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Metabolic Reprogramming, Gut
Dysbiosis, and Nutrition Intervention
in Canine Heart Disease

Qinghong Li*

Nestlé Purina Research, Saint Louis, MO, United States

This review provides a state-of-the-art overview on recent advances in systems biology
in canine cardiac disease, with a focus on our current understanding of bioenergetics
and amino acid metabolism in myxomatous mitral valve disease (MMVD). Cross-species
comparison is drawn to highlight the similarities between human and canine heart
diseases. The adult mammalian heart exhibits a remarkable metabolic flexibility and
shifts its energy substrate preference according to different physiological and pathological
conditions. The failing heart suffers up to 40% ATP deficit and is compared to an engine
running out of fuel. Bioenergetics and metabolic readaptations are among the major
research topics in cardiac research today. Myocardial energy metabolism consists of
three interconnected components: substrate utilization, oxidative phosphorylation, and
ATP transport and utilization. Any disruption or uncoupling of these processes can result
in deranged energy metabolism leading to heart failure (HF). The review describes the
changes occurring in each of the three components of energy metabolism in MMVD and
HF. It also provides an overview on the changes in circulating and myocardial glutathione,
taurine, carnitines, branched-chain amino acid catabolism and tryptophan metabolic
pathways. In addition, the review summarizes the potential role of the gut microbiome in
MMVD and HF. As our knowledge and understanding in these molecular and metabolic
processes increase, it becomes possible to use nutrition to address these changes and
to slow the progression of the common heart diseases in dogs.

Keywords: mitral valve disease (MVD), energy metabolism, amino acids, nutrition, disease, heart failure,
microbiome, cardiac metabolism

INTRODUCTION

The adult mammalian heart has a very high demand for energy in order to sustain its constant
contractile activities and meet its basal metabolic needs (1). More than 70% of ATPs in the normal
adult heart are produced by fatty acid oxidation (FAO) in the complex mitochondrial machinery
while the remaining balance comes from the oxidation of other substrates including glucose (1).
The heart is metabolically flexible and shifts its preference in energy substrates in accordance with
different developmental stages, physiological, or pathological conditions (2). The concept of the
failing heart as an energy starved engine that runs out of fuel was initially proposed by Herrmann
and Decherd almost one century ago and continues to attract considerable research interests today
(1-7). The failing heart can exhibit an energy deficit of up to 40% less ATP than a healthy heart
(5, 8), increasing its reliance on glucose and other energy substrates as fuel in the context of reduced

Frontiers in Veterinary Science | www.frontiersin.org 1

February 2022 | Volume 9 | Article 791754


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2022.791754
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.791754&domain=pdf&date_stamp=2022-02-15
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:qinghong.li@rd.nestle.com
https://doi.org/10.3389/fvets.2022.791754
https://www.frontiersin.org/articles/10.3389/fvets.2022.791754/full

Li

Metabolic Reprogramming in Canine Heart Disease

capacity of FAO (1, 2, 9). Inside the cardiac myocytes, glucose
is either converted to sorbitol by the polyol pathway or
phosphorylated by hexokinase to glucose 6-phosphate, which
subsequently goes through several metabolic pathways including
glycolysis (10). Recently, a growing body of evidence indicates
ketone bodies as a significant fuel source in the failing and
diseased heart (7, 11-14). Pathological alternations of these
energy metabolic pathways are associated with impaired signal
transductions and altered energy and redox homeostasis leading
to contractile dysfunction. Although the pathophysiology of
heart failure (HF) is complex and multifactorial (15), strategies
that aim to improve cardiac energy metabolism, as an example,
by switching to a more efficient myocardial energy substrate, have
begun to show promise (7, 13, 16-19).

The concentrations of myocardial and circulating amino
acids change in the failing heart in humans and animal
models (20-22). Total free amino acids were increased in the
humans failing right ventricles (23). Branched-chain amino
acid (BCAA) catabolic deficiency is associated with the failing
heart in humans and animal models (24-27). Several uremic
toxins, many of which are amino acid metabolic products, are
associated with heart disease (22, 28). However, the contribution
of amino acid metabolic reprogramming to cardiac health
and disease has been understudied and underappreciated. In
addition, several gut microbiota-produced metabolites have been
associated with the cardiovascular disease although no causal
relationship has been established (29-31). Myxomatous mitral
valve disease (MMVD), the most common naturally occurring
heart disease in dogs, is characterized as a slow progressive MV
degeneration, which causes mitral regurgitation and, in some
cases, can lead to congestive heart failure (CHF) (13, 32, 33).
Canine MMVD is very similar to the primary MV prolapse in
humans at the morphological, pathophysiological, and molecular
levels, and is considered as a model for MV prolapse (34—
37). The TGF-B and serotonin (5-HT) signaling pathways have
been implicated in the physiopathogenesis of MMVD in both
humans and dogs. The observations included increased valvular
expressions in genes and proteins in both pathways, increased
5-HT concentrations in circulation, myocardial and valvular
tissues in dogs with MMVD. The comparative pathophysiology
and the underlying signaling mechanisms by TGF-B and 5-
HT have been extensively reported and reviewed (36-42).
This review will summarize current advances in cardiac
energy and amino acid metabolic reprogramming, associations
between gut dysbiosis and heart disease, and opportunities for
nutritional intervention.

CARDIAC ENERGY METABOLISM

The failing heart undergoes extensive metabolic remodeling
(43, 44). Cardiac energy metabolism is composed of three
interconnected components: substrate utilization and transfer,
ATP production by oxidative phosphorylation (OXPHOS),
and ATP transfer and utilization by myofibrils (Figure 1).
Disruptions or uncoupling of these components may cause
derangements in cardiac energy metabolism. This review will

describe changes in each of the three components in the failing
heart and MMVD in dogs.

Energy Substrate Utilization

Fatty Acid Utilization

In a normal mammalian heart, 70-90% of energy requirement
comes from FAO, while the remaining balance comes from
glycolysis and oxidation of lactate, and to a small degree, from
ketolysis and amino acid oxidation (44, 45). However, the
relative contribution of each substrate to the cardiac energy
production can vary greatly depending on substrate availability,
metabolic demand, and cardiac health condition (44). In the
early phase of HE minor reductions in fatty acid uptake and
oxidation are observed, while significant decreases in FAO are
detected in advanced HF (6, 45-47). Circulating free fatty
acids (FAs) cross the sarcolemmal membrane either through
passive diffusion or a carrier protein-assisted pathway (Figure 2).
These protein carriers include FA binding protein (FABP), FA
transporter protein (FATP), and FA translocase (CD36/FAT).
Cytosolic FAs are esterified to become fatty acyl CoA, from which
its acyl group is transferred to carnitine to form acylcarnitine
by carnitine palmitoyltransferase 1 (CPT1). The acylcarnitine
enters the mitochondrial inner matrix via the carnitine shuttle
and is converted to fatty acyl CoA by CPT2. The fatty acyl
CoA goes through several cycles of B-oxidation producing
the reduced forms of both nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH;), and acetyl
CoA, which enters the TCA cycle for ATP production. The
complex regulation of FAO pathway occurs at essentially every
step, including the availabilities of circulating free fatty acids,
fatty acid uptake and transport across cardiac sarcolemma, fatty
acid esterification to become fatty acyl-CoA esters, mitochondrial
update via the carnitine shuttle, and sequential B-oxidations of
long-chain acyl-CoA into acetyl-CoA, and biochemical reactions
in the TCA cycle and electron transport chain (ETC) (1).

In dogs with MMVD, fatty acid uptake and transport to
cytoplasm and fatty acid conversion to fatty acyl-CoA esters are
altered (48). In an RNA-seq transcriptomics study, fatty acid
binding protein was downregulated in the MV of preclinical
MMVD dogs compared with non-MMVD dogs (48). In addition,
long-chain acyl-CoA synthetase, the enzyme that converts long-
chain fatty acids to acyl CoA esters, was downregulated in both
the left ventricle (LV) and MV (48). These changes suggest
impairments in the fatty acid transport and utilization pathway
that may lead to deranged bioenergetics.

Glucose Utilization

In cardiac hypertrophy, there is a significant metabolic shift
from FAO to glucose (10, 43). Glucose oxidation is more oxygen
efficient than FAO, but produces less ATP per molecule. The
complete oxidation of 1 palmitate (C16:0) molecule generates
105 ATP molecules, and consumes 46 oxygen atoms, whereas
the complete oxidation of 1 glucose molecule generates 31
ATP molecules and consumes only 12 oxygen atoms. The
fluxes of glucose and fatty acids are regulated by a feedback
mechanism known as the Randle cycle or the glucose-fatty
acid cycle (49), which involves the competition between glucose
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FIGURE 1 | Cardiac energy metabolism. There are three interconnected components of cardiac energy metabolism: substrate transport and utilization (red box),
mitochondrial oxidative phosphorylation (OXPHOS) for energy production (blue box), and ATP transport and utilization by cardiac myofibrils (green box). Adapted from

Neubauer (6).
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FIGURE 2 | Fatty acid uptake and oxidation. Free fatty acids in circulation enter the cardiomyocytes through either passive diffusion or a carrier protein-facilitated
pathway, which involves fatty acid binding protein (FABP), fatty acid translocase (CD36/FAT), or fatty acid transporter protein (FATP). Cytosolic fatty acids are esterified
to become fatty acyl CoA by fatty acyl CoA synthase (FACS). The acyl group of fatty acyl-CoA is transferred to carnitine to form acylcarnitine by carnitine
palmitoyltransferase 1 (CPT1). The acylcarnitine enters the mitochondrial inner matrix via the carnitine shuttle and is converted to fatty acyl CoA by CPT2. The fatty acyl
CoA goes through several cycles of B-oxidation producing NADH, FADH,, and acetyl CoA, which enters the TCA cycle for ATP production. CAT, carnitine translocase.

and fatty acids for oxidation. In cardiomyocytes, the majority ~ dehydrogenase in cytosol or oxidized to acetyl-CoA by pyruvate
of glucose is metabolized through glycolysis, which produces  dehydrogenase to fuel the TCA cycle in mitochondria (10)
pyruvate and ATP. Pyruvate can be reduced to lactate by lactate  (Figure 3). During hypertrophied growth and remodeling, FAO
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FIGURE 3 | Glucose uptake and oxidation. Glycolysis plays an important role in cardiac bioenergetics. In cardiomyocytes, glucose is transported via glucose
transporters (GLUTs). Some glucose is converted to fructose and then fructose 6-phosphate for glycolysis via polyol pathway. The majority of glucose goes through a
series of enzymatic reactions of glycolysis to be converted to pyruvate. These enzymes include hexokinase (HK) for glucose 6-phosphate, phosphofructokinase 2
(PFK?2) for fructose 6-phosphate, and PFK1 for fructose 1,6-biphosphate. Pyruvate can be reduced to lactate by lactate dehydrogenase (LDH) in cytosol or oxidized to
acetyl-CoA by pyruvate dehydrogenase (PDH) in the mitochondria. A small amount of pyruvate can be converted into alanine by alanine transaminase (ALT).

is decreased with a concomitant increase in glucose utilization
(6, 10). However, decreased glucose oxidation was also reported
in the development of HF (50). Glucose enters mammalian cells
via facilitated diffusion, a process regulated by transmembrane
glucose transporters (GLUTs) (51). Both GLUT1 and GLUT4
have a well-established role in myocardium. GLUT1 is abundant
in the fetal heart whereas GLUT4 is the predominant isoform
in the adult heart (10). In dogs with preclinical MMVD,
transcriptional changes in GLUT3 and GLUT6 were reported:
increased expression of GLUT3 was observed in both the LV and
MYV, while GLUT6 expression was upregulated in the MV (48).
No change was found in either GLUT1 or GLUT4. One possibility
is that dogs use different GLUT isoforms than humans or rodents.
Interspecies expression difference in GLUT was reported. For
example, human B-cells predominantly express GLUT1 while its
expression of GLUT2 is 100-fold lower than in rat B-cells (52).
Nevertheless, the study did not rule out the possible involvement
of other GLUT isoforms in myocardial glucose utilization in
dogs. GLUTS3, a high-affinity GLUT isoform and a major glucose
transporter for the brain, is also present in human adult and fetal
myocardium (53, 54). GLUT6 knockout mutant mice show little
metabolic effect (55), suggesting a redundant role of GLUT6 in
the murine heart. In an untargeted serum metabolomics study,
circulating glucose concentration was lower while lactate level
was higher in preclinical MMVD dogs vs. non-MMVD dogs

(48). The data supported the hypothesis of increased glucose
utilization in dogs with MMVD.

Ketone Utilization
Acetoacetate and fB-hydroxybutyrate (BHB) are the two main
forms of ketone bodies. Under normal, non-fasting conditions,
ketones contribute little to myocardium energy metabolism.
Recently, emerging evidence demonstrates the importance of
ketones as an alternate fuel source for the failing heart (7, 11, 12,
14). Ketone bodies are mainly produced in the liver cells from
circulating fatty acids (Figure 4) (56). After a series of enzymatic
reactions, two molecules of acetyl-CoA are converted to one
molecule of acetoacetate, which is further reduced to BHB by f-
hydroxybutyrate dehydrogenase 1 (BDH1) in the mitochondria.
These ketone bodies reach other tissues via circulation and
are taken up by other organs by monocarboxylate transporters.
In cardiomyocytes, BHB is oxidized to be reconverted into
acetoacetate by BDHI, a key enzyme for ketone utilization.
Acetoacetate is activated by succinyl-CoA:3 ketoacid-CoA
transferase (SCOT), the rate-limiting enzyme of ketolysis, to
become acetoacetyl-CoA, which undergoes a final round of
thiolysis to produce 2 molecules of acetyl-CoA. Acetyl-CoA
enters the TCA cycle to fuel energy production.

In humans, blood ketone bodies are elevated in patients with
CHE and are inversely correlated with LV ejection fraction
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Acetoacetate is activated to acetoacetyl-CoA by succinyl-CoA:3 ketoacid-CoA transferase (SCOT), the rate-limiting enzyme for ketolysis. Acetoacetyl-CoA undergoes
a final thiolysis reaction to be separated into 2 molecules of acetyl-CoA. Adapted from Selvaraj et al. (7).
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(57, 58). The gene expressions of myocardial BHD1 and SCOT
were upregulated in human HF patients compared with non-
HF controls (12). In a well-defined mouse model of HE the
expression of BHD1 protein was increased in the hypertrophied
and failing heart, and ketone oxidation was increased in the
context of reduced FAO (11). More recently, Horton and
colleagues demonstrated that the shift to ketone utilization in the
failing heart is adaptive, and that BHD1-deficient mice unable to
utilize ketones in the heart resulted in worsened HF in response
to insults (14). Additionally, mice with increased delivery of
ketone bodies by a ketogenic diet or direct ketone infusion
to the heart ameliorated pathological cardiac remodeling and
dysfunction. These authors further demonstrated ketone bodies
as a metabolic stress defense, rendering protective effects
on pathologic cardiac remodeling and dysfunction in dogs.
Although still in its early development (59), therapeutic ketosis
to treat HF starts to gain considerable attention (7, 60).

Similar to human HF patients, the levels of circulating BHB
and acetoacetate are also increased in dogs with preclinical
MMVD as well as those with CHF compared with healthy dogs
(22). Increases in circulating ketone bodies may be the result
of a compensatory increase in ketone production in the liver
or a decrease in myocardium ketone utilization or both. To
date, numerous myocardial and heart valve gene expression
studies have been reported in dogs with MMVD (48, 61-63).
The gene expression of SCOT was downregulated in the MV in

dogs with preclinical MMVD (48). No myocardial expressional
change in BDH1 or SCOT gene or protein has been reported.
One possibility is that the myocardium and heart valve adapt
to different energy substrates in the early phase of MMVD
pathogenesis: while the myocardium can metabolize both glucose
and ketones for fuel, the heart valve relies primarily on glucose.
It would be interesting to test the hypothesis on more MV and
myocardial samples.

OXPHOS in Mitochondria

Mitochondria, the “powerhouse” of the cell, supplies 95% of
energy to cardiomyocytes (16, 45). The catabolic products of
fatty acids, glucose, ketone bodies, and amino acids are used
to fuel the TCA cycle to generate energy substrates, which
enter the electron transport chain (ETC) for OXPHOS. Electron
transport induces proton pumping from the inner mitochondrial
matrix to the mitochondrial intermembrane space, a process
that generates the membrane potential for ATP production
(64, 65). The levels of circulating citrate and aconitate, both
of which are TCA cycle intermediates, are increased in canine
MMVD (22). Accumulation of these intermediates in circulation
may signify impaired or inefficient TCA cycle. In addition,
the concentration of inorganic phosphate (Pi) is elevated in
circulation in proportion to the severity of MMVD in dogs
(22). Pi is an important regulator of cytosolic ATP production
(66, 67). An in vitro study demonstrated that Pi plays a
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complex regulatory role in multiple sites of OXPHOS, including
electron flow, generation of reduced forms of nicotinamide
adenine dinucleotide (NAD+), distribution of energy flow in the
cytochrome chain, as well as serving as the primary substrate for
the ATPase to produce ATP in the cardiac mitochondria (68). It
is likely that the increased Pi level in MMVD dogs is a part of
the cytosolic feedback signaling to preserve energy metabolism
homeostasis in the energy-deprived failing heart.

Creatine Kinase Shuttle and Energy

Transfer to Myofibrils

The high-energy phosphate bond in ATP is transferred to
creatine by the mitochondrial creatine kinase to generate
phosphocreatine (PCr) and ADP. PCr, a molecule smaller than
ATP, can rapidly diffuse from mitochondria to myofibrils, where
myocardial creatine kinase catalyzes the reconversion from PCr
to ATP and release free creatine. Free creatine is recycled in
the mitochondria. In mammals, the majority of creatine is
obtained from the diet or biosynthesized in the liver and kidneys
and is taken up by the heart from circulation against a large
concentration gradient using the specific creatine transporter
(Figure 1) (69, 70).

In HF, the total myocardial creatine pool size is consistently
decreased regardless of species or etiology, possibly due to
reduced sarcolemmal creatine uptake (71, 72). Total creatine
kinase as well as mitochondrial creatine kinase activity are
also reduced in human HF patients and animal models of HF
(43). However, the causal relationship between the impaired
creatine kinase shuttle pathway and reduced myocardial ATP
levels has not yet been established. In dogs with MMVD, the
concentrations of circulating creatine are increased as the disease
advances (22). Notably, the level of circulating creatine in dogs
with stage Bl MMVD is higher than that of healthy dogs.
Because the degradation of creatine to creatinine is a slow
unregulated process, creatine levels are determined by creatine
transporter activity (43). One hypothesis is that increased serum
creatine levels are likely the result of reduced sarcolemmal
creatine transporter activities, and that myocardial creatine level
is decreased at the very early stage of MMVD. This observation
is consistent with the hypothesis that cardiac energy deficiency
has already begun in the early preclinical stage of canine MMVD.
Moderate augmentation of creatine kinase activity to increase
creatine and PCr levels in myocardium through pharmaceutical
or nutritional intervention has been considered as an attractive
strategy (73, 74). However, caution should be taken because
massive increases in the creatine transporter function can have
detrimental effects (75).

AMINO ACID METABOLISMS

Glutathione

Oxidative stress is an imbalanced state between generation
and elimination of reactive oxygen species (ROS). Increased
production and decreased removal of ROS play a causal role
in the pathophysiology of HF (76). In the heart, mitochondria
function as a redox hub (77). Superoxide (O ) is generated
in the ETC but is quickly converted to oxygen (O;) and

hydrogen peroxide (H,0O,) by superoxide dismutase. Free H,O,
is further reduced to water by glutathione peroxidase, consuming
two molecules of reduced glutathione (GSH) and generating 1
molecule of oxidized glutathione (GSSG): 2GSH + H,0, —
GSSG + 2H,0. Glutathione peroxidase activity is inversely
correlated to the risk of coronary artery disease (78).
Glutathione, a tripeptide of glutamine, cysteine, and glycine,
determines intracellular redox state (79). Systemic glutathione
relates to HF progression and cardiac remodeling. Myocardial
and circulating glutathione levels are depleted in cardiac patients
compared with healthy controls (80, 81). In dogs with CHE, the
plasma ratio of reduced to oxidized glutathione (GSH:GSSG) is
significantly lower than that of healthy controls (82). Circulating
GSSG is also higher in dogs with preclinical MMVD compared
with healthy dogs (48). For many mammals including humans
and dogs, methionine is an essential amino acid that must
be supplied through diets, while glycine is a conditionally
essential amino acid that cannot not be sufficiently synthesized
endogenously and has to be supplemented via diets. Methionine
serves as the precursor for cysteine, taurine, and carnitine
biosynthesis. The concentration of circulating methionine is
lower in dogs with preclinical MMVD and CHF compared
with healthy dogs (22, 48). Seral concentrations of glycine and
glutamine are also reduced in MMVD vs. healthy dogs (22).
The key determinants of GSH synthesis are the availability of
cysteine and the activity of the rate-limiting enzyme, glutamate
cysteine ligase. Decreased methionine, glycine, and glutamine in
circulation may signify reduced myocardial GSH biosynthesis in
dogs with MMVD.

Carnitine, Deoxycarnitine, and

Acylcarnitines

L-carnitine plays an important role in fatty acid metabolism and
oxidation and is concentrated in the skeletal and cardiac muscles.
Myocardium can synthesize deoxycarnitine, an immediate
precursor of L-carnitine, but lacks the hydroxylase that catalyzes
the final conversion from deoxycarnitine to carnitine (83, 84). In
mammals, L-carnitine is synthesized from lysine and methionine
in the liver, brain, and in human kidneys. There is a bidirectional
exchange between carnitine and deoxycarnitine across cardiac
sarcolemma: the heart uses its deoxycarnitine to exchange for
L-carnitine from the blood stream (83). In human patients
with dilated cardiomyopathy (DCM) and CHE, total and free
myocardial carnitine levels, and carnitine palmitoyl-transferase
(CPT) activities are significantly lower, while plasma total
and free carnitine concentrations are higher when compared
with healthy controls (85-87). In dogs, myocardial carnitine
deficiency was first associated with a family of dogs with
DCM (88). Reduced myocardial carnitine and increased plasma
carnitine concentration were reported in pacing-induced CHF
in adult mongrel dogs (89). Circulating deoxycarnitine is lower
in dogs with preclinical MMVD than healthy dogs (48), while
total and free carnitine levels are increased in proportion to the
severity of MMVD (22, 28). It is possible that the myocardium’s
ability to synthesize deoxycarnitine is impaired in dogs with
MMVD and that its ability to exchange carnitine from the
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blood stream is compromised, resulting in reduced myocardial
carnitine uptake and increased levels of circulating carnitine.
Nevertheless, the causal relationship between carnitine deficiency
and cardiac disease in dogs has not been established. The benefit
of carnitine supplementation in canine heart disease remains
observational (90, 91).

Acylcarnitines are intermediates of FAO. Accumulation in
acylcarnitines in the blood signifies disorders in mitochondrial or
peroxisomal FAO (92, 93). Elevated levels of plasma long-chain
(C14-C21), median-chain (C6-C13), and short-chain (C2-C5)
acylcarnitines were documented in human HF patients (94—
96). Accumulation of long-chain acylcarnitines in circulation is
thought to contribute to the pathogenesis of HF by stimulating
ROS production and releasing inflammatory mediators (95).
Chen et al. showed that human patients with acute HF had higher
plasma levels of acylcarnitines of all types, compared with normal
controls (96). Improved FAO was associated with improved
cardiac function along with substantial decreases in plasma
long-chain and short-chain acylcarnitines (96). In dogs with
MMVD, twenty-two long-chain, medium-chain, and short-chain
acylcarnitines are accumulated in circulation in MMVD dogs vs.
healthy dogs (22). Short-chain acylcarnitines are the degradation
products of BCAAs, derived from muscular breakdown or gut
microbiota metabolism. Accumulation of adipoylcarnitine (Cé6-
DC), a dicarboxylcarnitine and several hydroxyl-acylcarnitines
suggests activation of w-FAO in peroxisome, which is a rescue
pathway in response to impaired mitochondrial B-oxidation
(97). Carnitine and acylcarnitines are positively correlated
with one another, and with left atrial dimension in dogs
(22). Remarkably, in a 6-month diet intervention study where
improvements in left atrial enlargement and mitral regurgitation
were observed in dogs with preclinical MMVD (18), three
circulating acylcarnitines, oleoylcarnitine (C18), adipoylcarnitine
(C6-DC), and margaroylcarnitine (C17), were decreased in dogs
fed the intervention diet, while little change was observed in
dogs fed the control diet (98). In the same study, the seral
level of deoxycarnitine was increased in response to the diet
intervention (98). The utility of free carnitine or carnitine
esters as diagnostic or prognostic biomarkers for canine MMVD
warrants further investigation.

Tryptophan Metabolism

Tryptophan (Trp) is another essential amino acid that must
be acquired through diet in both humans and dogs (99, 100).
In addition to protein synthesis, dietary Trp is metabolized by
three pathways. The main kynurenine pathway via indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO)
leads to the production of important metabolites, such as
kynurenine (Kyn), kynurenic acid (KA), quinolinic acid (QA),
and eventually nicotinamide adenine dinucleotide (NAD+-), and
picolinic acid; the minor serotonin (5-HT) pathway via Trp
hydroxylase (TPH), and the third the microbiota-dependent
pathways to produce several key metabolites including ligands
for the aryl hydrocarbon receptor (AhR)-mediated signaling,
indole and its derivatives (Figure 5) (101-103). Human patients
with cardiovascular disease and CHF often have accelerated Trp
catabolism leading to lower circulating Trp levels and higher

Kyn/Trp ratios compared with healthy individuals (104-108).
In dogs with MMVD, although no change in Trp or Kyn is
observed, the concentrations of QA are increased in MMVD dogs
compared with healthy dogs, suggesting an upregulation in the
Trp-Kyn pathway (22).

Upregulation of the Trp-Kyn pathway may also lead to
increased production of NAD+, an essential cofactor for
bioenergetics and an important coenzyme for FAO, glycolysis,
TCA cycle, and ETC. In mammalian cells, the majority of
NAD+ is produced by the salvage pathway that recycles
nicotinamide and nicotinamide riboside to NAD+-, while the
remaining balance comes from de novo biosynthesis via the Trp-
Kyn pathway, and the Preiss-Handler pathway using nicotinic
acid (109). Seral concentration of nicotinamide, precursor for
the salvage pathway, is decreased, while that of QA, a key
intermediate of the de novo pathway, is increased in dogs with
MMVD compared with healthy dogs (22). These results suggest
that the main salvage pathway for NAD+ production may
be compromised, while the de novo biosynthesis via the Trp-
Kyn pathway is activated to rescue (22). However, QA and 3-
hydroxykynurenine, both of which are Kyn metabolites with
cytotoxicity, may directly interfere with mitochondrial function
by AhR activation, and intensify the ROS production leading to
mitochondrial impairment (110-112).

Trp is a substrate for TPH, a rate-limiting enzyme that
hydroxylates Trp to form 5-HT, which enters the cells
through serotonin transporter (SERT) (113). Serotonin has been
associated with pathological remodeling in mature human heart
valves (114-116). In particular, serotonergic 5-HT, receptors
are implicated in heart disease (117, 118). The 5-HT signaling
pathway has been linked to the pathogenesis of MMVD in
dogs (39). Circulating 5-HT is increased in early stage MMVD
but decreased as the disease progresses to end stage (38,
41). However, in the untargeted serum metabolomics studies
comparing healthy dogs and dogs with different stages of
MMYVD, no difference in 5-HT was observed (22, 48). More than
95% of 5-HT in the body is produced in the gut. Turicibacter
sanguinis, a spore-forming bacteria in the gut, signals intestinal
enterochromafhin cells to produce 5-HT (102, 119). In a recent
fecal microbiome study using the 16S rRNA gene sequencing,
at the genus level the abundances of Turicibacter are reduced in
dogs with MMVD compared with healthy dogs (120). However,
the sequencing method did not provide enough resolution to
identify the species of Turicibacter. The nature of the association
requires further investigation.

BCAA in Heart Failure

Energy substrate readaptation is one of the hallmarks of the
failing heart. While much attention has been focused on the
regulatory mechanism and functional impacts of fatty acids and
carbohydrates, the contribution of amino acid metabolism in
the development of HF is largely understudied (25). In an early
study, Peterson et al. demonstrated that myocardial free amino
acids were increased in human HF (23). Several amino acids
including BCAAs, were increased in circulation in a rat model
of hypertension (121). Metabolomics and transcriptomics studies
also revealed changes in BCAAs and key amino acid metabolic
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pathways in murine models of HF (21, 122). Sun and colleagues
reported that catabolic deficiency of BCAA, including leucine,
isoleucine, and valine, is a metabolic hallmark for murine failing
heart and human DCM (24). It was postulated that BCAA
catabolic deficiency leads to accumulation of branched-chain
alpha-keto acids, induces ROS, and activates mTOR (25). In
dogs, a recent untargeted serum metabolomics study reported
accumulations of numerous intermediates of BCAA metabolism
in MMVD (22). The quantitative Metabolite Set Enrichment
Analysis indicated enrichment of oxidation of BCAAs in
MMVD dogs with CHF vs. healthy dogs (22). Circulating valine
concentration was slightly lower in preclinical dogs with MMVD
compared to healthy controls (48). The nature of the association
between BCAA metabolism and canine heart disease, if any,
warrants further investigation.

Taurine

Taurine is one of the sulfur-containing amino acids that is not
incorporated into proteins but found to be in high concentrations
in the heart and skeletal muscles (123). In mammals, the
susceptibility to taurine deficiency varies by species: while taurine
can be synthesized endogenously and is considered non-essential
or conditionally-essential in humans, rodents, and dogs, it is
essential for cats (91, 124-127). Taurine has been implicated
in the maintenance of normal contractile function, modulation
of myocardial calcium homeostasis, and potentially acts as an
antioxidant and anti-inflammatory agent (123, 128). Schaffer et
al. demonstrated that the taurine-deficient heart is associated
with reduced ATP generation and is energy starved, possibly due
to impaired mitochondrial respiratory chain activity, and NADH
utilization (129). Although taurine deficiency causes reversible
cardiomyopathy in cats (130), it does not play a significant role

in the development of cardiomyopathy in dogs (91). Freeman et
al. found no correlation between dietary and circulating taurine
concentrations (131). A retrospective study on DCM in dogs
suggested that taurine supplementation was not associated with
survival or echocardiographic changes although the study did not
rule out the possibility of a breed-specific role of taurine (132). In
untargeted serum metabolomics studies, no difference in taurine
concentration was found between healthy dogs and dogs with
various stages of MMVD (22, 48).

GUT DYSBIOSIS AND MMVD

The human gastrointestinal tract is colonized with 10-
100 trillions of typically non-pathogenic commensal
microorganisms, collectively known as microbiota (133).
These microorganisms encode >4 million non-redundant
genes, which is more than 100 times of human genomes
(134, 135). The additional pool of microbial genes aid in food
digestion and absorption, xenobiotic metabolism, development
of immune system (136), and contribute to the pathogenesis
of metabolic disorders, including cardiovascular disease
(29, 30). Since the establishment of an initial link between gut
microbiota and cardiovascular disease (CVD), numerous gut
microbiota-dependent metabolites and pathways, including the
trimethylamine N-oxide (TMAO) pathway, short-chain fatty
acid pathways, and bile acid pathways, have been implicated in
the pathogenesis of CVD and HF (29, 30, 137-139). The gut
hypothesis of HF postulates that impaired intestinal mucosal
integrity in HF patients allows gut bacteria and their endotoxins
to leak into circulation, and resultant chronic and low-grade
systemic inflammation characteristic of HF (31, 138, 139).
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TMAO, a diet-derived metabolite that is coproduced by
microbiota and host, has been associated with cardiovascular
diseases including HF (29, 30, 139). Dietary precursors,
including L-carnitine, choline/phosphatidylcholine, and to a
less degree, betaine, are converted to trimethylamine (TMA)
by gut microbiota. TMA enters the portal circulation to be
further oxidized to form TMAO by host hepatic enzymes
known as flavin-containing monooxygenases (FMOs) (30, 139).
Trimethyllysine, a methylated derived of amino acid lysine, is
another source for the endogenous TMAO synthesis although
less efficient than TMA (140). In dogs with preclinical MMVD
and CHE circulating TMAO as well as its nutritional precursors,
L-carnitine, phosphatidylcholines and betaines, are increased
compared with healthy controls (22, 28). A recent study
analyzing fecal microbiome in healthy dogs and dogs with
MMVD shows that gut microbial diversities are significantly
different between healthy dogs and dogs with CHF (120). The
dysbiosis index, which is measured using quantitative PCR on
a panel of eight fecal bacterial groups, shows increases at the
pre-clinical stages and becomes significantly higher in dogs with
CHF when compared with healthy dogs. The study suggests
that gut microbiota change has begun at the early preclinical
MMVD. Significant differences in the abundance of E. coli, were
found between dogs with MMVD vs. healthy dogs (120, 141).
The E. coli genome shares 99% sequence identity with carnitine
oxygenase (cntA), the key gene for TMA biosynthesis (142). It
is possible that E. coli contributes to the increase in TMAO in
MMVD dogs. However, the causal link between cardiovascular
diseases and TMAO or its dietary precursors has yet to be
determined. The abundance of C. hiranonis, a gut bacterium
capable of converting primary bile acid to secondary bile acid, is
inversely associated with dysbiosis index. Strikingly, the bile acid
conversion was complete in dogs with high levels C. hiranonis,
but incomplete in those without (120). The preliminary data
indicate an interplay among host, gut microbiota, and signaling
pathways mediated by the gut microbe-dependent metabolites in
MMVD in dogs.

NUTRITION INTERVENTION TO ADDRESS
METABOLIC CHANGES

Nutrition plays an important role in heart health (143). Sodium
restriction has been recommended to human patients with
HF due to its ability to lower blood pressure and prevent
hypertension (144). However, multiple randomized controlled
studies in humans demonstrated that sodium restrictions activate
renin-angiotensin-aldosterone system (RAAS) and increase
insulin resistance. The existing evidence does not support a
universal reduction in sodium intake in CVD patients (145,
146). Roles of caloric restriction, omega-3 PUFAs, taurine,
carnitine, B vitamins, magnesium, potassium, coenzyme Q10,
and antioxidants in human and canine CVD have also been
extensively discussed (90, 131, 143, 147-150), but most of the
benefits remain observational or from case reports. Rigorous
randomized controlled studies are warranted. The use of low-
sodium diets in dogs with HF is a common practice for

veterinarians, but the advantages and disadvantages of sodium
restriction on canine patients with CHF warrants further
investigations (151). One concern is that the RAAS signaling
has vasoconstrictor properties and is thought to contribute to
renal injury. In one study, low salt diet induces RAAS, increases
oxidative stress and attenuates nitric oxide bioavailability in
the canine heart (152). In a double-blinded, crossover study,
18 dogs with HF were randomized into either a low-sodium
diet or a moderate-sodium diet for 4 weeks. Among the
dogs that completed the study, maximal left ventricular size
showed a marginal decrease on the low-sodium diet (P =
0.05) (151). The same research group followed up with a 4-
week randomized placebo-controlled study to test the efficacy
of a moderately reduced sodium diet enriched with omega-3
PUFAs, carnitine, taurine, arginine, and several antioxidants in
29 dogs with asymptomatic preclinical MMVD (153). The report
didn’t state whether the study was blinded or not. Dogs fed
the test diet had significant reductions in maximal left atrial
diameter (both weight-based and non-weight-based) and left
ventricular internal dimension in diastole (non-weight-based)
compared with the placebo controls (153). In recent years, the
systems biology approach has been increasingly used to probe
the molecular and metabolic pathways underlying cardiovascular
diseases and to generate testable hypotheses to address those
changes (48, 154). A cardiac protection blend of nutrients
(CPB), including medium-chain triglycerides, fish oil, amino
acids taurine, methionine, lysine, magnesium, and vitamin E, was
designed based on the results of a multi-omics study on canine
MMVD (18, 48). In a 6-month, single-blinded, randomized,
placebo-controlled dietary intervention study, Li et al. tested
the clinical efficacy of CPB on preclinical dogs with MMVD
(18). Dogs supplemented with CPB had significant reductions
in left atrial diameter, left atrial to aortic root ratio, and the
severity of mitral regurgitation when compared with dogs fed the
placebo diet. Notably, several dogs in the placebo group advanced
from BI stage to B2 stage at 6 months, while no dog in the
CPB group progressed from Bl to B2 (P < 0.05). Untargeted
metabolomics study using the serum samples from these dogs
supported the hypothesis that CPB improves energy metabolism
and reduces inflammation and oxidative stress (98). Large studies
with more dogs from different breeds should be conducted
to confirm the results. Several micronutrients are essential for
mitochondrial health, energy metabolism and production. In
the TCA cycle, vitamin Bl (thiamine) is part of pyruvate
dehydrogenase complex for the conversion from pyruvate to
acetyl-CoA, vitamin B5 (pantothenic acid) is a precursor for
coenzyme A biosynthesis, and vitamin B12 (cobalamin) is a
cofactor for succinyl-CoA formation. Some nutrients are also
crucial for the activities of the ETC complex: vitamin B3 (niacin)
is a precursor of NAD+ biosynthesis, vitamin B2 (riboflavin) is
a building block for ETC complex I and II, and coenzyme Q10
and taurine are associated with the activities of ETC complex.
Amino acid metabolic readaptation in the failing heart provides
additional opportunities for nutrition intervention. The level
of methionine, an essential amino acid, is lower in dogs with
MMVD than control dogs. The catabolism of glucogenic and
ketogenic amino acids can generate glucose, ketones and other
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energy substrates important for energy homeostasis. Finally,
supplementation of certain prebiotic fibers can be used to reduce
uremic toxins including TMAO and restore gut symbiosis,
and provides an alternative therapeutic option for canine
heart patients.

Many nutrition intervention studies were designed to test
combinations of nutrients, which can perform better than
individual supplements (155, 156). In vitro or in vivo models
may be used to understand the roles each nutrient plays or
how they interact. These models can also be used to screen
for nutrients or combination of nutrients for synergistic effects
before clinical testing.

CONCLUDING REMARKS

Recent advances in systems biology and high-throughput multi-
omics technologies make it possible to explore molecular and

metabolic changes at the systems level in canine MMVD and
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