL-6 and TNF-α, via activation of the TLR4 and NF-κB
signaling pathways. Bai could also cause a decrease in ISO-induced

FIGURE 9 | Effects of Bai on myocyte contractions and Ca2+ transients in rat cardiomyocytes. (A,D) Time course and (B,E) typical traces recorded in Con and Bai
(3 × 10−5 M). (C,F) Pooled data of myocyte contractions and Ca2+ transients under Con and Bai (10−5, 3 × 10−5, and 10−4 M). Values are presented as means ± S.E.M. p
< 0.01, p < 0.05 versus Con, n = 6-8 cells.

FIGURE 10 | (A,B) Effects of Bai on levels of IL-6 and TNF-α in H9c2 cells. (C,D) Effects of Bai on apoptosis of MI cardiomyocytes by Hochest 33258 staining.
Apoptotic fluorescence pictures from different groups; and the ratio diagram about fluorescence intensity of apoptosis is exhibited. Values are presented as means ±
S.E.M. p < 0.01 versus Con; p < 0.01 versus ISO group, n = 6.
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inflammation in H9c2 cardiomyocytes as shown in Figure 10. These
factors decreased after pretreatment with Bai, indicating that Bai could
attenuate cardiac injury by inhibiting inflammatory reactions.
Therefore, we speculate that the protective effects of Bai on heart
injury might be related to inhibition of the signaling described above.

NF-κB can activate MAPKs, and MAPKs regulate anti-
apoptotic proteins (W. Gao et al., 2016). MAPKs, a family of
signaling proteins, are chiefly activated as a response to
extracellular stimulation (Ghasemi et al., 2014) and act as
a signal amplifier to coordinate cellular responses, such as
apoptosis (Cao et al., 2014). Three members of this family
have been found to date: 1) ERK, 2) JNK, and 3) p38. ERK is
regarded as an anti-apoptotic factor. The activated form of
p-ERK can promote cell survival, proliferation, and
differentiation (Maemura et al., 2009). JNK and p38 are
considered proapoptotic factors. JNK is one of the most
significant subfamilies in the MAPK system, and activated
JNK (p-JNK) can lead to apoptosis (Kamata et al., 2005). The
p38 plays a vital role in inflammatory response and apoptosis;
its activation is regarded as an early requirement for
apoptosis (Galán et al., 2000; Fang et al., 2019). The
reduction in ERK1/2, p38, and JNK expression
demonstrates that Bai could inhibit the MAPK pathway.
ROS can activate the caspase family proteases to generate
apoptosis (Kluck et al., 1997). Cardiomyocyte apoptosis is
considered to be a critical event of ischemic heart disease
(Eefting et al., 2004; Logue et al., 2005). Our study shows that
Bai caused an increase in the anti-apoptotic Bcl-2 expression
and a reduction in the expression of pro-apoptotic Bax and
Caspase-3 in mouse myocardium. These results might be
related to the suppression of the MAPK signaling pathway.
In addition, the results of apoptotic fluorescence showed that
Bai could cause a decrease in the ISO-induced apoptosis of
H9c2 cardiomyocytes (Figure 10).

The crucial pathogenic feature of MI is abnormal myocardial
Ca2+ homeostasis (Madamanchi and Runge, 2013). The separated
myocyte models provide a chance to inspect the physiological
adaptations in heart function. Calcium, an omnipresent
indicator, is involved in an extensive range of cell activities
(Berridge et al., 2003; Clapham, 2007). Ca2+ induces
excitation-contraction coupling, and membrane depolarization
evokes voltage-gated Ca2+ channels, enables Ca2+ to enter
cardiomyocytes through LTCC, and then triggers the
sarcoplasmic reticulum to release Ca2+, which increases
intracellular Ca2+. Nevertheless, the increase in mechanical
contraction in myocardial cells was induced by Ca2+ overload.
Moreover, Ca2+ storage contributes to the generation of Ca2+

transients. Therefore, the inhibition of LTCC could reduce L-type
Ca2+ currents, myocardial contractility, and Ca2+ transients.

Our data show that Bai produced a dose-dependent decrease
in L-type Ca2+ currents in rat cardiomyocytes. Bai at 3 × 10−4 M
caused a decrease in L-type Ca2+ currents in ischemic rat
ventricular myocytes. Bai does not cause a change in the I–V
relationship and the L-type Ca2+ current reversal potential. Also,
the L-type Ca2+ currents inactivation curves are shifted by Bai
(10−5, 10−4 M) in the negative direction, which slows the recovery
due to inactivation. Accordingly, we assume that activation and

inactivation might be mechanisms by which Bai inhibits L-type
Ca2+ currents. Furthermore, Bai was shown to inhibit
contractility and Ca2+ transients (Figure 9). Ischemia led to
induction of membrane depolarization and an increase in
intracellular Ca2+ influx. The increase in intracellular Ca2+

expedites the activities of some enzymes that consume ATP,
which further depletes energy stores and makes the cardiac tissue
more vulnerable to ischemia injury (Maltsev et al., 1998). Our
data show that Bai can cause inhibition in the increase in
intracellular Ca2+ by inhibiting LTCC and leading to a
reduction in extracellular Ca2+ influx. Ca2+ influx is required
for excitation-contraction coupling in all cardiomyocytes.
Therefore, the inhibitory effects of Bai on the contractility
might be achieved via a reduction in Ca2+ influx. The
reduction in contractility is another mechanism by which Bai
may reduce the oxygen requirement in MI animals. In
conclusion, these results demonstrate the cardioprotective
effects and underlying protective mechanisms of Bai on
ventricular myocytes.

Some limitations in the present research should be considered.
Myocardial oxygen consumption was not directly examined,
which is of great significance when evaluating anti-ischemic
drugs. A heart rate increase at rest is intimately associated
with acute and chronic heart failure (Oliva et al., 2018);
tachycardia is also the cause of acute MI (Sahyoun and Hicks,
1981; Heusch, 2008), so the reduction of heart rate is critical in the
relief of acute MI and heart failure (Ferrari and Fox, 2016).
However, it is not clear whether Bai can lead to a reduction in the
ISO-induced acceleration of heart rate and could be considered a
mechanism of myocardial protection in our present experiment.
These limitations in our current experiment need to be addressed
in future studies.

5 CONCLUSION

In summary, this study showed that Bai exhibited
cardioprotective effects on ISO-induced MI. The potential
mechanism might be associated with the regulation of
oxidative stress, inflammatory response, and apoptosis. This
process might be achieved via suppression of the TLR4/
MyD88/MAPKS/NF-κB pathways. In addition, inhibition of
LTCC and dampening of intracellular Ca2+ may also
contribute to alleviating MI injury. In brief, Bai can not only
play a vital function in heart disease through antioxidant-, anti-
inflammatory-, and apoptosis-related activities but also by
protecting the heart by inhibiting LTCC. This study can serve
as a basis for future research. Bai is regarded as an LTCC
inhibitor, which provides a new perspective for the treatment
of cardiovascular diseases but demands further exploration.
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Neuromuscular Blockade for Cardiac
Arrest Patients Treated With Targeted
Temperature Management: A
Systematic Review and Meta-Analysis
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Background: Neuromuscular-blocking agents (NMBA) are often administered to control
shivering in comatose cardiac arrest (CA) survivors during targeted temperature
management (TTM) management. Thus, we performed a systematic review and meta-
analysis to investigate the effectiveness and safety of NMBA in such a patient population.

Methods: We searched for relevant studies in PubMed, Embase, and the Cochrane
Library until 15 Jul 2021. Studies were included if they reported data on any of the
predefined outcomes in adult comatose CA survivors managed with any NMBA regimens.
The primary outcomes were mortality and neurological outcome. Results were expressed
as odds ratio (OR) or mean difference (MD) with an accompanying 95% confidence interval
(CI). Heterogeneity, sensitivity analysis, and publication bias were also investigated to test
the robustness of the primary outcome.

Data Synthesis: We included 12 studies (3 randomized controlled trials and nine
observational studies) enrolling 11,317 patients. These studies used NMBA in three
strategies: prophylactic NMBA, bolus NMBA if demanded, or managed without NMBA.
Pooled analysis showed that CA survivors with prophylactic NMBA significantly improved
both outcomes of mortality (OR 0.74; 95% CI 0.64–0.86; I2 = 41%; p < 0.0001) and
neurological outcome (OR 0.53; 95% CI 0.37–0.78; I2 = 59%; p = 0.001) than those
managed without NMBA. These results were confirmed by the sensitivity analyses and
subgroup analyses. Only a few studies compared CA survivors receiving continuous
versus bolus NMBA if demanded strategies and the pooled results showed no benefit in
the primary outcomes between the two groups.

Conclusion:Our results showed that using prophylactic NMBA strategy compared to the
absence of NMBA was associated with improved mortality and neurologic outcome in CA
patients undergoing TTM. However, more high-quality randomized controlled trials are
needed to confirm our results.
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INTRODUCTION

Targeted temperature management (TTM) has been
demonstrated to improve the neurological prognosis of
survivors after resuscitation for cardiac arrest (CA) and is
recommended by clinical guidelines (Callaway et al., 2015).
However, shivering, one of the most common complications
during TTM, can counteract the beneficial effects of TTM by
generating heat, increasing metabolic rate and oxygen
consumption, preventing the rapid achievement of target
temperatures, and causing secondary brain injury (Seder et al.,
2011). Therefore, shivering should be avoided or controlled as
early as possible during TTM.

Neuromuscular-blocking agents (NMBA) can effectively
reduce the occurrence of shivering and are widely used in
clinical practice (Greenberg and Vender, 2013). Theoretically,
NMBA can also improve chest wall compliance and eliminate
patient-ventilator asynchrony; reduce cerebral metabolic
demand, shorten the time to target temperature, and prevent
the increase in intracranial pressure caused by airway stimulation
(Greenberg and Vender, 2013; deBacker et al., 2017). However,
NMBA is not without risks. Several studies have reported that
NMBA treatment is associated with increased risks of nosocomial
pneumonia (Lascarrou et al., 2014) and critical illness
polyneuromyopathy (Price et al., 2012). In addition, NMBA
treatment may mask epileptic activity and limit neurological
evaluation (Al-Dorzi et al., 2012). The 2015 American Heart
Association (AHA) recommended that NMBA should be
minimized or avoided during post-CA care (Callaway et al.,
2015). Thus, whether NMBA affects the outcome of survivors
after CA remains unclear.

Recently, several studies on this topic have been published
(Stöckl et al., 2017; Lee et al., 2018; Moskowitz et al., 2020; Hifumi
et al., 2021; Takiguchi et al., 2021), and some of these have a
modest sample size with inconsistent results. This may be related
to the different strategies, timing, and research design of NMBA
applications. Therefore, we sought to conduct a systematic review
and meta-analysis by pooling existing studies to investigate the
efficacy and safety of NMBA strategy in CA survivors
during TTM.

METHODS

We conducted this systemic and meta-analysis following the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (Shamseer et al., 2015).
(Supplementary Additional File S1). The protocol for this
systematic review and meta-analysis was registered on the
International Platform of Registered Systematic Review and
Meta-analysis Protocols database (INPLASY202070045) and is
available in full on inplasy.com (https://doi.org/10.37766/
inplasy2020.7.0045).

Search Strategy and Selection Criteria
We searched studies in PubMed, Embase, and Cochrane Library
from inception through 25 Jul 2021, to identify potentially
relevant studies. Language restriction was limited in English
and Chinese. We also reviewed reference lists of relative
articles. Details of the search strategy are provided in
Supplementary Additional File S2.

After screening titles, we evaluated abstracts for relevance and
identified them as included, excluded, or requiring further
assessment. Studies were considered for inclusion if they
focused on CA survivors during TTM and compared different
NMBA strategies, including but not limited to prophylactic
NMBA (continuous or scheduled), bolus if demanded or
managed without NMBA (defined as the use of placebo,
saline, or no use; patients are allowed to receive emergent
NMBA use to control shivering episodes). We excluded
studies enrolling children, pregnant women, or patients with
pre-existing dementia or brain injury. Articles published in
editorials, narrative reviews without data on predefined
outcomes available were also excluded.

Data Extraction and Quality Assessment
Two reviewers (L-JL and H-BH) independently extracted data
from the included studies on the first author, year of publication,
country, sample size, study design, disease severity, NMBA and
TTM regimens, methodological quality, and all outcomes of
interest. L-JL and H-BH also evaluated the quality of included
studies using the risk of bias tool recommended by the Cochrane
Collaboration in randomized clinical trials (RCTs) (Higgins et al.,
2011) and the Newcastle-Ottawa scale for assessing the risk of
bias in observational studies (Stang, 2010). Discrepancies were
identified and resolved through discussion.

Predefined Outcomes
We aimed to explore the effectiveness and safety of NMBA
strategies during TTM, including 1) with or without NMBA
strategy; and 2) NMBA administration methods (i.e., continuous
vs. intermittent). The primary outcomes were mortality at the
longest follow-up available and the neurological outcome.
Secondary outcomes included duration of MV, ICU or
hospital stay, lactate clearance, time to targeted temperature,
and NMBA associated complications (i.e., pneumonia).

Statistical Analysis
The results from all relevant studies were combined to estimate
the pooled risk ratio (RR) and associated 95% confidence
intervals (CIs) for dichotomous outcomes. As to the
continuous outcomes, mean differences (MD) and 95% CI
were estimated as the effect results. We assessed heterogeneity
using the Mantel-Haenszel χ two test and the I2 statistic (Higgins
et al., 2003). An I2 < 50% was considered to indicate insignificant
heterogeneity, and a fixed-effect model was used, whereas a
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random-effect model was used in cases of significant
heterogeneity (I2 > 50%). Before data analysis, we estimated
mean from median and standard deviations (SD) from IQR
using the methods described in previous studies (Wan et al.,
2014). We conducted subgroup analyses basing NMBA strategies.
Sensitivity analyses were performed by excluding trials that
potentially biased the results of primary outcomes. We also
conducted sensitivity analyses for the primary outcomes by
pooling only RCTs or studies focusing on targeted
temperature of 32–34°C to investigate the potential affecting
factors among the included studies. Publication bias was
evaluated by visually inspecting funnel plots. All analyses were
performed using Review Manager version 5.3.

RESULTS

Study Selection
The literature search yielded 881 records through database
searching, and 12 studies with 11,317 patients who fulfilled
inclusion criteria were eligible for final analysis (Jurado and
Gulbis, 2011; Snider et al., 2012; Salciccioli et al., 2013; Curtis
et al., 2014; Lascarrou et al., 2014; Lee et al., 2017; Stöckl et al.,
2017; Lee et al., 2018; May et al., 2018; Moskowitz et al., 2020;
Hifumi et al., 2021; Takiguchi et al., 2021). Additionally, in
replying to the letter comment on their study (Salciccioli et al.,
2013), Salciccioli et al. provided some related data Salciccioli and
Donnino, (2014), which were also included in our meta-analysis.
The overview of the study selection process is presented in
Figure 1.

Study Characteristics
The main characteristics of the 12 included studies [3 RCTs
(Stöckl et al., 2017; Moskowitz et al., 2020; Lee et al., 2018) and
nine observational studies (Lascarrou et al., 2014; Takiguchi
et al., 2021; Hifumi et al., 2021; Salciccioli et al., 2013; May
et al., 2018; Lee et al., 2017; Jurado and Gulbis, 2011; Curtis
et al., 2014; Snider et al., 2012)] are shown in Table 1. The
NMBA regimens described in the included studies were
presented in Supplementary Additional File S3. Of these

studies, Six and five were single-center (Jurado and Gulbis,
2011; Snider et al., 2012; Curtis et al., 2014; Lascarrou et al.,
2014; Lee et al., 2017; Stöckl et al., 2017) and multi-center
studies (Salciccioli et al., 2013; Lee et al., 2018; May et al., 2018;
Moskowitz et al., 2020; Hifumi et al., 2021), respectively, and
one used data from an international cardiac arrest registry
(May et al., 2018). Nine studies (Snider et al., 2012; Curtis et al.,
2014; Lascarrou et al., 2014; Lee et al., 2017; Stöckl et al., 2017;
Lee et al., 2018; May et al., 2018; Moskowitz et al., 2020; Hifumi
et al., 2021) compared patients receiving prophylactic NMBA
with the absence of NMBA regimen, and five (Jurado and
Gulbis, 2011; Salciccioli et al., 2013; Lee et al., 2018; May et al.,
2018; Takiguchi et al., 2021) evaluated the effects of
continuous NMBA with bolus NMBA if demanded. The
duration of NMBA used ranged from 24 to 37 h among
studies. Most studies assessed neurological outcome based
on Cerebral Performance Category score (CPC), with good
outcome defined as CPC of one or two and poor outcome as
CPC of 3–5. Sedation and anesthetic schemes varied across the
included studies and were summarized in the Supplementary
Additional File S4. Overall, the quality of the included studies
was low to medium (Supplementary Additional File S5).

Primary Outcomes
With or Without NMBA Regimen
Nine studies with 5,410 patients compare prophylactic NMBA
(scheduled or continuous) to without NMBA regimen (Snider
et al., 2012; Curtis et al., 2014; Lascarrou et al., 2014; Lee et al.,
2017; Stöckl et al., 2017; Lee et al., 2018; May et al., 2018;
Moskowitz et al., 2020; Hifumi et al., 2021). Eight of these
studies reported outcomes of mortality (Salciccioli et al., 2013;
Curtis et al., 2014; Lascarrou et al., 2014; Lee et al., 2017; Stöckl
et al., 2017; Lee et al., 2018; Moskowitz et al., 2020; Hifumi et al.,
2021), and the aggregated data suggested that the mortality was
significantly lower in the prophylactic NMBA (n = 1,245; OR
0.74; 95% CI 0.64–0.86; I2 = 41%; p < 0.0001) when compared to
without NMBA regimen (Figure 2). Subgroup analyses
confirmed that continuous NMBA, bolus NMBA, or combined
with continuous and bolus have significantly lower mortality
rates (Table 2, Supplementary Additional File S6).

FIGURE 1 | The selection process for studies included in the meta-analysis.
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TABLE 1 | Characteristics of the studies included in current systemic review and meta-analysis.

Study Design Country TTM,°C NMB
Regimens

OHCA,
%

Sample
size

Age,
year

Male
%

Defined
good

neurological
outcome

Follow-up

Moskowitz et al. (2020) RCT,
MC

United States 32–36 Prophylactic 95 37 66 54 mRS score of 0–3 Hospitalization
As-needed 93 43 64 67

Hifumi et al. (2021) R, MC Japan 32–34 Prophylactic 100 353 61 80.5 CPC of 1–2 Hospitalization
No use 100 78 60 91

Takiguchi et al. (2021) R, DB Japan <35 Prophylactic 91 4,096 59 78 Barthel index
score >85

Hospitalization
As-needed 88 1,488 62 76

Lee et al. (2018) RCT,
MC

Korea 33 or 36 Prophylactic 100 38 66 29 CPC of 1–2 Hospitalization
No use 100 43 61 30

May et al. (2018) P, MC United States 32–34 Prophylactic 81 1,462 60 65 CPC of 1–2 6 months
As-needed 75 1,916 61 70
No use 72 889 65 62

Lee et al. (2017) R, SC Korea 32–34 Prophylactic 79 97 57 75 CPC of 1–2 Hospitalization
As-needed 99 119 60 77
No use 70 93 66 46

Stöckl et al. (2017) RCT, SC Austria 33 Prophylactic 100 32 62 26 CPC of 1–2 12 months
No use 100 31 58 26

Lascarrou et al. (2014) R, SC France 33 Prophylactic 82 117 59 94 CPC of 1–2 3 months
No use 93 27 66 19

Curtis et al. (2014) R, SC United States 32–34 Prophylactic NA 19 57 NA NA NA
No use NA 7 56 NA

Snider et al. (2012) R, SC United States 34 Prophylactic NA 86 NA NA CPC of 1–2 Hospitalization
No use NA 12 NA NA

Salciccioli et al. (2013) P, MC United States 34 Prophylactic 100 18 56 14 mRS score of 0–3 Hospitalization
As-needed 100 77 NA Na
No use 100 16 NA NA

Jurado and Gulbis,
(2011)

R, SC United States 33 Prophylactic NA 80 58 65 NA Hospitalization
As-needed NA 43 57 35

CPC, cerebral performance category; DB, data base; MC, multi-centers; mRS, modified Rankin Scale; NA, not available; NMB, neuromuscular blockade; OHCA, out-of-hospital cardiac
arrest; P, prospective; R, retrospective; RCT, randomized controlled trials; SC, single-center; TTM, time to target temperature.

FIGURE 2 | Forest plot of comparing prophylactic neuromuscular-blocking agent to without neuromuscular-blocking agent regimen in outcomes of mortality.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 7803704

Lin et al. Neuromuscular Blockade for Hypothermia Managemen

208

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


TABLE 2 | Subgroup analysis of the mortality and Poor neurological outcomes based on NMB regimens.

Subgroup Included studies, [Reference] Sample
size

Event
in apheresis

group

Event
in control
group

Odd ratio
(95% CI)

P I2

%

Mortality Continue vs. no use (Lascarrou et al., 2014), (Lee et al., 2017), (Stöckl
et al., 2017), (Moskowitz et al., 2020), (Lee et al.,
2018), (Salciccioli et al., 2013)

592 144/339 118/237 0.53
[0.37,
0.77]

0.0008 50

Bolus as need/
continuous vs.
no use

(Hifumi et al., 2021), (Curtis et al., 2014),
(Salciccioli et al., 2013)

568 127/467 38/101 0.53
[0.37,
0.77]

0.01 16

Bolus as need vs.
no use

(Lee et al., 2017), (Salciccioli et al., 2013) 305 69/196 45/109 0.49
[0.29,
0.84]

0.01 0

Poor neurological
outcome

Continue vs. no use (Lascarrou et al., 2014), (Stöckl et al., 2017),
(Salciccioli et al., 2013), (May et al., 2018), (Lee
et al., 2017)

2,978 1228/1,845 847/1,133 0.80
[0.64,
1.00]

0.05 0

Bolus/continuous
vs. no use

May et al. (2018) 529 207/439 45/90 0.83
[0.55,
1.25]

0.49 77

Bolus as need vs.
no use

(Hifumi et al., 2021), (Snider et al., 2012) 2,805 718/1,916 664/889 0.50
[0.47,
0.54]

<0.0001 -

FIGURE 3 | Forest plot of comparing prophylactic neuromuscular-blocking agent to without neuromuscular-blocking agent regimen in poor neurological outcome.
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Seven studies focused on the neurological outcomes (Snider
et al., 2012; Lascarrou et al., 2014; Lee et al., 2017; Stöckl et al.,
2017; Lee et al., 2018; May et al., 2018; Moskowitz et al., 2020;
Hifumi et al., 2021). Pooled analysis showed the poor
neurological outcome was significantly lower in the
prophylactic NMBA group than that of without NMBA (n =
5,521; OR 0.53; 95% CI 0.37–0.78; I2 = 59%; p = 0.001) (Figure 3).
The subgroup analyses showed significant reductions in poor
neurological outcomes in patients receiving continuous NMBA
or bolus NMBA but not combining continuous and bolus NMBA
strategies (Table 2, Supplementary Additional File S6).

In the sequential sensitivity analysis, excluding any single test
did not significantly change the overall combined OR for the
outcome of mortality (p < 0.00001–0.03) and neurological
outcome (p < 0.00001–0.04). When a sensitivity analysis
including only RCTs was performed, the results for both
outcomes were not significantly in favor of prophylactic
NMBA for outcomes of mortality (RR 0.95; 95% CI 0.74–1.21;
p = 0.68) and neurological outcome (RR 0.91; 95% CI 0.71–1.17;
p = 0.48), with the heterogeneity disappeared. When a sensitivity
analysis including only studies focusing on targeted temperature
of 32–34°C were performed, the results for both outcomes were
also similar to the results including all studies (mortality: RR 0.71;
95% CI 0.55–0.92; p = 0.009, I2 = 50% and neurological outcome:
RR 0.81; 95% CI 0.70–0.94; p = 0.005, I2 = 72%), while the
heterogeneity existed.

Continuous vs. Bolus NMBA
Five studies examined the efficacy of continuous NMBA
compared to bolus NMBA if demanded (Takiguchi et al.,
2021; Salciccioli et al., 2013; May et al., 2018; Lee et al., 2017;
Jurado and Gulbis, 2011). Pooled data showed no statistically
significant difference between the two regimens in the risk of
mortality (3 studies; n = 5,911; OR, −0.10; 95% CI, −0.23 to 0.03;
I2 = 81%; p = 0.15) (Takiguchi et al., 2021; Salciccioli et al., 2013;
Lee et al., 2017) (Figure 4A) or poor neurological outcome (4
studies; n = 9,241; OR, 0.94; 95% CI, 0.50–1.76; I2 = 96%; p = 0.84)
(Salciccioli et al., 2013; Lee et al., 2017; May et al., 2018; Takiguchi

et al., 2021) (Figure 4B). We did not perform the subgroup
analysis for the limited studies for both outcomes. In the
sequential sensitivity analysis, the results for both outcomes
were confirmed by excluding any single test. When a
sensitivity analysis including only studies focusing on targeted
temperature of 32–34°C were performed, the results for both
outcomes were also similar to the results including all studies
(mortality: RR 0.44; 95% CI 0.13–1.41; p = 0.009, I2 = 66% and
neurological outcome: RR 0.59; 95% CI 0.22–1.58; p = 0.005,
I2 = 68%).

Secondary Outcomes
When comparing the prophylactic NMBA and without NMBA
regimen, we found prophylactic NMBA strategy benefited more
in CA survivors who received TTM in the outcomes of time to
achieve target temperature and length of hospital stay. The
duration of MV, serum lactate clearance after 24 h, and
pneumonia incidence were similar between groups. Few
studies compared continuous and intermittent NMBA
regimens and showed continuous NMBA regimens had
significantly longer ICU stay and shorter length of MV than
intermittent NMBA regimens. (Table 3).

DISCUSSION

This meta-analysis evaluated the safety and effectiveness of
NMBA for CA survivors treated with TTM. The quality of the
included studies was low to medium. The aggregated data
showed a significant improvement in survival and
neurological prognosis in prophylactic NMBA strategy
compared to the absence of NMBA strategy. Subgroup
analyses and sensitivity analyses confirmed these results.
Also, there is no significant difference between the
continuous NMBA and the bolus NMBA strategy. In
addition, the NMBA strategy did not increase the patient’s
hospital stay, duration of MV, the incidence of muscle
weakness, and nosocomial infections.

FIGURE 4 | Forest plot of comparing continuous neuromuscular-blocking agent to bolus neuromuscular-blocking agent regimen in outcomes of mortality (A) and
poor neurological outcome (B).
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Comparison With Previous Research
Our study found that NMBA is widely used in clinical practice,
but there are differences in the strategies used and their associated
clinical outcomes. The prophylactic NMBA strategy was mostly
applied among the included studies, which is in line with a
previous systematic review. That article included 68 IUCs in
which NMBA were routinely used to prevent shivering in 54
ICUs while treat shivering in eight ICUs (Chamorro et al., 2010).

The 2010 AHA guidelines for cardiopulmonary resuscitation
and Emergency Cardiovascular Care stated that the duration of
NMBA use should be minimized, and the NMBA depth should be
monitored (Peberdy et al., 2010). However, these conclusions
were inferences from expert opinion and other studies but not
supported by clear evidence. The statement is prompted by
concerns that NMDA might mask epileptic activity and limit
neurological assessment. Since then, neither the AHA nor the
European Resuscitation Council recommended routine use of
NMBA during TTM in their 2015 guidelines (Callaway et al.,
2015). In the latest clinical practice guidelines for continuous
NMBA in critically ill adult patients, the routine use of NMBA is
not recommended for patients receiving TTM after CA
(insufficient evidence) (Murray et al., 2016). Meanwhile, it is
recommended that NMBA can be used to treat significant
shivering during TTM, a weak recommendation based on a
post-hoc analysis of only one prospective observational study
(111 patients in total) (Salciccioli et al., 2013).

In our study, we added 11 newly published studies with a total
sample size of 11,317 patients (Jurado and Gulbis, 2011; Snider
et al., 2012; Salciccioli et al., 2013; Curtis et al., 2014; Lascarrou
et al., 2014; Lee et al., 2017; Stöckl et al., 2017; Lee et al., 2018; May
et al., 2018; Moskowitz et al., 2020; Hifumi et al., 2021; Takiguchi
et al., 2021). Although high-quality RCTs are still lacking, our
sample size allowed for better statistical power and different
sensitivities and subgroup analyses. The results of subgroup
analyses basing on various NMBA strategies also confirm our
findings’ robustness. In addition, our results showed that using
NMBA is safe, i.e., NMBA does not increase the length of stay,
duration of MV, nosocomial infections, or muscle weakness in
CA patients receiving TTM. Thus, our study partially fills a gap in
the previous guidelines and provides additional evidence for
clinical NMBA application.

Interpreting Our Findings
We found the prophylactic NMBA strategy significantly
improved mortality and neurological outcome in CA survivors
undergoing TTM. Several explanations might contribute to our
findings. First, NMBA can effectively control shivering, which
interferes with achieving target temperatures by generating heat
and increases metabolic activity, oxygen consumption, and
cerebral metabolic stress (De Witte and Sessler, 2002; Oddo
et al., 2010). Several included studies reported reductions in
shivering episodes during NMBA therapy (Stöckl et al., 2017;
Moskowitz et al., 2020). Moskowitz et al. found approximately
40% of patients in the usual care group develop shivering and
required NMBA rescue administration, while no shivering
episodes were observed in the NMBA group Moskowitz et al.
(2020). In another RCT, patients were randomized to receive
either a continuous NMBA or an on-demand rocuronium
bromide (Stöckl et al., 2017). The authors found that 94% of
patients in the on-demand NMBA group had detectable shivering
episodes compared to 25% receiving continuous rocuronium (p <
0.01) (Stöckl et al., 2017). The authors noted that shivering
occurred throughout the TTM period, rather than just at a
specific stage during the TTM course. In addition, shivering
may also be invisible, manifesting as ECG artifacts, EMG
activity, or delayed achievement of the target temperature
(Seder et al., 2011). Thus, the prophylactic NMBA strategy
may control invisible shivering, which attenuates the
neuroprotective effects of TTM. Meanwhile, we should note
one important potential bias in on-demand NMBA strategy,
that is, shivering is a natural thermoregulatory response of the
body to lowering the core temperature, but require the relatively
intact brain function (Nair and Lundbye, 2013; Hovdenes et al.,
2016). Thus, patients with more severe brain injury who did not
present shivering would not gain NMBA when administered “on-
demand” but would have worse outcomes due to more severe
brain injury, not due to lack of NMBA.

Second, our findings suggest the safety of NMBA regimens.
The previous controversy over the use of NMBA was that NMBA
might be associated with the risk of early-onset pneumonia and
critical illness polyneuropathy (Price et al., 2012; Lascarrou et al.,
2014). It also increases the duration of MV and hospital stay.
However, our findings did not reveal these results. With the

TABLE 3 | Secondary outcomes of the current systematic review and meta-analysis.

Secondary
outcome

Included
studies,

[Reference]

Sample
Size

Odd ratio/Mean
difference
[95% CI]

P I2% Included
studies,

[Reference]

Sample
Size

Odd ratio/Mean
difference
[95% CI]

P I2%

Prophylactic NMBA vs. without NMBA regimens Continuous infusion vs. intermittent bolus NMBA regimens
Length of stay in ICU 9–11,20,18 725 0.80 [−0.87, 2.46] 0.35 76 20,21 339 3.79 [−2.57, 5.01] <0.0001 0
Length of stay in hospital 11,18 192 3.11 [0.46, 5.76] 0.02 0 8 5584 −3.00 [−6.24, 0.24] 0.07 -
Incidence of pneumonia 5,12 576 0.59 [0.40, 0.86] 0.55 87 8 5584 0.87 [0.73, 1.05] 0.15 -
Duration of MV 5,9,10,11 644 0.15 [−1.15, 1.45] 0.82 0.85 8,20 5800 −2.17

[−4.10, −0.24]
0.03 70%

Change of lactate after 24 h 9,10,18,19 418 0.31 [−0.33, 0.96] 0.34 0 20 216 - >0.05* -
Time to targeted temperature 9,10,12,20 883 0.47 [0.02, 0.93] 0.04 86 - - - - -

pLactate clearance at all time-points did not differ among NMB groups (No specific data available).
ICU, intensive care unit; MV, mechanical ventilation.
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development of technologies such as MV weaning, percutaneous
tracheotomy, and the management of ventilator-associated
pneumonia and cardiopulmonary resuscitation, most ICUs
have clear protocols for managing MV during TTM and the
prevention and control of nosocomial pneumonia (Callaway
et al., 2015). This reduces the finding of positive clinical
outcomes of adverse events in the NMBA and control groups.
At the same time, the included studies showed that NMBA did
not increase muscle weakness during their stay in ICU (Stöckl
et al., 2017; Lee et al., 2018). This favorable result can also be
partly explained by the short duration of NMBA use in all these
studies (approximately 24–37 h) (Jurado and Gulbis, 2011; Snider
et al., 2012; Salciccioli et al., 2013; Curtis et al., 2014; Lee et al.,
2017; Lee et al., 2018; Moskowitz et al., 2020; Hifumi et al., 2021;
Takiguchi et al., 2021). Similarly, a recently published meta-
analysis of short-term NMBA application for ARDS treatment
failed to find a correlation between NMBA and acquired muscle
weakness (Tarazan et al., 2020).

However, we did not find a significant improvement in lactate
levels after a prophylactic NMBA strategy. Previous theories believed
that improved tissue perfusion and reduced metabolic demand were
possible mechanisms for decreasing lactate levels following NMBA
treatment (Salciccioli et al., 2013). Some authors explain that the
duration of NMBA administration in the study was inconsistent
across subjects, while the serum lactate levels were obtained at
regular intervals at the specified times (Lascarrou et al., 2014).
On the other hand, some patients in the control group also
received a temporary bolus of NMBA for shivering episodes,
which reduced lactate accumulation (Lee et al., 2018; Moskowitz
et al., 2020). This may have weakened the perfusion and metabolic
improvement effect in the NMDA group. We also found no
significant reduction in the induction time of TTM, which might
be due to the advances in cooling techniques and CPRmanagement.
As shown in the most included studies, the induction time was
approximately 0.5–3 h, which might reduce shivering and other
adverse events during that period (Curtis et al., 2014; Lee et al., 2017;
Stöckl et al., 2017; Hifumi et al., 2021). Moreover, the initial lactate
levels for the enrolling patients were not so high (1.4–3.6 mmol/L),
which could partially explain the lack of differences in lactate
clearance between groups (Salciccioli et al., 2013; Lascarrou et al.,
2014; Lee et al., 2018; Moskowitz et al., 2020).

Research Limitations
Our study has several limitations. First, most of the included
studies were retrospective, which greatly affected the causality of
our study findings. Second, some included studies also recruited
patients with IHCA (Lascarrou et al., 2014; Lee et al., 2017; May
et al., 2018; Moskowitz et al., 2020; Takiguchi et al., 2021), who
might not benefit from TTM and even had a worse prognosis
(Chan et al., 2016). Therefore, the value of NMBA for patients
with IHCA still needs to be further explored. Third, there was
considerable heterogeneity in the TTM regimens among the
included studies in terms of cooling modalities, sedation drugs,
timing, and methods of shivering monitoring. For example, apart
from NMBA, other strategies to prevent or control shivering
involve sedative or opioid administration, often used instead if
NMBA is avoided or eliminated (May et al., 2018). Deep sedation

can delay extubation, ICU transfer, lead to an increased incidence
of delirium or infection, confound neurological assessment,
perhaps even inappropriate withdrawal of life support
(Samaniego et al., 2011; Barr et al., 2013; Sandroni et al.,
2014). However, all the included studies had not provided the
potential impact of assessing sedation or opioid changes during
NMBA used in TTM. Fourth, although we used subgroup and
sensitivity analyses to explore possible confounding factors, our
results may have been influenced by unmeasured confounding
factors; and the sample sizes for some of the subgroup analyses
were small. Meanwhile, a sensitivity analysis that included only
three small RCTs did not benefit from a preventive NMB strategy
over a without NMBA strategy. Fifth, the included studies
spanned an extensive range of periods, during which CPR and
CA guidelines have been updated several times. Sixth, some
secondary outcomes need to be treated with caution. For
example, most retrospective studies may not have recognized
mild or moderate weakness during routine clinical care. Thus,
more studies focusing on this are required in the future. Finally,
the included CA patients had different underlying diseases,
demographic characteristics and used different disease severity
scoring criteria. However, due to the number of studies, we could
not perform subgroup analyses to clarify this point further.

CONCLUSION

This meta-analysis indicates that prophylactic NMBA
administration effectively reduces mortality and poor
neurological outcome for comatose CA survivors during TTM.
Continuous and intermittent NMBA has equal effectiveness in
control shivering occurrence. However, due to the poor overall
quality of current studies, further research with adequately
powered RCTs is required to confirm our results.
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Effective drugs for the treatment of myocardial fibrosis (MF) are lacking. Traditional Chinese
medicine (TCM) hasgarnered increasingattention in recent years for theprevention and treatment
of myocardial fibrosis. This Article describes the pathogenesis of myocardial fibrosis from the
modernmedicine, alongwith the researchprogress.Reports suggest thatChinesemedicinemay
play a role in ameliorating myocardial fibrosis through different regulatory mechanisms such as
reduction of inflammatory reaction and oxidative stress, inhibition of cardiac fibroblast activation,
reduction in extracellular matrix, renin-angiotensin-aldosterone system regulation, transforming
growth Factor-β1 (TGF-β1) expression downregulation, TGF-β1/Smad signalling pathway
regulation, and microRNA expression regulation. Therefore, traditional Chinese medicine
serves as a valuable source of candidate drugs for exploration of the mechanism of
occurrence and development, along with clinical prevention and treatment of MF.

Keywords: traditional Chinese medicine, myocardial fibrosis, research progress, mechanism, prevention and
treatment

INTRODUCTION

Myocardial fibrosis (MF) is characterized by pathological changes in the extracellular matrix of
myocardial cells where cardiac fibroblasts are activated and proliferated excessively, resulting in
excessive accumulation of collagen fibres, excessive increase in the collagen content, and a significant
increase in collagen volume (Numaguchi et al., 2011). The main pathological changes involved in MF are
the increase in myocardial stiffness, decrease in myocardial contraction and relaxation ability, and
insufficiency of coronary blood supply. MF is a common pathological manifestation of many
cardiovascular diseases after their development to a certain stage. The disease is characterized by
rapid onset, highmortality, and unknownmechanism, and effective treatments for the disease are lacking
in modern medicine (Leask, 2010; Francesca et al., 2021). Moreover, the treatment cost is high. In recent
years, a large number of studies have been conducted on the prevention and treatment of MF by using
traditional Chinese medicine. The treatment cost and side effects of traditional Chinese medicine are low.
Therefore, it has garnered considerable attention of scholars at both home and abroad.

MYOCARDIAL FIBROSIS MECHANISM ACCORDING TO MODERN
MEDICINE

The mechanism of MF is mutifactorial. Studies have shown that the occurrence and development of
MF are closely related to the renin–angiotensin–aldosterone system (RAAS), oxidative stress,
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immune inflammation, matrix metalloproteinase system,
fibroblast proliferation, and TGF-β1/Smad3 signalling pathway
(Figure 1).

Renin–Angiotensin–Aldosterone System
Ke et al. (2018) suggested that the RAAS is not only an important
part of endocrine system but also the main response system of
myocardial cells under the influence of pressure or capacity load.
Myocardial injury causes hemodynamic changes, MF
remodelling, increased myocardial hardness, and decreased
compliance, stimulating endogenous angiotensin II (Ang II)
secretion. A study reported (Goldsmith, 2004) that the
decrease in heart contractility of patients with heart failure
and renal blood flow activated the RAAS and increased the
levels of many substances such as renin, Ang II, aldosterone
(ALD), endothelin, antidiuretic hormone, and cytokines in blood
and tissues. Among these molecules, Ang II and aldosterone are
the main effector molecules that cause MF. These molecules
participate in the formation of MF through various signalling
pathways. ALD is a cardiovascular risk factor independent of Ang
II that increases the concentration of reduced coenzyme II
oxidase and superoxide anion, decreases the activity of nitric
oxide (NO) in vascular endothelium, and regulates the
inflammation of coronary artery and peripheral blood vessels,

thereby serving as one of the important factors affecting MF
development (Zhang et al., 2020).

Oxidative Stress
Many studies have shown that oxidative stress affects fibrosis
formation in the liver, lung, pulmonary artery, nervous system,
and heart, thereby playing a crucial role in MF formation
(Gutiérrez-Tenorio et al., 2017). On the one hand, the increase
in reactive oxygen species after myocardial injury can directly
activate myocardial fibroblasts, induce their differentiation and
proliferation, promote ECM synthesis, and induce MF formation.
On the other hand, it can indirectly participate in MF formation
by mediating the influence of cytokines, growth factors, and Ang
II on the function of fibroblasts and ECM metabolism (Xu et al.,
2011). Moreover, the increased generation of molecules with high
molecular activity such as reactive oxygen species (ROS) in the
body disrupts the dynamic balance, resulting in their excessive
accumulation. Oxidative stress finally causes damage to the
lysosomes and mitochondria in myocardial cells, thus
participating in the occurrence and progression of MF
(Chaudhuri et al., 2019). Other ROS such as superoxide
dismutase (SOD), glutathione catalase (GSH-Px),
malondialdehyde (MDA), and other haemoglobin peroxidases
defend free radical reactions at different levels.

FIGURE 1 | Mechanisms of myocardial fibrosis (The RAAS, oxidative stress, immune inflammatory mechanisms, matrix metalloproteinase system, fibroblast
overproliferation, and TGF-β1/Smad3 signalling pathway lead to ECM deposition and sustained myocardial fibrosis).
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Inflammatory Reaction
The immune inflammatory reaction plays a crucial role in MF
pathogenesis by producing inflammatory factors such as tumor
necrosis factor α (TNF-α), interferon-γ, interleukin-6 (IL-6),
interleukin -1β (IL-1β), C-reactive protein, macrophage
chemotactic protein-1, and intercellular adhesion molecule. A
study (Prabhu and Frangogiannis, 2016) indicated that the
inflammatory factors can promote the expression of fibroblasts,
alter myocardial interstitial components, and promote the migration
of fibroblasts, whereas oxygen free radicals induceMF inmanyways.
The enhanced expression and activity of inflammatory cells and
inflammatory factors results in the increased static fibroblast
proliferation and differentiation into myofibroblasts and collagen
deposition, causing MF.

Matrix Metalloproteinase System
Imbalance
MF is characterized by excessive deposition of collagen fibres in
the myocardium, which is caused particularly by an imbalance in
the synthesis and degradation of collagen fibres. Collagen
degradation is regulated by extracellular matrix
metalloproteinases (MMPs) and IMPs. MMP is a zinc-
dependent endopeptidase and the main enzyme that controls
the ECM balance, as well as the factor for cardiac remodelling
after myocardial infarction (Fan et al., 2014). Tissue inhibitor of
MMP-1 (TIMP-1) is a type of glycoprotein that is present in body
fluids and tissues, it can inhibit the activity of almost all MMPs,
particularly of MMP-1, MMP-3, and MMP-9 (Wang et al., 2015).
TIMP-1 and MMPs play a common role in maintaining normal
myocardial structure and function in the collagen degradation
system. The change in the TIMP-1/MMP ratio leads to an
imbalance in collagen synthesis and degradation, leading to MF.

Activation of Fibroblasts
Cardiac fibroblasts, which originate from the epicardial
endothelium of embryo, control various properties and forms
of myocardial injury reactions in the heart (Fernández-Ruiz,
2021). After myocardial system injury, fibroblasts are
transformed into myofibroblasts due to the interaction among
various acute inflammatory cell transforming growth factors and
cytokines, thereby promoting MF. Presently, vimentin is widely
used as the extracellular matrix of myofibroblasts, whereas α-
smooth muscle actin is used as a specific marker (Baiker et al.,
2018) to promote the activation of myofibroblasts. The trans-
differentiation of myofibroblasts requires several key factors.
First, TGF-β is activated in the cardiomyocytes located in the
interstitial of myocardial fibroblasts and smad3 signal
transduction pathway through integrin (Rocher et al., 2020).
Second, the changes in the response to mechanical stress of
myocardial cells or regulation of growth factor signal
transmission through integrin promotes the trans-
differentiation of myofibroblasts. Third, integrin and
synthetase promote the synthesis and expression of
extracellular matrix surface receptors, which may play a
crucial role in signal transduction mediated by cardiac
fibroblasts (Hinz, 2010). In the pathogenesis of CFs activation

and cardiac fibrosis, it has been observed and recorded that the
endogenous component is the modification in the matrix
structure or composition, the induction of multiple growth
factors and cytokines [such as TGF-β, connective tissue
growth factor (CTGF), platelet-derived growth factor (PDGF),
Ang II, endothelin-1], the increase of mechanical stress, the
upregulation of inflammatory signaling and chemokines [such
as TNF-α, IL-1β, IL-6, C-C motif chemokine ligand 2 (CCL2)]
(Frangogiannis, 2004; Kong et al., 2014; Schaefer, 2018).
Furthermore, some commonly used clinical drugs, such as
Doxorubicin (Levick et al., 2019) and Cyclophosphamide
(Ayza et al., 2020), can also cause CFS activation and
myocardial fibrosis.

TGF-β1/Smad Signalling Pathway
TGF-β1 is a typical cell growth factor that promotes fibrosis (Meng
et al., 2016). It can regulate cell growth and differentiation, promote
cell proliferation. Additionally, it plays an important role in MF
formation. In vivo experiments have demonstrated that TGF-β1
plays a vital role in cardiac fibrosis development (Meyer et al., 2012;
Livingston et al., 2013). Moreover, in vitro experiments revealed that
TGF-β1 could induce fibroblast proliferation and promote fibrosis
(Strutz et al., 2001). Smad is an important intracellular protein
molecule involved in the downstream pathway of the TGF-β1 signal
transduction system.TGF-β1 binds to a type II receptor (TβRII),
which induces TβRII to phosphorylate and recruit the type I receptor
(TβRI). These events can trigg er phosphorylation of receptor-
regulated Smads (R-Smads) and heterodimerization with co-
chaperones. Next, the het erodimer complex enters the nucleus to
regulate the expression of target genes via a combination with the
SMAD-binding element (Massagu´e, 2014; Ricard-Blum et al.,
2018). There is substantial evidence that TGF-β can both
stimulate fibroblast-to-myofibroblast trans-differentiation and
inhibit ECM degradation (Biernacka and Frangogiannis, 2011;
Jiang et al., 2014). Therefore, targeting TGF-β is an effective
strategy to reduce CFs activation and fibrosis.

micRNA
Studies have also reported the role of micRNAs in the occurrence
and development of MF. micRNAs are a large class of non-coding
single-stranded small RNAs (Bayoumi et al., 2017), and the role of
micRNAs in cardiac remodelling and fibrosis development has been
widely studied (Zarkesh et al., 2018). For example, recent studies
have shown that the silencing or inhibition of miR-21 (Thum et al.,
2008) and miR-34 (Huang et al., 2014) can alleviate cardiac fibrosis.
MiR-378 (Nagalingam et al., 2014), miR-22 (Yousefi et al., 2020),
MiR-29 (Van Rooij et al., 2008) deficiency or downregulation can
induce the expression of fibrosis genes, promote the production of
collagen and procollagen, and induce MF. These data indicate that
multiple micRNAs may be involved in promoting fibrosis. Another
study (Thum et al., 2008) reported that the enhanced expression of
miR-2 could inhibit the ERK–MAPK signalling pathway inhibitor
SPRY1, thereby enhancing the activity of this signalling pathway of
cardiac fibroblasts, promoting the survival of fibroblasts, and
secreting growth factors. In addition, micRNAs such as miR-29,
miR-1, and miR-133 play different roles in the development of
myocardial fibrosis (Tarbit et al., 2019).
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RELATED RESEARCH ON THE
PREVENTION AND TREATMENT OF
MYOCARDIAL FIBROSIS BASED ON
TRADITIONAL CHINESE MEDICINE

Although scholars have put forward various theories to explain the
mechanism of MF, the exact mechanism remains unknown.
Therefore, it is of great practical significance to discuss MF
pathogenesis, and the development of traditional Chinese
medicine has formed a unique style after several centuries.
Traditional Chinese medicine generally includes the active
ingredients of Chinese medicine, Chinese medicine decoction and
Chinese patentmedicine, which is an excellent source of anti-fibrosis
drugs. Related literature published in recent years has revealed the
mechanism of action of traditional Chinese medicine in alleviating
MF, which is summarized in Table 1.

Regulation of the
Renin–Angiotensin–Aldosterone System
It is known that the active ingredients and compounds of TCM
can inhibit myocardial fibrosis by regulating RAAS. Curcumin is
a natural polyphenol and yellow pigment extracted by enzyme
method from turmeric that exhibits strong antioxidant and anti-
inflammatory effects (Kotha and Luthria, 2019). Emerging

evidence suggests that curcumin can be used to prevent and
treat MF when pathological fibrotic changes occur in the
myocardium in vivio. Curcumin (150 mg/kg/day) can
antagonise the angiotensin-converting enzyme (ACE) and ATI
receptor, increase the expression of AT2 receptor, and reduce the
expression of ACE and ATI receptor and myocardial collagen
accumulation, eventually improving the cardiac function of rats
with myocardial infarction and reducing the degree of fibrosis
(Pang et al., 2015). Qisheng Yiqi Dripping Pills (QSYQDP), a
representative Chinese patent medicine composed of Radix
Astragali, Radix Salviae Miltiorrhizae, Radix Notoginseng and
Lignum Dalbergiae Odoriferae. QSYQDP is approved by the
China State Food and Drug Administration in 2003 for the
treatment of cardiovascular disease. Numerous
pharmacological studies have revealed the synergistic effect of
QSYQDP on cardiovascular diseases (Chang et al., 2019).
Recently, QSYQDP (175 mg/kg/day) (Lu et al., 2015) has been
shown to alleviate cardiac fibrosis by blocking the activation of
RAAS and RAAS activation pathways, particularly by regulating
the expression of AT1R and AT2R, and restoring the Ang II-
NADPH oxidation-ROS-MMP pathway. This finding indicates
that QSYQDP is a promising traditional Chinese medicine for
treating MF. Luhong Granules (LHG) are mainly composed of
Antlers, Carthamus Tinctorius L, Psoralea Corylifolia Linn,
Epimedium, Cornus Officinalis, Fructus Ligustri Lucidi and
Aquilaria Sinensis (Lour.) Gilg, which is prepared in the ratio

TABLE 1 | Key areas and mechanisms of traditional Chinese medicine in treating myocardial fibrosis.

Action Related Molecular mechanism Related
Pharmacological Indicators

References

Affecting RAAS Inhibition of the activation of RAAS.ACE/
AngII/AT1R-TGF-β1axis. AngII-NADP
oxidation -ROS-MMPs pathway

Ang II, ACE, AT1R, AT2R, Ang I, ALD, Renin,
CTGF, TGF-β1

Pang et al., (2015); Lu et al., (2015); Xu et al.,
(2015b); Ma, (2015); Duan and Yao, (2019)

Inhibition of fibroblast
activation

Regulation of TGF-β1-Smad/TAK1/AKT/
MAPK signalling pathway. Blocking cell cycle

TGF-β1, CTGF, JNK, P38, ERK, TLR4, Smad2,
Smad3

Che et al., (2019); Jiang et al., (2020); Hu
et al., (2021); Zhang et al., (2017); Ge et al.,
(2018); Tan et al., (2020); Shen et al., (2017);
Wu et al., (2021); Ding et al., (2020)

Regulation of TGF-β1/
Smad

Down regulation of TGF-β1 and regulation of
Smad family protein. Inhibition of cardiac
collagen proliferation

TGF-β1, Smad1, Smad2, Smad3, Smad4,
Smad7, collagen I, III, (PAI)-1

Shen et al., (2014); Shen and Wu, (2016);
Zhao et al., (2016); Chen et al., (2017); Zhao
et al., (2020a); Hong et al., (2010); Wang
et al., (2016a); Li and Ning, (2020); Shen
et al., (2012); Zhan et al., (2014); Ma et al.,
(2016)

Oxidative stress Reduction in the content of ROS and MDA.
Increase in the contents of HO-1, GSH-PX,
SOD, and NOX2. Activation of Nrf2/ARE
signal pathway

ROS, MDA, HO-1, GSH-PX, SOD, NOX2, NADP/
NADPH

Liu et al., (2014); Uzayisenga et al., (2014); Jia
et al., (2018); Zhang et al., (2011); Fan et al.,
(2013); Wang et al., (2019); Zhao et al.,
(2020b)

Inhibition of
extracellular matrix
remodelling

Adjusting the metabolism of ECM and the
balance of MMPs/TIMPs. EndoMT
suppression

MMP-2, MMP-9, TIMP1, TIMP-2, NOX2, Collagen
Ⅰ, Collagen Ⅲ

Li et al., (2018); Yu et al., (2016); Zhao et al.,
(2018); Gao and Zhu, (2009); Li et al., (2010);
Ma et al., (2012); Qi et al., (2018); Fu et al.,
(2018); Qin et al., (2019)

Anti- inflammatory
reaction

Inhibition of TNF-α/NF-κB, IL-6/STAT3, and
TLR4/TAK1/NF-κB signalling pathway.
Inhibition of the content of various
inflammatory factors.

TNF-α, IL-6, IL-12, IFN-r, IL-18, IL-4, IL-5, TGF-β1,
CTGF, IL-β, hs-CRP, NLRP inflammatory
corpuscles

Yang et al., (2010); Zhao et al., (2010); Li
et al., (2014); Yang et al., (2014); Kang et al.,
(2016); Zhang and Zhi, (2014); Yang et al.,
(2018); Lu et al., (2019); Zhang et al., (2013);
Sun et al., (2021)

Regulate micRNA Regulate cross-talking of miRNAs. miR-15b, miR-133a, miR-29b, microRNA-200a,
miRNA-1, miRNA-13, miRNA-1/miR-21, miR-22,
miR-34a, miR-181a, miR-17

Liu et al., (2018b); Ma et al., (2020); Zheng
et al., (2020); Qi, (2018); Chen, (2019); Liu
et al., (2019); Zhang et al., (2019); Zhu et al.,
(2019); Wang et al., (2020); Wei et al., (2020)
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of 15: 9: 30: 20: 15: 30: 6 (Xu et al., 2015a). According to literature,
LHG can reduce plasma Ang II and aldosterone (ALD) in rats
with heart failure and thus improve their cardiac function (Xu
et al., 2015a). Studies have proved that LHG (1.25 g/kg/day) (Xu
et al., 2015b) can activate the ACE2-Ang (1–7) axis, decrease the
expression level of Ang II, and inhibit MF in rats with heart
failure after myocardial infarction. Besides, the main ingredients
of LHG need to be identifified and are worthy of further study in
MF treatment. Luqi Recipe (LQR) is mainly composed of Radix
Astragali, Codonopsis Pilosula, Carthamus Tinctorius L,
Cinnamomum cassia Presl, Antler Powder, which is prepared
at a ratio of 30: 15: 9: 15: 9: 2 (Liu et al., 2018a). It is proved that
LQR (14.56 g/kg/day) (Liu et al., 2018a) can significantly reduce
the levels of Ang I, Ang II, and ALD in rats with hypertension and
heart failure and reduce the content of myocardial collagen,
suggesting that LQR can inhibit the RAAS and alleviate MF to
a certain extent. However, the main ingredients of LQR was not
provided in the article. Matrine is an alkaloid extracted from the
dried roots, plants, and fruits of Sophora flavescens belonging to
the family Leguminosae. It has antioxidant and anti-myocardial
fibrosis effects. A study reported that matrine (0.25 mmol/L,
0.5 mmol/L, 1.0 mmol/L) (Dai et al., 2013) can significantly
reduce the contents of Ang II type 1 receptor (AT1R) and
CTGF in CCFs induced by Ang II, thus inhibiting the
proliferation of myocardial cells and promoting collagen
synthesis. Kangxin Shuai Granule (KXSG) is composed of
Chinese herbal medicines such as Radix Astragali, Cornus
Officinalis, Typha Angustifolia, and Sargassum Seaweed and
has the functions of invigorating qi, eliminating phlegm, and
inducing diuresis. The efficacy of this granule in promoting blood
circulation and resolving hard mass (Fang et al., 2009) indicates
its preventive and therapeutic effects on chronic heart failure and
myocardial fibrosis (Jie et al., 2015). Furthermore, another study
found that KXSG (24.14 g/kg, 48.29 g/kg) (Ma, 2015) could
significantly reduce the plasma aldosterone and renin activity
and the TGF-β content in the cardiomyocytes of rats with
diastolic heart failure and thus play a role in alleviating MF by
effectively inhibiting RAAS overactivation. However, the ratio of
the compound was not provided in the article. Qiangxin Capsule
(QXC) is mainly composed of Yuanhu, Aconitum Carmichaeli
Debx, Panax Notoginseng, Radix Ginseng Rubra, Salvia
miltiorrhiza, Radix Astragali, Tinglizi,Poria Cocos, Radix
Paeoniae Alba and Atractylodes Macrocephala Koidz at a ratio
of 1.5: 1.5: 1: 2: 2: 5: 3: 2: 1.5: 2 (Duan and Yao, 2019). A study
proved that (Duan and Yao, 2019) the QXC (10 mg/kg) can
clearly reduce the left ventricle and heart mass index and the
serum contents of ALD, renin, TGF-β, and Ang II in rats. The
results showed that QXC could inhibit the left ventricular
remodelling after AMI in rats, significantly improve the
cardiac function of rats, and reduce the degree of MF by
inhibiting RAAS activation.

Inhibition of Fibroblast Proliferation
Berberine is a quaternary ammonium alkaloid isolated from
natural drug Coptis Chinensis by solvent extraction (Chen
et al., 2008). It is yellow needle crystal and tastes bitter. It has
antimicrobial, antifungal, and anti-inflammatory properties.

Some scholars have confirmed through in vivo and in vitro
experiments (Che et al., 2019) that berberine can reduce the
infiltration of macrophages into the rat myocardium stimulated
by isoproterenol and inhibit the TGF-β1/smads signaling
pathway to prevent fibroblasts from transforming into
activated secretory myofibroblasts, thereby protecting the heart
from injury. In vivo experiments have demonstrated that (Jiang
et al., 2020) berberine (10 mg/kg/day, 60 mg/kg/day) can reduce
the cardiac insufficiency and MF induced by Ang II in rats in a
concentration-dependent manner and decreased the
phosphorylation level of CDK2-T160 in the ventricular tissue.
In vitro experiments demonstrated that berberine (20 μmol/L,
200 μmol/L) inhibited the proliferation of cardiac fibroblasts
induced by Ang II in a concentration-dependent manner,
arrested the cell cycle at the G0/G1 phase, and reduced the
phosphorylation level of CDK2-T160 fibroblasts. The findings
indicated that berberine can significantly inhibit MF and
proliferation of cardiac fibroblasts and protected the cardiac
function through CDK2-T160 activity dependence. Ginkgo
Biloba extract (GBE) is an effective component that is
extracted from G. biloba leaves by alcohol solution. Studies
havereported that GBE (Mesquia et al., 2017) has an anti-
inflammatory effect and plays an important role in lowering
blood lipid, dilating blood vessels, scavenging free radicals, and
protecting against cardiovascular and cerebrovascular diseases.
Recent studies have reported that a high concentration of GBE
(20 ng/ml) can effectively inhibit the growth of CFb in SD
suckling mice induced by TGF-β1, and its mechanism may be
related to the downregulation of CTGF, JNK, and P38 expressions
in the TGF-β1-Smad/TAK1 signalling pathway (Hu et al., 2021).
Oxymatrine (OMT) is a natural alkaloid that is mainly extracted
from S. flavescens (Leguminosae, family), which has anti-
inflammatory, antiarrhythmic, and anti-fibrotic
pharmacological effects (Yang et al., 2019).Zhang et al. (2017)
reported that the administration of 50 and 100 mg/L oxymatrine
2 h in advance could prevent the decline in the survival rate of
isolated rat cardiomyocytes induced byTGF-β1, the survival rate
increased from 85.25% to 94.27% and 98.53% in the control
group. OMT can inhibit the TGF-β1/MAPK signalling pathway
and protect cardiomyocytes by downregulating the protein
expression of phosphorylated p38, phosphorylated JNK, and
phosphorylated ERK1/2 induced by TGF-β 1. Lonicera
japonica flavonoids are effective components extracted from
natural drug Lonicera japonica by alcohol method. A study
(Ge et al., 2018) demonstrated that the flavonoid extracts from
Lonicera japonica (200 μg/ml, 400 μg/ml, 600 μg/ml) could
significantly increase the percentage of G0/G1 phase cells of
cardiac fibroblasts, decrease the percentage of S phase and G2/
M phase cells, and block the cardiac fibroblast cells. Flavonoid
extracts from L. japonica Thunb could remarkably inhibit cardiac
fibroblast proliferation induced by Ang II in a dose-dependent
manner. The mechanism could be related to the inhibition of
cardiac fibroblast proliferation and blocking of cardiac fibroblast
cell cycle. Honokiol (HKL), extracted fromMagnolia officinalis, is
a diphenol compound havingpharmacological effects such as
anti-tumour, antibacterial, anti-inflammatory, and
antioxidation and is often used to treat arrhythmia and
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cardiocerebral ischaemia/reperfusion injury (Zhang et al., 2018).
Tan et al. (2020) studied the effect of HKL on themigration of
cardiac fibroblasts stimulated by TGF-β1 and found that HKL
(2.5 μ mol/L) could reduce the proliferation and migration of
cardiac fibroblasts induced by TGF-β1 in neonatal rats. Inhibition
of the deposition of Fibronectin (FN) protein can alleviate MF.
Shensong Yangxin Powder (SSYXP) is a traditional Chinese
medicine preparation, including 12 components: Panax
Ginseng, Panax Ginseng Root, Cornus Officinalis, Salvia
Japonica Thunb, semen, Viscum Coloratum, Red Paeonia
suffruticosa, Tubiechong, Nardostachys Jatamansi DC,
Berberine, Schisandra Sphenanthera Rehd. et Wils and Longgu.
It is usually used to treat arrhythmia and myocardial fibrosis
(Chen et al., 2016).Shen et al. (2017) demonstrated that SSYXP
(100 μg/ml) could protect the proliferation, differentiation, and
activation of cardiac fibroblasts induced by TGF-β1. It plays an
anti-fibrosis role mainly by inhibiting the Akt pathway. Wu et al.
(2021) found that Curcumin (25 μmol/L) can inhibit the growth
and proliferation of CFs induced by Ang II, downregulate the
expression of TLR4 and TGF-β, and upregulate the expression of
BAMBI, which provides strong evidence for the discovery of anti-
fibrosis drugs. Resveratrol (RES) is a natural polyphenol
compound with strong antioxidant and anti-inflammatory
activities, which mainly present in grapes and peanuts. Studies
have reported that RES can interfere with the activation of
fibroblasts and play a therapeutic role in cardiac hypertrophy,
MF, and heart failure (Qin et al., 2012).Ding et al. (2020)
confirmed that the anti-myocardial-fibrosis effect of RES
(25 μmol/L) may be related to inhibition of the proliferation
and differentiation of cardiac fibroblasts induced by Ang II and
downregulation of the TGF-β1/Smads signalling pathway.

Downregulation of TGF-β1 Expression and
Regulation of the TGF-β1/Smad Signalling
Pathway
Buyang Huanwu Decoction (BYHWD) is mainly composed of
Radix Astragali, Angelica Sinensis Tail, Radix Paeoniae Rubra,
Pheretima, Ligusticum Chuan Xiong, Carthamus Tinctorius L,
Taoren at a ratio of 40: 2: 2: 1.7: 1: 1: 1, which is a classic
prescription drug for invigorating qi and removing blood stasis.
Studies have confirmed that BYHWD exerts protective effects on
myocardial ischaemia injury (Wang et al., 2011). Chen et al.
(2017) observed the effect of BYHWD on rats with hypertensive
heart failure simulated by pressure overload. The results showed
that BYHWD (2.0 g/kg/day) can significantly downregulateTGF-
β1, inhibit phosphorylation of MAPKs and Smad3, and protect
the heart by reducing the expression of the pro-inflammatory
cytokines IL-6 and TNF-α and inhibiting the inflammatory
reaction against MF. Shengmai Powder (SMP) is mainly
composed of Panax Ginseng, Ophiopogon Japonicus,
Schisandra Chinensis at a ratio of 9: 9: 6, which is used to
treat chronic heart failure and myocardial fibrosis. Zhao et al.
(2016) administered SMP to type 2 diabetic mice for 24 weeks and
found a decrease in TGF-β1 expression and Smad2/3
Phosphorylation, the downregulation of MMP-2 and MMP-9
expression could significantly improve the left ventricular

diastolic function and the degree of MF. Another in vivo
experimental study reported that (Zhao et al., 2020a) SMP
(5.0 g/kg/day) can significantly improve the cardiac function of
ISO-induced heart failure rats, and its mechanism may be related
to the TGF-β1/Smad3 pathway regulation. In addition, Shensong
Yangxin Capsule (SSYXC) can not only prevent myocardial
hypertrophy caused by pressure overload but also improve the
degree of MF in diabetic cardiomyopathy (Shen et al., 2014; Shen
and Wu, 2016) by inhibiting the TGF-β1/Smad signal
transduction pathway. Furthermore, modern pharmacological
research has revealed that Tongxinluo Capsule (TXLC) can
significantly improve coronary microcirculation, reduce
inflammation and oxidation reactions,and directlyor indirectly
protect the cardiomyocytes (Cui, 2014). The main components of
TXLC areGinseng,Quanxie, Centipede, Leech, Soil insects, Cicada
skin, Red peony, Borneolum, Boswellia carteriiBirdw(Ruxiang),
Dalbergia odorifera (Jiangxiang), Santalum album L. and Semen
Ziziphi Spinosae. Wang et al. (2016a) investigated the effect of
TXLC on MF in diabetic rats and found that it could
downregulate the protein and mRNA levels of TGF-β1 and
Smad3, upregulate Smad7 expression, and prevent Smad2/3
phosphorylation and TGF-β1 intracellular signal
transduction.Hong et al. (2010) established a MF model after
myocardial infarction in rats by ligating the anterior descending
branch of coronary artery, TXLC (1 g/kg/day) significantly
improve the cardiac function of rats with myocardial
infarctionby inhibiting the TGF-β1/Smad signalling pathway
and thus reducing cardiac collagen deposition and inhibiting
MF and left ventricular remodelling. Salvia Miltiorrhiza can
clears heat and exertsa tranquilising effect on mind, thereby
relieving pain during menstruation, promoting blood
circulation, and removing blood stasis. The active components
of this medicine are the drugs that are commonly used for treating
cardiovascular diseases such as danshensu (Wang et al., 2016b)
and Tanshinone IIA (Chen et al., 2015). Danshensu (10 mg/kg,
20 mg/kg, 40 mg/kg) (Li and Ning, 2020) can effectively improve
the degree of MF in rats with acute myocardial infarction by dose
dependentlyinhibiting the expression of TGF-β and CTGF and
regulating the TGF-β1/Smadsignalling pathway. Tanshinone ⅡA
(70 mg/kg/day) can downregulate the TGF-β1/Smad2/3
signalling pathway activity in rats with MF induced by Ang II.
Moreover, it can effectively inhibit collagen deposition,
overexpression of CTGF, and plasminogen activator inhibitor
(PAI)-1 and alleviate MF in rats (Zhan et al., 2014; Ma et al.,
2016).Shen et al. (2012) studied the protective effect of OMT on
experimentally induced MF in rats with AMI and confirmed that
OMT (50 mg/kg) could inhibit the TGF-β1-Smads signalling
pathway, inhibit the upregulation of TGF-β1, Smad2, Smad3,
Smad4 mRNA expressions and increase the Level of Smad7
mRNA, thereby alleviating MF inrats with AMI.

Regulation of Free Radical Metabolism In
Vivo
TCMs and its active ingredients can treat myocardial fibrosis
through regulate free radical metabolism. Paeonol (Pae), also
known as paeonol, is the major component of the root bark of

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 8532896

Ren et al. Traditional Chinese Medicine Myocardial Fibrosis

220

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ranunculaceae peony and the dried root or whole plant of Ramat
Xu Changqing, which has anti-inflammatory and antioxidant
effects (Liu et al., 2013). Ppanax notoginseng saponins (PNS) are
the main effective components of Panax Notoginseng from
Araliaceae that are mostly used to prevent and treat
cardiovascular and cerebrovascular diseases. These compounds
exhibit anti-cancer, neuroprotective, and hypoglycaemic
properties (Uzayisenga et al., 2014). Pae (80 mg/kg) in
combination with PNS (100 mg/kg) (Jia et al., 2018) was
found to upregulate HO-1 and SOD expression in the
myocardial tissue of a diabetic cardiomyopathy model induced
by high fat and high sugar feeding combined with intraperitoneal
injection of streptozotocin, as well as reduce the level ofMDA and
ROS. Furthermore, it can inhibit the expression of type I and type
III collagen and activate the Nrf2/ARE signallingpathway
through anti-oxidative stress, which can synergistically
alleviate MF caused by DCM.Liu et al. (2014) reported that
curcumin (200 mg/kg) could significantly improve the weight
loss and fasting blood glucose in DCM rats, inhibit MDA
production in myocardium, and increase glutathione
peroxidase activity. Reduced release of serum cardiac troponin
I and decreased expression of protein kinase C in the myocardial
tissue indicated that the protective effect of curcumin on DCM in
rats may be related to the inhibition of oxidative stress. The
experimental results of Hu et al. (2015) indicated that hesperetin
(100 μmol/L) may inhibit the proliferation of cardiac fibroblasts
and effectively inhibit the occurrence and development of MF by
directly inhibiting ROS production. Total flavonoids of Sophora
flavescens are the most bioactive compounds extracted from S.
flavescens by alcohol method that exhibit a wide range of
physiological activities, including antibacterial, antioxidant,
and anti-inflammatory (Zhang et al., 2011; Chong et al., 2013).
A study (Fan et al., 2013) have confirmed that total flavonoids of
Sophora flavescens (200 mg/kg, 400 mg/kg) antagonises Ang II
generation in the myocardium by increasing the NO
concentration in local tissues of the myocardium or blood
vessels. Reduce MDA content, increase myocardial SOD
activity to resist lipid peroxidation and inhibit collagen
synthesis to resist MF in rats. Some Compounds of TCMs are
known to regulate free radical metabolism. Tetramethylpyrazine
(TMP) is a biomonomer with molecular formula
C8H12N2·HCl·2H2O extracted from the traditional Chinese
herbal medicine Chuanxiong. An experimental study on
Tetramethylpyrazine Phosphate Tablets (TPT) in rats with
isoproterenol-induced heart failure confirmed that TPT
(4 mg/kg) could increase the activities of SOD and GSH-Px
and decrease the level of MDA, thereby reducing oxidative
stress, improving cardiac function, and inhibiting MF (Guo
et al., 2012). QSYQDP is listed as a Chinese herb preparation,
which is widely used in the treatment of coronary heart disease
and heart failure (Wang et al., 2019).Shu et al. (2012) confirmed
that QSYQDP (250 mg/kg/day) can increase the circulating SOD
and GSH-PX levels, inhibit the production of ROS, and thus
inhibit MF development. Simiao Yongan Decoction (SMYAD) is
aopular formula of Chinese herbal medicine that exerts the effects
such as clearing away heat and toxic materials, promoting blood
circulation, and removing blood stasis. SMYAD is mainly

composed of Lonicerae Japonicae Flos, Radix Scrophulariae,
Radix Angelica Sinensis, Radix Glycyrrhizae at ratio of 3: 3: 2:
1. Numerous pharmacological studies have shown that it
functions asan antioxidant and also functions in lowering the
blood lipid level and reducing the atherosclerotic plaque (Zhao
et al., 2020b). A study have revealed that the mechanism of action
of SMYAD in the treatment of MF is related to its antioxidant
effect. After ISO injury, collagen deposition in the myocardium of
the mice treated with SMYAD decreased significantly, which may
be attributed to ROS and SOD removal, NOX2 balance
restoration, and NADP/NADPH ratio reduction by SMYAD
(Ren et al., 2019).

Inhibition of Extracellular Matrix
Remodelling
Animal experiments (Li et al., 2018) have shown that berberine
can downregulate theexpression of insulin-like growth factor-1
receptor (IGF-1R) in the heart of diabetic rats and then reduce the
expression of MMP-2/MMP-9, α-SMA, and type-Icollagen in the
heart to alleviate MF and restoring heart dysfunction, thus
playing a cardioprotective role in diabetic rats. Shenzhu
Xinkang Decoction (SZXKD) is mainly composed of
Codonopsis Pilosula, Radix Ophiopogonis, Radix Polygonatum
Odoratum, Radix Astragali, Schisandra Chinensis, Salviae
Miltiorrhizae at ratio of 20: 15: 10: 20: 6: 20, which is a
representative prescription for the treatment of chronic heart
failure and fibrosis (Yu et al., 2013). Yu et al. (2016) confirmed
that SZXKD high dose group (44 g/kg/day) can reduce MMP9
expression, increase TIMP1 expression, and improve MF in rats
with chronic heart failure. A study by Zhao et al. (2018) have
reported that QSYQDP (270 mg/kg/day) can improve the cardiac
systolic and diastolic functions and exerts anti-fibrosis effects by
inhibiting collagen deposition, MMTO expression, and CF
proliferation and differentiation in rats with MF following
myocardial infarction. Fuzheng Huayu Capsule (FZHYC) is an
FDA-approved drug in China that is used to treat organ fibrosis,
consists of six Chinese herbs, including Semen Persicae (Tao-
ren), Cordyceps Sinensis, Gynostemma Pentaphyllammak (Jiao-
gulan), Radix Salvia Miltiorrhizae, Pollen Pini and Schisandrae
Chinensis. It can promote blood circulation, remove blood stasis,
and soften and resolve hard masses. Moreover, it exerts a strong
anti-hepatic fibrosis effect (Liu et al., 2009; Song et al., 2017). In a
study, FZHYC was found to improve not only liver fibrosis but
also MF following myocardial infarction (Guo et al., 2020). Qi
et al. (2018) confirmed that the FZHYC (0.4 g/kg/day) improves
the degree of MF after myocardial infarction in rats by regulating
MMP2, MMP9, TIMP1, and TIMP2 expressions and controlling
the MMP2/TIMP2 and MMP9/TIMP1 balance. Li et al. (2010)
studied the effect of Tanshinone IIA on spontaneously
hypertensive rats (SHR) and confirmed that Tanshinone IIA
(40 mg/kg) can reduce not only blood pressure but also
ventricular mass, ventricular mass index, and myocardial
collagen volume fraction (CVF) to different degrees. The
mechanism of action of Tanshinone IIA is related to the
inhibition of MMP-2, MMP-9, and TIMP-2 expressions and
improvement in the MMP/TIMP ratio. Gao et al. (Gao and
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Zhu, 2009) reported that RES can effectively improve the
imbalance of MMP-2/TIMP-2 expression and prevent
atherosclerosis MF. Additionally, resveratrol caninterfere with
MF induced by alcohol by inhibiting MMP-2 and MMP-9
expressions (Ma et al., 2012). Icarisid Ⅱ (ICS Ⅱ), a
polyhydroxy flavonoid monomer component extracted from
Epimedium Brevicornum, exerts anti-inflammatory and
antioxidant effects and improves myocardial cell apoptosis
(Khan et al., 2015; Wu et al., 2017).Fu et al. (2018)
investigated the effect of ICS II on MF in Spontaneously
Hypertensive Rats (SHR), the ICS II (8 mg/kg, 16 mg/kg)
demonstrated significantly reduced collagen deposition, systolic
blood pressure, left ventricular mass index, and MMP-2, MMP-9,
collagen I, and collagen III expressions in the left ventricular
Tissue. However, the expression of TIMP-1 was increased
significantly. The findings indicated that ICS II can improve
MF in SHR rats, and its mechanism may be related to lowering
blood pressure, downregulating MMP-2 and MMP-9
expressions, and upregulating TIMP-1 expression. BYHWD
(36 g/kg/day) (Qin et al., 2019) was reported to prevent MF in
mice with viral myocarditis by inhibiting the proliferation of
myocardial collagen, regulating MMP and TIMP expressions,
and improving the MMP and TIMP imbalance.

Inhibition of Inflammatory Reaction
Studies have shown that sodium tanshinone IIA sulfonate (STS)
(100 mg/kg/day) (Yang et al., 2014) can significantly reduce the
TNF-α level in plasma and NF-κB and TNF-αmRNA expressions
in the myocardium of type 2 diabetic rats, which playing a role in
myocardial protection by inhibiting the NF-κB inflammatory
signalling pathway. The compound Qishen Yiqi can protect
the myocardium by inhibiting the TNF-α/NF-κB and IL-6/
STAT3 signalling pathways and slowing down the ventricular
remodelling and MF caused by inflammation (Li et al., 2014).
Tingli Shengmai Prescription (TLSMP) is composed of Tinglizi,
Radix Astragali, Red Ginseng Rubra, Fructus Schisandrae
Chinensis, Radix Salvia Miltiorrhizae, which is effective in
treating chronic heart failure caused by qi deficiency and
blood stasis, yang deficiency, and water stagnation. (TLSMP)
(Zhao et al., 2010) candecrease the levels of inflammatory factors
TNF-α and IL-6 in blood of rats with chronic heart failure and
inhibit MF formation. Cinnamaldehyde is a compound separated
from the cinnamon bark. Kang et al. (2016) reported that
cinnamaldehyde (40 mg/kg, 80 mg/kg) can potentially alleviate
heart inflammation and fibrosis by inhibiting NLRP
inflammatory body activation and regulating the signal of
TLR4/6-interleukin-1 mediator-related kinase (IRAK4)/1
mediated by CD36. Yang et al. (2010) treated MF in elderly
hypertensive mice by administering the intraperitoneal injection
of STS. The study confirmed that STS (100 mg/kg/day) can
interfere with MF through inflammation and immune
imbalance regulation by decreasing the Th1 factor (IL-12 and
IFN-r) levels and increasing the TH2 factor (IL-4 and IL-5) levels
in peripheral blood. Lingui Zhugan Decoction (LGZGD) is
mainly composed of Ting-lizi, Atractylodes Macrocephala
Koidz, Poria Cocos(Schw.) Wolf, Radix Salvia Miltiorrhizae,
Cinnamomum Cassia Presl, Ze-lan, Radix Glycyrrhizae

Preparata at a ratio of 30: 20: 15: 15: 10: 10: 3. It is widely
used in the treatment of cardiovascular diseases and exhibits
remarkable effects (Gu et al., 2020). Yang et al. (2018) reported
that LGZGD can significantly reduce the serum IL-6, IL-18, and
TNF-α levels in patients with CHF, inhibit the overexpression of
inflammatory factors, and protect against MF. Radix Astragalus
Membranaceus is a widely used traditional Chinese medicine for
alleviating MF. Lu et al. (2019) studied the beneficial effect of
Astragalus oral liquid on vascular inflammation in patients with
chronic heart failure and MF. The IL-6, TNF-α, and hs-CRP
levels in the observation group treated with Astragalus oral liquid
(30 ml/day) were decreased compared with those in the control
group. Therefore, Astragalus oral liquid could improve MF in
chronic heart failure by inhibiting inflammatory factors.Zhang
and Zhi (2014) analyzed the effect of Astragalus injection on
serum TNF-α, IL-6, and Ang II levels in patients with chronic
heart failure and reported that Astragalus injection (10 ml/day)
can significantly reduce inflammatory factors, indicating that it
exerts a protective effect on the myocardial cells. Triptolide (TP)
is the main active natural product isolated from the medicinal
plant Tripterygium wilfordii that plays a crucial role in resisting
oxidation and inhibiting inflammation (Cui et al., 2017). In a rat
abdominal aorta ligation model, TP was reported to reduce the
release of inflammatory factors IL-1β and IL-6, reduce the
activation of NF-κB, and reduce the release of inflammatory
factors and production of TGF-β and Ang II by exerting an anti-
myocardial fibrosis effect (Zhang et al., 2013). Another in vivo
experiment indicated that (Sun et al., 2021) TP (100 μg/kg,
200 μg/kg) could reduce the release of TNF-α and IL-6 and
theCK-MB and cTn-I contents in the blood of septic rats, thus
significantly alleviating MF. The underlying mechanism may be
related to the inhibition of the TLR4/TAK1/NF-κB inflammatory
signalling pathway.

Regulation of the micRNA
Based on the ancient Danggui Buxue Decoction, Angelica sinensis
andHedysarum hedysarum were used as raw materials to prepare
the ultrafiltration of Radix Angelica Sinensis and Radix Hedysari
(RAS-RH) (Ma et al., 2019). In vivo experiments revealed that
RAS-RH (50 mg/kg/day) (Ma et al., 2020) can alleviate the MF
induced by X-ray in rats, and its mechanismmay be related to the
inhibition of microRNA-200a expression by RAS-RH. Xinkang
Granule is mainly composed of White Ginseng, Astragalus
Membranaceus, Bupleurum, Cimicifuga, Platycodon
grandiflorum, Poria cocos, Coix Seed, Zingiber officinale peel,
Areca catechuL. peel, Tangerine peel, Cinnamon Twig,
Aconitum carmichaelii Debx, Amomum villosum at a ratio of
10: 30: 5: 5: 5: 15: 30: 10: 10: 10: 6: 10: 6. Liu et al. (Liu et al., 2018b)
performed experiments with adriamycin model CHF rats, which
indicated that XKG (2 g/kg/d) could decrease the miRNA-21
signalling pathway activation, increase the expression level of
PTEN, and improve cardiac compliance. Berberine can effectively
inhibit left ventricular hypertrophy and MF caused by various
factors and improve cardiac function (Ying et al., 2018). Zheng
et al. (2020) studied the effect of berberine on the expression of
miR-29b in the pressure overload hypertrophy myocardium and
applied its intervention to treat MF. The study confirmed that
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berberine (100 mg/kg/day) can inhibit myocardial hypertrophy
and fibrosis in the pressure overload myocardial hypertrophy
model by upregulating miR-29b expression and downregulating
the expression of its target gene. According to a study, Carthamus
Tinctorius L. can improve the cardiac function and ventricular
remodelling in patients with ischaemic cardiomyopathy and
prevent MF development (Yu et al., 2019). The Tinglizi can
inhibit myocardial hypertrophy and fibrosis and correct heart
failure (Chen et al., 2019). Compatibility between the Carthamus
Tinctorius L. and Tinglizi (CTL-TLZ) can promote blood
circulation, remove blood stasis and greatly enhance the anti-
MF effect (Wang et al., 2021). CTL-TLZ is mainly comosed of
Carthamus Tinctorius L. and Tinglizi at a ratio of 3: 5.Wang et al.
(2020) observed the inhibitory effect of CTL-TLZ in MF in mice
with heart failure following myocardial infarction. The
experimental results showed that compared with the model
group, CTL-TLZ.

(2.0 mg/m L) can Upregulation of miRNA-22 expression and
downregulation of TGFβ-1 expression in the myocardial tissue,
can downregulate the expression of COL1A1, COL3A1, and
TGFβ-1, upregulate the expression of miRNA-22 and inhibit
the proliferation of fibroblasts and collagen synthesis. In addition,
this herb can inhibit MF in mice with heart failure after
myocardial infarction, and the underlying mechanism may be
related to the regulation of miRNA-22/TGFβ-1 signalling
pathway activation in fibroblasts. Besides, the main ingredients
of CTL-TLZ need to be identifified and are worthy of further
study in MF treatment. Zhu et al. (2019) observed the effects of
Fuzheng Huayu Recipe (FZHZR) on the proliferation, apoptosis,
and miR-29b-5p expression in cardiac fibroblasts induced by Ang
II. The results showed that the mechanism of FZHZR (100 μg/
mL) against MF may be related to the inhibition of cardiac
fibroblast proliferation induced by Ang II, promotion of
cardiac fibroblast apoptosis, and regulation of miR-29b-5p
expression. Astragalus membranaceus is an herb with many
pharmacological functions. As one of the active ingredients of
Astragalus membranaceus, Astragaloside IV has been proved to
inhibit myocardial fibrosis. Astragaloside IV (10 mg/kg/day)
inhibit cardiac fibrosis by targeting miR-135a and activating
the TGF-β/Smads pathway (Wei et al., 2020). Liu et al. (Liu
et al., 2019) reported that XKG (1.2 g/mL/day) could regulate
miRNA-1 and miRNA-133/caspase-3 expressions, inhibit
myocardial apoptosis, and resist MF. Yao et al. (Zhang et al.,
2019) reported that RSV (50 μmol/L) can inhibit the proliferation
of cardiac fibroblasts induced by TGF-β, and its mechanism may
be the downregulation of miR-34a, miR-181a, and miR-17
expressions. Qi et al. (Qi, 2018) reported that FZHYC
(0.4 g/kg/day) alleviates MF following myocardial infarction in
rats by upregulating the expression of miR-29 family members.
Qili Qiangxin Capsule (QLQXC) is a standardized Chinese herbal
extract prepared from 11 Chinese herbs, including Astragalus
Membranaceus, Panax Ginseng, Aconitum Carmichaeli Debx,
Salvia Miltiorrhiza Bunge, dry seeds of Lepidium Apetalum
Willd. or Descurainia Sophia (L.) Webb ex prantl, Alisma
Orientalis, Polygonatum Odoratum, dry twigs of Cinnamomum
Cassia Presl, Carthamus Tinctorius L, Periploca Sepium Bge, and
dried ripe peel of Citrus Reticulata Blanco. Chen et al. (Chen,

2019) reported that QLQXC (0.32 g/kg/day) can inhibit left
ventricular remodelling and improve MF in rats with
myocardial infarction to different degrees, and the underlying
mechanism is related to the upregulation of miR-133a expression.

To sum up, the above TCM research review is shown in
Table 2.

SUMMARY: TRADITIONAL CHINESE
MEDICINE IS A PROMISING TREATMENT
STRATEGY FOR MYOCARDIAL FIBROSIS
Increasing evidence suggests that traditional Chinese medicine is an
alternative source of anti-fibrosis drugs and a promising research
hotspot. The present review concludes that the role of traditional
Chinese medicine in treating cardiac fibrosis and the related
experimental performance is reflected mainly in the following
perspectives: 1) Traditional Chinese medicine treatment can
inhibit the RAAS to prevent cardiovascular diseases; 2)
Traditional Chinese medicine can not only improve the
histopathology of heart tissue but also restore effective myocardial
perfusion and improve heart function; 3) Traditional Chinese
medicine can effectively inhibit the proliferation and
differentiation of CFs and regulate the growth cycle of fibroblasts,
thereby reducing myocardial collagen deposition; 4) Traditional
Chinese medicine can regulate various pro-fibrosis factors,
cytokines, and cardiovascular active substances, including TGF-
β1, CTGF, Ang II, TNF-α, interleukin, NOX2, IFN-r, IL-β, and
hs-CRP, and further regulate the activity of related signal pathways
to improve MF. 5) Traditional Chinese medicine plays a role in
inhibiting myocardial inflammatory reaction, oxygen free radicals,
and lipid peroxidation; 6) Traditional Chinese medicine can
participate in the metabolic process of ECM by regulating the
balance of MMPs/TIMPs and exert the anti-myocardial fibrosis
effect. 7) Traditional Chinese medicine can regulate the TGF-β1/
Smad signalling pathway by downregulating TGF-β 1 expression,
reducing collagen deposition in the heart, and inhibiting MF and
ventricular remodelling. 8) Traditional Chinese medicine can
regulate myocardial miRNA and inhibit fibroblast proliferation
and collagen synthesis.Owing to its multi-component, multi-
target, and multi-level characteristics, traditional Chinese
medicine can be applied to treat different fibrosis and
cardiovascular diseases in different stages. Additionally, traditional
Chinese medicine can improve the fibrosis of other organs,
providing a new strategy to develop anti-fibrosis drugs.

Owing to its multi-component, multi-target, and multi-level
characteristics, traditional Chinese medicine can be applied to
treat different fibrosis and cardiovascular diseases in different
stages. Additionally, traditional Chinese medicine can improve
the fibrosis of other organs, providing a new strategy to develop
anti-fibrosis drugs.

Although remarkable progress has been made in exploring the
in-depth mechanism of Chinese medicine in preventing and
treating MF, the research on anti-myocardial fibrosis effect of
Chinese medicine is in its infancy and limited due to the following
problems and shortcomings: 1) Research on the anti-myocardial
fibrosis mechanism of Chinese medicine has not been extensive
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TABLE 2 | The mechanism of TCM in the treatment of myocardial fibrosis.

Type of TCM TCM Type of
study

Mechanism of action References

The bioactive
ingredientsOf TCM

Curcumin In vitro and In
vivo

Antagonise the ACE and ATI receptor Pang et al. (2015)

In vivo Inhibit the growth and proliferation of CFs Wu et al. (2021)
In vivo Inhibit MDA production, and increase glutathione Liu et al. (2014)

Peroxidase activity
Matrine In vitro Reduce the contents of AT1Rand CTGF Dai et al. (2013)
Berberine In vitro and In

vivo
Inhibit proliferation of cardiac fibroblasts; Che et al., (2019); Jiang et al.,

(2020)
In vivo Reduce the expression of MMP-2/MMP-9, α-SMA, and type-

I collagen
Li et al. (2018)

In vivo Upregulating miR-29b expression Zheng et al. (2020)
Ginkgo Biloba extract In vivo Inhibit TGF-β1-Smad/TAK1 signalling pathway Hu et al. (2021)
Oxymatrine In vitro Inhibit TGF-β1/MAPK signalling pathway Zhang et al. (2017)

In vivo Inhibit TGF-β1-Smads signalling pathway Shen et al. (2012)
Flavonoid extracts from Lonicera
japonica

In vitro Blocking of cardiac fibroblast cell cycle Ge et al. (2018)

Honokiol In vitro Reduce the proliferation and migration of cardiac fibroblasts Chen et al. (2016)
resveratrol In vitro Down regulation TGF-β1/Smads signalling pathway Ding et al. (2020)

In vivo Improve the imbalance of MMP-2/TIMP-2 expression Gao and Zhu, (2009)
In vitro Down-regulation of miR-34a, miR-181a, and miR-17

expressions
Zhang et al. (2019)

In vivo Inhibiting MMP-2 and MMP-9 expressions Ma et al. (2012)
Danshensu In vivo Regulating the TGF-β1/Smad signalling pathway Li and Ning, (2020)
Tanshinone ⅡA In vivo Down regulate the TGF-β1/Smad2/3 signalling pathway Shen et al., (2012); Zhan et al.,

(2014); Ma et al., (2016)
In vivo inhibition of MMP-2, MMP-9, and TIMP-2 expressions Li et al. (2010)

And improvement in the MMP/TIMP ratio
Paeonol in combination with P.
Notoginseng saponins

In vivo Upregulate HO-1 and SOD expression,reduce the level of
MDA and ROS

Jia et al. (2018)

Hesperidin In vitro Inhibiting ROS production Hu et al. (2015)
Total flavonoids of Sophora
flavescens

In vivo Reduce MDA content and increase myocardial SOD activity Fan et al. (2013)

Icarisid Ⅱ In vivo lowering blood pressure, downregulating MMP-2 and MMP-
9 expressions, and upregulating TIMP-1 expression

Fu et al. (2018)

Sodium Tanshinone ⅡA
Sulphonate

In vivo Reduce the TNF-α level and NF-κB and TNF-α mRNA
expressions; inhibiting the NF-κB inflammatory signalling
pathway

Yang et al. (2014)

In vivo Decreasing IL-12 and IFN-r levels and increasing IL-4 and IL-
5 levels

Yang et al. (2010)

Cinnamaldehyde In vivo Inhibiting NLRP inflammatory body activation and regulating
the signal of TLR4/6-interleukin-1 mediator-related kinase
(IRAK4)/1

Kang et al. (2016)

Triptolide In vivo Reduce the release of IL-1β and IL-6, reduce the activation of
NF-κB

Wang et al. (2021)

In vivo Reduce the release of TNF-α and IL-6 and the CK-MB and
cTn-I contents

Sun et al. (2021)

Radix Angelica Sinensis and
Radix Hedysari

In vivo Inhibiting microrna-200a expressions Ma et al. (2020)

Astragaloside IV In vitro Targeting miR-135a and activating the TGF-β/Smads
pathway

Wei et al. (2020)

Chinese medicine
decoction

Luqi Recipe In vivo Inhibit the RAAS; reduce the levels of Ang I, Ang II, and ALD Liu et al. (2018a)
Buyang Huanwu Decoction In vivo Inhibit phosphorylation of MAPKs and TGF-β1/Smad3 Chen et al. (2017)

In vivo Regulating MMP and TIMP expressions, and improving the
MMP and TIMP imbalance

Qin et al. (2019)

Shengmai Powder In vivo Regulation of the TGF-β1/Smad3 pathway Zhao et al., (2016); Zhao et al.,
(2020a)

Simiao Yongan Decoction In vivo Remove ROS and SOD, restore NOX2 balance and reduce Ren et al. (2019)
NADP/NADP H ratio; scavenging free radical

Tingli Shengmai Prescription In vivo Decrease the levels of TNF-α and IL-6 Zhao et al. (2010)
Linggui Zhugan Decoction Clinical

experiment
Reduce the serum IL-6, IL-18, and TNF-α levels Yang et al. (2018)

Shenxinkang Decoction In vivo Reduce MMP9 expression, increase TIMP1 expression Song et al. (2017)
(Continued on following page)
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and is limited to the RAAS, cardiovascular active substances,
inflammation and oxidative stress, and collagen degradation
system. However, a few studies have attempted to explore the
mechanisms on the molecular level and based on intracellular
signal transduction pathways. 2) Many types of MF animal
models exist, and the experimental model for exploration of
MF pathogenesis mechanism needs a precise and reasonable
scientific research design. 3) Although various treatment
methods are available, such as invigorating qi, nourishing yin,
promoting blood circulation, removing blood stasis, inducing
diuresis and detumescence, softening and resolving hard masses,
benefiting temperature and yang, promoting blood circulation,
and dredging collaterals, no comparative study of each method
has been conducted yet. Moreover, a pharmacological
comparative study of commonly selected drugs in each
method is lacking. 4) Clinically, patients’ symptoms and
manifestations are different, and there are different TCM
syndromes. However, a unified TCM syndrome differentiation
system is also lacking. In addition, the clinical research sample is
small, and the repeatability of many therapies and prescriptions is
poor. There are only a few prospective, multicentre, and large-
sample-controlled studies. 5) Some traditional Chinese medicine
formulae, extracts, and monomers of traditional Chinese

medicine have unclear specific medicinal components and
effective sites, and their target points are unknown.

With the further development of modern molecular biology,
the research on the treatment of MF with traditional Chinese
medicine has made rapid progress, which shows that traditional
Chinese medicine exhibits various advantages and characteristics
in treating pulmonary fibrosis. This review shows that TCM and
its active ingredients, compound preparation can effectively
reduce inflammatory reaction, alleviate oxidative stress, inhibit
cardiac fibroblast activation, reduce extracellular matrix, regulate
the renin–angiotensin–aldosterone system, downregulate TGF-
β1 expression, regulate the TGF-β1/Smad signalling pathway, and
regulate microRNA, thereby protecting the heart from injury.
Research on the prevention and treatment of MF with traditional
Chinese medicine is mostly based on experiments, which
provides some objective basis for clinical drug selection.
However, the specific effective parts of Chinese medicine and
its molecular mechanisms are not clear enough, and there is
relatively little research on the corresponding theoretical basis of
Chinese medicine. In conclusion, MF is still a thorny clinical
challenge. Traditional Chinese medicine has good therapeutic
potential for fibrotic diseases. However, it is necessary to further
explore the methods of prevention and treatment of MF with

TABLE 2 | (Continued) The mechanism of TCM in the treatment of myocardial fibrosis.

Type of TCM TCM Type of
study

Mechanism of action References

CTL-TLZ In vivo Regulation of miRNA-22/TGFβ-1 signalling pathway Wang et al. (2020)
Fuzheng Huayu Recipe In vitro Regulation of miR-29b-5p expression. Zhu et al. (2019)

Chinese patent
medicine

Qisheng Yiqi Dripping Pills In vivo Restoring the Ang II-NADPH oxidation-ROS-MMP pathway; Lu et al. (2015)
In vivo Increase the circulating SOD and GSH-PX levels, inhibit the

production of ROS
Shu et al. (2012)

In vivo Inhibiting collagen deposition, MMTO expression Zhao et al. (2018)
In vivo Inhibiting the TNF-α/NF-κB and IL-6/STAT3 signalling

pathways
Li et al. (2014)

Luhong Granules In vivo Activate the ACE2-Ang (1–7) axis Xu et al. (2015b)
Kangxin Shuai Granule In vivo Inhibiting RAAS overactivation Ma, (2015)
Qiangxin Capsule In vivo Reduce the contents of ALD, renin, TGF-β, and Ang II Duan and Yao, (2019)
Shensong Yangxin Powder In vitro Inhibiting the Akt pathway Shen et al. (2017)
Shensong Yangxin Capsule In vitro Inhibiting the TGF-β1/Smad signalling pathway Shen et al., (2014); Shen and

Wu, (2016)
Tongxinluo Capsule In vitro Regulation of the TGF-β1/Smad3 pathway Hong et al., (2010); Wang

et al., (2016a)
Ligustrazine phosphate tablets In vivo Increase the activities of SOD and GSH-Px and decrease the

level of MDA
Guo et al. (2012)

Fuzheng Huayu Capsule In vivo Regulating MMP2, MMP9, TIMP1, and TIMP2 expressions
and controlling the MMP2/TIMP2 and MMP9/TIMP1 balance

Qi et al. (2018)

In vivo Upregulating the expression of miR-29 family members Qi, (2018)
Astragalus oral liquid Clinical

experiment
Reduce the levels of hs-CRP, TNF-α, and IL-6 Lu et al. (2019)

Astragalus injection Clinical
experiment

Reduce inflammatory factors(TNF-α and IL-6) Zhang and Zhi, (2014)

Xinkang Granule In vivo Decrease the miRNA-21 signalling pathway activation Liu et al. (2018b)
In vivo Regulate miRNA-1 and miRNA-133/caspase-3 expressions Liu et al. (2019)

Qili Qiangxin Capsule In vivo Upregulation of miR-133a expression Chen, (2019)
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Chinese herbs such as Angelica sinensis to benefit patients with
clinical cardiovascular diseases.
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