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SUMMARY

A healthy heart adapts to changes in nutrient availability and energy demands. In
metabolic diseases like type 2 diabetes (T2D), increased reliance on fatty acids for
energy production contributes to mitochondrial dysfunction and cardiomyopa-
thy. A principal regulator of cardiac metabolism is 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFK-2), which is a central driver of glycolysis. We
hypothesized that increasing PFK-2 activity could mitigate cardiac dysfunction
induced by high-fat diet (HFD). Wild type (WT) and cardiac-specific transgenic
mice expressing PFK-2 (GlycoHi) were fed a low fat or HFD for 16 weeks to induce
metabolic dysfunction. Metabolic phenotypes were determined by measuring
mitochondrial bioenergetics and performing targeted quantitative proteomic
and metabolomic analysis. Increasing cardiac PFK-2 had beneficial effects on car-
diac and mitochondrial function. Unexpectedly, GlycoHi mice also exhibited sex-
dependent systemic protection fromHFD, including increased glucose homeosta-
sis. These findings support improving glycolysis via PFK-2 activity can mitigate
mitochondrial and functional changes that occur with metabolic syndrome.

INTRODUCTION

Diabetic cardiomyopathy (DCM) is defined as cardiomyopathy developed in the presence of diabetes but

without conditions such as hypertension and coronary artery disease.1 DCM distinctively presents as left

ventricular hypertrophy and reduced diastolic function. Due to the overlap between obesity, insulin resis-

tance, and diabetes, individuals with metabolic syndrome develop similar cardiomyopathies, even in the

absence of diabetes.2,3 Diastolic dysfunction and pathological hypertension are reversible in the early

stages of metabolic syndrome, emphasizing the need for the development of effective interventions.4

The heart has incessant energy requirements, yet it has a limited capacity to store nutrients.5 The heart must

therefore continuously adapt to changes in nutrient availability to meet dynamic energetic demands. The

healthy heart primarily uses fatty acid oxidation (FAO) as the major source of energy production (40–90%)

but can switch to carbohydrate metabolism (10–50%) in response to insulin and hormonal signals.6,7 With

the occurrence of metabolic syndrome, the heart is exposed to excessive levels of fatty acids and carbohy-

drates. High-circulating lipids and impaired insulin signaling prevent proper glucose uptake and meta-

bolism, leading to a state of metabolic inflexibility in which the heart relies increasingly more on FAO for

energy production.8 In addition, excess nutrient levels may lead to an accumulation of metabolic interme-

diates and lipotoxicity.3,9

There are no therapeutics that directly normalize cardiac metabolism, but the key regulatory points that

control glucose metabolism are logical targets. In glycolysis, phosphofructokinase-1 (PFK-1) catalyzes

the first irreversible and rate-limiting step. Given its central importance, the regulation of PFK-1 is dynamic;

being inhibited by cytosolic citrate and ATP levels and activated by fructose 2,6-bisphosphate (Fru-2,6-P2)

and ADP. Fru-2,6-P2 is a potent allosteric activator of PFK-1 that is produced and degraded by the bifunc-

tional enzyme phosphofructokinase-2/fructose bisphosphatase-2 (PFK-2, in this work).10,11 The cardiac

PFK-2 production of Fru-2,6-P2 is increased during insulin and b-adrenergic signaling.12,13 Additionally,
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the activation of PFK-2 is sufficient to increase glucose oxidation even in the presence of fatty acids.11 Our

laboratory has previously shown that PFK-2 levels decrease under diabetic conditions, implicating its loss of

content and activity as a driver of metabolic inflexibility.14

In addition to the PFK-1/PFK-2 regulatory nexus, mitochondrial-localized pyruvate dehydrogenase (PDH)

and pyruvate dehydrogenase kinase 4 (PDK4) regulate glucose oxidation.15 PDH converts pyruvate to

acetyl-CoA and consequently plays a central role in metabolic fuel selection. PDK4 phosphorylates and in-

hibits PDH, decreasing glucose oxidation under conditions such as fasting or HFD, where FAO is further

elevated.16,17 Thus, the cellular energy sensing systems of cytosolic PFK-1/PFK-2 and mitochondrial

PDH/PDK4 work together to sustain metabolic flexibility through the dynamic coordination of cardiac

macronutrient metabolism.

We previously sought to examine how sustaining cardiac PFK-2 activity, when challenged with short-term

metabolic stress, affects metabolism and mitochondrial function. To do so, we employed studies on

GlycoHi mice that express a constitutively active form of PFK-2 that increases Fru-2,6-P2 and enhances

glycolysis, regardless of normal physiological stimuli.18,19 We found that Fru-2,6-P2 levels are sustained

in GlycoHi mice under low-insulin conditions (i.e., fasting and HFD) and that GlycoHi mice have a unique

metabolic profile in response to a 1-week HFD treatment.19,20 Compared to WT, GlycoHi hearts had

increased proteins involved in glycolysis and decreased early glycolytic intermediates. In addition, this pre-

vious study also led to the discovery of a mechanism where levels of cytosolic Fru-2,6-P2 increased mito-

chondrial PDK4 in a secondary adaptive response to prevent excess pyruvate oxidation.20

The present study focused on investigating the potential beneficial effects of sustained glycolysis in the

context of HFD-induced cardiomyopathy, which develops under chronic metabolic stress conditions. To

do so, we implemented long-term nutrient stress with a 16-week HFD treatment. Cardiac function, mito-

chondrial bioenergetics, and proteomic and metabolomic profiles were evaluated in WT and GlycoHi

mice. We report that GlycoHi hearts were protected from an HFD-induced decrease to diastolic function.

GlycoHi mitochondria had dampened HFD-induced functional changes compared to WT. In agreement

with our functional data, proteomic and metabolomic analyses revealed GlycoHi hearts had an overall

diminished response to HFD-mediated metabolic reprogramming. Unexpectedly, we also found that

GlycoHi mice have a systemic resistance to some of the deleterious, whole-body effects of HFD such as

increased serum insulin levels. Our results demonstrate that improvedmetabolic balance between glucose

oxidation and fatty acid oxidation can result in beneficial effects on cardiac and mitochondrial function.

RESULTS

Wild type and GlycoHi mice have comparable weight gain in 16-week HFD treatment

Increasing cardiac glycolysis may mitigate obesity-induced disruption of cardiac metabolism and function.

To test this possibility, we placed wild type (WT) and GlycoHi mice on HFD treatment for 16 weeks to induce

obesity and promote an increase in cardiac fatty acid oxidation. Control groups were placed on an LFD.

Both male and female GlycoHi mice gained weight on the HFD similarly as compared to WT mice

(Figures S1A–S1D). Quantitative magnetic resonance (QMR) was used as a noninvasive method for

measuring body composition. Analysis of fat and lean mass revealed a diet-dependent gain in percent

fat mass and loss of percent lean mass in male mice, regardless of genotype (Figures S1E and S1F). Similar

diet-dependent changes to fat and lean mass were also seen in female WT and GlycoHi mice, although

GlycoHi mice displayed a slightly abated gain in percent fat mass and loss of percent lean mass

(Figures S1G and S1H).

Cardiac function is preserved in GlycoHi hearts under high-fat diet conditions

Diastolic dysfunction is a key characteristic of metabolic cardiomyopathies like DCM. Long-termHFD treat-

ment can induce this pathology in mice.21 Echocardiography analysis performed on a subset of male mice

after 16 weeks of HFD treatment revealed a diet-induced decrease in the ratio of early to late diastolic

mitral annulus velocities (Ea/Aa), indicating a diminished diastolic function in WT hearts. Remarkably,

this decrease in diastolic function was absent in GlycoHi mice on HFD (Figure 1A; Table S1). No reduction

in systolic function, measured as fractional shortening or ejection fraction was observed in any experi-

mental group (Figures 1B and 1C). Hypertrophy and left ventricular concentric remodeling are also

commonly seen in metabolic cardiomyopathies. However, when assessing the heart weight of all male

mice used in this study, hypertrophy was absent in WT hearts. GlycoHi mice did have a 14% increase in heart
2 iScience 26, 107131, July 21, 2023



Figure 1. Cardiac function is preserved in GlycoHi hearts under high-fat diet conditions

Male WT and GlycoHi were fed a 16-week low-fat diet (LFD) or high-fat diet (HFD) and cardiac function was assessed by

echocardiography.

(A) Diastolic function (Ea/Aa) of male hearts.

(B) Systolic function of male hearts measured as fractional shortening (%).

(C) Ejection fraction (%) of male heart (A–C) WT/LFD n = 6, WT/HFD n = 5; GlycoHi/LFD n = 5, GlycoHi/HFD n = 6).

(D) Male heart weight normalized to tibia length (mg/mm) (n = 12 per WT group; n = 10 per GlycoHi group). Scatterplot

data are represented as the meanG SD. *p < 0.05, **p < 0.01, by two-way ANOVA with Tukey multiple comparisons test.

Data points represent individual biological replicates. See also Table S1 and Figure S2.
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mass with HFD treatment, but because they have preserved diastolic and systolic functions, the slight

hypertrophy was non-pathological (Figure 1D).

Echocardiography data indicated a diet-dependent increase in concentric remodeling, regardless of ge-

notype by two-way ANOVA (Figure S2). Global cardiac dysfunction can be assessed through the myocar-

dial performance index (MPI), which incorporates both systolic and diastolic functions. Interestingly,

GlycoHi/HFD also had a trend toward lower (better) MPI value compared to WT/HFD (Figure S2), further

indicating GlycoHi mice have conserved cardiac function under HFD conditions, compared to WT. Taken

together, these data signify that increased cardiac PFK-2 activity preserves diastolic function under HFD

conditions.

GlycoHi cardiac mitochondria have attenuated functional alterations in response to HFD

The ability of mitochondria to metabolize different nutrients is an essential aspect of metabolic flexibility

and overall cardiac health. HFD causes metabolic remodeling, characterized by increased reliance on fatty

acids for energy production, and contributes to the occurrence and progression of diabetic cardiomyop-

athy.22 We sought to determine if the enhanced cardiac PFK-2 activity of GlycoHi mice helps to sustainmito-

chondrial pyruvate oxidation under HFD conditions. In isolated heart mitochondria, we measured state 3

respiration (ADP-dependent maximal respiration) using two primary energy substrates, pyruvate or palmi-

toyl-carnitine (PC). Pyruvate was used as the glycolytic substrate and PC as the fatty acid substrate. The ratio

of PC-supported state 3 to pyruvate-supported state 3 respiration [state 3 respiration ratio = PC/pyruvate

respiration rates] can be used to assess mitochondrial substrate preference and also provides a means of

analysis that minimizes day-to-day variability. We have previously reported that the ratio of PC- to pyruvate-

supported respiration is lower basally in GlycoHi mitochondria compared to WT on a normal chow diet.20
iScience 26, 107131, July 21, 2023 3



Figure 2. GlycoHi cardiac mitochondria have attenuated functional alterations in response to HFD

Male and female WT and GlycoHi were fed a 16-week low-fat diet (LFD) or high-fat diet (HFD). Following cardiac

mitochondria isolation, state 3 respiration was measured using either pyruvate, PC, or glutamate and PDH activity was

measured by a spectrophotometer-based assay.

(A) Male PC vs. pyruvate state 3 respiration ratios (n = 5 per group).

(B) Female PC vs. pyruvate state 3 respiration ratios (n = 5 per WT group; GlycoHi/LFD n = 5, GlycoHi/HFD n = 6).

(C) Combined PC vs. pyruvate state 3 respiration ratios.

(D) Male PC vs. glutamate state 3 respiration ratios (WT/LFD n = 4, WT/HFD n = 5; n = 5 per GlycoHi group).

(E) Female PC vs. glutamate state 3 respiration (WT/LFD n = 3, WT/HFD n = 5; GlycoHi n = 5 per group).

(F) Combined PC vs. glutamate state 3 respiration ratios.

(G) Male PDH activity (WT n = 4; per group; GlycoHi/LFD n = 4, GlycoHi/HFD n = 5).

(H) Female PDH activity (WT/LFD n = 4, WT/HFD n = 6; GlycoHi/LFD n = 4, GlycoHi/HFD n = 6). (I) Combined PDH activity.

Data points represent individual biological replicates. PDH activity data is also represented with technical duplicates.

Scatterplot data are represented as themeanG SD. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 by two-way ANOVA

with Tukey multiple comparisons test. See also Table S2 and Figure S3.
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This indicates maximal oxidative phosphorylation rates are relatively greater with pyruvate in GlycoHi mito-

chondria as compared to WT.

In this study, mitochondrial respiration analysis determined that the ratio of PC-supported to pyruvate-sup-

ported respiration is lower in GlycoHi/LFD vs. WT/LFD in both males (1.47G 0.16; 1.71G 0.15, respectively)

and females (1.26 G 0.26; 1.95 G 0.35, respectively) (Figures 2A–2C). This result, consistent with our pre-

vious report,20 indicates increased pyruvate oxidation in GlycoHi hearts, relative to WT. After 16 weeks,

WT male mice on HFD had a significant increase in the PC/pyruvate ratio (2.29 G 0.13) driven by increased

PC-supported respiration, indicating an adaptation that facilitates augmented mitochondrial FAO
4 iScience 26, 107131, July 21, 2023
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(Figure 2A). The PC/pyruvate ratio also increased in the GlycoHi/HFD group (1.86 G 0.17) but remained

lower than in WT/HFDmice. Uniquely, the increase was driven primarily by decreased pyruvate respiration,

not by an increase in PC respiration as in WT (Figure 2A; Table S2). Notably, though, the GlycoHi/HFD

groups still sustained higher pyruvate-supported respiration rates than WT/HFD groups (Table S2). The

abated increase in the PC/pyruvate ratio in the GlycoHi/HFD group points to a reduced diet-induced reli-

ance on fatty acid utilization compared toWTmitochondria. A similar response to HFD treatment was seen

in female WT (2.30 G 0.37) and GlycoHi (1.92 G 0.53) mitochondria, and analysis of a combination of both

sexes illustrates the relative resistance of GlycoHi mitochondria to HFD-induced changes to substrate uti-

lization (Figures 2B and 2C).

Glutamate-supported respiration is routinely used with isolated mitochondria as a means of evaluating

maximal NADH-linked respiration.23 Here, we identified a marked difference in the glutamate-supported

respiration profiles of GlycoHi mitochondria. Male WT mitochondria had an increase in the ratio of PC to

glutamate state 3 respiration in response to HFD (LFD = 0.85 G 0.07; HFD = 1.67 G 0.53). In contrast,

the ratio remained unchanged in GlycoHi mitochondria (LFD = 0.87G 0.08; HFD = 0.90G 0.16) (Figure 2D).

Female mitochondria differed from males and did not have significant diet-induced changes in their PC/

glutamate ratios for both WT (LFD = 0.78 G 0.1; HFD = 1.14 G 0.3) and GlycoHi (LFD = 0.95 G 0.19;

HFD = 0.89G 0.03), although a significant interaction effect was identified by two-way ANOVA (Figure 2E).

Combining the male and female data revealed a significant genotypic effect, diet, and interaction effect by

two-way ANOVA (Figure 2F). Individual mitochondrial parameters also revealed specific sex and genotype

deviations in mitochondrial response to nutrients (Table S2). Notably, the respiratory control ratios (RCR) of

male and female GlycoHi mitochondria were less sensitive to HFD-diet treatment compared to WT. Mito-

chondria from WT/HFD groups had overall reduced RCR values with all three substrates, indicating

decreased respiration efficiency. Together these data show GlycoHi mitochondria retain more stabilized

mitochondrial respiration under HFD conditions.

Pyruvate dehydrogenase (PDH) is a primary point of metabolic regulation because its activity controls the

overall rate of glucose oxidation. Assessment of PDH activity thus provides further information about car-

diac glucose consumption. PDH activity was significantly increased in GlycoHi/LFD compared to WT/LFD,

in both males (26.2G 6.3; 18.15G 6.54, respectively) and females (31.26G 6.93; 16.01G 3.02, respectively)

(Figures 2G–2I). This is consistent with an increased rate of glucose oxidation in GlycoHi mitochondria.

Although HFD decreased both WT and GlycoHi PDH activities, male GlycoHi/HFD (8.47G 2.21) trended to-

ward increased PDH activity compared to WT/HFD (6.44 G 1.39), and this genotypic difference was seen

more distinctly in female GlycoHi hearts (9.17G 3.2) compared toWT (5.26G 2.69) on HFD (Figures 2G and

2H). When sexes were combined, GlycoHi mitochondria had significantly higher rates of PDH activity

compared to their WT/LFD and HFD counterparts (Figure 2I). In agreement with the changes to activity,

phosphorylation of PDH was also decreased in GlycoHi hearts compared to WT with a more distinctive ef-

fect seen in females (Figures S3A–S3C). This further supports that GlycoHi mitochondria retain a greater ca-

pacity for glucose oxidation under HFD conditions. To investigate the differences in PDH activity, PDK4

and, lon protease protein levels were assessed. PDK4 phosphorylates (inhibits) PDH while lon protease

specifically and rapidly degrades PDK4.24 PDK4 levels increased similarly in HFD-treated groups (Fig-

ure S3D). Interestingly, lon protease levels increased robustly only in GlycoHi/HFD. This suggests that

PDK4may be more rapidly degraded in GlycoHi hearts, as compared toWT/HFD, and this could contribute

to increased PDH activity.

Carnitine palmitoyltransferase I (CPT1) catalyzes the first step in the transfer of long-chained fatty acids

from the cytosol into the mitochondrial intermembrane space.25 Changes in its activity indicate alterations

in the capacity of mitochondria to take up and oxidize fatty acids. In males, CPT1 activity increased in a diet-

dependent manner regardless of genotype but was lower in GlycoHi/LFD compared toWT/LFD. In females,

a diet effect was detected by two-way ANOVA with no significant changes within the groups (Figures S3F–

S3H). CPT1 activity is regulated by the allosteric inhibitor, malonyl-CoA, that is produced by acetyl-CoA

carboxylase (ACC). ACC activity is regulated by inhibitory phosphorylation which can serve as a proxy

for its activity. In males, phospho-ACC was similar between all groups although expression of total ACC

was increased in GlycoHi/HFD (Figures S3I and S3J). In contrast, females showed a marked decrease in

phospho-ACC in WT/HFD compared to WT/LFD (Figures S3K and S3L). This suggests GlycoHi heart mito-

chondria do not have impaired CPT1 activity, but its regulation by malonyl-CoA likely differs between

genotypes and sex.
iScience 26, 107131, July 21, 2023 5
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We also investigated whether there were any genotypic or diet-induced effects on electron transport chain

(ETC) activities andmitochondrial content. NADHoxidase activity, a measurement of total ETC, was slightly

decreased in GlycoHi vs. WT, with a genotype effect identified by two-way ANOVA. There was no significant

HFD-induced change in activity in either WT or GlycoHi groups (Figures S3M–S3O). Complex I activity, the

rate-limiting step of the ETC, showed a similar trend as NADH oxidase, which had a significant genotype

effect by two-way ANOVA (Figures S3P–S3R). To assess changes to mitochondrial content, proteins from

complexes I, II, IV, and ATP synthase were quantified. The results show that on LFD, GlycoHi hearts have

decreased mitochondrial proteins compared to WT/LFD. However, in response to HFD, GlycoHi (but not

WT) increased mitochondrial protein content. This effect was slightly different between sexes but with

similar trends (Figures S3S and S3T). These results provide evidence that there are bioenergetic differences

between GlycoHi and WT hearts and that each genotype adapts to the HFD stress through unique

mechanisms.

GlycoHi mice display mitigated diet-induced alterations to cardiac proteome

We next measured how GlycoHi hearts differed in their global metabolic response to HFD through a tar-

geted proteomic analysis. Male and female hearts were analyzed, and the obtained results were first sub-

jected to a cluster analysis. Subsequently, a pathway analysis was performed on the proteins in each distinct

cluster. The top primary metabolic pathway(s) uniquely changed in each cluster that were chosen and are

listed with their relative magnitude of change in Figure 3. Cluster and pathway analysis revealed an overall

similar pattern of change between males and females, with some discrete differences found in females.

Clusters I in both sexes are comprised of proteins that had increased relative abundance in response to

HFD (Figures 3A and 3B). Pathway analysis identified fatty acid metabolism as a top pathway in both males

and females, with thermogenesis as an additional pathway in males. Proteins separated into clusters II had

a combined diet and genotype effect. WT/HFD groups had a robust relative increase of tricarboxylic acid

cycle (TCA) proteins. In contrast, the GlycoHi/LFD group had a lower abundance of these proteins and an

attenuated increase in response to HFD. This could be attributed, in part, to lower mitochondrial protein

abundance in GlycoHi/LFD. Additional pathways identified in clusters II include peroxisome in males, and

fatty-acid metabolism and branched-chain amino acid (BCAA) metabolism in females, which were lower in

GlycoHi/HFD groups compared to WT. Proteins in clusters III had unique changes ascribed specifically to

genotype. In general, changes to protein abundance in response to HFD in clusters III were opposite be-

tween WT and GlycoHi groups. Glycolysis/gluconeogenesis was the primary pathway shared between

males and females in clusters III. WT groups had a greater abundance of these glycolytic proteins with

HFD treatment. These proteins had an overall lower abundance in GlycoHi groups compared to WT. Lastly,

cluster analysis assigned female data into a fourth, unique cluster. Cluster IV had a combined genotype and

diet effect that was distinct from the combined effect seen in cluster III (Figure 3B). This can be seen in the

WT/LFD group going from red, in cluster III, to blue in cluster IV with the top metabolic pathways being

amino acid metabolism, glycolysis/gluconeogenesis, and HIF-1 signaling.

Interestingly, pathway analysis found the pentose phosphate pathway and fructose/mannose metabolism,

non-primary metabolic pathways associated with obesity and diabetes, uniquely changed in males (cluster

III) and females (clusters III/IV). Proteins involved in these pathways weremore abundant inWT/HFD groups

and were generally lower in GlycoHi. Overall, cluster and pathway analysis data are consistent with our mito-

chondrial function results that showed WT/HFD groups had increased PC/pyruvate ratios primarily driven

by augmented lipid-supported respiration, which agrees with the increased abundance to FAO proteins in

clusters I (Figures 3A and 3B). In GlycoHi groups, cluster analysis revealed a marked decrease in glycolysis

proteins. Functionally, this corresponds with the increased PC/pyruvate respiratory (Figures 2A–2C) ratio

being driven primarily by decreased pyruvate-supported respiration and not by increased reliance on PC.

Cellular stress responses to HFD differ between WT and GlycoHi hearts

The cluster analysis provided an unbiased means of determining pathways that were affected by genotype

and/or diet. We also directly analyzed the alterations to individual proteins, including antioxidants and

other proteins related to lipotoxicity, that are well-established for their roles in oxidative stress and

obesity-related cardiomyopathies (Figures 4, and S4). Previous studies have found proteins such as the

cluster of differentiation 36 (CD36), the heart-type fatty acid-binding protein (Fabp3), and the adipocyte-

type fatty acid-binding protein (Fabp4) play a role in the development of lipotoxicity in DCM.26,27 In the

heart, CD36 is a key transporter of long-chain fatty acids across the cell membrane. Fabp3 and Fabp4
6 iScience 26, 107131, July 21, 2023



Figure 3. GlycoHi mice display mitigated diet-induced alterations to cardiac proteome

Male and female WT and GlycoHi were fed a 16-week low-fat diet (LFD) or high-fat diet (HFD). Heatmap representation of metabolic proteins measured in

total heart homogenates of male (A) and female (B) mice by selected reaction monitoring mass spectrometry (MaleWT/LFD n = 5,WT/HFD n = 4; GlycoHi n =

5 per group) (FemaleWT/LFD n = 5,WT/HFD n = 6; GlycoHi/LFD n = 5, GlycoHi/HFD n = 6). Cluster numbers are labeled I-IV on the heatmap. Below heatmap,

list of the major pathway(s) unique to each cluster with the directionality of change to the proteins involved in the pathway. [Y = relative decrease, YY =

strong relative decrease, [ = relative increase, [[ = strong relative increase, � = no relative change]. AAs = Amino acid metabolism, BCAA =

Branched-chain amino acid, FAs/FA = Fatty acid metabolism, G/G = Glycolysis/Gluconeogenesis, T = Thermogenesis, TCA = Tricarboxylic acid. See also

Figures S7–S16.
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are lipid chaperones involved in the intracellular trafficking of long-chain fatty acids into mitochondria. Pro-

tein expression of CD36, Fabp3, and Fabp4 increased in WT groups in response to HFD but retained lower

expression in all GlycoHi groups (Figure 4). Further inspection of individual enzymes revealed an abated
iScience 26, 107131, July 21, 2023 7



Figure 4. Cellular stress responses to HFD differ between WT and GlycoHi hearts

Fatty acid transport and antioxidant proteins were measured in total heart homogenates by selected reaction monitoring

mass spectrometry. Combined male and female data are represented by the false color heatmap of the -fold changes

under HFD conditions (Males: WT/LFD n = 5, WT/HFD n = 4; n = 5 per GlycoHi group) (Females: WT/LFD n = 5, WT/HFD

n = 6; GlycoHi/LFD n = 5, GlycoHi/HFD n = 6).

(A) Effect of diet on protein expression in WT (HFD/LFD) hearts.

(B) Diet effect on protein expression and GlycoHi (HFD/LFD) hearts. Data are -fold change of means in log10 scale. ROS =

Reactive Oxygen Species. See also Figure S4.
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HFD-induced increase of FAO proteins in male and female GlycoHi hearts compared to WT by two-way

ANOVA (Figures S9 and S10).

Chronic HFD leads to hyperinsulinemia (quantified below in Figure 7I) and Akt activation. Akt activation has

numerous downstream effects on metabolism, including the translocation of CD36 that contributes to lipotox-

icity.28 In WT hearts, total Akt content decreased but phosphorylation (activation) was significantly increased in

response to HFD (Figures S4M and S4N). Akt phosphorylation also increased in GlycoHi groups. However,

GlycoHi hearts had genotype-dependent lower levels of phosphorylation (Figures S4M and S4N). This supports

that GlycoHi hearts are less affected by hyperinsulinemia in response to chronic HFD as compared to WT.

In metabolic cardiomyopathies like DCM, metabolic alterations such as augmented FAO and mitochon-

drial dysfunction increase reactive oxygen species (ROS) and activate the cellular antioxidant defense sys-

tem. Cytosolic antioxidant proteins, peroxiredoxin 1 and 6 (Prdx1, Prdx6), were elevated inWT/HFD groups

but remained unchanged in GlycoHi groups. Mitochondrial Prdx3 was increased in WT/HFD groups and

both Prdx3 and Prdx5 had higher expression in WT groups compared to GlycoHi. Other antioxidant pro-

teins (SOD2, Gstm1, Gstp1, Txn1, Txnrd1) were also elevated only in WT hearts following HFD treatment

(Figures 4 and S4).
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We next measured protein carbonylation, a marker of oxidative stress, in total heart tissue. WT hearts had

greater protein carbonylation than GlycoHi hearts under LFD conditions (Figure S4O). Unexpectedly, WT

hearts had decreased protein carbonylation with HFD treatment (Figure S4O). The decrease in protein

carbonylation may be explained by the increase in antioxidant defense proteins. In contrast, GlycoHi heart

protein carbonylation was unaffected by diet. Together, these findings provide evidence that GlycoHi/HFD

hearts have an attenuated increase in FAO proteins, a concurrent abated response in the antioxidant de-

fense enzymes, and a lower occurrence of protein carbonylation.

Metabolic profiling reveals fewer HFD-induced changes in GlycoHi hearts

The metabolomic analysis provides a direct functional report of the physiological state of a system and has

become a powerful tool in the study of T2Dboth in basic science and clinical settings. Semitargeted LC-MS anal-

ysis in both positive and negativemodes was performed separately and 160 (95 and 65 respectively) metabolites

were identified. The normalized and filtered data were subjected to two-way ANOVA analysis to identify

changes in metabolites in response to diet, sex, or a diet-sex effect. The results, visualized by Venn diagram,

determined that GlycoHi hearts had generally fewer significantly altered metabolites as compared toWT hearts

(Figure S5A). To further evaluate global metabolic changes, principal component analysis (PCA) was performed

onWT and GlycoHi HFD-treated groups. PCA plots of both positive and negative modes revealed a strong ge-

notype effect onmetabolism under HFD conditions (Figures S5B and S5C). Interestingly, a strong sex effect was

also seen in metabolites measured in positive mode (Figure S5B).

The cardiac structural and metabolic remodeling that occurs in metabolic diseases like T2D results in a

buildup of lipid, carbohydrate, and amino acid metabolites.29–33 Inspection of these individual metabolites

showed a diminished accumulation in GlycoHi groups (Figure 5). For example, glucose and lactate levels

were elevated in WT compared to GlycoHi groups. The lower abundance of lactate in GlycoHi hearts is

consistent with proteomic results showing that protein levels of the heart-type lactate dehydrogenase

(Ldhb) are also lower in GlycoHi hearts compared to WT (Figures S7 and S8). Although lactate was signifi-

cantly reduced in GlycoHi hearts, alanine levels increased in GlycoHi/HFD-treated groups. This could repre-

sent an HFD-associated conversion of pyruvate or glutamate to alanine (Figure 5). Likewise, oxaloacetate is

also increased in GlycoHi hearts compared to WT and increases further in response to HFD (Figure 5). Me-

tabolites involved in ancillary glycolysis pathways such as ribose-5-phosphate (R5P), sorbitol, mannose, and

UDP-GlcNAc had lower abundance in GlycoHi groups compared toWT (Figure 5). These findings are also in

agreement with proteomic results. Specifically, pathway analysis revealed the pentose phosphate and fruc-

tose/mannose metabolism pathways were only elevated WT groups (Figure 4). Additionally, proteomics

analysis showed that protein levels of aldose reductase (Akr1b1) were lower in GlycoHi groups compared

to WT, and this is supported by metabolomic results showing sorbitol, the product of aldose reductase, is

also less abundant in GlycoHi hearts (Figures S11 and S12).

Closer inspection of metabolites with known disease associations further illustrated genotypic differences.

Other metabolites involved in ancillary glycolysis pathways such as glucose-1-phosphate (G-1-P), serine,

and glycine had a unique genotype and/or diet effect. Although G-1-P was increased in WT/HFD vs.

WT/LFD, only GlycoHi/LFD had a distinct increase in G-1-P compared. GlycoHi hearts exhibited elevated

serine and glycine levels in an HFD-dependent and genotype-dependent manner, respectively (Figure 5).

Branched-chain amino acids (BCAAs) leucine and isoleucine had a diet-dependent increase in WT/HFD

groups. In contrast, GlycoHi hearts did not have a significant change to BCAAs in response to HFD. Metab-

olite levels of BCAAs are also consistent with proteomic pathway analysis results which identified the BCAA

pathway proteins being elevated in female (Figure 3B) and male (Figure S9) WT hearts. To investigate if the

HFD-increase of BCAAs in WT groups was sufficient to activate mTORC1 signaling (a master senor of

nutrient and energy),34,35 the phosphorylation levels of its substrate 4E-BP1 were measured. Although total

4E-BP1 levels were significantly higher in GlycoHi hearts compared to WT, the phosphorylation levels were

lower. This supports mTORC1 is not hyperactivated in WT hearts. Lastly, heptadecanoic acid, which is

reduced in T2D, decreased in WT/HFD vs. WT/LFD but remained unchanged in GlycoHi groups.31

Together, metabolomic results indicate that GlycoHi hearts have diminished HFD changes to several meta-

bolic markers associated with metabolic dysfunction and T2D.

Whole-body metabolism varies between WT and GlycoHi mice

Long-term HFD causes increased organ weight due to the accumulation of excess fat storage. Examination

of individual tissue weights uncovered unanticipated systemic effects brought on by the cardiac-specific
iScience 26, 107131, July 21, 2023 9



Figure 5. Metabolic profiling reveals fewer HFD-induced changes in GlycoHi hearts

Male and female WT and GlycoHi were fed a 16–week low-fat diet (LFD) or high-fat diet (HFD). Metabolites were measured in cardiac tissue by LC/MS.

Glycolysis pathways shown with orange arrows indicate metabolites involved in glycolysis ancillary pathways. Data points represent individual biological

replicates of combined male and female data (Male: WT/LFD n = 7, WT/HFD n = 8; GlycoHi n = 5 per group) (Female: WT/LFD n = 5, WT/HFD n = 6; GlycoHi/

LFD = 6, GlycoHi/HFD = 5). Scatterplot data are represented as the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-way ANOVA with

Tukey multiple comparisons test or unpaired two-tailed Student’s t test (isoleucine, leucine, and valine). HB = Hexosamine Biosynthetic Pathway, OAA =

Oxaloacetate, GLUT = Glucose Transporter, MPC = Mitochondrial Pyruvate Carrier. See also Figure S5.
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Figure 6. Genotype and sex-dependent alterations in tissue weights in response to HFD

Male and female WT and GlycoHi were fed a 16-week low-fat diet (LFD) or high-fat diet (HFD).

(A–C) Male tissue weight of hearts (A; This data is the same as in Figure 2D, represented here for ease of comparison to

other tissues), livers (B), and kidneys (C) normalized to tibia length (mg/mm) (WT n = 12 per group; GlycoHi n = 10 per

group).

(D–F) Female tissue weight of hearts (D), livers (E), and kidneys (F) normalized to tibia length (mg/mm) (WT/LFD n = 8, WT/

HFD n = 10; GlycoHi n = 10 per group). Scatterplot data are represented as the mean G SD. *p < 0.05, **p < 0.01,

***p < 0.001 ****p < 0.0001 by two-way ANOVA with Tukey multiple comparisons test. Data points represent individual

biological replicates.
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increase of PFK-2 activity in GlycoHi mice. A genotype effect and a strong diet effect were identified by two-

way ANOVA analysis of male heart weights. GlycoHi hearts displayed a slight HFD-induced increase

compared to WT (Figure 6A). In contrast, female heart weight increased in WT in response to HFD and

did not change in GlycoHi, with a genotype, diet, and interaction effect identified by two-way ANOVA anal-

ysis (Figure 6D). In males, liver weight increased in bothWT and GlycoHi HFD groups while only femaleWT/

HFD displayed an increase in weight (Figures 6B and 6E). Lastly, only the female WT/HFD group had

increased kidney weight (Figures 6C and 6F).

We next examined whether the genotype and sex-specific alterations in tissue weights were accompanied

by differences in lipid or glycogen accumulation. Both of these energy-storage molecules are affected in

obesity and metabolic disorders.3,9 In the heart, glycogen levels were not responsible for the increase in

heart mass, as levels were reduced in both male and female GlycoHi hearts, irrespective of diet, compared

to WT hearts (Figures 7A–7C). Cardiac triglyceride levels also did not correlate with the observed changes

in heart weight. Triglyceride levels had a diet-dependent increase only in WT hearts (Figures S6A–S6C).

Interestingly, when sexes were combined GlycoHi/LFD had higher levels of triglycerides compared to

WT/LFD. However, GlycoHi heart triglyceride levels were unresponsive to further increases by HFD. Hepatic

triglyceride levels increased in an HFD-dependent manner in WT and to a lesser extent in GlycoHi males

(Figure 7D). Strikingly, only femaleWT livers had an HFD increase in triglycerides. GlycoHi/LFD were slightly

elevated compared toWT/LFD, but GlycoHi/LFD and GlycoHi/HFD had comparable triglyceride levels (Fig-

ure 7E). When sexes were combined, GlycoHi livers had overall lower amounts of triglycerides on an HFD,

compared to WT (Figure 7F). Lastly, hepatic glycogen levels were decreased in both WT and GlycoHi

groups in response to HFD. However, WT livers had a more pronounced glycogen decrease as compared

to GlycoHi livers (Figures S6D–S6F).

Subsequently, to examine the divergences in cardiac and liver nutrient accumulation, circulating levels of

glucose and insulin were analyzed. Blood glucose levels were elevated in male WT and GlycoHi HFD

groups, yet glucose levels increased only in female WT/HFD (Figures 7G and 7H). Male insulin levels
iScience 26, 107131, July 21, 2023 11



Figure 7. Whole-body metabolism varies between WT and GlycoHi mice

Cardiac and hepatic tissue frommale and femaleWT and GlycoHi mice were analyzed for glycogen and triglyceride levels,

respectively. Blood glucose and serum insulin levels were measured at the 16-week endpoint in non-fasted mice.

(A) Glycogen content of male hearts (WT n = 6 per group; GlycoHi n = 5 per group).

(B) Glycogen content of female hearts (WT/LFD n = 5, WT/HFD n = 4; GlycoHi/LFD n = 6, GlycoHi/HFD n = 4).

(C) Combined cardiac glycogen content.

(D) Triglyceride content of male livers (WT/LFD n = 8, WT/HFD n = 7; GlycoHi n = 5 per group).

(E) Triglyceride content of female livers (WT/LFD n = 7, WT/HFD n = 6; GlycoHi/LFD n = 6, GlycoHi/HFD n = 7).

(F) Combined liver triglyceride content.

(G) Male blood glucose levels (WT/LFD n = 13, WT/HFD n = 10; GlycoHi n = 10 per group).

(H) Female blood glucose levels (WT/LFD n = 9, WT/HFD n = 12; GlycoHi/LFD n = 10, GlycoHi/HFD n = 11).

(I) Male serum insulin levels (WT/LFD n = 9, WT/HFD n = 6; GlycoHi/LFD n = 7, GlycoHi/HFD n = 5).

(J) Female serum insulin levels (WT/LFD n = 8, WT/HFD n = 6; GlycoHi/LFD n = 9, GlycoHi/HFD n = 7). Scatterplot data are

represented as themeanG SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-way ANOVAwith Tukeymultiple

comparisons test. Data points represent individual biological replicates. See also Figure S6.
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mirrored the HFD-induced increase observed in blood glucose with a slightly tempered increase in GlycoHi

males (Figure 7I). Interestingly, female GlycoHi insulin levels decreased in response to an HFD and had over-

all reduced insulin levels compared to WT/HFD (Figure 7J). Together, these results signify a greater role of

cardiacmetabolism in glucose and insulin homeostasis with unique outcomes for liver steatosis and cardiac

glycogen storage.
DISCUSSION

We report that after 16 weeks of HFD feeding, increased PFK-2 in GlycoHi hearts preserved diastolic func-

tion. This effect was mediated in part by greater levels of glucose oxidation in GlycoHi/HFD hearts that had

increased PDH activity via decreased PDH phosphorylation (inhibition). Proteomic analysis revealed

abated HFD-induced alterations such as lower levels of proteins involved in lipotoxicity and oxidative

stress. Additionally, GlycoHi hearts had a diminished buildup of toxic glucose metabolite intermediates.

Lastly, key findings showed increased PFK-2 facilitated positive systemic effects such as lower nutrient

accumulation in hepatic tissue and lower incidence of hyperinsulinemia.

GlycoHi hearts exhibited distinctive adaptations in mitochondrial function. Remarkably, GlycoHi mitochon-

dria had higher pyruvate-supported respiration and PDH activity, and preserved RCR ratios under long-

term HFD conditions compared to WT (Figure 2; Table S2). The most striking confirmation that GlycoHi

mitochondria differed in their response to an HFD was seen in glutamate-supported respiration

(Figures 2D–2F). Maximal glutamate-supported respiration and RCRs were significantly decreased in the

WT/HFD groups (Table S2). In contrast, these parameters were identical between GlycoHi LFD and HFD

groups. Thus, an unanticipated consequence of enhancing PFK-2 activity is that glutamate-supported

respiration is protected from the deleterious effects of HFD. Cumulatively, these data indicate that chronic

HFD causes distinct changes in nutrient utilization between WT and GlycoHi mitochondria.

Cluster and pathway analyses of quantitative proteomics data allowed us to visualize global adaptations

that occurred in cardiacmetabolism beyondmitochondrial function. GlycoHi mice showed an overall reduc-

tion in proteins involved in the main glycolysis and ancillary glucose pathways. Additionally, GlycoHi hearts

displayed an abated increase in FAO proteins in response to HFD (Figures 4, S9, and S10). Inspection of

individual proteins revealed a lower abundance of key fatty acid transport proteins (CD36 and Fabp3)

and FAO proteins (i.e., Acca2, Echs1, Eci1, Eci2, and Hadh) in GlycoHi hearts, compared to WT

(Figures S9 and S10). Moreover, proteins involved in antioxidant defense against HFD-induced oxidative

stress (Gstm1, Sod2, Txn1, Prdx3, and Prdx5) were also lower in GlycoHi groups compared to WT (Figures 4

and S4). These differences suggest an attenuated activation of antioxidant defenses, possibly in response

to a reduction of lipotoxicity in GlycoHi hearts. Metabolomic profiles of cardiac tissue further supported this

notion. We found that more metabolites were significantly altered in WT hearts compared to GlycoHi in

response to HFD (Figures 5 and S5). Increases in metabolites associated with pathological cardiac remod-

eling (i.e., sorbitol, R5P, and UDP-GlcNAc) and/or incidence of T2D (i.e., glucose, mannose, and lactate)

were attenuated in GlycoHi compared to WT (Figure 5).6,29,36 These results concur with proteomic results

and are suggestive of a diminished impact of surfeit nutrients in GlycoHi hearts.

Proteomic and metabolic profiling also revealed other potential protective benefits in GlycoHi hearts.

Protein kinase A (PKA; Prkaca) levels were increased in the female WT/HFD group and had overall

reduced expression in both male and female GlycoHi groups (Figures S14 and S16). PKA activity is

increased via b-adrenergic activation in response to sympathetic stimulation. Sympathetic tone is

increased in obesity and we have previously reported aberrant PKA activity in the diabetic heart.37–39

Thus, the lower PKA abundance and resistance to HFD-mediated changes in its content in GlycoHi hearts

further indicate a muted stress response. Moreover, serine and glycine levels were higher in GlycoHi

hearts, in a genotype and diet-dependent manner (Figure 5). Recent studies have reported decreased

serine levels in T2D hearts, and conversely, there is a potential for cardioprotective effects of increased

serine.36 Serine, a precursor to glycine, is required for the synthesis of various metabolic intermediates

through the serine biosynthetic pathway, another glucose-ancillary pathway. Our finding is particularly

intriguing given that although studies report a potential benefit, the role of serine biosynthesis in cardiac

disease remains unclear.36,40

Despite these positive metabolic effects, not all GlycoHi changes were interpreted as protective. For

example, several proteins associated with improved glucose metabolism had decreased expression in
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GlycoHi/HFD hearts (Glut4 (Scl2a4), Ckm, Got2, and Idh2) (Figures S7, S8, S13, and S15). Additionally, there

were modestly elevated acylcarnitine levels which are reported to occur in obesity (Figure 5).8,41,42 Finally,

there were higher levels of glucose-1-phosphate (glycogen synthesis pathway) in GlycoHi/LFD hearts, rela-

tive to WT, despite glycogen levels being overall lower in GlycoHi hearts (Figures 5 and 7C). Nevertheless,

most metabolic changes indicated a tempered adaptation to HFD in GlycoHi hearts.

Our current findings differed greatly from what we previously found with a short-term metabolic chal-

lenge. With 1-week HFD treatment, HFD-dependent changes to mitochondrial respiration were not

significantly different between WT and GlycoHi groups.20 Notably, PDH activity and regulation differ be-

tween the studies. In the previous study, PDK4 levels were 2-fold higher in GlycoHi/HFD compared to WT/

HFD. In the current study, PDK4 levels were similar between HFD-treated groups, and Lon protease was

uniquely increased in GlycoHi/HFD. This temporal change suggests GlycoHi hearts adapt to overcome

PDK4 inhibition of PDH activity. Proteomic and metabolomic analyses are also drastically different

when comparing short- and long-term adaptations to HFD. Intriguingly, pathway analysis at 16 weeks re-

vealed a generally opposite effect in both WT and GlycoHi groups to those seen in 1 week. In our 1-week

study, glucose metabolism pathway proteins were decreased in WT, but not GlycoHi, hearts, whereas

FAO proteins were equivalently elevated in both groups.20 In this study, WT had an increase in proteins

involved in glycolysis and FAO, whereas GlycoHi had a reduction of protein expression in glycolysis and

an attenuated increase in FAO (relative to WT/HFD). Furthermore, in this study, increased accumulation

of metabolites involved in ancillary glycolysis pathways was only seen in WT/HFD groups which could be

in part mediated by the higher expression of early glycolytic proteins. Lastly, a noteworthy difference we

found between short and long-term HFD studies was in BCAAs, which are of interest due to their role in

diseases such as DCM and their high bioactivity.43,44 Previously, a buildup of BCAAs was seen only in

GlycoHi hearts after 1 week on HFD. In contrast, after 16 weeks on HFD, WT hearts were the only group

to see an HFD-induced change in abundance. The changes identified after a prolonged metabolic chal-

lenge highlight a unique adaptive capability of GlycoHi hearts and the importance of investigating tem-

poral adaptations in metabolic syndrome.

It has been reported that the detrimental effects of high levels of fatty acids in pathological cardiac hyper-

trophy and heart failure are primarily due to a decrease in glucose oxidation not glycolysis.45 Lopaschuk

et al. found that increasing glucose oxidation, despite a concurrent decrease in glycolysis, was functionally

beneficial to the ischemic heart.45 In our current findings, we also observed a decrease in glycolysis proteins

with a concurrent increase in glucose oxidation and preserved function in GlycoHi/HFD hearts. Moreover,

targeting CD36 through pharmacological inhibition or gene expression knockdown has also shown im-

provements to cardiac health. In a study using transgenic mice with cardiac-specific overexpression of

the transcription factor peroxisome proliferator-activated receptor a (PPARa) crossed with CD36 deficient

mice, the PPARa transgenic hearts had a complete rescue of their lipotoxic cardiomyopathy phenotype.26

This improvement was attributed to an increase in myocardial glucose uptake and oxidation, rather than

any meaningful changes in fatty acid utilization.

The importance of pyruvate oxidation for both physiological and pathological stress adaptations was

recently reported in a mouse model of cardiac-specific deletion of the mitochondrial pyruvate carrier

MPC1.46 In that study, Abel et al. found that MPC1-knockout hearts developed pathological hypertrophy

and dilated cardiomyopathy. Collectively, the key results in our study add support to the notion that

increasing cardiac glycolysis and glucose oxidation may be beneficial in mitigating HFD-induced changes

to proteomic and metabolomic phenotypes.

While we have focused on increased PFK-2 as a means of improving the heart’s capacity for glucose

oxidation under HFD conditions, previous studies have explored modulating the activity of other

points in glucose metabolism as potential interventions. Increasing PDH activity by treatment with di-

chloroacetate (DCA), a nonspecific PDK inhibitor, is one potential way of increasing glucose oxidation

and mitigating diabetic cardiomyopathy.47,48 Although this treatment has shown promise, DCA treat-

ment is limited by toxicity. In contrast, it is less clear whether strategies that target increased transport

of glucose into the heart are sufficient to mitigate diabetic cardiomyopathy. In an early study using

db/db mice, a T2D and obesity model, the whole-body expression of a GLUT4 transgene improved

cardiac contractility and normalized cardiac glucose and palmitate metabolism.49 However, such bene-

ficial effects may arise from systemic metabolic improvements, as the cardiac-specific expression of
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glucose transporters has shown negative outcomes. For example, a study by the Tian group using car-

diac-specific GLUT1 transgenic mice revealed that insulin-independent glucose uptake promoted

oxidative stress and contractile dysfunction after 20-week HFD.50 Unlike GlycoHi mice, GLUT1 trans-

genic mice had the inability to upregulate myocardial fatty-acid oxidation in response to long-term

dietary stress. Likewise, a recent study showed that cardiac-specific transgenic expression of GLUT4

in type 1 diabetic model (T1D) worsened cardiac pathology.51 This suggests that with hyperglycemia

caused by uncontrolled diabetes in T1D, increasing glucose uptake may exacerbate pathology. This

could be due to excess glucose shunted into ancillary pathways, which was indicated by cardiac

GLUT4 over-expressing hearts having 2.6 times the amount of glycogen as control mice.51 GLUT1

over-expressing mice also had a significant increase in glycogen (3-fold over WT) on normal chow,

ableit glycogen did not increase further after HFD treatment.50 In contrast, GlycoHi mice have less

glycogen than control mice, a result previously reported by us and others.18,19,52 These findings high-

light the importance and need for studies focused on elucidating and differentiating the mechanisms

and effects of diabetic cardiomyopathy in T1D versus T2D.

This work also uncovered an important and unanticipated aspect of GlycoHi mice regarding whole-body

metabolism. Compared to wild type, female GlycoHi mice, and to a lesser extent male GlycoHi mice,

have improved whole-body glucose homeostasis and diminished nutrient accrual in cardiac and hepatic

tissue in response to HFD. This was despite a similar gain in body weight in wild type and GlycoHi mice.

In hepatocytes activation of glycogen synthesis is a principal effect of insulin signaling and as such liver

glycogen has an integral role in blood glucose homeostasis.53 Indeed, it has been reported that lipid-

induced insulin resistance in the liver results in a reduction of hepatic glycogen synthesis.54 Intriguingly,

we found that GlycoHi mice had dampened HFD-induced changes to hepatic lipid and glycogen levels.

Our results support that in GlycoHi mice improved hepatic lipid and glycogen content are indicative of

improved glucose homeostasis. Sexual dimorphic differences in mitochondrial function in response to

HFD were also apparent in GlycoHi mice (Figure 2, Table S2). The sex-specific effects are potentially due

to the well-known effects of estrogen on both systemic and cardiac metabolism. Indeed, estrogen has

the potential to regulate both glucose and fatty acid metabolism.55,56 Future studies will pursue this pos-

sibility using ovariectomized females.

Our findings underscore a previously unexplored capability of cardiac glycolytic activity to influence

whole-body metabolism. The connection between cardiac activity and whole-body metabolism is

not well understood but could prove critical in understanding physiological and pathological meta-

bolic adaptations. The Olson lab previously reported that cardiac MED13 expression levels can alter

systemic energy homeostasis.57 MED13 is a part of a transcription activator called the mediator com-

plex, and cardiac overexpression resulted in resistance to HFD-induced obesity and enhanced sys-

temic insulin sensitivity, however, the mechanism of action was not identified.58 Similarly, studies

have found that the cardiomyocyte-specific overexpression and knockout of the G-protein coupled re-

ceptor kinase 2 and overexpression of the calcium pump SERCA1a, had altered adipose metabolism

and beneficial effects to diabetes-induced hyperglycemia, respectively.59,60 The underlying mechanism

of these systemic effects observed here will be the subject of future studies. Some clues are provided

by our proteomics data, though. For example, 3-Hydroxy-3-methylglutaryl-CoA lyase (Hmgcl) is a key

enzyme in ketogenesis that produces acetoacetate, a biomarker of T2D and insulin resistance.61 We

found Hmgcl levels were lower in female GlycoHi/HFD compared to WT/HFD and unchanged in

male groups, a possible indication of the systemic changes seen in female GlycoHi mice. These initial

studies provide a precedence of heart endocrine factors having beneficial systemic effects on

diabetes.

In this study, our findings demonstrate that sustained cardiac glycolysis promotes favorable adaptations

during a long-term HFD metabolic challenge. Specifically, increasing glucose oxidation via PFK-2 activity

attenuates the cardiac response to nutrient stress. These results underscore the need for therapeutic inter-

ventions that normalize nutrient utilization in cardiometabolic diseases. Our work also supports an under-

studied avenue of research in understanding how cardiac glycolysis mediates systemic effects on glucose

tolerance. Future studies will need to identify the underlining mechanisms of how increased PFK-2/PFK-1

mediates the beneficial effects seen in mitochondrial and cardiac function. Additionally, future studies will

need to ascertain the relationship between cardiac glucose metabolism and whole-body glucose/insulin

homeostasis.
iScience 26, 107131, July 21, 2023 15



ll
OPEN ACCESS

iScience
Article
Limitations of the study

There are several limitations of the current study. The phosphatase-deficient PFK-2 transgene is consti-

tutively active from birth. It is thus difficult to separate long-term adaptive genotype effects from

dietary effects. The future development of an inducible PFK-2 transgene could overcome this limita-

tion. An inducible transgene could also overcome the mild cardiac hypertrophy that develops in

GlycoHi mice. Indeed, the Hill group previously reported that GlycoHi mice have hypertrophy accom-

panied by a mild decrease in ejection.52 We did not observe a decline in systolic function between

GlycoHi and WT mice in this study. The discrepancy could be due to differences in the age of the

mice. It is possible that by 9–11 months, the age used in this study, the differences between geno-

types are minimized.

Other limitations include that conclusions made from metabolomics data and pathway analyses are from

steady-state observations, and thus do not provide details regarding flux. Due to the unexpected systemic

effects of cardiac PFK-2, a limitation of this study is that a complete analysis of physiological measurements

was not performed. Future studies will focus on evaluating circulating serum factors, performing glucose

tolerance tests, and determining energy expenditure by metabolic cage analysis. An additional limitation

is that due to the nature of the mouse physiology, animals do not develop severe T2D in response to HFD.

However, mice on 16-week HFD do develop metabolic dysfunction which is akin to the early stages of pre-

diabetes. Because metabolic syndrome is reversible at this stage, our findings provide important insights

for potential therapeutic interventions.
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Gómez-Salinero, J.M., Acı́n-Pérez, R.,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Pyruvate dehydrogenase (C54G1) Rabbit mAb Cell Signaling Tech. Cat#3205S; RRID:AB_2162926

Phospho-pyruvate dehydrogenase (S293)

(polyclonal) Rabbit

Cell Signaling Tech. Cat#31866S; RRID:AB_2799014

Acetyl-CoA carboxylase (C83B10) Rabbit mAb Cell Signaling Tech. Cat#3676S; RRID:AB_2219397

Phospho-acetyl-CoA carboxylase (S79)

(polyclonal) Rabbit

Cell Signaling Tech. Cat#3661S; RRID:AB_330337

Akt (pan) (C67E7) Rabbit mAb Cell Signaling Tech. Cat#4691S; RRID:AB_915783

Phospho-Akt (S473) (D9E) Rabbit mAb Cell Signaling Tech. Cat#4060S; RRID:AB_2315049

4E-BP1 (polyclonal) Rabbit Cell Signaling Tech. Cat#9452S; RRID:AB_331692

Phospho-4E-BP1 (T37/46) (236B4) Rabbit mAb Cell Signaling Tech. Cat#2855S; RRID:AB_560835

Chemicals, peptides, and recombinant proteins

Bovine serum albumin MilliporeSigma Cat#A88065G

Palmitoyl-DL-carnitine chloride MilliporeSigma Cat#P4509

Critical commercial assays

Insulin Rodent (Mouse/Rat)

Chemiluminescence ELISA

ALPCO Cat#80-INSMR-CH01, CH10

Glycogen Assay Kit MilliporeSigma Cat#MAK016-1KT

Protein Carbonyl Content Assay Kit abcam Cat#Ab126287

Deposited data

Proteomics and metabolomics data https://doi.org/10.5281/zenodo.7946893

Experimental models: Organisms/strains

FVB/NJ mice (for breeding) Jackson Laboratory Cat#001800

Software and algorithms

GraphPad Prism 9 Dotmatics www.graphpad.com

Skyline MacCoss Lab Software https://skyline.ms/project/home/software/

Skyline/begin.view

Other

Rodent Diet with 10 kcal% Fat (Matching

Sucrose to D12492)

Research Diets Cat#D12450Ji

Rodent Diet with 60 kcal% Fat Research Diets Cat#D12492i
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead con-

tact, Kenneth M. Humphries (Kenneth-Humphries@omrf.org).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data: All proteomic and metabolomic raw data has been deposited into Zenodo. DOIs are listed in the

key resources table.
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d Code: No new code was generated during the course of this study.

d All other Data: Any additional data are available upon request by contacting lead contact, Kenneth M.

Humphries (Kenneth-Humphries@omrf.org).
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Female and male littermates of mature adult transgenic GlycoHi and WT mice on the FVB/NJ background

(9–11 months old, at start of treatment) were used in this study. GlycoHi mice were obtained from the Ep-

stein laboratory at the University of Louisville, and the development of these transgenic mice has previously

been described.18 Briefly, GlycoHi mice have cardiac-specific expression of a phosphatase-deficient PFK-2

bound to the a-myosin heavy-chain promoter. Mice were randomized to either a low-fat diet (10% fat, 70%

carbohydrate, and 20% protein, by kcals) treatment or a high-fat diet (60% fat, 20% carbohydrate, and 20%

protein, by kcals; Research Diets) with ad-lib access for 16 weeks. Exclusion criteria was defined as animals

that did not gain weight on high fat diet (n = 1, GlycoHi male). Mice were euthanized by cervical dislocation

and tissues were collected at 7-8AM without removal of food prior to euthanasia. Animals were not fasted

prior to euthanasia due to the need to assess PDH activity, which is significantly affected by fasting condi-

tions. All procedures were approved by the Oklahoma Medical Research Foundation Animal Care and Use

Committee.
Rodent housing specifications

Mice were group-housed and maintained on a 14-h light/ dark cycle (light from 06:00 to 20:00). Tempera-

ture of mouse holding rooms was kept at 70–74�F.
Rodent age justification

The mouse age range (9–11 months) was used as it is within the equivalent human age-range (37–45 years)

of the average onset of metabolic syndrome/type 2 diabetes (Center of Disease Control and Prevention

[CDC], 2021). This age-range was chosen following the recommendations for best practice which state

that the age of rodents used in a study should be based on the development of the disease being stud-

ied.62 Not only may this practice increase the translation of rodent models to humans, but also allows

for the comparison of the experimental results in our first study to the current study as we continue testing

our hypotheses. At this age, mice are no longer undergoing developmental changes which minimizes the

age differences that would be seen for example between 2 months vs 4 months of age. Nevertheless, to

minimize any age-dependent bias in the data, we confirmed that all age-groups were represented across

all experiments performed.
METHOD DETAILS

Echocardiology and QMR analysis

Echocardiography was performed on a subset of malemice using a Siemens AcusonCV-70 equipped with a

13MHz probe at baseline and post-treatment timepoints to assess systolic and diastolic function of the

mice. Mice were anesthetized by 1% isoflurane. Left Ventricular concentric remodeling was calculated

as = (LVpwd/tibia length)/(LVIDD/tibia length).

We performed sample size calculation (using the online Statulator tool) using Ea/Aa data from a previous

study to determine that n = 5 is required for echocardiography to achieve a power of 80% and a level of

significance of 5%. When using the Ea/Aa data from the current study (pooled SD for Ea/Aa = 0.081),

n = 5 is required to detect a 0.15 difference in group means. Thus, the sample size was sufficient to reach

statistical significance and demonstrates protection in the GlycoHi hearts. QMR analysis was performed us-

ing the EchoMRI� system body composition analyzer for live small animals (rats, mice) and organs.
Blood and serum measurements

Serum insulin levels were measured using an insulin ELISA (ALPCO). Blood was collected immediately

following euthanasia by cardiac puncture. Blood glucose levels were measured via tail snip using a blood

glucose monitor (Bayer Contour) immediately after euthanasia and before tissue collection.
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Isolation of Cardiac Mitochondria

Heart mitochondria were isolated by differential centrifugation.63 Following euthanasia and blood collec-

tion, the chest cavity was opened, and the heart was flushed with 5 mL of isolation buffer (Iso buffer) con-

taining 210 mM mannitol, 70 mM sucrose, 5.0 mM MOPS, and 1.0 mM EDTA, pH 7.4, by injection into the

left ventricle. Hearts were removed and placed in 5 mL of Iso buffer. Next, the heart tissue was passed

through a motor-driven Potter–Elvehjem tissue grinder a total of five times. The homogenate was spun

at 500 X g for 5 min at 4�C and the supernatant passed through a cheesecloth. Samples were then centri-

fuged at 5000 X g for 10 min. The resulting mitochondrial pellet was resuspended in 60 mL of Iso buffer. The

protein concentration was determined by the BCA (bicinchoninic acid) method (Thermo Scientific) with a

BSA as the standard.

Mitochondrial respiration measurements

Isolated mitochondria were diluted to 0.25 mg/mL in 210 mM mannitol, 70 mM sucrose, 10 mM MOPS,

5.0 mM KH2PO4, and 0.5 mg/mL BSA, pH 7.4, containing either 0.1 mM pyruvate and 1.0 mM malate,

30 mMpalmitoylcarnitine and 1.0 mMmalate, or 10 mM glutamate and 1.0 mMmalate, as indicated. Respi-

ration was measured at 20�C using a fiber optic oxygen measurement system (Instech) that uses the fluo-

rescence lifetime technique. State 3 respiration was induced by the addition of ADP (0.5 mM) at the

2-minute mark. It is important to note that a physiological concentration of pyruvate (0.1 mM) was

used, as hyper-physiological concentrations of pyruvate can mask effects of endogenous regulatory

mechanisms.

PDH activity assay

Pyruvate dehydrogenase activity was measured according to our standardized assay conditions.20 Briefly,

following isolation, cardiac mitochondria were diluted to 0.05 mg/mL in a buffer containing 25 mM MOPS

and 0.05% Triton X-100 at pH 7.4. Solubilization of mitochondria with 0.05% Triton X-100 inhibits complex I

of the respiratory chain, preventing the consumption of NADH.64 PDH activity was measured spectropho-

tometrically (Agilent, 8452A) as the rate of NAD+ reduction to NADH (340 nm,˛ = 6200M-1 cm�1) upon the

addition of 2.5 mM pyruvate, 0.1 mMCoASH, 0.2 mM thiamine pyrophosphate, 1.0 mMNAD+, and 5.0 mM

MgCl2 at pH 7.4.

NADH oxidase/complex I activity assay

NADH oxidase activity was measured as an overall assessment of electron transport chain activity through

complexes I–III–IV. Once frozen-thawed isolated cardiac mitochondria were diluted into 25 mM MOPS

(pH 7.4) at 0.01 mg/mL and the rotenone-sensitive rate of NADH oxidation was monitored spectrophoto-

metrically utilizing an Agilent 8453 diode array UV�Vis spectrophotometer. Activity was measured as the

rate of NADH oxidation (ε340 = 6200 M�1 cm�1) following addition of 150 mMNADH. Complex I activity was

measured spectrophotometrically as the rate of NADH oxidation in the presence of 50 nM antimycin A

and 100 mM ubiquinone-1 following the addition of 150 mM NADH. Activity required the presence of

ubiquinone-1 and was inhibited by rotenone (100 nM), indicating that NADH utilization was dependent

on complex I activity.

CPT1 activity assay

CPT1 activity was measured in frozen total heart homogenates.65 Samples were centrifuged 1000 X g for

5 min at 4�C. Protein concentration was determined using the BCA (bicinchoninic acid) method (Thermo

Scientific) with BSA as the standard. Assay buffer was prepared using 25 mM MOPS, pH 7.4, 1 mM

EGTA, and BSA (0.1%). Palmitoyl-CoA (100 mmM final), DTNB (100 mM final), and homogenate (1mg/mL final)

were then added. Samples were then mixed and incubated for 20 min at 20�C. CPT1 activity was measured

spectrophotometrically (Agilent, 8452A) as the rate of increase at 412nm upon the addition of carnitine

(10 mM final). Each set was run in triplicate and with the inclusion of one sample assayed without carnitine,

which was subsequently used to subtract the background, carnitine-independent, activity.

Cardiac glycogen and protein carbonyl assay

Cardiac glycogen content was measured using a glycogen assay kit according to manufacturer’s protocol

(Sigma). Units were calculated using molecular weight of 180.16 g/mol. Protein Carbonyl content was

assessed using a protein carbonyl assay kit according to manufacturer’s protocol and �45 mg tissue was

utilized (abcam; ab126287).
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Hepatic triglyceride assay

Liver samples (�100 mg tissue) were homogenized on ice for 60 s in 10X (v/w) Cell Signaling Lysis Buffer

(Cell Signaling, Danvers, MA) with protease and phosphatase inhibitors (Boston BioProducts, Boston,

MA). Total lipid was extracted from the homogenate using the Folch method with a 2:1 chloroform-meth-

anol mixture.66 Lipid was dried down using a nitrogen drier at room temperature, and resuspended in

200 mL of 3:1:1 tert-butyl alcohol-methanol-Triton X-100 solution. Final triglyceride concentrations were

determined using a spectrophotometric assay with a 4:1 Free Glycerol Agent/Triglyceride Agent solution

(Sigma Triglyceride; Free-Glycerol reagents, St. Louis, MO).67

Proteomic analysis

All samples were digested in gel using our standard methods.20 Briefly, 20 mg samples were immobilized in

a short run 12.5% SDS-PAGE gel (Criterion, Bio-rad), fixed and stained with Coomassie blue (Pierce). Each

lane of the gel was cut as a single sample (�1mm3 pieces), cut into smaller pieces, and washed/de-stained.

The proteins were then reduced, alkylated, and digested with trypsin. Peptides were extracted with 70%

methanol/5% acetic acid in water and the extracts were dried and reconstituted in 1% acetic acid. Samples

were analyzed using our TSQ Quantiva system (Thermo Scientific). The HPLC was an Ultimate 3000 nano-

flow system with a 10 cm 3 75 mm i.d. C18 reversed phase capillary column which was packed in our lab-

oratory in a New Objective Picofrit tip with a 10mm tip opening. The packing material was Phenomenex

Aeris 3.6mm Peptide XB-C18 100A. Aliquots of 5mL were injected and the loading phase transferring the

sample from the injection loop to the column at 1.25mL/min for 10min. The peptide eluted with a

60-minute gradient of acetonitrile in 0.1% formic acid. Data were acquired in the selected reaction moni-

toring (SRM) mode for our standard targeted quantitative proteomics panels.68–70 Additional data was also

acquired using high resolution accuratemass (HRAM) for potential re-interrogation in the future as needed.

Data were analyzed using our established Skyline methods.71 Protein abundance was determined by

normalization to BSA used as a nonendogenous internal standard. Housekeeping proteins (Hspd1,

Mdh1, Gpi1) were also used for normalization. The methods for proteomics assay development and

data processing were performed according to our standard protocol.20

Metabolomic analysis

Tissue samples (�20mg/each) was homogenized in 200 mLMeOH:PBS (4:1, v:v, containing 1,810.5 mM 13C3-

lactate and 142 mM 13C5-glutamic acid) utilizing a Bullet Blender homogenizer (Next Advance, Averill Park,

NY) in Eppendorf tubes. Next, 800 mL MeOH:PBS (4:1, v:v, containing 1,810.5 mM 13C3-lactate and

142 mM 13C5-glutamic acid) was added to samples and vortexed for 10 seconds and then stored at

�20�C for 30 minutes. Samples were then sonicated in an ice bath for 30 minutes and subsequently centri-

fuged at 14,000 RPM for 10 minutes at 4�C. 800 mL of supernatant were transferred to a new Eppendorf

tube. The samples were dried under vacuum using a CentriVap Concentrator (Labconco, Fort Scott, KS).

Prior to MS analysis, the obtained residue was reconstituted in 150 mL 40% PBS/60% ACN. A quality control

(QC) sample was made from all the study samples. The targeted LC-MS/MS method used here was

modeled after that developed and used in a growing number of studies.72–78 Analysis was performed using

an Agilent 1290 UPLC-6490 QQQ-MS (Santa Clara, CA) system.

Samples (10 mL) were individually injected twice, for analysis on negative ionizationmode and 4 mL was used

for analysis on positive ionization mode. Chromatographic separations were done in hydrophilic interac-

tion chromatography (HILIC) mode on aWaters XBridge BEH Amide column (1503 2.1 mm, 2.5 mmparticle

size, Waters Corporation, Milford, MA). The flow rate was 0.3 mL/min with the auto-sampler kept at 4 C and

the column compartment at 40 C. The mobile phase was composed of solvent A (10 mM ammonium ace-

tate, 10 mM ammonium hydroxide in 95% H2O/5% ACN) and solvent B (10 mM ammonium acetate, 10 mM

ammonium hydroxide in 95% ACN/5% H2O). Following the initial 1 min isocratic elution of 90% Solvent

B, the percentage of solvent B was reduced to 40% at t = 11 min. Solvent B was maintained at 40% for

4 min (t = 15 min) then increased gradually back to 90%, to prepare for the next injection. The mass spec-

trometer is equipped with an electrospray ionization (ESI) source. Targeted data acquisition was performed

in multiple-reaction-monitoring (MRM) mode. The LC-MS/MS system utilized Agilent MassHunter Work-

station software (Santa Clara, CA). The extracted MRM peaks were integrated using Agilent MassHunter

Quantitative Data Analysis (Santa Clara, CA). Acetonitrile (ACN), methanol (MeOH), ammonium acetate,

and acetic acid obtained from Fisher Scientific (Pittsburgh, PA). Ammonium hydroxide from Sigma-

Aldrich (Saint Louis, MO). DI water was used with the EMD Millipore Water Purification System (Billerica,

MA). PBS from GE Healthcare Life Sciences (Logan, UT). The standard compounds corresponding to the
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measured metabolites were purchased from Sigma-Aldrich (Saint Louis, MO) and Fisher Scientific (Pitts-

burgh, PA).
Western blot analysis

Fresh heart tissue was resuspended in Iso buffer and homogenized as described in the ‘‘Isolation of Cardiac

Mitochondria’’ methods above. Homogenates were next centrifuged for 5 min at 500 g, and supernatants

were diluted with 4x NuPAGE sample buffer (Invitrogen) containing 25 mM DTT and heated at 95�C
for 5 min. Western blot was performed following Li-COR manufacturer’s protocol Following SDS-PAGE

(4–12% NuPAGE BisTris gel, Thermo Fisher Scientific), gels were transferred to nitrocellulose membranes

and blocked for 60 min with Odyssey TBS blocking buffer (LI- COR) at room temperature. For the indicated

Western blots, intensities of bands were standardized to the total protein loaded (Revert Total Protein

Stain; LI-COR, 926–11014). Antibodies used for these experiments were as follows: PDH, pPDH, ACC,

pACC, 4E-BP1, p4E-BP1, and Akt, pAkt (Cell Signaling product nos. 3205, 31866, 3676, 11818, 9452,

2855, 4685, and 31957, respectively). Antibodies were diluted 1:2000 in block buffer added overnight at

4�C and subsequently washed the following day, and the secondary antibody (IRDye 800CW, LI-COR;

1:10,000 dilution) was incubated for 1 h. Following additional washing, blots were analyzed on an Odyssey

CLx imaging system using Image Studio software (LI-COR).
Figure design

The graphical abstract along with Figures 4 and 5 were created using Biorender.com
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends, including the statistical test used,

exact value of n, definition of center, and dispersion and precision measures. Data were analyzed using

GraphPad Prism 9. Pairwise comparison between groups was performed using a paired or unpaired

two-tailed Student’s t test, as specified. Multiple comparison was performed using 2-way ANOVA with

Tukey post hoc analysis, unless otherwise noted. p< 0.05 was considered statistically significant. Data

are presented as means with SD.
Statistical details for -omics datasets

For metabolomics data, the relative abundance of annotated metabolites was calculated by peak area and

normalized per tissue weight and internal standards. The data were then Log-transformed and subjected to

2-way ANOVA, and Student’s t-tests. 2-way ANOVA was used to decrease the number of repetitive Stu-

dent’s t-tests. For this, all metabolites that did not pass a significance threshold (p < 0.05) for both factors

(sex and diet) were excluded from the further Student’s t-tests to reduce the probability of false positive

outcomes. MHT correction was not utilized as the goal was to explore the data on interaction effect and

reduced the number of repetitive tests. In the following downstream individual t-tests q < 0.05 after

Benjamini-Hochberg FDR correction as significance threshold was used. The pathway analysis of the me-

tabolomics (via MetaboAnalyst) and proteomics data (via STRING) was performed over KEGG database

and used q < 0.05 as significance threshold.79,80 Cluster analysis, heatmap visualization in statistical

procedures were performed under R-environment [www.r-project.org].
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