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Aims Prolyl hydroxylation is a post-translational modification that regulates protein stability, turnover, and activity. The
proteins that catalyze prolyl hydroxylation belong to the 2-oxoglutarate- and iron-dependent oxygenase family of
proteins. 2-oxoglutarate- and iron-dependent oxygenase domain-containing protein 1 (Ogfod1), which hydroxylates
a proline in ribosomal protein s23 is a newly described member of this family. The aims of this study were to inves-
tigate roles for Ogfod1 in the heart, and in the heart’s response to stress.

Methods We isolated hearts from wild-type (WT) and Ogfod1 knockout (KO) mice and performed quantitative proteomics

and results using tandem mass Tag labelling coupled to liquid chromatography and tandem mass spectrometry (LC-MS/MS) to
identify protein changes. Ingenuity pathway analysis identified ‘Urate Biosynthesis/Inosine 5'-phosphate Degradation’
and ‘Purine Nucleotides Degradation Il (Aerobic)’ as the most significantly enriched pathways. We performed
metabolomics analysis and found that both purine and pyrimidine pathways were altered with the purine nucleotide
inosine 5'-monophosphate showing a 3.5-fold enrichment in KO hearts (P=0.011) and the pyrimidine catabolism
product beta-alanine showing a 1.7-fold enrichment in KO hearts (P=0.014). As changes in these pathways have
been shown to contribute to cardioprotection, we subjected isolated perfused hearts to ischaemia and reperfusion
(I/R). KO hearts showed a 41.4% decrease in infarct size and a 34% improvement in cardiac function compared to
WT hearts. This protection was also evident in an in vivo I/R model. Additionally, our data show that treating iso-
lated perfused WT hearts with carnosine, a metabolite of beta-alanine, improved protection in the context of I/R
injury, whereas treating KO hearts with carnosine had no impact on recovery of function or infarct size.

Conclusions Taken together, these data show that Ogfod1 deletion alters the myocardial proteome and metabolome to confer
protection against I/R injury.
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Published by Oxford University Press on behalf of the European Society of Cardiology 2021. This work is written by a US Government employee and is in the public domain in the US.
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1. Introduction

Ogfod1 (2-oxoglutarate- and iron-dependent oxygenase domain-con-
taining protein 1) is a newly described member of a family of enzymes'?
that utilize molecular oxygen to catalyze the hydroxylation of specific
proline residues in proteins through a reaction that couples the

decarboxylation of a-ketoglutarate to the generation of succinate and
carbon dioxide.>® Oxygen is a substrate for these enzymes and many
have K, values for oxygen that are in the range to sense physiological
changes in oxygen.* Hypoxia-inducible factor—prolyl hydroxylase do-
main enzymes (HIF-PHDs) are well-known members of this family which
have been shown to regulate levels of hypoxia-inducible factor (HIF) by



Ablating Ogfod1 is cardioprotective

2849

hydroxylation of a specific proline that targets HIF for degradation.
Under conditions of low oxygen, HIF-PHDs are inhibited leading to sta-
bilization and activation of HIF and transcription of HIF targets.

Ogfod1 catalyzes hydroxylation of Pro-62 in the small ribosomal pro-
tein s23 (Rps23),” a component of the 405 ribosomal subunit. Ogfod1
knockdown or ablation has been shown under some conditions to lead
to phosphorylation of elF20,48? translation repression,gf11 and stress
granule formation.® Ogfod1 knockdown was also shown to protect cul-
tured Nalmé cells from stress-induced cell death.'? Ogfod1 is expressed
in the heart and we have shown previously that its expression levels de-
crease during differentiation.’® However, as the role of Ogfod1 in adult
cardiomyocytes is unknown, the aim of this study is to characterize the
function of Ogfod1 in the heart.

Previous studies have shown that changes in OGFOD1 levels can alter
the proteomic and metabolic landscape and may therefore be involved
in how cells respond to stress. To test this, we utilized a mouse in which
Ogfod1 gene function is ablated, and subjected this mouse to ex vivo and
in vivo ischaemia—reperfusion (I/R) injury. These studies provide the first
in vivo characterization of Ogfod1 function. Here, we show that the car-
diac proteome of Ogfod1 knockout (KO) mice exhibited changes in
metabolic pathways, including nucleotide degradation. Ogfod1-KO
hearts showed an increase in beta-alanine, which is a product of pyrimi-
dine degradation'? and a precursor for histidine dipeptides such as car-
nosine. Carnosine has been shown to be cardioprotective,”‘
expressing carnosine synthase, the enzyme that converts beta-alanine
and histidine to carnosine, was sufficient to protect mouse hearts from

1% and over-

I/R injury."* In this study, we show that Ogfod1 deletion increases beta-
alanine, which in turn increases carnosine and confers cardioprotection
in I/Rinjury.

2. Methods
2.1 Mice

Ogfod1-KO mice were generated as previously described.® All animal
studies were performed in a manner consistent with the recommenda-
tions established by the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health), and all animal protocols were ap-
proved by the National Heart, Lung and Blood Institute’s Animal Care
and Use Committee. Age-matched Ogfod1- wild-type (WT) and
Ogfod1-KO male mice aged 2—6 months were used for this study. In ac-
cordance with approved guidelines, mice were euthanized by intraperi-
toneal injection of 125 mg/kg pentobarbital sodium salt (Sigma #P3761).
Euthanasia was confirmed by failure of the animal to respond to firm toe
pinch.

2.2 Ischaemia-reperfusion injury ex vivo

In brief, hearts were quickly dissected from mice, perfused in
Langendorff mode, and subjected to 20 min of equilibration perfusion,
20 min of ischaemia, and 90 min of reperfusion as previously described."®
For carnosine treatment, L-carnosine (Sigma #C9625) was dissolved in
Krebs buffer to a final concentration of 1 mM, and hearts were perfused
in Krebs + carnosine for 20 min prior to beginning I/R, and hearts were
also perfused in Krebs + carnosine throughout the reperfusion period.
We measured recovery of left ventricular developed pressure (LVDP)
and heart rate (HR) during reperfusion following ischaemia, and deter-
mined the recovery of rate pressure product (RPP=HR x LVDP) of
contractile function. Following reperfusion, hearts were perfused with
1% 2,3,5-triphenyltetrazolium chloride (TTC), and incubated in TTC for

30min at 37°C. TTC-treated hearts were fixed in 10% formaldehyde,
cut into cross-sectional slices, and images were captured using a Leica
MDZL3 dissecting microscope. Infarct size was calculated as a percent-
age of total cross-sectional area for each image. Average infarct size for
each heart was calculated from six images.

2.3 In vivo left anterior descending

coronary artery ligation

Mice were anaesthetized with 1-3% isofluorane and intubated prior to
being kept on a ventilator. The thoracic cavity was accessed by first mak-
ing an incision along the ventral midline, then cutting the intercostal mus-
cle between the 3rd and 4th ribs. The ribs were retracted to expose the
heart. Once the left atrial appendage was identified, a 7-0 silk braided su-
ture was placed perpendicular to the long axis of the heart around the
left anterior descending coronary (LAD) artery. A slipknot was used to
ligate the artery for 40 min. At the end of the 40-min ischaemia period,
the slipknot was released for 24 h of reperfusion. Directly following re-
lease of the slipknot, the lungs were fully expanded using airway pressure
not exceeding 30 cm of water, and the ribs were closed using 5-0 silk
braided sutures, 0.5% Bupivacaine (up to 2 mg/kg) was placed on the in-
tercostal muscles along the site of the incision to relieve pain, and 5-0
sutures were used to close the chest. The skin was closed with surgical
staples. After 24h of reperfusion, mice were sacrificed as described
above. Hearts were quickly excised, cannulated through the aorta, and
perfused via Langendorff retrograde with Krebs buffer for 5min to re-
move blood. The LAD artery ligation suture was retied in the same loca-
tion as during the 40 min occlusion. The heart was perfused with 0.5 mL
10% Evans blue solution to delineate area at risk, sectioned, and incu-
bated in 1% TTC at 37°C for 20 min to distinguish infarcted tissue from
normal tissue. Ten to 14 images were captured of each heart using a
Leica MDZL3 dissecting microscope, and the area at risk and infarct sizes
for each heart were determined using Image ). Tissue processing, imaging,
area at risk measurements, and infarct size measurements were done
blinded.

2.4 Metabolite levels in ischaemic hearts

In brief, hearts were quickly dissected from mice, perfused in
Langendorff mode, and subjected to 20 min of equilibration perfusion
and 10min of ischaemia. Hearts were then snap-frozen using liquid
nitrogen-chilled clamps and ground in 4% perchloric acid in liquid nitro-
gen. The metabolite suspension was cleared using centrifugation, and the
pellet was dried and weighed as an indicator of dry weight. The pH of
the cleared metabolite solution was neutralized using 4M potassium car-
bonate. After clearing the lysate once again, inosine levels were deter-
mined using an inosine assay kit (Abcam #ab126286) according to the
manufacturer’s protocol, and hypoxanthine/xanthine levels were deter-
mined using a xanthine/hypoxanthine assay kit (Abcam #ab155900)
according to the manufacturer’s protocol.

2.5 Metabolomics and data processing

Hearts were dissected from mice, and immediately snap-frozen using lig-
uid nitrogen-chilled clamps. Hearts were then submitted to Human
Metabolome Technologies America, Inc. for capillary electrophoresis—
mass spectrometry (CE-MS). Metabolites with >50% missing value were
excluded from the analysis. For the rest of the metabolites, the missing
values were imputed with half of the minimum measurement value of
the respective metabolites measured and scaled. Sparse partial least
square discriminant analysis (sPLS-DA) from mixOmics'’ was used to
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identify metabolites with the variable importance in prediction (VIP)
score >1.

2.6 Preparation of protein extracts for

mass spectrometry

Hearts were dissected from mice, and immediately flash-frozen using lig-
uid nitrogen-chilled clamps. Protocol details provided in Supplementary
material online.

2.7 Offline HPLC peptide fractionation and

mass spectrometry
Protocol details provided in Supplementary material online.

2.8 Mass spectrometry data processing
Protocol details provided in Supplementary material online.

2.9 Statistics

Results are shown as fold change (KO/WT), percent difference from
WT, or as mean * standard error of the mean (SEM). A Student’s t-test
with Welch’s correction or a Mann—Whitney test was used to compare
two groups depending upon the normalcy of the data spread. Brown—
Forsythe and Dunnett’'s T3 multiple comparisons tests were used to
compare more than two groups. A P-value of <0.05 was considered
significant.

3. Results

3.1 Ablating Ogfod1 alters proteins in
nucleotide metabolism

To identify changes in the cardiac proteome that resulted from Ogfod1
ablation, we performed proteomic analysis using tandem mass spec-
trometry on hearts from 5 Ogfod1-KO and 5 Ogfod1-WT mice.
Ogfod1-KO mice were generated as described by Singleton et al.® and
were viable and fertile. We tagged tryptic peptides from each mouse
heart with a unique isobaric mass tag, combined tagged tryptic peptides
from all 10 mouse hearts, and performed off-line high-performance lig-
uid chromatography followed by liquid chromatography—tandem mass
spectrometry (LC-MS/MS) (Figure 1A). We found that 203 of the 4810
identified proteins were significantly altered in the KO hearts. Of these,
138 (68%) were increased and 65 (32%) were decreased (Figure 1B and
C, Supplementary material online, Table ST7). Ingenuity pathway analysis
showed that ‘Urate Biosynthesis/Inosine 5’-phosphate Degradation’ and
‘Purine  Nucleotides Degradation |l (Aerobic)’ (P=0.000062 and
P=10.00017, respectively) were the most significantly enriched pathways.
Of note, inosine monophosphate dehydrogenase 2 (Impdh2), xanthine
dehydrogenase/oxidase (Xdh/Xo), and hypoxanthine phosphoribosyl
transferase, three key enzymes in purine metabolism, were increased in
the Ogfod1-KO hearts (7.9% increase P=0.015, 8.9% increase P=0.039,
and 18.1% increase P=0.056, respectively). These changes support alter-
ations in purine metabolism in KO hearts.

3.2 Ablating Ogfod1 alters the metabolic
profile

In the proteomic study, we identified changes in pathways involved in pu-
rine degradation and inosine 5'-monophosphate (IMP) metabolism. To
determine if these proteomic changes led to metabolic changes, we per-
formed a metabolomic analysis. We isolated hearts from WT and KO

mice and processed these hearts for CE-MS. We then overlayed the
metabolomic and proteomic studies to determine how the two datasets
correlated. As shown in Figure 2, we identified metabolites belonging to
purine metabolism, pyrimidine metabolism, glycolysis, gluconeogenesis,
carnitine metabolism, and tricarboxylic acid cycle, among other path-
ways. To correlate the proteomic and metabolomic datasets, changes in
the abundances of enzymes identified in the proteomics were overlayed
with the metabolite changes (Supplementary material online, Tables S2
and $3). Focusing on the significant metabolite changes, which are
reported in arbitrary units (a.u.), the purine nucleotide IMP, which is a
key component of the purine synthesis and salvage pathways, showed
one of the largest changes in KO hearts with a 3.5-fold increase over
WT (WT: 37 x 10%+£1.2x 10* au, KO: 13 x 107 +£1.9 x 10* awu,
P=0.011) (Figure 3A). This change was second only to NADPH, which is
produced in several metabolic pathways including the pentose phos-
phate shunt (WT: 1.6 x 10%+8.1 x 10° a.u, KO: 6.1 x 10* £ 1.3 x 107
-4+13 x 10 a.u, P=0.035). We performed sPLS-DA on the metabo-
lomics data (Figure 3B), and assigned the metabolites VIP scores that rep-
resented their importance in predicting the group to which the
metabolite belonged. Beta-alanine (WT: 7.2 x 107+ 1.1 x 10* a.u., KO:
12x 103443 % 10° au, P= 0.014), a by-product of pyrimidine catab-
olism, as well as inosine (WT: 52x10%+38x10* au, KO:
33x10*£75%10° au, P=0.661) and IMP in purine synthesis and
salvage, were all among the top VIP’s (Figure 3C), making them and their
respective pathways primary in distinguishing WT and KO hearts. These
data are consistent with the alteration in nucleotide metabolism that was
identified in the proteomic analysis.

3.3 Ogfod1 ablation leads to protection
against ischaemia-reperfusion injury

We next examined whether these proteomic and metabolite alterations
resulted in phenotypic changes in the heart. At baseline, Ogfod1-KO
hearts showed no signs of functional defects (Supplementary material
online, Figure S7). To determine if ablation of Ogfod1 alters the response
to cell stress, we subjected WT and KO ex vivo perfused hearts to I/R,
and measured recovery of LVDP and HR during reperfusion following is-
chaemia, and determined the recovery of contractile function rate pres-
sure product (RPP=HR x LVDP) (Figure 4A). We also measured infarct
size at the end of reperfusion. As shown in Figure 4B and C, loss of
Ogfod1 is protective against I/R injury in mice, with Ogfod1-KO hearts
showing a 34% improvement in cardiac function (measured as RPP)
(Figure 4B) and a 41.4% reduction in infarct size compared to Ogfod1-
WT (Figure 4C). The improvement in RPP was due to a difference in
LVDP, as there were no differences in hemodynamic parameters such as
HR and flow rate (Supplementary material online, Table $4). To deter-
mine whether this protection was reflected in vivo, we subjected WT and
KO mice to LAD coronary artery ligation for 40 min followed by 24 h of
reperfusion (Figure 5A). At the end of the reperfusion period, we
assessed area at risk and infarct size and found that Ogfod1 deletion led
to a significant reduction in infarct size (Figure 5B and C). These results in-
dicate that Ogfod1 loss is protective against the injury that occurs fol-
lowing both ex vivo and in vivo I/R in the heart.

3.4 Baseline IMP accumulation in Ogfod1-
KO hearts does not impact levels of inosine
or hypoxanthine during ischaemia

Several molecular changes occur during ischaemic injury, with one of the
key changes being severe ATP depletion.'®'” Due to this high energy
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MS, high-performance liquid chromatography tandem mass spectrometry.

phosphate depletion, re-synthesizing ATP is important in recovering car-
diac function following ischaemia.?® Inosine, adenosine, hypoxanthine,
and xanthine all accumulate in ischaemic tissues®’ but are quickly lost
upon post-ischaemic reperfusion. The purine salvage pathway can func-
tion to retain nucleotide bases such as these which are needed for the

re-synthesis of ATP.*? Because IMP was higher in the KO mice and plays
a role in the purine salvage pathway used for the rapid re-synthesis of
ATP, we postulated that if IMP was diverted towards S-AMP and AMP
for ATP resynthesis, the IMP degradation products inosine, hypoxan-
thine, and xanthine would be decreased in ischaemic KO hearts as
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Figure 3 Ogfod1-KO hearts show significant metabolite changes. (A) Significant metabolite changes in KO/WT hearts. KO/WT = 1 is shown as a hori-
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biological replicates per group. Student’s t-test was used to determine significance between groups. A P-value of <0.05 was considered significant.

indicated by the purine nucleotide degradation and salvage pathway
(Figure 6A). We induced ischaemia for 10 min in WT and KO hearts, and
collected hearts to assess metabolite levels (Figure 6B). Interestingly,
both inosine (WT: 4.2+ 0.53 umol/g, KO: 3.4+ 0.35 umol/g, P =0.382)
and hypoxanthine/xanthine (WT: 3.7+0.44 umol/g, KO: 3.5+0.25
umol/g, P=0.746) were unchanged in ischaemic KO hearts compared to
WT hearts (Figure 6C and D). These results indicated that changes in the
purine nucleotide salvage pathway are not responsible for the protection
observed in the KO hearts.

3.5 Histidine dipeptide accumulation in
Ogfod1-KO hearts leads to protection
against ischaemia-reperfusion injury

From the metabolomics results, both purine and pyrimidine pathways
were altered. Beta-alanine, which is significantly up-regulated in KO
hearts, is a by-product of pyrimidine catabolism. Beta-alanine is also the
rate-limiting amino acid precursor in synthesizing the histidine dipeptide
carnosine, which shows a 40% increase in KO hearts (WT:
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Figure 5 Ogfod1 ablation leads to protection against damage resulting from in vivo LAD artery ligation. (A) In vivo ischaemia reperfusion injury was in-
duced by left anterior descending (LAD) coronary artery ligation in WT and KO mice as shown in the schematic. (B) Area at risk (AAR) for WT and KO
hearts subjected to LAD artery ligation. (C) Infarct size shown as a percentage of the heart. Data shown as mean * standard error. n = 8 biological repli-
cates per group. Student’s t-test with Welch’s correction was used to determine significance between groups. A P-value of <0.05 was considered
significant.
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62x10*+£53 % 10° au, KO: 86 x 10*+1.1x 10* au, P=0.117).
Carnosine has been shown to protect hearts from I/R injury,M‘15 so we
hypothesized that the increase in beta-alanine and histidine dipeptides
such as carnosine might mediate protection in the KO hearts. To test
this hypothesis, we treated WT and KO hearts with carnosine prior to
ischaemia and during reperfusion (Figure 7A). If the hypothesis was cor-
rect, we would expect carnosine treatment to confer I/R protection in
WT, but not KO hearts. Perfusing hearts with carnosine prior to I/R re-
duced infarct size by 44% (Figure 7B) and improved recovery of cardiac

function by 55% (Figure 7C) in WT hearts, but failed to improve cardiac

function or reduce infarct size in KO hearts. These results support the
hypothesis that Ogfod1 loss leads to an increase in the carnosine precur-
sor beta-alanine, which protects the myocardium against I/R injury.

4. Discussion

Ogfod1 catalyzes the prolyl hydroxylation of Rps23, a component of the
40S ribosomal subunit, on proline 62 which is located in the decoding
centre of the ribosome. Hydroxylation of Rps23 has been reported to
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protocol as well as the carnosine and vehicle treatments. (B) Infarct size measured at the end of the ischaemia—reperfusion period. (C) Rate pressure
product (RPP) recovery following ischaemia and reperfusion. Data shown as mean = standard error. n=7-9 biological replicates per group. Brown—
Forsythe and Dunnett’s T3 multiple comparisons tests were used to compare more than two groups. A P-value of <0.05 was considered significant.

LVDP, left ventricular developed pressure; TTC, 2,3,5-triphenyltetrazolium chloride.

regulate translation.>”~""*32> This is consistent with post-translational
modifications on other ribosomal proteins, which have been shown to
regulate translation,”® ribosome biogenesis,”’ and targeted mRNA si-
lencing.?® Ablating Ogfod1 reduces translation and activates translational
stress pathways in a context-dependent manner.® We previously
reported that deleting OGFOD1 in human induced pluripotent stem
cell-derived cardiomyocytes (iPSC-CMs) leads to changes in the expres-
sion of translation initiation factors, mRNA splicing factors, and ribo-
somal proteins—which all function in regulating protein levels."
Therefore, we hypothesized that Ogfod1 might be a metabolic switch
that alters the response of the cell to stress, and investigated whether
Ogfod1 might modulate the translational landscape in adult heart and
whether this might alter cardiac physiology.

We performed proteomic and metabolomic analysis on hearts from
Ogfod1-KO mice and found alterations in metabolic enzyme levels, par-
ticularly those involved in regulating purine and pyrimidine turnover.
These proteomic results were supported by accumulated IMP and
NADPH, the latter is generated by the pentose phosphate pathway that
produces phosphoribosyl pyrophosphate for de novo purine synthesis.
As changes in these pathways have been shown to contribute to cardio-
protection, we subjected isolated perfused hearts to I/R injury and found

that KO hearts showed a 41.4% decrease in infarct size and a 34% im-
provement in functional recovery compared to WT hearts.

To determine the contribution of purine and pyrimidine pathway reg-
ulation to the cardioprotection in I/R injury, we assessed the levels of pu-
rine salvage pathway metabolites that resulted from IMP degradation
and found no differences that indicated they contributed to the protec-
tion. Next, we investigated the contribution of pyrimidine metabolism to
I/R injury protection. Beta-alanine, a product of nucleotide turnover and
a precursor for carnosine synthesis, is significantly up-regulated in KO
hearts, with anserine, carnosine, and homocarnosine all trending to-
wards increases. Upon treating WT and KO isolated perfused hearts
with carnosine, WT hearts were protected from I/R injury to an extent
comparable to KO hearts without carnosine. However, KO hearts
treated with carnosine showed no improvement in protection from I/R
injury over WT hearts.

Previous studies have shown that alterations in transcriptional and
translational machinery can alter metabolism. In studies in which RNA
polymerase lll-mediated transcription was increased, it was shown to
lead to increased metabolic demand, increased protein catabolism, in-
creased nucleotide levels to meet the demand for increased transcrip-
tion, and changes in both purine and pyrimidine nucleotide synthesis and
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turnover.”” RNA polymerase Il transcribes 55 ribosomal RNA, tRNA,
and small non-coding RNAs,*® so changes in its activity also impact trans-
lation.*™3? Therefore, increasing transcription through this polymerase
ultimately links broad polymerase activity to specific protein and meta-
bolic changes.29 Similarly, deleting the ribosomal prolyl hydroxylase
Ogfod1, which regulates translation and ribosome biology, increased
protein catabolism, increased levels of several enzymes functioning in nu-
cleotide metabolism, and altered levels of purines, pyrimidines, and re-
lated metabolites, such as IMP, NADPH, and beta-alanine.

Altogether, deleting Ogfod1 leads to specific changes in the proteo-
mic and metabolomic landscapes that protect the heart against I/R injury
both ex vivo and in vivo, suggesting the need for further investigation of
Ogfod1 for its therapeutic potential. This strategy of inhibiting PHD’s for
therapeutic benefit is currently being utilized in other clinical applications
as Roxadustat (FG-4592), a PHD inhibitor, has been approved for clinical
use in China,® Japan, and Chile and is under review for approval in the
US Roxadustat is intended to be used as a HIF-PHD inhibitor that indu-
ces HIF accumulation. HIF accumulation then activates erythropoietin

. 3435
expression

to treat anaemia in patients with chronic kidney dis-
ease.*® Interestingly, it is also a potent Ogfod1 inhibitor, and thus this in-
hibitor could have clinical effects that have yet to be fully
characterized.?” This study illuminates the potential for OGFOD1 inhibi-
tors, to be used as a preventative treatment for individuals prone to
ischaemic episodes. It also highlights the possibility that inhibitors such as

Roxadustat could have off-target effects that need to be investigated.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Heart disease is the leading cause of death in the USA. In characterizing the cardiovascular effects of deleting the prolyl hydroxylase Ogfod1 (2-oxo-
glutarate- and iron-dependent oxygenase domain-containing protein 1) and investigating its role in disease pathology, we found that deleting
Ogfod1 protected hearts against ex vivo and in vivo ischaemia and reperfusion injury. Ogfod1-KO hearts showed significant metabolomic and proteo-
mic changes that supported altered purine and pyrimidine nucleotide synthesis and turnover. Beta-alanine, a precursor of the anti-oxidant carnosine
and a product of pyrimidine degradation, accumulated in KO hearts to help confer cardioprotection. Altogether, these data suggest a role for

Ogfod1 down-regulation as a therapeutic strategy for heart disease.






