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ELABORATE REGULATION OF CARDIAC ENERGY METABOLISM BY
NEUROHUMORAL FACTORS THROUGH MULTI-ORGAN NETWORK

Tomohisa NAGOSHI

Division of Cardiology, Department of Internal Medicine, The Jikei University School of Medicine

The derangement of cardiac energy metabolism plays a key role in the pathogenesis of heart failure.
Although glucose becomes a preferred substrate for metabolism and ATP generation, insulin resistance, which
patients with heart failure often have, impedes this metabolic shift from fatty acids to glucose. Therefore,
accelerating glucose metabolism, along with restoring insulin sensitivity, would be an ideal metabolic therapy
for heart failure. In the pathophysiology of heart failure, various neurohumoral factors are activated and
interact with one another. Our main research goal is to understand the clinical effects of fundamental
biological processes regulating cardiac energy metabolism via neurohumoral factors related to heart failure.
Through our laboratory and clinical research, we are attempting to identify the roles of these neurohumoral
factors in regulating energy metabolism through interorgan crosstalk and to validate potential therapeutic

targets for heart failure.

(Tokyo Jikeikai Medical Journal 2024;139:1-12)
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Fig.1. Optimization of cardiac metabolism under pathological conditions of cardiac diseases. (modified from Nagoshi T. et al.”)

Although fatty acids are the predominant fuel of energy metabolism in the normal adult heart, glucose is an important preferential
substrate under specific pathological conditions, as it provides greater efficiency for producing high—energy products per oxygen
molecule consumed than fatty acids. However, insulin resistance, which is highly prevalent in the heart failure population, impedes this

adaptive metabolic shift.

ANT = adenine nucleotide translocase, CPT = carnitine palmitoyltransferase, FABP = fatty acid binding protein, FAT = fatty acid
transporter, FFA = free fatty acid, GLUTs = glucose transporters, SGLT = sodium—glucose co-transporter, PDH = pyruvate
dehydrogenase, TCA = tricarboxylic acid cycle, UCP = uncoupling protein
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Fig.2. Close linkage between uric acid elevation and cardiac dysfunction via xanthine oxidase activation.

(A) Xanthine oxidase plays a key role in cardiac tissue purine metabolism'®. (B) Covariance structure analyses of cardiac catheter
database (n=1432)'". An explanatory drawing of the possible cascade from risk factors to the number of diseased vessels and LVEF
(Path model [a]), and the possible cascade from risk factors to UA (Path model [b]). The path has a coefficient showing the
standardized coefficient of a regressing independent variable on a dependent variable of the relevant path. These variables indicate
standardized regression coefficients (direct effect) [bold typeface indicates remarkable values], squared multiple correlations [narrow
italics] and correlations among exogenous variables [green]. (C) The cardiac XO activity is increased after Dox administration and
reduced by XO-inhibitors '¥. ***P<0.001 and *P<0.05 between indicated groups.

AOsys = systolic blood pressure, BMI = body mass index, Dox = doxorubicin, e = extraneous variable, eGFR = estimated glomerular
filtration rate, Feb = febuxostat, LVEF = left ventricular ejection fraction, ROS = reactive oxygen species, TG = triglyceride, Topi =
topiroxostat, UA = uric acid, XO = xanthine oxidase
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Fig.3. URAT1-selective inhibition ameliorates insulin resistance by attenuating diet-induced hepatic steatosis and brown adipose tissue
whitening *”.

(A) A schematic diagram of the experimental protocol. (B) Plasma glucose levels during IPGTT. Dotinurad ameliorates systemic
insulin resistance in HFD mice. ***P<0.001, **P<0.01, and *P<0.05 versus NFD at each time point; P<0.01 and "P<0.05 versus HFD
at each time point. (C) Histological images (hematoxylin—eosin staining) of each tissue harvested from the indicated mice at four weeks
after treatment with or without dotinurad (upper three panels). Dotinurad improves fatty liver and enlarged lipid droplets accumulation
in BAT in HFD mice. UCP1 immunostaining in BAT (bottom panel). Dotinurad increases UCP1 expression in BAT of HFD mice. (D)
Vicious cycle of URAT1 activity and insulin resistance in the pathophysiology of metabolic syndrome, which is severed by dotinurad.
BAT = brown adipose tissue, Doti = dotinurad (selective URAT1 inhibitor), HFD = high fat diet, IPGTT = intraperitoneal glucose
tolerance test, ITT = insulin tolerance test, NFD = normal fat diet
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Fig.4. URAT! is expressed in cardiomyocytes and dotinurad attenuates the development of diet-induced metabolic heart disease *".

(A) Immunohistochemical analyses of URAT1 expression in kidney cortical sections (upper panels: black arrows indicate proximal
convoluted tubules, and yellow arrows indicate distal convoluted tubules.) and hearts (middle panels) in mice (left panel). URAT1-
positive cells in cardiac vascular endothelial cells (white arrow) and cardiomyocytes are shown in the lower panels. The mRNA and
protein expressions of URAT1 in hearts are also shown (right panels). (B) Immunofluorescence analyses of URAT1 expression in
cardiomyocytes. (C) M—mode echocardiograms. Dotinurad ameliorates HFD-induced cardiac dysfunction. **P<0.01 between the
indicated groups. (D) Dotinurad reduces cardiac fibrosis in HFD mice. (E) Proposed mechanism.
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Fig.5. Natriuretic peptides coordinate inter—organ metabolic—crosstalk. (Myocardial-Adipose crosstalk)

In addition to the classical actions of hemodynamic regulation on the renal and car—diovascular systems, natriuretic peptides (NP)
regulate the energy balance and glucose homeostasis as well as thermogenesis through interorgan metabolic crosstalk between heart
and other metabolic organ systems, such as adipose tissues.

AT1 = angiotensin II receptor type 1, C.O. = cardiac output, K = potassium, MR = mineralocorticoid receptor, SNS = sympathetic
nerve system, WAT = white adipose tissue
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Fig.6. Adaptive heat retaining property of natriuretic peptides in a low—temperature-sensitive manner.

(A) Microscopic images of rat brown adipocytes treated with the fluorescent polymeric thermometer and the profile of the intracellular
temperature change are shown. ANP raises brown adipocyte intracellular temperature in vitro*». **P<0.01 versus control; "P<0.03 and
"P<0.01 versus ANP+SB at each time point. (B) Rectal temperature profiles during cold exposure (4°C, 4h). ANP treatment maintained
euthermia upon cold exposure in vivo ™. **P < 0.01 and ***P < 0.001 versus NFD at each time point. (C) Covariance structure analyses
of cardiac catheter database (n=1985)°. The path has a coefficient showing the standardized coefficient of a regressing independent
variable on a dependent variable of the relevant path. These variables indicate standardized regression coefficients (direct effect)
(underlined portions indicate remarkable values), squared multiple correlations (narrow italics) and correlations among exogenous
variables (green). Patients with cardiac dysfunction manifest a decrease in BT, whereas BNP elevation is associated with an increase in

BT. (D) Proposed mechanism.
BT = body temperature, SB = p38MAPK inhibitor
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Fig.7. Exogenous ANP treatment ameliorates systemic and myocardial insulin resistance in diet-induced obesity. (A) A schematic
diagram of the experimental protocol ****®. (B) Histological images (hematoxylin—eosin staining) of each tissue harvested from the
indicated mice at three weeks after treatment with or without ANP*), ANP improves enlarged lipid droplets accumulation in BAT and
WAT, and fatty liver in HFD mice. (C) Plasma glucose levels during IPGTT **. ANP ameliorates systemic insulin resistance in HFD
mice. *P<0.05 and **P<0.01 versus NFD at each time point; TP<0.05 and T T P<0.01 versus HFD at each time point; "P<0.05 and
#+P<0.01 versus NFD+ANP at each time point. (D) /n vivo myocardial insulin sensitivity was assessed by measuring insulin—induced
phosphorylation of Akt*®. ANP ameliorates myocardial tissue insulin resistance. (E) Electron micrographs of heart sections*®. ANP
traps excessive lipids in HFD hearts by facilitating lipid droplets formation and may protect mitochondria from lipid overload. (F)
Exogenous ANP treatment in diet-induced obesity ameliorates not only systemic insulin resistance but also myocardial insulin
resistance and protects against ischemia-reperfusion injury, which is associated with significant modifications of mitochondrial
ultrastructure *®.

IRI = ischemia-reperfusion injury; LD = lipid droplet, NAFLD = non—-alcoholic fatty liver disease

LD: lipid droplat
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