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Increased Glucose Availability Attenuates 
Myocardial Ketone Body Utilization
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John C. Chatham, PhD; Kirk M. Habegger, PhD; Evan Dale Abel , MBBS, Dphil; Andrew J. Paterson, PhD; 
Martin E. Young, PhD; Adam R. Wende , PhD

BACKGROUND: Perturbations in myocardial substrate utilization have been proposed to contribute to the pathogenesis of car-
diac dysfunction in diabetic subjects. The failing heart in nondiabetics tends to decrease reliance on fatty acid and glucose 
oxidation, and increases reliance on ketone body oxidation. In contrast, little is known regarding the mechanisms mediating 
this shift among all 3 substrates in diabetes mellitus. Therefore, we tested the hypothesis that changes in myocardial glucose 
utilization directly influence ketone body catabolism.

METHODS AND RESULTS: We examined ventricular-cardiac tissue from the following murine models: (1) streptozotocin-induced 
type 1 diabetes mellitus; (2) high-fat-diet–induced glucose intolerance; and transgenic inducible cardiac-restricted expres-
sion of (3) glucose transporter 4 (transgenic inducible cardiac restricted expression of glucose transporter 4); or (4) dominant 
negative O-GlcNAcase. Elevated blood glucose (type 1 diabetes mellitus and high-fat diet mice) was associated with reduced 
cardiac expression of β-hydroxybutyrate-dehydrogenase and succinyl-CoA:3-oxoacid CoA transferase. Increased myocardial 
β-hydroxybutyrate levels were also observed in type 1 diabetes mellitus mice, suggesting a mismatch between ketone body 
availability and utilization. Increased cellular glucose delivery in transgenic inducible cardiac restricted expression of glucose 
transporter 4 mice attenuated cardiac expression of both Bdh1 and Oxct1 and reduced rates of myocardial BDH1 activity and 
β-hydroxybutyrate oxidation. Moreover, elevated cardiac protein O-GlcNAcylation (a glucose-derived posttranslational modi-
fication) by dominant negative O-GlcNAcase suppressed β-hydroxybutyrate dehydrogenase expression. Consistent with the 
mouse models, transcriptomic analysis confirmed suppression of BDH1 and OXCT1 in patients with type 2 diabetes mellitus 
and heart failure compared with nondiabetic patients.

CONCLUSIONS: Our results provide evidence that increased glucose leads to suppression of cardiac ketolytic capacity through 
multiple mechanisms and identifies a potential crosstalk between glucose and ketone body metabolism in the diabetic 
myocardium.
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Diabetes mellitus increases the risk of heart fail-
ure independently of underlying coronary artery 
disease.1 Though diabetic heart failure is a mul-

tifactorial disease, an established body of evidence 
suggests that impaired cardiac energy metabolism is a 
leading mechanism that contributes to development of 
cardiac dysfunction. For example, increased substrate 
availability during diabetes mellitus is associated with 

cardiac metabolic inefficiency and accumulation of 
signaling/cytotoxic metabolites.2 However, the precise 
mechanisms by which impaired myocardial substrate 
metabolism could be linked to pathology in the dia-
betic heart is incompletely understood.

The majority of the work investigating myocardial 
substrate selection in the past 60+ years has focused 
primarily on the relationship between altered fatty acid 
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and glucose metabolism in the diabetic heart.3 For ex-
ample, increased fatty acid uptake and oxidation (as oc-
curs during diabetes mellitus) inhibits glucose oxidation 

in a number of ways, including both allosteric inhibition 
and posttranslational modification of the pyruvate de-
hydrogenase complex.4 Conversely, increased glucose 
uptake and oxidation inhibits fatty acid oxidation through 
malonyl-CoA-mediated inhibition of carnitine palmitoyl-
transferase I.5 However, cardiomyocytes also readily 
utilize lactate, pyruvate, amino acids, and ketone bod-
ies (KB) as substrates.6,7 Acetoacetate and β-hydroxy-
butyrate, the 2 primary KB, are synthesized from fatty 
acids by the liver, particularly during starvation, type 1 
diabetes mellitus (T1D), and following consumption of 
ketogenic diets. Once generated, KB are released into 
the circulation and subsequently utilized by multiple 
oxidative tissues, including the heart. Two important 
enzymes, mitochondrial BDH1 (D-β-hydroxybutyrate 
(BHB)-dehydrogenase) (encoded by Bdh1) and succi-
nyl-CoA:3-oxoacid CoA transferase (SCOT, encoded 
by Oxct1), produce acetyl CoA by catabolizing β-hy-
droxybutyrate and acetoacetate, respectively.7 A grow-
ing number of pharmacologic,8 dietary,9,10 and genetic 
manipulation11 studies suggest important roles of ketone 
bodies in cardiac health and disease. Recently 2 studies 
examining a mouse model of cardiac hypertrophy, as well 
as human heart failure patients, demonstrated increased 
reliance on KB utilization by the failing heart (in the ab-
sence of diabetes mellitus).12,13 However, the interrela-
tionship between myocardial glucose, fatty acid, and KB 
oxidation, or whether this relationship is disrupted during 
diabetes mellitus, remains unclear. In the present study, 
we sought to investigate whether increased glucose 
availability may directly influence myocardial KB metab-
olism. Our data show that genetic augmentation of glu-
cose influx into the heart (glucose transporter 4 [GLUT4] 
overexpression; mG4H) decreased the rate of KB oxi-
dation, concomitant with decreased expression of both 
Bdh1 and Oxct1. Furthermore, we observed decreased 
Bdh1 (but not Oxct1) in transgenic inducible cardiac-re-
stricted expression of dominant negative O-GlcNAcase 
(dnOGAh) hearts, suggesting that the Bdh1 gene could 
be regulated by protein O-GlcNAcylation, while SCOT 
protein levels were not changed but potentially directly 
regulated by O-GlcNAcylation. Both T1D and high-fat 
diet (HFD)-induced hyperglycemia decreased cardiac 
Bdh1 and Oxct1 expression. BDH1 and OXCT1 were 
similarly repressed in failing hearts of diabetic but not 
from nondiabetic patients. Collectively these obser-
vations suggest that increased levels of glucose-de-
rived metabolites suppress cardiac ketolytic machinery 
via overlapping transcriptional and posttranslational 
mechanisms.

METHODS
The data, analytic methods, and study materials 
are presented here following the Transparency and 

CLINICAL PERSPECTIVE

What Is New?
• We demonstrate transcriptional suppression of 

ketone body utilizing enzymes (Bdh1 and Oxct1) 
in hearts of 2 independent mouse models of 
diabetes mellitus and insulin resistance (type 
1 diabetes mellitus and high-fat diet), coupled 
with elevated myocardial β-hydroxybutyrate in 
type 1 diabetes mellitus mice.

• Identification of reduced β-hydroxybutyrate uti-
lization pathways in hearts of patients with type 
2 diabetes mellitus and end-stage heart failure. 

• We found consistent suppression of Bdh1 gene 
expression in 4 distinct mouse models of al-
tered myocardial glucose handling, and high 
myocardial glucose availability is sufficient to 
attenuate myocardial ketone body utilization via 
mechanisms that may be further altered in dia-
betes mellitus.

What Are the Clinical Implications?
• Our findings provide a snapshot of attenuated 

cardiac expression of ketolytic enzymes in mul-
tiple mouse models associated with impaired 
cardiac glucose metabolism and identify that in-
creased myocardial glucose availability can in-
dependently modulate myocardial ketone body 
metabolism.

• These findings may improve our understanding 
of the complex relationship between myocardial 
substrate utilization and development of dia-
betic cardiomyopathy.

Nonstandard Abbreviations and Acronyms

BDH1 β-hydroxybutyrate dehydrogenase
dnOGAh  transgenic inducible cardiac-restricted 

expression of dominant negative 
O-GlcNAcase

HFD high-fat diet
HMGCS2 3-hydroxy-3-methylglutaryl-CoA 

synthase 2
KB ketone body
mG4H  transgenic inducible cardiac-restricted 

expression of glucose transporter 4
SCOT  succinyl-CoA:3-oxoacid CoA 

transferase
T1D type 1 diabetes mellitus
T2D type 2 diabetes mellitus
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Openness Promotion (TOP) Guidelines, and any addi-
tional information will be made available upon request 
to facilitate other researchers for purposes of repro-
ducing the results or replicating the procedures.

Ethics statement
The human study protocol was approved by the 
University of Alabama at Birmingham Institutional 
Review Board. Informed consent was granted to the 
UAB Cardiovascular Tissue Bank for the procurement 
of left ventricular assist device core biopsies and de-
identified patient health history with demographics 
were obtained to maintain confidentiality. All animal ex-
perimental protocols were approved by the Institutional 
Animal Care and Use Committee at the University of 
Alabama at Birmingham.

Animals
Inducible cardiomyocyte-specific 
overexpression of glucose transporter 4

To dissect a glucose-specific contribution, a double 
transgenic mouse for a myc-tagged rat GLUT4 cDNA 
under the control of tetracycline response element 
promoter and the codon optimized tetracycline trans-
activator under control of the α-myosin heavy chain 
promoter (tON) was used. The mice generated have 
been described previously,14 and extensively pheno-
typed recently.15 Briefly, transgene induction is initiated 
by a single injection of 100 μg of doxycycline and mice 
were maintained on a doxycycline-chow (1 g/kg doxy-
cycline; Bio-Serv, Frenchtown, NJ).

Inducible cardiomyocyte-specific 
overexpression of OGA-inactive splice variant of 
O-GlcNAcase gene (dnOGAh)

To determine an O-GlcNAc-specific role in regulating 
KB metabolism, we generated a second mouse model 
overexpressing an OGA-inactive splice variant of the 
O-GlcNAcase gene (dnOGA),16 specifically in cardiac 
muscle using the same α-myosin heavy chain tON 
mouse as above to drive the cardiomyocyte-specific 
expression of dnOGA (dnOGAh). Generation of the 
GFP-tagged dnOGA construct was previously de-
scribed.17 This mouse was bred with the tON mouse 
described above and backcrossed more than 6 times 
onto the FVB background. The resulting transgene is a 
dominant-negative form of OGA lacking OGA enzyme 
activity. Single transgenic littermates were used as 
controls (Con). Both Con and transgenic mice (trans-
genic inducible cardiac-restricted expression of glu-
cose transporter 4 [mG4H] or dnOGAh) were injected 
with doxycycline and then kept on doxycycline-chow 
for 2 weeks. The animals were housed at 22°C with 
a 12-hour light, 12-hour dark cycle with free access to 

water and chow. All experiments were performed in 
male mice and cardiac tissues were collected between 
06:00 and 08:00 hours.

Diabetes mellitus induction and HFD treatment

Diabetes mellitus was induced in FVB mice for 4 weeks 
using the Animal Models of Diabetic Complications 
Consortium low-dose (55  mg/kg bw) streptozotocin 
protocol, which includes injections over 5 consecutive 
days. Mice were euthanized 4 weeks after the initial 
injection of streptozotocin or control vehicle. HFD stud-
ies in C57BL/6J mice were performed as described 
previously.18 Briefly, mice were fed HFD (58.0 kcal% fat, 
D12331i Research Diets, New Brunswick, NJ) or low-
fat diet (Con, 10.5 kcal% fat, D12329i Research Diets, 
New Brunswick, NJ) for 12 weeks. Cardiac tissues 
were collected after 2-hour fasting (starting at 06:00).

RNA Sequencing Analysis
Left ventricular tissue was obtained from patients 
with end-stage heart failure before left-ventricular as-
sist device implantation, as described previously.19 
Briefly, RNA was isolated using the RNeasy Fibrous 
Tissue Mini Kit (Qiagen Inc., Valencia, CA), follow-
ing the manufacturer’s protocol. Extracted RNA was 
measured for quality to ensure RNA quality, with RNA 
Integrity Numbers >7. Next-generation RNA sequenc-
ing was then performed using Illumina HiSeq2000 at 
the Heflin Genomics Core at the University of Alabama 
at Birmingham. Sequenced reads were aligned to the 
human genome (hg19) using TopHat (version 2.0.12) 
and Bowtie2 (version 2.2.3). Cufflinks (version 2.2.1) 
was then used to assemble transcripts from the aligned 
reads, estimate their abundances, and test for differen-
tial expression. Cuffcompare (version 2.2.1), a compo-
nent of Cufflinks, related the assembled transcripts to a 
reference annotation and tracked Cufflinks transcripts 
across multiple experiments. Finally, Cuffdiff (version 
2.2.1) generated statistical comparison between type 2 
diabetes mellitus (T2D) and nondiabetic used to iden-
tify significant changes in transcript expression.

RNA Extraction and Quantitative Reverse 
Transcription Polymerase Chain Reaction 
Analysis
Quantitative polymerase chain reaction (qPCR) was 
performed as described previously.20 In brief, total RNA 
was extracted with TRIzol reagent (Invitrogen, Carlsbad, 
CA) and reverse transcribed to cDNA using MultiScribe 
High Capacity cDNA Reverse Transcription Kit as 
per manufacturer’s instruction (Applied Biosystems, 
Carlsbad, CA). Reverse transcription quantitative poly-
merase chain reactions were performed using SYBR 
Green (Fermentas, Thermo Scientific, St. Leon-Rot, 
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Germany) in CFX96 Touch Real-Time PCR Detection 
System according to the manufacturer’s recom-
mended protocol. Relative mRNA expression was 
quantified using the comparative ΔCT method, nor-
malized to β-actin. The following primers were used 
for qPCR analysis: (Ppia) 3 peptidylprolyl isomerase; 
cyclophilin, 5′- AGCACTGGAGAGAAAGGATTTGG -3′,  
and reverse, 5′-TCTTCTTGCTGGTCTTGCCATT -3′; 
(Bdh1) 3-hydroxybutyrate dehydrogenase, type 1 
forward, 5′-AGCGTCTTACAACTTGGTGCCA-3′, and  
reverse, 5′-TTTGCCACTAGCCGCATCTG-3′; (Oxct1)  
3-oxoacid CoA transferase 1 forward, 5′-AAGCCAT 
CACGGGAGATTTT-3′, and reverse, 5′-CCACGGTAGT 
TTCTGCAG-3′; (Hmgcs2) 3-hydroxy-3-methylglutaryl- 
coenzyme A synthase 2 forward, 5′-GGCCTTCAGG 
GGTCTAAAGC-3′, and reverse, 5′-AGGCAGCCATAG 
AGGGAAGA-3′; (Slc16a1) solute carrier family 16 mem-
ber 1, forward, 5′- TGCAACGACCAGTGAAGTATC-3′, 
and reverse, 5′- GACAACCACCAGCGATCATTA -3′; 
(Slc16a7) solute carrier family 16 member 7, forward, 
5′-ATACTTGCAGGTCCTCTCATTC-3′, and reverse, 
5′-GGAAGAGGCAGACAACGATAA-3′.

Western Blot Analysis and 
Immunoprecipitation
Quantitative analysis of protein levels and O-
GlcNAcylation status was performed via standard 
Western blotting procedures as described previ-
ously.21 Briefly, total protein lysates were isolated in 
RIPA buffer (150  mmol/L NaCl, 1  mmol/L EDTA, 
50 mmol/L Tris/HCl, 0.5% sodium dodecyl sulfate, 1% 
NP-40, plus Halt protease and phosphatase inhibitor 
cocktail [Thermo Scientific]). Protein was quantified 
by BCA protein assay kit (Pierce 23225). Protein lysate 
(25–50  μg) was separated on polyacrylamide gels 
and transferred to a 0.45 μM polyvinylidene difluoride 
membrane (Bio-Rad, Hercules, CA). Membranes were 
immunoblotted with primary antibodies for BDH1 
(Catalog No. 15417-1-AP), SCOT (Catalog No. 12175-
1-AP), HMGCS2 (3-hydroxy-3-methylglutaryl-CoA 
synthase 2) (Catalog No. ab137043), actin (Catalog 
No. GTX110564; GTX629630), O-GlcNAc (CTD110.6; 
UAB Epitope Recognition and Immunoreagent Core), 
GAPDH (Catalog No. ab8245) or OGA (Catalog 
No. 14711-1-AP) in casein blocking buffer (Sigma). 
Proteins were detected using goat anti-rabbit IgG 
(A10043) and a goat anti-mouse IgG (926-32212) 
secondary antibody labeled with NIR fluorochrome 
dyes (800 and 700 nm) followed by signal visualiza-
tion using an Odyssey CLx infrared imaging system 
(model 9120) (LI-COR Biosciences-US, Lincoln, NE). 
O-GlcNAc blots were developed using horseradish 
peroxidase–conjugated secondary (anti-mouse IgM) 
(Calbiochem, 401225), and chemiluminescent sub-
strate (Perkin Elmer). The immunoprecipitation was 

conducted as modified method described previ-
ously.22 Briefly, 2 µg of anti-O-GlcNAc (RL2; Catalog 
No. MA1-072, Thermo Fisher) was added to 2 mg 
of cell lysates. The antibody and lysate complex 
were incubated 4 hours at 4°C with gentle agitation 
and then magnetic beads were added (Dynabeads 
10004D, Thermo Fisher Scientific) and incubated 
overnight at 4°C. Beads were washed 5 times with 
RIPA buffer and protein was eluted with 0.1  M cit-
rate buffer (pH 2–3), and then NuPAGE LDS sample 
buffer was added (#NP0008, Thermo Fisher) and 
immuno-blotted (IB) with the anti-SCOT antibody.

Metabolomic Analysis of Heart Tissue
Metabolomic analysis was performed in nonfasted 
mice as described previously.23 Specifically, left-ven-
tricle tissue was quickly dissected away in ice-cold 
saline solution and freeze-clamped in liquid nitrogen. 
Between 58 and 114.2  mg of tissue was carefully 
transferred into a bead mill tube containing 1.4 mm 
ceramic beads (MoBio Laboratories, Carlsbad, CA). 
To this tube 900 μL of pre-chilled 90% MeOH was 
added. Using an Omni Bead Ruptor 24 bead mill 
(Omni-Inc, Kennesaw, GA) the tissue was homog-
enized for 30 s at 6.5 m/s. The lysate was incubated 
for 1 hour at −20°C to precipitate protein. Following 
incubation, cell debris was removed by centrifuga-
tion, 14  000  g for 5  minutes at 4°C. The superna-
tant was then transferred to fresh microfuge tubes. A 
second extraction was performed using 60% MeOH 
in the same manner as the first extraction. The 2 su-
pernatants were combined, split equally into 2 por-
tions, 1 for liquid chromatography (LC) and the other 
for gas chromatography mass spectroscopy, and the 
solvent was removed en vacuo.

Catalytic Activity of Ketolytic Enzymes
3-Hydroxybutyrate dehydrogenase activity was deter-
mined by measuring the reduction of NAD+ to NADH 
in a spectrophotometric unit as previously described 
with slight modification.24,25 Briefly, ventricular tissue 
was homogenized in buffer (300  mmol/L sucrose, 
20 mmol/L Tris, and 2 mmol/L EGTA) using a glass 
homogenizer and the mitochondria pellet was sus-
pended using the same buffer. Enzyme activity is 
expressed as nmol of NAD+ reduced/min per mg of 
protein. CoA transferase activity assay was measured 
by using the assay procedure described previously.26 
Briefly, ventricle pieces were homogenized with phos-
phate buffer saline (pH 7.2) containing with protease 
inhibitors in glass homogenizer followed by centrifu-
gation at 20  000  g at 4°C for 20  minutes. The su-
pernatant was used as source for CoA transferase. 
The incubation mixture contained 50 mmol/L Tris·HCl, 
pH 8.5, 10 mmol/L MgCl2, 4 mmol/L iodoacetamide, 
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1 mmol/L succinyl-CoA, 10 mmol/L lithium acetoac-
etate, and 100 μg of the lysate. SCOT catalytic activity 
was measured spectrophotometrically by following the 
formation of acetoacetyl-CoA at 313 nm for 2 minutes. 
SCOT catalytic activity was normalized to the total 
protein in high-speed supernatants. Enzyme activity 
was expressed as nmol of acetoacetyl-CoA formed 
per min per mg of protein. Isolated ventricle mitochon-
drial HMGCS2 activity was measured as previously 
described with modification.27 Briefly, mitochondria 
sonicated supernatants were added to a reaction mix-
ture that had a final concentration of 50 mmol/L Tris 
(pH 8.0), 0.1  mmol/L acetoacetyl-CoA (Sigma), and 
10  mmol/L acetyl-CoA (Sigma) in a total volume of 
150 µL at room temperature. After 10, 20, and 30 min-
utes, 27.5 µL of reaction mixtures were removed and 
21 µL of 3% perchloric acid deproteinization and 7 µL 
of 2 M KOH were rapidly added to achieve pH 6.5–8 
and terminate the reaction. The deproteinized reac-
tion mixtures were briefly centrifuged and 20 µL of su-
pernatant was used for total KB quantification using a 
colorimetric assay kit (#415-73301, Fujifilm Wako Pure 
Chemical Corporation, Osaka, Japan).

Ketone Utilization ex vivo Using Isolated 
Working Hearts
Myocardial substrate utilization was measured ex vivo 
in isolated perfused working mouse hearts, as de-
scribed previously.28 Male 16- to 17-week-old mG4H 
mice were subjected to perfusion experiments 2 weeks 
after transgene induction. Mice were euthanized follow-
ing chloral hydrate injection, and cardiac excision was 
performed. All hearts were perfused in the working 
mode (nonrecirculating manner) for 40 minutes with a 
preload of 12.5 mm Hg and an afterload of 50 mm Hg. 
Standard Krebs-Henseleit buffer was supplemented 
with 8 mmol/L glucose, 0.4 mmol/L oleate conjugated 
to 3% bovine serum albumin (fatty acid–free), 10 μU/
mL insulin (basal/fasting concentration), 2  mmol/L 
D-β-hydroxybutyrate (BHB), 0.2  mmol/L acetoace-
tate, 0.05  mmol/L l-carnitine, and 0.13  mmol/L glyc-
erol. Metabolic flux was assessed through the use 
of radiolabeled tracers: [U-14C]-BHB (0.04 mCi/L; 
BHB oxidation), and d-[2-5H]-glucose (0.04 mCi/L; 
glycolysis). Measures of cardiac metabolism (i.e., 
β-hydroxybutyrate oxidation) and function were deter-
mined as described previously.25 Data are presented 
as steady-state values during the last 10 minutes of the 
perfusion protocol. At the end of the perfusion proto-
col, the left ventricles were snap-frozen with liquid ni-
trogen and stored at −80°C.

Biochemical parameters analysis
Blood glucose was measured using a commercial glu-
cometer. Blood was collected from the facial vein of 

mice and plasma was isolated for subsequent biochemi-
cal parameters. Plasma β-hydroxybutyrate (ab83390, 
Abcam, Cambridge, United Kingdom) and acetoacetate 
(ab180875, Abcam) concentrations were measured with 
commercially available kits. For cardiac ventricle tissue, 
the samples were deproteinated with 1 M perchloric acid 
according to the manufacturer’s instruction.

Statistical Analysis
Analyses were performed with GraphPad Prism 8.4 
software (Prism, San Diego, CA). All the results are 
expressed as mean±SEM. Mann-Whitney test was 
performed to examine sensitivity and results are re-
ported as unpaired Student t tests (2-tailed) when 
comparisons are made between 2 groups. Statistical 
analysis was performed using the criterion for signifi-
cance of P<0.05 for all comparisons. For the RNA-
sequencing analysis of human heart failure (HF), a 
2-way comparison was made between diabetic and 
nondiabetic patients with HF, with data presented as 
means±SEM. When comparing normalized gene ex-
pression between groups, statistical significance was 
determined using a Student t test with Bonferroni 
posttest adjustment.

RESULTS
Differential expression of KB utilization 
enzymes in the heart of T1D mice
Recent findings from HF patients without diabetes 
mellitus suggest that myocardial KB oxidation is 
increased in failing hearts.13 However, the effect of 
T1D on myocardial KB metabolism of failing hearts 
is not well known. In the present study, we used a 
low-dose streptozotocin-induced T1D mouse model 
to study KB metabolism. Seven days following the 
initial streptozotocin injection, mice with blood glu-
cose levels >  200  mg/dL were considered hyper-
glycemic and were followed an additional 3 weeks 
before analysis. Previously, we have shown that 
these mice develop cardiac dysfunction at this time 
point.29 To determine the effect of T1D on the expres-
sion of enzymes involved in KB metabolism in the 
heart, we examined gene expression levels of Bdh1 
and Oxct1, which encode for 2 important enzymes 
responsible for KB oxidation. Cardiac expression of 
both genes (Bdh1 and Oxct1) was significantly re-
duced (Figure 1A and 1B) in T1D mice. Protein lev-
els of cardiac BDH1 were also significantly lower in 
hearts of diabetic mice (Figure 1C). However, car-
diac SCOT protein abundance was unchanged in 
hearts of diabetic mice at this time point (Figure 1D). 
This finding is in alignment with a previous report 
showing that cardiac SCOT protein expression is 
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Figure 1. Regulation of ketone body utilizing genes, protein, and activity by streptozotocin (STZ)-
induced hyperglycemia.
Gene expression from qPCR analysis showing expression of Bdh1 (A) and Oxct1 (B) in mice 4 weeks after 
STZ treatment. Western analysis of whole cell extracts from left ventricular heart tissue for BDH1 and SCOT. 
C, Upper panel: Immunoblot illustrating BDH1 levels in ventricular tissue of STZ mice compared with vehicle-
treated mice. Lower panel: Densitometric analysis of immunoblots shown in the upper panel. D, Upper panel: 
Immunoblot illustrating SCOT levels in ventricular tissue of STZ mice compared with vehicle-treated mice. 
Lower panel: Densitometric analysis of immunoblots shown in upper panel. E, Catalytic activity of BDH1 in 
mitochondrial fraction prepared from left ventricle in STZ mice. F, SCOT enzymatic activity was measured 
in the Co-A transferase enriched fractions from the ventricular tissue of Vehicle (Veh) and STZ mice. G, 
Plasma β-hydroxybutyrate (β-OHB) and metabolomics data showing cardiac β-OHB levels (H) in Veh and 
STZ mice. I, Plasma acetoacetate (AcAc) and direct measure of cardiac AcAc levels (J) in Veh and STZ mice. 
K, mRNA expression of Hmgcs2, Slc16a1, and Slc16a7 in ventricular tissue of Veh and STZ mice. L, Upper 
panel: immunoblot illustrating HMGCS2 expression in ventricular tissue of STZ mice compared with Veh 
mice. Lower panel: Densitometric analysis of immunoblots shown in upper panel, n≥6. M, HMGCS2 activity 
in tissue lysates from ventricular tissue of STZ mice compared to Veh mice, n≥5. N, Hearts from STZ mice 
were isolated and perfused ex vivo in presence of [U-14C]-βOHB for oxidation, n=4. Means±SEM; *P<0.05; 
**P<0.01; ***P. qPCR indicates quantitative polymerase chain reaction. <0.001; vs. Veh.
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unchanged after 4 weeks of streptozotocin-induced 
diabetes mellitus in rats.30

Functional Consequences of Reduced KB 
Utilization Gene Expression in T1D Mouse 
Hearts
We next sought to determine whether observed 
changes in Bdh1 mRNA and protein expression influ-
ence enzymatic activity. Previous studies found that 
BDH1 enzyme activity is reduced in mitochondria iso-
lated from hearts of T1D rats.24 To this end, we observed 
a trend for reduced cardiac catalytic activity of BDH1 
(−27%; P=0.084; Figure 1E) in diabetic hearts. However, 
SCOT activity was not altered (−19%; Figure 1F). In line 
with our prior studies,29 plasma β-hydroxybutyrate lev-
els were increased in T1D mice (1.9-fold; Figure 1G). 
Additionally, we found that there was a striking 10-fold 
increase in cardiac β-hydroxybutyrate levels (Figure 1H; 
P=0.034), compared with hearts of nondiabetic mice. 
Furthermore, both circulating and cardiac tissue ace-
toacetate levels were also significantly increased 
(Figure 1I and Figure 1J).

To further explore potential mechanisms for the 
elevated tissue levels of myocardial β-hydroxybutyr-
ate, we also examined expression of genes involved 
in KB synthesis and uptake. Interestingly, there was 
a robust 10-fold elevation of mRNA levels of Hmgcs2, 
which encodes for HMGCS2, a mitochondrial protein 
that controls ketone bodies synthesis, in T1D myocar-
dium (Figure 1K; P<0.001). Moreover, while cardiac 
HMGCS2 protein was weakly detected in nondiabetic 
mice, cardiac HMGCS2 was significantly induced 
(P=0.003) in diabetic mice (Figure 1L). These find-
ings support recent reports showing similar induction 
of cardiac Hmgcs2 expression in streptozotocin-in-
duced diabetes mellitus in mice and rats.31,32 KBs 
are transported to extrahepatic tissues by a family of 
monocarboxylate transporters belonging to the solute 
carrier 16A family. Therefore, we measured expression 
of the genes encoding the KB transporters (Slc16a1 
[MCT1] and Slc16a7 [MCT2]).33 mRNA expression of 
both cardiac Slc16a1 and Slc16a7 were unaltered in 
T1D hearts (Figure 1K), suggesting that accumulation 
of cardiac β-hydroxybutyrate could be a consequence 
of decreased KB utilization and increased ketogene-
sis. Despite the marked induction of HMGCS2 pro-
tein, total activity of the enzyme was not significantly 
increased (Figure 1M). However, consistent with the 
decreased BDH1 protein (Figure 1C) and trend in de-
creased BDH1 enzyme activity (Figure 1E), there was 
a strong trend for decreased KB utilization in isolated 
working hearts (Figure 1N, P=0.077). Taken together, 
these data suggest that T1D alters the regulation of 
genes that encode enzymes and proteins involved in 
KB metabolism.

Reduced Expression of Cardiac Bdh1 in 
an Established Mouse Model of Glucose 
Intolerance
Our findings from the T1D mouse model stimulated 
our interest to understand whether the observed 
expression changes in KB utilization are present in 
other models of disrupted cardiac metabolism. Diet-
induced obesity is a major risk factor for developing 
glucose intolerance and T2D, and it is well estab-
lished that obesity greatly increases the risk for heart 
failure.34 Therefore, we fed mice a HFD for 12 weeks 
to induce obesity and insulin resistance, which has 
been shown by some groups to induce diabetic car-
diomyopathy.35 We performed qPCR and immuno-
blot analysis to measure cardiac expression of KB 
metabolic enzymes. Interestingly, mRNA levels of 
both Bdh1 (−47%) and Oxct1 (−24%) were reduced 
following HFD feeding (Figure 2A and 2B). In contrast, 
no differences were observed for Hmgcs2, Slc16a1, 
and Slc16a7 expression (Figure 2C and 2D). At the 
protein level, BDH1, but not SCOT, was significantly 
reduced in hearts of HFD-fed mice compared with 
Con mice (Figure 2E and 2F). Assessment of enzy-
matic activities revealed a trend for reduced myocar-
dial BDH1 activity in HFD mice compared with Con 
mice (−37.1%; P=0.149), with no significant changes 
in SCOT activity (Figure 2G and 2H). Collectively, 
these observations suggest that cardiac KB utiliza-
tion may be impaired in obese mice, and for both 
T1D and HFD models there may be overlapping but 
distinct regulation of ketolytic machinery in diabetic 
insulin-dependent versus insulin-resistant states.

Cardiac GLUT4 Overexpression Results in 
Reduced Myocardial KBs Utilization
Hyperglycemia may independently mediate the adverse 
cardiovascular effects of diabetes mellitus through 
multiple mechanisms including formation of advanced 
glycation end products and protein posttranslational 
modification of proteins via O-linked attachment 
of β-N-acetyl-glucosamine, O-GlcNAcylation.36 
Therefore, we asked whether glucose alone is suf-
ficient to alter cardiac KB metabolism. To determine 
this, we used a transgenic mouse model with inducible 
cardiac-specific overexpression of a myc-tagged glu-
cose transporter 4 (GLUT4; mG4H) with single trans-
genic littermates as controls (Con). Similar to the gene 
expression changes observed in T1D and HFD mouse 
hearts, enhanced cellular glucose delivery led to a ro-
bust reduction in Bdh1 and Oxct1 expression in mG4H 
mice (Figure 3A and 3B). Furthermore, BDH1 protein 
was also reduced in this model (Figure 3C). Unlike 
observations in T1D and HFD mice, enhanced glu-
cose delivery alone repressed cardiac SCOT protein 
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levels (Figure 3D). These findings suggest that cardiac 
SCOT protein levels in T1D and HFD mice are not reg-
ulated via glucose-mediated mechanisms (comparing 
Figures 1D, 2F, and 3D). In contrast to the T1D mouse 

model (Figure 1K and 1L), mRNA levels of Hmgcs2 
were unchanged in mG4H mice (Figure 3E). Similarly 
to the other models, expression of the KB transport-
ers Slc16a1 and Slc16a7 was unchanged (Figure 3F). 

Figure 2. Regulation of ketone body utilizing genes, protein, and activity by high-fat diet 
(HFD)-induced obesity.
qPCR analysis showing expression of Bdh1 (A) and Oxct1 (B) in mice after 12 weeks of HFD or 
control diet (Con) feeding. mRNA expression of Hmgcs2 (C), and ketone transport genes, Slc16a1 
and Slc16a7 (D) in ventricular tissue. Western analysis of whole cell extracts prepared from left 
ventricular heart tissue for β-hydroxybutyrate dehydrogenase (BDH1) and succinyl-CoA:3-oxoacid 
CoA transferase (SCOT). E, Upper panel: Immunoblot illustrating BDH1 levels in ventricular tissue of 
HFD mice compared with Con mice. Lower panel: Densitometric analysis of immunoblots shown in 
upper panel. F, Upper panel: Immunoblot illustrating SCOT levels in ventricular tissue of HFD mice 
compared with Con mice. Lower panel: Densitometric analysis of immunoblots shown in upper 
panel. Cardiac BDH1 (G) and SCOT (H) enzyme activities in Con and HFD mice. n=6; Means±SEM. 
qPCR indicates quantitative polymerase chain reaction. **P<0.01; ***P<0.001; vs. Con.
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Despite the marked reduction in ketone metabolic en-
zymes, there was no measurable change in cardiac 
β-hydroxybutyrate levels (Figure 3G). Taken together, 

these findings support that induction of cardiac 
Hmgcs2 expression in T1D is independent of direct 
glucose-mediated regulation of gene expression.

Figure 3. Glucose specific regulation of ketone body utilizing genes and protein by 
cardiac specific glucose transporter 4 (GLUT4)-induced glucose delivery.
Gene expression from qPCR analysis showing expression of Bdh1 (A) and Oxct1 (B) in mice 4 
weeks after GLUT4 induction in the heart (mG4H). Western analysis of whole cell extracts from 
ventricular heart tissue for BDH1 and SCOT. C, Upper panel: Immunoblot illustrating BDH1 levels 
in ventricular tissue of mG4H mice compared with Control (Con) mice. Lower panel: Densitometric 
analysis of immunoblots shown in upper panel. D, Upper panel: Immunoblot illustrating SCOT 
levels in ventricular tissue of mG4H mice compared with Con mice. mRNA expression of 
Hmgcs2 (E), and ketone transport genes, Slc16a1 and Slc16a7 (F) in ventricular tissue. G, Tissue 
metabolomics data of cardiac β-hydroxybutyrate (β-OHB) levels. n≥6; Means±SEM; BDH1 
indicates β-hydroxybutyrate dehydrogenase; MG4H, transgenic inducible cardiac-restricted 
expression of glucose transporter 4; qPCR, quantitative polymerase chain reaction; SCOT, 
succinyl-CoA:3-oxoacid CoA transferase. **P<0.01; vs. Con.
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We next asked whether reduced abundance of keto-
lytic proteins in mG4H mice translates to reduced cata-
lytic activities of enzymes involved in KB utilization. We 
measured specific activities of BDH1 in myocardial mi-
tochondria isolated from Con or mG4H mice following 
transgene induction. mG4H mice demonstrated a sig-
nificant reduction in BDH1 enzyme activity compared 
with Con mice (Figure 4A). However, catalytic activity of 
SCOT was similar in both groups (Figure 4B). Next, KB 
utilization was determined in isolated working hearts. 
GLUT4 overexpression in mG4H mice increased gly-
colysis relative to Con mice (Figure 4C). Concomitant 
with reduced BDH1 expression and enzyme activity 
results, GLUT4 induction resulted in a significant re-
duction in ex vivo β-hydroxybutyrate oxidation rates 
compared with Con hearts (Figure 4D). Taken together, 
these findings strongly suggest that glucose alone is 
sufficient to attenuate cardiac KB utilization, potentially 
through attenuation of BDH1 expression/activity.

Protein O-GlcNAcylation Influences 
Cardiac BDH1 Expression
Hyperglycemia increases glucose flux through the 
hexosamine biosynthetic pathway and leads to 

posttranslational modification of nuclear, cytoplas-
mic, and mitochondrial proteins via O-GlcNAcylation. 
Moreover, aberrant cardiac O-GlcNAc signaling ap-
pears to play a causal role in the adverse effects 
of diabetes mellitus on the heart.37,38 Consistent 
with that prior work, total cellular levels of pro-
tein O-GlcNAcylation in streptozotocin and HFD 
mouse hearts were increased (Figure 5A and 5B). A 
smaller number of proteins also showed increased 
O-GlcNAcylation in mG4H mouse hearts, but the 
overall change to total protein did not reach sig-
nificance (Figure 5C). To directly test a mechanistic 
role for O-GlcNAcylation in the molecular changes 
of KB utilization machinery, we generated a novel 
mouse model with inducible cardiomyocyte-specific 
overexpression of a dominant negative OGA gene 
(dnOGAh), similar to that generated previously in 
skeletal muscle.17 After 2 weeks of doxycycline in-
duction, Western blot analysis revealed 2 OGA 
bands in dnOGAh hearts and not in other tissues 
examined (Figure 6A, and data not shown), repre-
senting the endogenous OGA protein (130 kDa) and 
the GFP-tagged OGA transgene (apparent size, 150 
kDa), which contrasts with the presence of the wild-
type protein in control mice (Figure 6A). Transgene 

Figure 4. Glucose specific regulation of ketone body utilizing protein activity and cardiac 
metabolic rates.
A, Catalytic activity of BDH1 in mitochondrial fractions prepared from the hearts of mG4H mice. B, 
SCOT enzymatic activity was measured in the CoA transferase–enriched fractions from the heart. 
C, After 2 weeks of transgene induction, hearts from mG4H mice were isolated and perfused  
ex vivo in presence of D-[5-3H]-glucose for glycolysis (C) and [U-14C]-βOHB for oxidation (D). 
Values are expressed as means±SEM (n=5–9; sample size range varies dependent on the 
parameter investigated); *P<0.05; ***P<0.001; vs. Con. BDH1 indicates β-hydroxybutyrate 
dehydrogenase; MG4H, transgenic inducible cardiac-restricted expression of glucose transporter 
4; SCOT, succinyl-CoA:3-oxoacid CoA transferase.
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induction increased protein O-GlcNAcylation in the 
heart (Figure 6B and 6C). Consistent with all mod-
els tested (Figure 1A, 2A, and 3A), mRNA expres-
sion of cardiac Bdh1 was also reduced in dnOGAh 
mice (Figure 6D), while levels of Oxct1, Hmgcs2, 
Slc16a1, and Slc16a7 were unchanged (Figure 6E 
and 6G). Also, similar to the mG4H model, tissue KB 
levels were unchanged for either β-hydroxybutyrate 
or acetoacetate (Figure 6H and 6I, respectively). 
Furthermore, protein levels of BDH1 or SCOT were 
not significantly altered (Figure 6J and 6K). Owing 
to the role of O-GlcNAcylation to directly regulate 
enzymatic function, we further assessed whether 
either SCOT or BDH1 were directly modified by 
GlcNAc. Immunoprecipitation for O-GlcNAc followed 
by Western blot revealed that BDH1 was not modi-
fied under these conditions but SCOT was modi-
fied, and this was significantly increased by dnOGAh 
(Figure 6L) Taken together, these results suggest that 
protein O-GlcNAcylation may regulate Bdh1 gene 

expression and directly regulate SCOT protein in the 
heart.

T2D Alters Expression of KB Enzymes in 
Failing Human Hearts
To determine whether the observed changes in keto-
lytic gene expression in T1D and HFD mouse models 
in mice corresponded with biologically conserved 
findings in humans, we applied an integrated tran-
scriptomic analysis of both human and mouse. Left 
ventricular biopsies were obtained from diabetic 
(T2D, n=6) and nondiabetic (n=5) patients with end-
stage heart failure (HF) who underwent left-ventricu-
lar assist device implantation. Clinical characteristics 
of the patients are shown in Figure 7A. Tissues were 
then analyzed via RNA-sequencing analysis (GSE10 
9097),19 and compared with array-based gene ex-
pression analyses of streptozotocin-induced dia-
betic and mG4H mice (GSE12 3975),15 and separate 

Figure 5. Protein posttranslational regulation via O-GlcNAcylation is enhanced by STZ, HFD, and glucose.
Cardiac protein O-GlcNAcylation was measured in ventricular lysates prepared from 4 weeks STZ-induced diabetic mice, 12-week 
HFD, or Con diet fed mice and mG4H mice after 2 weeks of transgene induction. Fifty micrograms of lysates was resolved and 
probed using CTD110.6 antibody. A, Upper panel: immunoblot illustrating O-GlcNAc detection in ventricular tissue of STZ mice 
compared with vehicle-treated mice. Lower panel: Densitometric analysis of immunoblots shown in upper panel. B, Upper panel: 
immunoblot illustrating O-GlcNAc detection in ventricular tissue of HFD mice compared with vehicle-treated mice. Lower panel: 
Densitometric analysis of immunoblots shown in upper panel. (C) Upper panel: immunoblot illustrating O-GlcNAc detection in 
ventricular tissue of mG4H mice compared with vehicle-treated mice. Lower panel: Densitometric analysis of immunoblots shown 
in upper panel. *P<0.05. Con indicates Control; HFD, high-fat diet; MG4H, transgenic inducible cardiac-restricted expression of 
glucose transporter 4; STZ, streptozotocin; Veh, Vehicle.

http://GSE109097
http://GSE109097
http://GSE123975
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previously published HFD (GSE10 6180)39 models 
(Figure 7B). We identified 14 genes that were regu-
lated in all groups. We found that within this small set 
of genes there was an enrichment for KB metabo-
lism (Figure 7C). Inspection of all 14 genes regulated 
in each the systems demonstrated suppression of 
BDH1 (51.7%, P<0.001) and OXCT1 (34.7%, P=0.005) 
in humans with similar decreases in each of the 
mouse models (Figure 7D). Taken together, these ob-
servations suggest that diabetes mellitus influences 
cardiac expression of KB metabolism enzymes in a 
comparable manner between mice and humans.

DISCUSSION
Cardiovascular disease is the major cause of mor-
bidity and mortality in diabetic patients. It has been 
established that diabetic cardiomyopathy is a distinct 
phenomenon independent of coronary artery dis-
ease and hypertension.1 Recently published findings 
collectively demonstrate that the failing heart prefer-
entially switches to KB utilization in the absence of 
diabetes mellitus.12,13 In contrast, in the present study 
we show a suppression of genes encoding proteins 
involved in KB utilization in the diabetic heart. Using a 
combination of gene expression, protein, and metab-
olomic analyses, we found that (1) diabetes mellitus 
and insulin resistance (T1D and HFD) are associated 
with changes in the expression of genes involved in 
myocardial KB metabolism; (2) increased myocardial 
glucose delivery alone is sufficient to attenuate KB 
utilization, and the hexosamine biosynthetic pathway 
could represent an accessory glucose metabolic 
pathway involved in this effect; (3) T2D is associ-
ated with transcriptional suppression of BDH1 and 
OXCT1 in patients with end-stage HF compared with 
nondiabetic patients with HF; and (4) transcriptional 
suppression of cardiac Bdh1 was consistently ob-
served in all 4 mouse models (T1D, HFD, mG4H, and 
dnOGAh), suggesting that Bdh1 is the predominant 

KB metabolic pathway gene that is transcriptionally 
regulated by glucose. While expression of ketolytic 
enzymes was suppressed, we did not measure KB 
utilization in T1D or HFD hearts. However, a recent 
study showed that the rate of myocardial KB oxida-
tion in db/db mice is markedly reduced compared 
with C57BL/6J mice,40 suggesting that the intrinsic 
ability to utilize KB may be suppressed in diabetic 
heart despite increased circulating ketones. Thus, in 
contrast to nondiabetic HF, the systemic changes in 
metabolism associated with diabetes mellitus induce 
an overall suppression of ketolytic pathways.

Our metabolite analysis showed a significant in-
crease in the myocardial content of both β-hydroxy-
butyrate and acetoacetate in T1D mice, indicating 
possible mismatch between available KBs and their 
utilization in T1D mice. However, consistent with re-
cent findings,31,32 we noted an interesting observa-
tion that both mRNA and protein levels of cardiac 
Hmgcs2 were induced in our T1D mice (Figure 1K 
and 1L). Hmgcs2 encodes a mitochondrial protein 
that controls KB synthesis, by which acetoacetate 
and β-hydroxybutyrate are generated. It is well es-
tablished that KBs are synthesized primarily in the 
liver via the hydroxymethylglutaryl-CoA pathway 
and transported through blood to peripheral tissues 
where they are readily oxidized. Therefore, elevated 
cardiac β-hydroxybutyrate levels in T1D mice raise 
the possibility that myocardial KB synthesis and/
or uptake is activated in the cardiac myocyte. Our 
qPCR analysis did not show changes in expres-
sion of genes encoding KB transporters, ruling out 
the possibility of increased ketone transport levels 
as the mechanism of myocardial β-hydroxybutyr-
ate elevation in T1D mice. Several possibilities arise 
from our studies in the context of induction of car-
diac Hmgcs2 expression and β-hydroxybutyrate in 
T1D mice. First, as the metabolic phenotype of a di-
abetic myocardium is primarily characterized by in-
creased fatty acid oxidation, it may be possible that 

Figure 6. O-GlcNAcylation specific regulation of ketone body utilizing genes and protein is altered by cardiac-specific 
dominant negative O-GlcNAcase (dnOGA) transgene induction.
Inducible cardiomyocyte-specific overexpression of OGA-inactive splice variant of O-GlcNAcase gene. Following transgene induction, 
protein expression of endogenous OGA and dnOGA in ventricular tissue (A) and levels of O-GlcNAcylated proteins (B and C). qPCR 
analysis showing mRNA levels of Bdh1 (D) and Oxct1 (E) in mice 2 weeks after transgene induction in dnOGAh mouse hearts. mRNA 
expression of Hmgcs2 (F), and ketone transport genes, Slc16a1 and Slc16a7 (G). Western analysis of whole cell extracts from left 
ventricular heart tissue for BDH1 and SCOT. (H) Tissue metabolomics data of cardiac β-hydroxybutyrate (β-OHB) levels, n=6. (I) Cardiac 
tissue acetoacetate (AcAc) levels in Con and dnOGAh mice. J, Upper panel: Immunoblot illustrating BDH1 levels in ventricular tissue of 
dnOGAh mice compared with Con mice. Lower panel: Densitometric analysis of immunoblots shown in upper panel. K, Upper panel: 
Immunoblot illustrating SCOT levels in ventricular tissue of dnOGAh mice compared with Con mice, n≥6. L, Left panel: Immunoblot 
illustrating RL2 antibody detection of total O-GlcNAcylation of cardiac proteins in input from Con and dnOGAh hearts. Central Panel: 
Immunoblot illustrating input of BDH1, SCOT, and loading control β-actin as well as immunoprecipitation (IP) for O-GlcNAcylated 
proteins followed by Western blot (WB) for SCOT and BDH1. Right panel: Densitometric analysis of immunoblots, n≥3. Means±SEM; 
*P<0.05; **P<0.01; vs. Con-dnOGAh. AcAc indicates acetoacetate; Con, Control; BDH1, β-hydroxybutyrate dehydrogenase; O-GlcNAc, 
β-linked N-acetylglucosamine posttranslational modification; qPCR, quantitative polymerase chain reaction; SCOT, succinyl-CoA:3-
oxoacid CoA transferase.

http://GSE106180
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as a compensatory response, the heart reprograms 
its metabolic machinery to flux excess fatty acid–de-
rived acetyl Co-A to ketogenic pathways by inducing 
Hmgcs2 expression. Previously, in work from another 

group, Wentz et al. reported similar cardiac Hmgcs2 
induction (mRNA and protein) in response to 8 weeks 
of ketogenic diet. However, HMGCS2 catalytic ac-
tivity in isolated mitochondria and isolated working 
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heart perfusions showed no change in de novo syn-
thesis of ketone bodies.27 Indeed, we observed that 
myocardial HMGCS2 induction was associated with 
a nonsignificant but modest trend toward increased 
HMGCS2 activity in T1D mice (Figure 1M). Therefore, 
it is possible that cardiac Hmgcs2 induction in our 
T1D mice might represent a response of the diabetic 

myocardium to acetyl CoA spillover from the citric acid 
cycle. Second, increased peroxisome proliferator-ac-
tivated receptor signaling has been suggested to be 
an important regulator of fatty acid metabolism41 and 
that cardiac Hmgcs2 has been shown to be regulated 
by peroxisome proliferator-activated receptor-α.27,42 
Therefore, it would be reasonable to conclude that 

Figure 7. Gene expression pathway analysis reveals that glucose, diabetes mellitus, and HFD alter ketone body gene 
expression similarly between mice and diabetic human patients.
Gene expression analysis of human HF and mouse models demonstrate conserved suppression of ketone metabolic pathways. A, 
Table summarizing patient health information at time of left ventricular assist device implantation. B, Venn diagram comparison of 
differentially expressed genes (DEGs)* based on diabetic relative to nondiabetic HF, STZ-induced diabetes mellitus relative to VEH-
treated mice (n=6), mG4H relative to littermate controls (n=6), and HFD relative to CON (GSE10 6180).39 C, Gene set enrichment of 
co-regulated DEGs, ranked by P-value. D, Relative expression of co-regulated gene expression among all 4 comparisons. *Differential 
gene expression was assessed via RNA sequencing analysis (human) or Agilent 4×40k array (mouse) and was considered significant 
at the P<0.05 level and >1.5-fold change. A-Fib indicates atrial fibrillation; ACE-Inh, angiotensin-converting enzyme inhibitor; CAD, 
coronary artery disease; CON, Control; E.F., ejection fraction; HbA1C, hemoglobin A1C; HF, heart failure; HFD, high-fat diet; ICD, 
implantable cardioverter defibrillator; mG4H, transgenic inducible cardiac-restricted expression of glucose transporter 4; ND, 
nondiabetic; STZ, streptozotocin; VEH, Vehicle; VT, ventricular tachycardia.

http://GSE106180
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Hmgcs2 induction in T1D results from peroxisome 
proliferator-activated receptor-α-mediated induction. 
Nevertheless, whether cardiac Hmgcs2 induction in 
T1D mice is sufficient to produce measurable levels 
of de novo ketones that can impact cardiac metab-
olism needs further investigation. Cardiac Hmgcs2 
expression was unchanged in mG4H mice, sug-
gesting that diabetes mellitus–induced expression of 
Hmgcs2 is independent of increased glucose avail-
ability. Collectively, our Hmgcs2 expression data with 
other published findings suggest that diabetes mel-
litus–induced perturbations in systemic metabolism, 
which are potentially independent of glycemia, can 
activate the expression of ketogenic enzymes in the 
heart.

Diabetes mellitus is a progressive disease that de-
velops over time, and is associated with an array of 
metabolic abnormalities including hyperglycemia, 
hyperlipidemia, and impaired insulin signaling. Data 
presented here strongly suggest that metabolic abnor-
malities associated with diabetes mellitus and insulin 
resistance significantly alter the transcriptional signa-
ture of KB metabolic enzymes in both rodents and hu-
mans. However, to our knowledge, mechanisms that 
may regulate myocardial ketone metabolic gene ex-
pression have not been shown before. Hyperglycemia 
alone has been shown to contribute to impaired car-
diac performance, which may be reversed by restoring 
euglycemic conditions.43 Our isolated working heart 
results in mG4H mice strongly suggest that high car-
diac glucose availability via GLUT4 transgene induc-
tion diminishes KB utilization. This is consistent with a 
previous finding showing reduction of KB oxidation in 
a transgenic mouse model that constitutively overex-
pressed insulin-independent GLUT1 in the heart.5 In 
fact, this previous study also found that Oxct1 expres-
sion is suppressed in the context of GLUT1 overex-
pression,5 similar to what we report here on GLUT4 
overexpression. Cumulatively, the prior GLUT1 trans-
genic mouse results are consistent with our new 
findings from GLUT4 transgenic mice, both of which 
suggest that glucose alone is sufficient to suppress 
myocardial ketolysis.

Protein O-GlcNAcylation has been recognized as 
a key glucose-induced posttranslational modification 
directly regulating the activity of several molecular 
and cellular pathways in the diabetic heart by multi-
ple mechanisms.44 Given the simple association of 
hyperglycemia with diabetes mellitus and elevated 
O-GlcNAcylation, we reasoned that the reduced ke-
tolytic capacity in the mG4H mice could be mediated 
via increased cardiac protein O-GlcNAcylation. In this 
study, we show for the first time that increased car-
diac protein O-GlcNAcylation induced similar suppres-
sion of cardiac Bdh1 mRNA levels in dnOGAh mice 
as observed in mouse models of diabetes mellitus 

or GLUT4 overexpression, suggesting that high glu-
cose availability may inhibit KB oxidation via increased 
O-GlcNAcylation. However, protein abundance of 
BDH1 was unchanged at this early time point. While 
these findings from 2 independent mouse models 
(mG4H and dnOGAh) indicate enhanced protein, O-
GlcNAcylation may be a potential mechanistic link 
connecting glucose and KB metabolism. We now pro-
vide preliminary data that in the dnOGAh mouse heart, 
elevated protein O-GlcNAcylation occurs specifically 
on SCOT (Figure 6L) but was not detected on BDH1. 
However, additional mechanistic work is required to 
define the direct mechanisms linking glucose-induced 
alterations in cellular proteins with the regulation of KB 
metabolism.

Limitations of the Study
From multiple mouse models of diabetes mellitus and 
insulin resistance, combined with mouse models of 
increased cardiac glucose delivery or downstream 
glucose signaling, our findings collectively illustrate 
that glucose and its related metabolic pathways sup-
press ketolytic genes, and that glucose alone is suffi-
cient to modulate KB metabolism. Nevertheless, our 
study has several limitations. First, in the T1D model 
we found elevated myocardial β-hydroxybutyrate 
levels together with suppression of ketolytic genes 
(Bdh1 and Oxct1), but HMGCS2 protein abundance 
was also induced under the same experimental con-
dition. Though the heart is a net consumer of KBs 
and is not known to be a ketone-synthesizing tissue, 
additional studies are required to ascertain the role 
of myocardial ketogenesis in diabetic heart. Second, 
our human heart analysis did not include nondiabetic 
nonfailing patients. Inclusion of this group in future 
studies will help to clarify the extent of the transcrip-
tional changes in diabetic failing hearts relative to 
a healthy normoglycemic group. Also, we did not 
measure cardiac function in our HFD mice. Finally, 
while data from the mG4H mouse model clearly re-
vealed that high glucose availability can indepen-
dently attenuate ketone oxidation, direct modulation 
of glucose availability in the diabetic heart would pro-
vide a better understanding of this link in diabetes 
mellitus.

Conclusions and Perspectives
In summary, our results from 4 independent mouse 
models of altered substrate metabolism as well as 
T2D patients with HF support a hypothesis that 
the diabetic heart undergoes gene expression and 
catalytic regulatory reprogramming to decrease 
the intrinsic capacity for oxidation of ketone bod-
ies. However, we do not know whether reduced KB 
catabolic gene expression is cause or consequence 
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of diabetes mellitus, and whether increasing KB 
utilization in the diabetic heart would also enhance 
ATP production. The recent (Empagliflozin) EMPA-
REG OUTCOME (Cardiovascular Outcome Event 
Trial in Type 2 Diabetes Mellitus Patients) trial using 
an inhibitor of sodium–glucose cotransporter 2 
(SGLT2i) in patients with T2D and high cardiovas-
cular risk has shown reduced cardiovascular mor-
tality.45 Furthermore, inhibitor of sodium–glucose 
cotransporter 2 administration elevated circulating 
KB levels in these patients, and thus it has been 
proposed that increased cardiac ketone oxidation 
contributed to the beneficial effects in this trial.46,47 
Also, a recent study showed that T2D patients with 
diabetic ketosis had reduced all-cause mortality 
compared with those with no ketosis, suggesting 
that ketosis may potentially be protective in diabe-
tes mellitus.48 Thus, our results could be consistent 
with the hypothesis that downregulation of myocar-
dial ketolytic enzymes could contribute to the pro-
gression of diabetic cardiomyopathy. However, it is 
important to consider several aspects that regulate 
cardiac energy metabolism in the healthy and dis-
eased heart in order to determine whether changes 
in the transcriptional signature of ketone metabolic 
genes in diabetic heart are adaptive or maladaptive. 
In particular, a unique aspect of cardiac metabolism 
in diabetes mellitus is that despite being exposed to 
excess substrate supply (fatty acids, glucose, and/
or ketones), the heart is energy-deprived and pro-
gressively fails over time. First, prevailing evidence 
suggests that glucose and fatty acids compete for 
contribution to the tricarboxylic acid cycle and sub-
sequent mitochondrial oxidative energy production. 
On the other hand, both in vitro and in vivo studies 
have shown that ketones compete with fatty acids, 
and inhibit their oxidation,49,50 which might be re-
sponsible for triglyceride accumulation in the diabetic 
heart. Hence, it may be detrimental for the diabetic 
heart to have increased ketone oxidation. Second, 
it has been demonstrated that chronic exposure to 
β-hydroxybutyrate induces insulin resistance in iso-
lated cardiomyocytes and both glucose uptake and 
oxidation are suppressed by β-hydroxybutyrate in 
the failing heart.51-53 Therefore, it could be expected 
that in diabetes mellitus, increased KB oxidation 
would compete for tricarboxylic acid cycle acetyl 
CoA, resulting in an impairment of fatty acid or car-
bohydrate utilization. Thus, we speculate that the 
shift toward less KB utilization in the diabetic heart 
might be an early adaptive response to maintain 
contractile function through substrate competition. 
However, it is possible that over the longer term, low 
rates of ketone utilization may lead to maladaptive 
consequences, which warrants future investigation. 

It is noted that there is growing evidence that the 
abundance of fatty acids present in the diabetic 
condition can itself regulate ketone metabolism 
regulation,7 thus highlighting the further need for 
defining changes related to control via glucose or 
fatty acids. Furthermore, human studies that ex-
amined temporary enhancement of KB levels via 
infusion found that the inverse may also be true.54 
Specifically, the authors of that study conclude that 
increasing KBs specifically displaces myocardial 
glucose uptake without affecting palmitate uptake, 
thus supporting a role for ketone metabolism as an 
important fuel with therapeutic potential. This com-
bined with the decreases in ketone body metabolic 
genes and pathways that we observe by either glu-
cose alone or diabetes mellitus highlight that timing 
of metabolite delivery may play a crucial role in the 
functional outcomes. Diabetic cardiomyopathy de-
velops slowly over time, and thus, there is a need 
to replicate the long-term course of the disease in 
animals to characterize the changes in KB metabo-
lism that take place in the myocardium in relation to 
disease duration.
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