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Abstract

Background and aims The heart is a metabolic organ rich in mitochondria. The failing heart reprograms to utilize different
energy substrates, which increase its oxygen consumption. These adaptive changes contribute to increased oxidative stress.
Hypertrophic cardiomyopathy (HCM) is a common heart condition, affecting approximately 15% of the general cat population.
Feline HCM shares phenotypical and genotypical similarities with human HCM, but the disease mechanisms for both species
are incompletely understood. Our goal was to characterize global changes in metabolome between healthy control cats and
cats with different stages of HCM.
Methods Serum samples from 83 cats, the majority (70/83) of which were domestic shorthair and included 23 healthy con-
trol cats, 31 and 12 preclinical cats with American College of Veterinary Internal Medicine (ACVIM) stages B1 and B2, respec-
tively, and 17 cats with history of clinical heart failure or arterial thromboembolism (ACVIM stage C), were collected for
untargeted metabolomic analysis. Multiple linear regression adjusted for age, sex and body weight was applied to compare
between control and across HCM groups.
Results Our study identified 1253 metabolites, of which 983 metabolites had known identities. Statistical analysis identified
167 metabolites that were significantly different among groups (adjusted P < 0.1). About half of the differentially identified
metabolites were lipids, including glycerophospholipids, sphingolipids and cholesterol. Serum concentrations of free fatty
acids, 3-hydroxy fatty acids and acylcarnitines were increased in HCM groups compared with control group. The levels of cre-
atine phosphate and multiple Krebs cycle intermediates, including succinate, aconitate and α-ketoglutarate, also accumulated
in the circulation of HCM cats. In addition, serum levels of nicotinamide and tryptophan, precursors for de novo NAD+ biosyn-
thesis, were reduced in HCM groups versus control group. Glutathione metabolism was altered. Serum levels of cystine, the
oxidized form of cysteine and cysteine-glutathione disulfide, were elevated in the HCM groups, indicative of heightened oxi-
dative stress. Further, the level of ophthalmate, an endogenous glutathione analog and competitive inhibitor, was increased by
more than twofold in HCM groups versus control group. Finally, several uremic toxins, including guanidino compounds and
protein bound putrescine, accumulated in the circulation of HCM cats.
Conclusions Our study provided evidence of deranged energy metabolism, altered glutathione homeostasis and impaired
renal uremic toxin excretion. Altered lipid metabolism suggested perturbed structure and function of cardiac sarcolemma
membrane and lipid signalling.
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Introduction

Hypertrophic cardiomyopathy (HCM) is the most prevalent
heart disease in cats, affecting 10%–15% the general pet cat
population.1–3 The disease is characterized by increased myo-
cardial thickening associated with hypertrophic non-dilated
left ventricle.4 The prevalence of HCM in the UK shelter cats
increases with age, with approximately 30% cats aged 9 years
or older affected.2 Recent consensus statements of American
College of Veterinary Internal Medicine (ACVIM) provided up-
to-date guidelines for classification and diagnosis of
cardiomyopathy in cats.5 Cats in stage A are predisposed to
cardiomyopathy with no evidence of myocardial disease.
Stage B refers to preclinical cats, which have echocardio-
graphic evidence of cardiomyopathy, but without clinical
signs such as laboured or rapid breathing and lethargy. Stage
B is further divided into two substages by means of atrial
dimensions, B1 with lower risk of imminent congestive heart
failure (CHF) or arterial thromboembolism (ATE), while B2
with higher risk of imminent CHF or ATE. Cats with history
of clinical CHF or ATE are classified as stage C. A majority of
the cats with HCM remain preclinical with prolonged stage
B, with a 5 year cumulative incidence of cardiac mortality of
approximately 23% while 30% developed clinical signs of
CHF or ATE or both.5,6 Feline HCM has been shown to result
from mutations in the MYPBC3 gene in Maine Coon and
Ragdoll cats although a substantial fraction of affected cats
have no evidence of mutation in any of the genes implicated
in the HCM.7,8

The heart is a metabolically active organ with a higher rest-
ing metabolic rate and mitochondrial abundance than any
other organs.9–11 Energy deficiency plays a central role in
the development of heart failure (HF).12 In the adult mamma-
lian heart, mitochondrial fatty acid (FA) oxidation (FAO) con-
tributes to 70%–90% of the adenosine triphosphate (ATP)
production.13–16 Mitochondrial oxidative respiration contrib-
utes to approximately 90% of cellular reactive oxygen species
(ROS).17,18

The failing heart experiences increased inefficiency of FAO,
reprograms to utilize alternative energy substrates, which
increase its oxygen consumption. This adaptive response
contributes to the generation of ROS.19–22 In excess, ROS
can induce oxidative damage, leading to further mitochon-
drial dysfunction and cell death.23 In the normal physiological
conditions, cardiomyocytes finely regulate mitochondrial ROS
homeostasis with an array of antioxidant systems, several of
which depend on glutathione.18

Glutathione, a tripeptide composed of glycine, cysteine
and glutamate, is a central antioxidant in cells. In the normal
cytosolic environment, glutathione primarily exists in its re-
duced form (GSH), one of the key scavengers of ROS, with
a small amount of oxidized disulfide form (GSSG). The ratio
of GSH/GSSG serves as an indicator of oxidative stress.24 Un-
der heightened oxidative stress, a significant percentage of

GSH is oxidized to GSSG, leading to a decreased ratio of
GSH/GSSG. In humans and pets, cardiac disease is known
to be associated with mitochondrial oxidative stress, a de-
creased GSH/GSSG ratio, and an inability to restore normal
GSH levels.25–28

Multi-omics approaches, including metabolomics, tran-
scriptomics and proteomics, have been applied to study hu-
man HCM and numerous molecular signatures and metabolic
alterations were identified.29–32 In cats, serum proteomics
studies comparing expressions of circulating proteins and a
myocardial transcriptomics study comparing tissue gene
expressions between healthy cats and cats with HCM were
reported.33–35 Mutations in sarcomeric protein-coding genes
have been identified in humans and Maine Coon and Ragdoll
cats with HCM.36–38 To our knowledge, this is the first meta-
bolomics study in feline HCM. Our goal was to characterize
global metabolome changes in different stages of HCM ver-
sus healthy controls, to gain insights into the metabolic land-
scape of feline HCM, and to generate hypotheses for future
studies. Naturally occurring HCM in cats shares genotypical
and phenotypical similarities to human HCM and is consid-
ered a model for human HCM.39 Cats have a shorter life span
than people. Learning from cats may be applied to improve
heart health in both species.

Methods

Animals and study approval

Eighty-three domestic cats from private homes were en-
rolled, included 23 cats with ACVIM stage A as the healthy
control group, 31 and 12 cats with ACVIM stage B1 and B2
HCM respectively, and 17 cats with a history of CHF or ATE
secondary to HCM (stage C) (Table 1). The study protocol
was approved by the Institutional Animal Care and Use
Committees of University of Pennsylvania and Nestlé Purina
PetCare Company. Informed owner consents were obtained
from the pet owners.

Serum sample collection

Venous blood samples of 2–3 mL were collected in plain red-
topped tubes. The blood was allowed to clot and centrifuged
at 1600 g for 5 min to yield serum samples, which were
stored at �80°C until use.

Blood pressure, echocardiography and HCM
classification

Systolic blood pressure was measured using Doppler sphyg-
momanometry. Echocardiographic studies (iE33, Philips
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Healthcare) were performed without sedation. Left ventricu-
lar internal dimensions in end-diastole and left ventricular in-
ternal dimensions in end-systole, normalized left atrial diam-
eter (nLAD) and normalized aortic root diameter were
measured from right parasternal short-axis two-dimensional
images and normalized to body weight. The ratio of the left
atrial (LA) diameter (LAD) to the aortic root diameter was cal-
culated. Diagnosis and staging of cats were performed by the
board-certified veterinary cardiologists based on clinical and
echocardiographic data. Clinically healthy cats without a
heart murmur and without concurrent systemic disease were
prospectively enrolled as controls (group A). This group of
cats primarily consisted of systemically healthy cats owned
by students and staff of the hospital. A cohort of cats with
a left apical systolic murmur, echocardiographic diagnosis of
thickened left ventricles, as well as clinical history and physi-
cal examination consistent with stage B1, B2 or C HCM, as de-
scribed in Fuentes et al., were considered for group B1, group
B2 and group C, respectively. Briefly, for the majority of
normal-sized cats, an end-diastolic left ventricular (LV) wall
thickness (LVPWd) ≥6 mm in the absence of systemic hyper-
tension or hyperthyroidism is indicative of hypertrophy, while
LVPWd ≤ 5 mm is considered normal. LVPWd between 5 and
6 mm should be interpreted in the context of body size, fam-
ily history, qualitative assessment of LA and LV morphology
and function, presence of dynamic LV outflow tract obstruc-
tion and tissue Doppler imaging velocities.5 In this study, en-

larged left atrium forms the basis of differentiating between
stage B1 and stage B2, using LA to aortic root ratio (LA.
Ao) = 1.7 as the dividing line. Any cat with severe concurrent
systemic disease including diabetes mellitus, cancer or kidney
disease, or those with any congenital heart disease, was
excluded.

Metabolomics

Untargeted metabolomics assays were performed at a com-
mercial laboratory (Metabolon, Inc.). Sample preparation
and extraction, liquid chromatography, and mass spectrome-
try followed Metabolon standard protocols as previously de-
scribed (Supporting information Methods).40,41 Compound
detection and identification were performed using
Metabolon proprietary software and database. A total of
1253 biochemicals were identified, including 983 named
chemicals and 270 compounds of unknown structural
identity.

Batch normalization, imputation and
transformation

The raw data are unnormalized peak areas known as the
area-under-the-curve calculated using ion counts to provide

Table 1 Physical and clinical descriptions of cats.

ACVIM group A B1 B2 C P value

Sample size 23 31 12 17
Sex (F/M) 11/12 7/24 1/11 6/11 0.071
Age (year) 6.5 ± 0.8 9.1 ± 0.7 7.9 ± 1.3 7.5 ± 1.0 0.14
Weight (kg) 4.7 ± 0.2 5.6 ± 0.3 5.3 ± 0.3 5.4 ± 0.3 0.065
Breed

DSH 21 24 10 15
DLH 0 3 0 1
British SH 1 1 0 0
Cornish Rex 1 0 0 0
Russian Blue 0 1 1 0
Scottish Fold 0 1 0 0
Siamese 0 0 1 0
Sphynx 0 1 0 1

Blood pressure and echocardiography*
BP (mmHg) 127 ± 6 135 ± 4 129 ± 6 120 ± 5 0.17
LVIDd (cm) 1.5 ± 0.0 1.5 ± 0.0 1.6 ± 0.1 1.5 ± 0.1 0.58
LVIDs (cm) 0.7 ± 0.1 0.7 ± 0.0 0.8 ± 0.1 0.8 ± 0.1 0.14
IVSd (cm) 0.5 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 0.7 ± 0.1 0.018
LVPWd (cm) 0.4 ± 0.0a 0.6 ± 0.0ab 0.7 ± 0.0b 0.7 ± 0.1b 0.006
LAD (cm) 1.1 ± 0.0a 1.3 ± 0.0a 1.8 ± 0.1b 1.9 ± 0.1b <0.0001
LA.Ao 1.2 ± 0.1a 1.3 ± 0.0a 1.7 ± 0.1b 1.9 ± 0.1b <0.0001

Note: All cats were neutered. P value for continuous variables was obtained from ANOVA test while P value for sex was obtained from
Fisher’s exact test. Continuous variables are expressed as mean ± SEM. Different superscript letters indicate that there is a significant dif-
ference between groups while the same letters indicate no significant difference.
Abbreviations: BP, systolic blood pressure; DLH, domestic long-haired; DSH, domestic short-haired; IVSd, interventricular septum thick-
ness end diastole; LA. Ao, left atrial to aortic root ratio; LAD, left atrial diameter; LVIDd, left ventricular internal diameter end diastole;
LVIDs, left ventricular internal diameter end systole; LVPWd, left ventricle posterior wall thickness end diastole.
*In group A, only five and six cats had BP and echocardiography measurements, respectively.
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relative quantification (Supporting information S1). For
each metabolite, the raw values in the experimental
samples are divided by the median of those samples in
each instrument batch, giving each batch and thus the me-
tabolite a median of one. Missing metabolite values in an
untargeted metabolomic data can typically be attributed
to the signal falling below the limit of detection. For each
metabolite, we replaced missing values with its observed
minimum after batch normalization. The batch-normalized
and imputed data were transformed using the natural loga-
rithm. Metabolites that had a zero standard deviation were
excluded.

Statistical analysis

Multiple linear regression adjusted for age, sex and body
weight was performed to identify differential metabolites.
P values of the regression model were adjusted to control
the false discovery rate (FDR) using the Benjamini–
Hochberg method.42 Metabolites were then subjected to
Tukey’s post hoc multiple tests where the family-wise error
rate was controlled. Because FDR < 0.05 has been sug-
gested as being too restrictive for many clinical settings to
embrace all potential meaningful changes, less restricted
statistical approaches are relevant in hypothesis-generating
studies, especially in metabolomics where most studies do
not have flux data despite the high coefficients of variance
for resting measurement.43,44 Metabolites were considered
significant if FDR for the model was <0.1 and the adjusted
P value from at least one of the multiple comparisons was
<0.05.

Principal component (PC) analysis (PCA) was performed
using MetaboAnalyst 6.0. The first two PCs, PC1 and PC2,
which captured more data variations than other PCs, were
examined for their ability to separate the groups. Multiple
linear regression using PC1 or PC2 as the dependent variable
and group as the independent variable, adjusted for age, sex,
and body weight was performed. The P values were adjusted
for multiple testing error using FDR. Tukey’s post hoc test was
performed to compare the means between groups.

To compare the means of continuous variables among
multiple groups, ANOVA and Tukey’s post hoc tests were per-
formed, and the multiple testing error was adjusted. To com-
pare the means between two groups, Student’s t test was
used instead. To test the null hypothesis that the two cate-
gorical variables were independent, χ2 test was performed
if all expected numbers were greater than five. Otherwise,
Fisher’s exact test was used instead. P value less than 0.05
(P < 0.05) was considered significant. Fold change was calcu-
lated as the ratio of two group means.

Data processing, analysis and presentation were per-
formed using the statistical computing software R (version
4.3.2), MetaboAnalyst and GraphPad Prism (version 10.2.2).

Results

Clinical characteristics

Eighty-three privately owned cats, including 23 cats with
ACVIM stage A as healthy control (group A), 31 and 12 cats
with ACVIM stages B1 and B2 HCM (groups B1 and B2), re-
spectively and 17 cats with history of CHF or ATE (ACVIM
stage C HCM, group C) were enrolled (Table 1). Nearly 85%
(70/83) of the cats were domestic shorthair (DSH) while a
small number of cats belonged to domestic longhair
(4), British shorthair (2), Russian Blue (2), Sphynx (2), Cornish
Rex (1), Siamese (1) and Scottish Fold (1). No difference in
mean body weight or age was observed between groups.
Only five and six cats in group A had BP and echocardiogra-
phy measurements, respectively. The means of LAD and LA.
Ao were greater in groups B2 and C when compared with
group B1, but no difference was found between groups B2
and C (Table 1).

Metabolomics

PCA revealed global shifts in metabolome among HCM and
control groups (Figures 1A–C and S1). The first two PCs, PC1
and PC2, explained 11.9% and 7.5% of the data variance, re-
spectively. On PC2, separations between groups C and A was
evidenced (Figure 1A) while on PC1, all three HCM groups,
B1, B2 and C, were well separated from group A, but had
few discriminants among each other (Figure 1C). A total of
1253 metabolites were identified, of which 983 have known
identities. Multiple linear regression analysis adjusted for
sex, age and body weight identified 167 differential metabo-
lites between control and HCM groups (FDR < 0.1, Table S1).
The pathways with the greatest numbers of differential me-
tabolites included lipids (45.5%), amino acids (26.3%), xenobi-
otics (8.4%), carbohydrates (6.6%) and nucleotides (4.8%)
(Figure 1D). In group C, there was a preponderance of metab-
olites whose concentrations were increased rather than de-
creased compared with group A (Figure 1F). To the contrary,
in group B2, there were more metabolites whose concentra-
tions were decreased rather than increased compared with
group A (Figure S2).

We compared the subset of data consisting of 70 DSH cats
with the full dataset using the same statistical treatment.
Despite the smaller sample size, data analysis on the DSH
dataset resulted in 168 differential metabolites, of which
134/168 (79.8%) were shared between the two datasets
(Table S2). In the pathway level, similar changes in metabo-
lome were observed in the DSH dataset: the top five path-
ways were lipids (47.3%), amino acids (26.3%), carbohydrates
(7.2%), nucleotides (7.2%) and xenobiotics (6.6%) (Figure 1E).

Blood glucose level was not different between groups. Se-
rum concentration of glycerol was markedly increased in cats
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with all three stages of HCM compared with control cats
(Figures 1F and S2).

All cats were neutered. Sex and body weight were not
statistically different among groups (P = 0.071, P = 0.065, re-
spectively, Table 1). However, when cats from the three HCM
groups were combined into a single group, the differences in
sex and body weight between HCM and control groups were
significant (P = 0.034, P = 0.003, respectively, Table S3). In ad-
dition, PCA analysis revealed that males accounted for more
data variance on PC2, but not PC1, than females (Figure S3).

Energy metabolism

Free LCFAs and FAO intermediates
Free long-chain fatty acids (LCFAs) enter the cytosol and then
cross the mitochondrial membrane for oxidation via FA trans-
porters and the carnitine shuttle, respectively. Two carbons
are cleaved during every cycle of FAO to generate acetyl-
CoA, which enters the TCA cycle for oxidative phosphoryla-

tion (Figure 2A). Several saturated and unsaturated LCFAs, in-
cluding four unsaturated oleate/vaccinate (C18:1),
palmitoleate (C16:1n7), 10-heptadecenoate (C17:1n7) and
10-nonadecenoate (C19:1n9), and two saturated palmitate
(C16:0) and margarate (C17:0), accumulated in the circulation
in the HCM animals compared with healthy control animals
(Figure 2B, top).

β-Hydroxy FAs (also known as 3-hydroxy FAs), are formed
by hydrating the double bond between the second and third
carbons of trans-2-enoyl CoA (Figure 2A). Several of these,
including 3-hydroxyhexanoate (C6), 3-hydroxydecanoate
(C10), 3-hydroxylaurate (C12) and 3-hydroxymyristate (C14),
accumulated in the circulation in cats with HCM groups
versus control group (Figure 2B, middle). In addition,
α-hydroxybutyrate/α-hydroxyisobutyrate, an α-oxidation
product by endoplasmic reticulum, accumulated in groups
B1 and C compared with group A.

Acylcarnitines are formed from carnitine and acyl-CoA by
carnitine acyltransferases in mitochondria or peroxisome
(Figure 2A).45,46 Serum concentrations of several fatty acyl-

Figure 1 Global metabolome changes in cats with hypertrophic cardiomyopathy (HCM). (A–C) Principal component analysis (PCA) shows global me-
tabolome change. (A,C) Boxplots show the differences of PC1 and PC2 among the four groups. The line in the middle of the box represents the median,
and the whiskers are drawn to the 10th and 90th percentiles. The percentages of data variabilities explained by PC1 and PC2 are indicated. ANOVA and
Tukey’s multiple comparisons tests were used to compare the groups, and multiple testing error was adjusted. Asterisks indicate the adjusted P value:
*P< 0.05; **P< 0.01. Pie charts show percentages of differential metabolites in each metabolic super pathways from (D) full dataset and (E) subset of
data consisting of domestic shorthair cats. (F) Volcano plot shows the differences between groups C and A. The two vertical lines denote |fold
change| = 2. Metabolites with false discovery rate (FDR) <0.1 are coloured in red. The five most significant metabolites, including glycerol and cardiac
drug furosemide (both with an arrow), are annotated.
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carnitines, most of which were short- or medium-chained
(C2–C8), were increased in stages B1, B2 and C when com-
pared with animals in group A (Figure 2C, bottom).

TCA cycle intermediates and creatine phosphate shuttle
Several TCA cycle intermediates, including aconitate, succi-
nate and alpha-ketoglutarate, accumulated in the serum in
cats with preclinical (B1 and B2) and clinical (C) HCM com-
pared with the control animals (Figure 3B–D). The concentra-
tion of creatine phosphate (PCr), which carries and transfers
high energy phosphate to cardiac myofibrils, was increased
by more than 1.5-fold in groups C and B1 compared with A
(Figure 3E). The level of inorganic phosphate, a substrate of
ATP synthesis, was also increased in group C versus group
B2 (Figure 3F), but the difference between groups C and B1
was not significant (adjusted P = 0.091).

NAD+ biosynthesis
Nicotinamide adenine dinucleotide or NAD+ is an important
coenzyme central to bioenergetics and redox homeostasis.
There are three main NAD+ pathways, the main salvage path-
way from nicotinamide and nicotinamide riboside, the de
novo synthesis pathway from Tryptophan, and the Preiss–
Handler pathway from nicotinic acid (Figure 3A). The concen-
tration of nicotinamide, precursor for the major NAD+ sal-
vage pathway, decreased twofold in groups B1 and B2 com-
pared with group A (Figure 3G). Tryptophan, the precursor
for the de novo NAD+ biosynthesis pathway was reduced in

group C compared with group A (Figure 3H). In mammals, a
small percentage (<5%) of tryptophan is also used for the
biosynthesis of serotonin, which was previously shown to
be associated with the severity of naturally occurring mitral
valve disease in dogs.47 The concentration of serotonin was
reduced in C versus B1 (adjusted P = 0.027) (Figure 3I).

Phospholipids and sphingolipids

Cardiac sarcolemma is a dynamic fluid bilayer that constitutes
a variety of lipid species to provide stability, fluidity and per-
meability of the membranes.48 The majority of lipids in the
membranes are glycerophospholipids (GPLs), sphingolipids
(SLs) and cholesterol.

GPLs
The GPLs comprise about 80% of the total lipids in the mem-
branes of all cell types. GPL consists of a polar head group,
such as choline, ethanolamine, inositol or serine, and two
fatty acyl chains attached to a glycerol backbone.49 Serum con-
centrations of many species of glycophosphatidylcholine
(GPC), glycophosphatidylethanolamine (GPE) and
glycophosphatidylinositol (GPI) were reduced in cats with
HCM compared with the control (Figure 4A). These changes
were evident as early as preclinical B2 stage and becamemore
pronounced in stage B2. However, little difference was
observed between stage C and stage B1 or B2.

Figure 2 Fatty acid (FA) metabolism and oxidation. (A) Illustration of LCFA transport and β-oxidation in mitochondria. An LCFA undergoes four enzy-
matic reactions during β-oxidation in mitochondria leading to a shorter chain FA and an acetyl CoA, which enters the TCA cycle. (B) The heatmaps of
LCFAs (top), 3-OH FAs (middle) and fatty acylcarnitines (bottom). From top, 10-heptadecenoate (C17:1n7), 10-nonadecenoate (C19:1n9), oleate/
vaccenate (C18:1), palmitoleate (C16:1n7), dihomo-linolenate (C20:3n3 or n6), margarate (C17:0) and palmitate (16:0), 3-hydroxydecanoate (C10),
3-hydroxyhexanoate (C6), 3-hydroxylaurate (C12), 3-hydroxymyristate (C14), adipoylcarnitine (C6-DC), suberoylcarnitine (C8-DC), (S)-3-
hydroxybutyrylcarnitine, adrenoylcarnitine (C22:4) and acetylcarnitine (C2).
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Lysophospholipids
The lysophospholipids (LPLs) are a special group of GPLs
with one fatty acyl chain attached a glycerol backbone.49 They
are found in small amounts in the biological membranes. The
levels of lysophosphatidylcholines were decreased in groups

B1 and B2 compared with A. The changes became more
pronounced in group C (Figure 4B, GPCs). For
lysophosphatidylethanolamines and lysophosphatidylinositols,
to the contrary, the decreases were observed in groups B1
and B2 but not in group C (Figure 4B, GPEs and GPIs).

Figure 4 Lipid metabolism. (A) Glycerophospholipids with different polar head groups, GPL-choline (PC, top), GPL-ethanolamine (PE, middle) and
GPL-inositol (PI, bottom). (B) Lysophospholipids: LPL-choline (GPC, top), LPL-ethanolamine (GPE, middle) and LPL-inositol (GPI, bottom). (C)
Spingomyelins (SMs) are the main sphingolipids in the membranes.

Figure 3 Energy metabolism. (A) Nicotinamide adenine dinucleotide (NAD+) biosynthesis pathways: the main salvage pathway from nicotinamide
(NAM) and nicotinamide riboside (NR) via nicotinamide mononucleotide (NMN), the de novo pathway from tryptophan (TRP) via quinolinic acid
(QA); and the Preiss–Handler pathway from nicotinic acid (NA). TCA cycle intermediates, (B–D) succinate, aconitate, and α-ketoglutarate, (E,F) creatine
phosphate and inorganic phosphate, (G) nicotinamide, (H) tryptophan and (I) serotonin (5-HT). For phosphate (F), the adjusted P value between groups
B1 and C was 0.091. The line in the box indicates the median, and the whiskers indicate 10th and 90th percentiles. Asterisks denote adjusted P values
from Tukey’s multiple comparisons test: *P < 0.05, **P < 0.01. Negative values are the results of data transformation using the natural log on data
between (0, 1). AU, arbitrary unit. All metabolites were significant for the linear model [false discovery rate (FDR) <0.1].

1262 Q. Li et al.

ESC Heart Failure 2025; 12: 1256–1270
DOI: 10.1002/ehf2.15135

 20555822, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15135 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [19/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Sphingomyelins
Unlike GPLs, SLs contain a sphingosine backbone instead of a
glycerol backbone.49 More than 85% of SLs are
sphingomyelins (SMs), which comprise 4%–18% of all sarco-
lemmal membrane lipids.48,50 Serum concentrations of sev-
eral SM species were decreased in group C compared with
A (Figure 4C). In contrast, the serum levels of both SM
C18:0 and sphinganine, the precursor of sphingosine and
ceramide, were increased in group C.

Glutathione pathways

Glutathione synthesis
Glutathione (GSH) plays a key role in mitochondrial redox
balance.18 Several intermediates of the GSH pathways accu-
mulate in HCM cats (Figure 5A). The concentration of
S-adenosylhomocysteine (SAH) was increased in group B1
compared with group A, but was decreased in group B2
compared with group B1 or C (Figure 5B,a). The concentra-
tions of cystine, the predominant, oxidized disulfide form
of cysteine in the blood, were higher in HCM stages B1, B2
and C compared with controls (Figure 5B,b), suggesting a

pro-oxidative status in the HCM state (Figure 5B,b). Similar
change was observed in cysteine-glutathione disulfide
(CYSSG, Figure 5B,c), which is formed upon oxidative stress
and GSH depletion. The levels of two γ-glutamyl-amino
acids, γ-glutamyl-glutamate and γ-glutamyl-tryptophan,
were elevated in HCM groups compared with control group
(Figure 5B,d,e).

Ophthalmate synthesis
Ophthalmate (OPH), an endogenous analog of GSH where the
cysteine moiety is replaced by α-aminobutyrate (Figure 5A,
blue area).51–54 The serum concentration of OPH was
increased by more than two-fold in groups B1 and B2
and four-fold in group C when compared with group A
(Figure 5B,f). The concentration of α-hydroxybutyrate (or
α-hydroxyisobutyrate), the product of α-ketobutyrate by
α-hydroxybutyrate dehydrogenase, was also increased by
about two-fold in groups B1, B2 and C versus group A
(Figure 5B,g).55 S-methylglutathione (S-meGSH), another
GSH analog with methylated SH group of the cysteine moi-
ety, was increased in groups B2 and C compared with group
A (Figure 5B,h).

Figure 5 The glutathione and ophthalmate pathways. (A) Methionine undergoes transmethylation and transsulfuration (yellow) reactions to produce
cysteine (yellow). Cysteine then conjugates with glutamate to form the γ-glutamyl-cysteine dipeptide by glutamate-cysteine ligase (GCLC). The gluta-
thione synthase (GSS) catalyses the addition of glycine to the dipeptide to form glutathione (GSH). Ophthalmate (OPH) synthesis pathway (blue) shares
the same enzymes of GSH biosynthesis. Metabolites that were altered in the study were highlighted in red. (B) The changes of serum metabolites in
GSH and OPH pathways. AT, amidinotransferase; CYSSG, cysteine-glutathione disulfide; GGG, γ-glutamyl-glutamate; GGT, γ-glutamyl-tryptophan; SAH,
S-adenosylhomocysteine; S-meGSH, S-methylglutathione. The line in the box indicates the median, and the whiskers indicate 10th and 90th percen-
tiles. Asterisks denote adjusted P values from Tukey’s multiple comparisons test:*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Negative
values are the results of data transformation using the natural log on data between (0, 1). AU, arbitrary unit. All metabolites were significant for
the linear model [false discovery rate (FDR) <0.1].
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Renal excretion of drugs and uremic toxins

Urinary excretion of uremic toxins and many exogenous small
molecules (including drugs) is handled by organic anionic
transporters in the proximal tubules of the kidneys. Serum

concentrations of several uremic toxins, including guanidino
compounds guanidinosuccinate and 1-methylguanidine, and
protein bound polyamine putrescine, were increased in
HCM cats (Figure 6A–G, Table S4). Putrescine was different
in groups B1 and C compared with group A (adjusted

Figure 6 Uremic toxins and nitrogenous products. (A–I) Putrescine, urea, uric acid, guanidinosuccinate, 1-methylguanidine, erythritol, and mannitol/
sorbitol, blood urea nitrogen (BUN) and creatinine. (A–G) Data were transformed using natural logarithm and auto-scaled and expressed using arbi-
trary unit (AU) and shown in mean and SEM. Negative values were the results of data transformation using the natural log on small numbers between
(0, 1). (H,I) Concentrations of BUN and creatinine in mg/dL. The line in the box indicates the median, and the whiskers indicate 10th and 90th percen-
tiles. Asterisks denote adjusted P values from Tukey’s multiple comparisons test: *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. All metabolites
were significant in the linear model [false discovery rate (FDR) <0.1].
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P < 0.05), but not between group B2 and group A (adjusted
P = 0.101). While urea was higher in group C only, uric acid
(urate), a metabolite from purine metabolism, was increased
in all groups of HCM cats compared with control cats. In ad-
dition, furosemide, a medication to treat oedema caused by
CHF, was increased by 40-fold in group C versus group A
(Figure 1F), and atenolol for high blood pressure accumulated
in circulation in B2, but not C, compared with A (Figure S2b).

Blood urea nitrogen (BUN) was elevated in group C com-
pared with groups A, B1 and B2, and serum creatinine
level was also higher in group C compared with group A
(Figure 6I,J).

Steroid hormones

Cortisol is an active form of glucocorticoid hormone cortisone
while 11-dehydrocorticosterone is the inactive form of
corticosterone.56 The concentrations of cortisol and
11-dehydrocorticosterone were increased all three groups
(B1, B2 and C) compared with the control group (Figure S4).

Discussion

One of the main advantages of our study is the uniform ge-
netic background of the majority of DSH cats enrolled. This
uniformity reduced variability, enhancing our ability to detect
changes that would otherwise not be possible in a heteroge-
neous background. A comparison between the full dataset
and the subset of data consisting of only DSH cats showed
similar changes in the pathway level, suggesting that genetic
background had a relative small contribution to the reported
changes.

Cardiac metabolism exhibits distinctive substrate utiliza-
tion, oxidative phosphorylation and distinctive cellular orga-
nization to enable transfer of ATP from mitochondria to
cardiac myofibrils.12,57 The main energy substrates for the
normal heart are LCFAs. Inside the mitochondria, each LCFA
undergoes several rounds of FA β-oxidation (FAO) to gener-
ate acetyl-CoA (Figure 2A). Human FAO disorders are a group
of rare, autosomal recessive mutations in the genes that en-
code the enzymes and proteins involved in FA transports and
oxidation.58–60 These disorders are characterized by an accu-
mulation of FAs, 3-hydroxy FAs (3-OH FAs) and fatty acylcar-
nitines in the circulation.61,62 Circulating acylcarnitines accu-
mulate as a result of incomplete or inefficient FAO and
have been used as diagnostic markers for disorders in perox-
isomal or mitochondrial oxidation processes.63–65 The failing
heart increases its reliance on ketones for fuel in the context
of reduced capacity for FAO.20,66 Lommi et al. reported aug-
mentations of circulating free FAs and ketones in people with
CHF versus healthy controls.67–69 Increased myocardial ex-
pressions of genes and proteins implicated in the FAO and ke-

tone oxidation pathways were observed while reductions of
myocardial concentrations of ketones, FAO and TCA cycle in-
termediates were reported in human HF patients compared
with controls.20,22,29,32,70. The findings from our study and
others suggested reductions of myocardial FAO and oxidative
phosphorylation in cats with HCM compared with control
cats. This hypothesis should be tested using cardiac tissue
samples in the future.

Several TCA cycle intermediates such as succinate,
aconitate and α-ketoglutarate accumulated in the serum of
cats with preclinical and clinical HCM, suggesting abnormal
flux through mitochondrial oxidative phosphorylation and
ATP production. The accumulation of circulating PCr, a stor-
age for high-energy phosphates in myocardium,71 signifies
impaired energy transfer from mitochondria to cardiac myo-
fibrils. In dogs with mitral valve disease, serum concentra-
tions of creatine were increased compared with healthy
controls.72 In humans, myocardial levels of creatine and total
PCr were reduced by 35% and 55% in patients with CHF com-
pared with control individuals, respectively.70 A recent report
showed an even more substantial reduction of myocardial
PCr by more than 90% in human HCM hearts compared with
control hearts.29 This change was interpreted as an adaptive
response to maintain ATP/ADP (adenosine diphosphate) ratio
through ATP synthesis by creatine kinase reaction in the
context of diminished ATP production in the failing hearts.73

Increased levels of circulating creatine and PCr may suggest
impaired creatine uptake from blood to myocardium and
some uncoupling of energy production and transfer. Inor-
ganic phosphate is the substrate for ATP synthase. Its accu-
mulation could also indicate perturbed oxidative phosphory-
lation and ATP synthesis.

In mammalian cells, NAD+ is an essential cofactor for nu-
merous enzymes involved in mitochondrial bioenergetics
and redox homeostasis. There are three classical pathways
for NAD+ biosynthesis, the main salvage pathway that recy-
cles NAM or nicotinamide riboside, the de novo pathway
from amino acid L-tryptophan and the Preiss–Handler path-
way from nicotinic acid or niacin.74 The concentration of
NAM was significantly reduced in the preclinical groups B1
and B2 by two-fold compared with the control group A, sug-
gesting reduced bioavailability of NAM. The tryptophan level
was also reduced in the clinical group C compared with group
B2 or A. Because the salvage pathway accounts for a majority
of NAD+ synthesis, a depletion of nicotinamide in the blood
could have a profound impact on myocardial NAD+ supply.
Previs et al. reported that myocardial NAM and NMN, precur-
sors for NAD+, were more abundant in human HCM heart
compared with control hearts, possibly due to reduced myo-
cardial availability of ATP required for NAD+ synthesis.29 Re-
cently, trigonelline supplementation to boost NAD+ level
showed promise to reduce age-associated muscle decline in
a preclinical rodent study,75 the strategy that could provide
a path to improve NAD+ bioavailability for HCM patients.
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Mitochondria are the primary intracellular site for oxygen
consumption. Due to its high energy demand, the heart has
the greatest mitochondrial abundance among all organs.9,76

Mitochondrial consumption of molecular oxygen in the respi-
ratory chain drives ATP synthesis, but also generates large
amounts of ROS, which in excess can lead to mitochondrial
dysfunction, apoptosis and broader signalling abnormalities.
Mitochondria are equipped with a range of antioxidant de-
fence systems, among which GSH is the critical component,
preventing and repairing oxidative damage.24,77 Serum con-
centrations of several intermediates of the GSH synthesis
pathway, including γ-glutamyl-amino acids, SAH and cystine
were increased in HCM cats (Figure 5A). OPH, a GSH analog
lacking the thiol group, was widely presumed to be an acci-
dental by-product of GSH biosynthesis of the same enzymes.
The postulation that the OPH is synthesized when GSH is de-
pleted and when the hepatic availability of cysteine is limited
seems to be an oversimplification.51–54,78 However, emerging
evidence has demonstrated that OPH plays a modulatory role
in GSH bioavailability and utilization, possibly through com-
petitive inhibition of GSH transport and utilization, and to dis-
rupt or mimic the effects of GSH.78 It is remarkable that the
serum level of OPH increased two-fold in group B1 cats and
up to four-fold in group C cats, compared with control cats.
A targeted study to quantify OPH using a different cohort of
cats would help establish the link of OPH as a redox indicator
and biomarker in cats with HCM. A wealth of experimental
work has demonstrated a link between reduced GSH level
and the pathogenesis and progression of many human dis-
eases, including cardiovascular disease.79,80 Elevated myocar-
dial GSSG/GSH ratio and cystine, which is the oxidized disul-
fide form of cysteine, and reduced level of glutathione
peroxidase were reported in human HCM heart samples com-
pared with the control samples.32 In dogs with preclinical
MMVD, the serum concentration of GSSG was increased
while dogs with CHF had a lower GSH/GSSG ratio compared
with healthy dogs.26,27 Taken together, available evidence
from both human and animal studies has demonstrated that
the redox homeostasis is disrupted and myocardial capacity
to neutralize ROS is impaired in the HCM hearts.

Retention of uremic solutes contributes to the uremic
syndromes, which are associated with oxidative stress, in-
flammation, fibrosis and cellular toxicity.81,82 How uremic
toxins are metabolized and handled in the kidneys is not
fully understood. Emerging evidence suggests both glomeru-
lar filtration and active tubular transport are involved. Cats
with stage C HCM had increased levels of BUN and
creatinine, suggesting reduced renal filtration and function.
Consistently, cats with HCM had elevated levels of circulating
uremic toxins, including putrescine, urea, uric acid,
guanidinosuccinate and 1-methylguanidine. In human dialysis
patients, guanidinosuccinate and methylguanidine accumu-
late to 100–200 times normal levels, compared with 1–20
times normal levels of creatinine83 and were assigned the

highest indexes for uremic toxicity by the European Uremic
Toxin Work Group.82 Putrescine, a protein-bound polyamine,
which cannot be removed by passive filtration in the glomer-
uli, is eliminated by the concerted effort of several trans-
porters in the proximal tubules. Retention of these uremic sol-
utes further exacerbates injuries to cardiomyocytes through
activation of pathways for oxidative stress, chronic inflamma-
tion and fibrosis. Our findings suggested the intricate interplay
between uremic toxins, renal function and myocardial disease
in cats although these features may also reflect other factors
including renal perfusion.

More than 45% of the differential metabolites belonged to
lipid metabolism pathways, suggesting aberrant lipid metabo-
lism in cats with HCM. The majority of these lipids were GPLs
with two fatty acyl chains attached to a glycerol backbone.
LPLs, with one fatty acyl chain removed from GPLs, constitute
only a small amount of the membrane lipids. SLs differ from
GPLs and LPLs in that SLs have a sphingosine backbone in place
of glycerol.48,49 Our analysis demonstrated that serum levels
of the majority of GPL, LPL and SL species were reduced in
HCM cats compared with control cats. To the contrary, there
were a few lipid species whose levels were increased (e.g., 1-
palmitoyl-GPC, 1-arachidonoyl-GPE, sphinganine and SM
C18:0) or returned to the normal level (e.g., 1-stearoyl-GPE
and 2-stearoyl-GPE). Perturbations of cardiac sarcolemmal
lipids lead to structural and functional changes in cardiac
myocytes.84 Changes in lipid profile are associated with sarco-
lemmal membrane perturbations in human and animal
models of cardiomyopathy.50,85,86 LPLs play both structural
and functional roles. For example, LPLs are known to act as
signalling mediators via G protein-coupled receptors and
are associated with cardiovascular disease, cardiac myocyte
hypertrophy and cardioprotection against ischaemia/
reperfusion.85,87 SMs also act as a reservoir of lipid signalling
molecules for a wide array of biological processes.88,89 Altered
concentrations of several SMs have been documented in
atherosclerosis, cardiomyopathies and valvular disease in
humans.89 Our study provides evidence of impaired lipid
metabolism and signalling in feline HCM, but the mecha-
nisms of these changes and their potential contributions to
the development and progression of HCM in cats will re-
quire further studies.

There are some limitations in our study. Diet, which is a po-
tential confounding factor on the serum metabolome, was
not controlled in this study, and fasting was not required
for blood draws. Our HCM cohorts included 14 females ver-
sus 46 males compared with the sex-balanced control group.
Statistical analysis showed sex and body weight were not sig-
nificantly different among the four groups. However, when all
HCM cats were combined into a single group and compared
with the control cats, sex and body weight were no longer
independent of HCM status. Multiple studies have demon-
strated that HCM occurs more frequently in males than fe-
males in both humans90,91 and cats.92–94 In feline HCM, the
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odds ratio for males was 7.9 versus females, after adjusting
for age and body weight,92 and DSH was the most common
breed.93 A greater effort should be made to enrol more fe-
male subjects in the future studies. Despite efforts to exclude
potential comorbidities, it is possible that undiscovered dis-
ease might be present in the studied cats. In spite of these
limitations, our data demonstrated that cats with HCM have
(1) reduced capacity for FAO, with inefficient oxidative phos-
phorylation and elevated ROS production, (2) impaired gluta-
thione homeostasis and redox balance as evidenced by the
elevated level of OPH in the circulation of HCM cats, (3) aber-
rant lipid metabolism and reprogramming, and (4) reduced
renal function and capacity to eliminate nitrogenous wastes,
some drugs and uremic toxins. Our study sheds light on the
pathophysiology of feline HCM and paves the way for future
systems biology studies of the mechanisms of hypertrophy.
Ultimately, we hope that learnings from cats could be applied
to improve heart health in both cats and humans.
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Data S1. Supporting Information.
Figure S1. PCA plots show global metabolome changes
among the four groups of cats with and without HCM. Only
the first three PCs are shown.
Figure S2. Volcano plots show the differences between (a) B1
vs A and (b) B2 vs A. The two vertical lines denote |fold
change| = 2. Metabolites with FDR < 0.1 are coloured in
red. Glycerol and atenolol are pointed by an arrow.
Figure S3. Principal component analysis (PCA) shows global
metabolome change. (a,c) Boxplots compare the differences
of PC1 and PC2 between males and females. The line in the
middle of the box represents the median, and the whiskers
are drawn to the 10th and 90th percentiles. The percentages
of data variabilities explained by PC1 and PC2 are indicated.
Student’s t test was used to compare F and M groups. Aster-
isks indicate the adjusted P value: ** < 0.01.
Figure S4. Serum concentrations of cortisol and 11-
dehydrocorticosterone. Data were transformed using natural
logarithm and auto-scaled, and expressed using arbitrary unit
(AU). Data are shown in mean and SEM. Negative values
were the results of data transformation using the natural
log on small numbers between (0, 1). Asterisks denote ad-
justed P values from Tukey’s multiple comparisons test:
* < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.
Table S1. Supporting Information.
Table S2.. Supporting Information.
Table S3. Sex and body weight between control and HCM
cats.
Table S4. Serum uremic toxin concentrations in healthy and
HCM cats.
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