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Dong Li,1 Zhao Wang,7 Shu Wang,5 Jingwei Xie,6 Haiwei Gu,4,5,* and Wuqiang Zhu1,9,*

SUMMARY

Acute myocardial infarction is a leading cause of death worldwide. We have pre-
viously identified two cardioprotective molecules— FGF1 and CHIR99021— that
confer cardioprotection in mouse and pig models of acute myocardial infarction.
Here, we aimed to determine if improved myocardial metabolism contributes to
this cardioprotection. Nanofibers loaded with FGF1 and CHIR99021 were intra-
myocardially injected to ischemic myocardium of adult mice immediately
following surgically induced myocardial infarction. Animals were euthanized 3
and 7 days later. Our data suggested that FGF1/CHIR99021 nanofibers enhanced
the heart’s capacity to utilize glycolysis as an energy source and reduced the accu-
mulation of branched-chain amino acids in ischemic myocardium. The impact of
FGF1/CHIR99021 on metabolism was more obvious in the first three days post
myocardial infarction. Taken together, these findings suggest that FGF1/
CHIR99021 protects the heart against ischemic injury via improving myocardial
metabolism which may be exploited for treatment of acute myocardial infarction
in humans.

INTRODUCTION

Ischemic heart disease is a leading cause of mortality globally accounting for more than nine million deaths

a year (Nowbar et al., 2019). Adult mammalian cardiomyocytes permanently exit the cell cycle and lose

regeneration capacity. Loss of myocardium because of injuries, such as acute myocardial infarction (MI),

often results in fibrotic scar and depressed cardiac function. Infarct size is a major determinant of prognosis

in these patients (Heusch, 2020). Despite the success of interventional coronary procedures to restore cor-

onary blood perfusion, morbidity andmortality from acuteMI are still significant. Developing cardioprotec-

tive strategies to reduce infarct size is important for treating ischemic heart disease. Preclinical studies have

shown that ischemic preconditioning or pharmacological agents provide significant cardioprotection

(Heusch, 2020). However, clinical studies have reported inconsistent results (Baxter et al., 2000; Bulluck

et al., 2016). Several drugs that have shown cardioprotection in preclinical trials, such as cyclosporine A,

KAI-9803 (a selective d-protein kinase C inhibitor peptide), and MTP131 (a cytochrome c peroxidase inhib-

itor), failed to elicit consistent cardioprotective effects in patients with myocardial infarction (Heusch, 2020;

Botker et al., 2020). Therefore, new cardioprotective approaches are required to treat ischemic heart

disease.

It has been reported that impaired metabolism and energy supply contributes to the development and

progression of heart failure, and metabolism correction represents a promising approach in treating pa-

tients with heart failure (Stanley et al., 2005; Brown et al., 2017). In the mammalian heart, cardiomyocyte

metabolism undergoes a transition from anaerobic glycolysis to oxidative phosphorylation during devel-

opment (Kolwicz et al., 2013; Lopaschuk and Jaswal, 2010). Glucose metabolism yields pyruvate, which is

then converted to acetyl-CoA in mitochondria and enters the tricarboxylic acid (TCA) cycle. Oxidation of

glucose and fatty acids produces reduced equivalents nicotinamide adenine dinucleotide (NADH) and

Flavin adenine dinucleotide (FADH2). The electron transport chain in mitochondrial inner membrane ac-

cepts electrons from these NADH and FADH2 and transforms them into ATP. This process is called oxida-

tive phosphorylation (OXPHOS), responsible for over 90% of ATP in the aerobic heart, whereas the rest of

ATP is produced by glycolysis (Lopaschuk et al., 1994). In mammals, pyruvate can be converted to lactate in

cytosol and vice versa, and this reaction is catalyzed by lactate dehydrogenase (LDH) (Cluntun et al., 2021;
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Hui et al., 2017). Lactate can be an important energy source for the myocardium and its level is maintained

in a balanced manner in healthy hearts (Bergman et al., 2009). Energy metabolism of cardiomyocytes in the

ischemic myocardium switches from mitochondrial OXPHOS to glycolysis and lactic fermentation (Karwi

et al., 2018; Honkoop et al., 2019). Increased intracellular lactate may inhibit glycolysis, which further im-

pairs ATP production in a vicious cycle (Leite et al., 2011).

Fibroblast growth factor 1 (FGF1) plays important roles in various biological processes such as embryonic

development, wound healing, neurogenesis, and angiogenesis (Powers et al., 2000). FGF1 is also associ-

ated with nutrient sensing, glycemic control, and insulin sensitization (Suh et al., 2015). Intravenous admin-

istration of FGF1 at the beginning of reperfusion protects the heart from ischemic injury (Huang et al., 2017;

Gasser et al., 2017; Sancar et al., 2022). In addition, cardiac specific overexpression of FGF1 enhances

cardiac function recovery and attenuates myocardial necrosis induced by acute ischemia and reperfusion

(Palmen et al., 2004). Moreover, myocardial ischemia causes hyperglycemia and insulin resistance (Yang

et al., 2019;Wang et al., 2015). Treatment with FGF1 increases insulin-dependent glucose uptake in skeletal

muscle, inhibits glucose production in liver, and improves systemic insulin sensitization in diabetic mice

(Suh et al., 2014). FGF1 does so by upregulating GLUT4 expression and translocation to plasma membrane

in skeletal muscle in an insulin-independent manner (Ying et al., 2021). A recent report also suggests that

FGF1-FGFR1 signaling pathway regulates blood glucose level by inhibiting lipolysis and hepatic glucose

production (Sancar et al., 2022).

CHIR99021 is a GSK3b antagonist/Wnt agonist (Linseman et al., 2004; Watcharasit et al., 2008). GSK-3b is a

serine/threonine kinase originally identified as a molecule that regulates glycogen metabolism through

phosphorylation and downregulation of glycogen synthase (Rylatt et al., 1980). GSK-3b is also involved in

a wide range of cellular processes including the regulation of multiple transcription factors, the Wnt

pathway, nuclear factor kB, endoplasmic reticulum stress, embryogenesis, apoptosis and cell survival,

cell cycle progression, and cell migration (Forde and Dale, 2007). Inhibition of GSK3b reduces reperfusion

injury and necrosis by inhibiting the opening of MPTP (mitochondrial permeability transition pore) and

cell death. MPTP is a nonspecific channel in the inner membrane of mitochondria. Under normal physiolog-

ical conditions, MPTP is turned off. During ischemia-reperfusion, MTPT is turned on and mitochondrial

membrane potential is lost, leading to leakage of apoptotic and necrotic proteins from mitochondria to

the cytoplasm, eventually apoptosis or necrosis (Miura and Tanno, 2010; Juhaszova et al., 2009; Ahmad

et al., 2019). In isolated cardiomyocytes, knockdown of GSK3b using siRNA led to an increasedMPTP open-

ing threshold (Ghaderi et al., 2017). GSK3b also has been shown to activate p53 (Watcharasit et al., 2003) and

inhibit HIF1a (Mottet et al., 2003). Using pharmacological or genetic approach to stabilize HIF-1a protects

the heart against acute ischemia-reperfusion injury by promoting aerobic glycolysis, decreasing mitochon-

drial oxidative stress, activating hexokinase 2 (HK2), and inhibiting MPTP opening (Ong et al., 2014). Be-

sides, inhibition of GSK-3b activity has also been shown to protect neuronal cells against rotenone-induced

cell death by inducing HK2, leading to enhanced glycolysis and metabolism (Gimenez-Cassina et al., 2009).

We have recently discovered that the combination of FGF1 and CHIR99021, but not individually, confers

cardioprotection against acute MI-induced heart failure in the mouse and porcine models. Specifically,

we found that nanoparticles carrying both FGF1 and CHIR99021 have a sustained release profile and

improve heart function in post-MI mice and pigs via preventing cardiomyocyte death and increasing

neo-vasculogenesis (Fan et al., 2020a). Despite the pro-angiogenic function of FGF1/CHIR99021, cardio-

myocyte death typically takes place within an hour in ischemic myocardium, which is likely earlier than

formation of new vessels in the heart (Hausenloy and Yellon, 2013). Therefore, we hypothesize that other

mechanisms may contribute to FGF1/CHIR99021-mediated early cardioprotection.

In this study, we aimed to investigate whether a combination of FGF1 and CHIR99021 alters myocardial

metabolic pathways that have been shown to have cardioprotective effects in myocardial infarction. Nano-

fibers formulated with FGF1 and CHIR99021 were intramyocardially injected to the infarction area imme-

diately after MI induction. At day 3 and 7 after surgery and nanofiber treatment, hearts were harvested

for mass spectrometry-based metabolomics assays and Western blotting. MI leads to increased glycolysis,

decreased glucose and fatty acid oxidation, and impaired branched-chain amino acid (BCAA) degradation.

Treatment of FGF1/CHIR99021 promotes glucose catabolism flux including glycolysis and glucose oxida-

tion, and BCAA degradation in post-MI hearts. Thus, our study discovered a new cardioprotective thera-

peutic against acute MI injuries via modulating cardiac metabolism.
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RESULTS

Impact of FGF1/CHIR99021 on myocardial metabolism after MI

Myocardial infarction was surgically induced via permanent ligation of left anterior descending (LAD)

coronary artery. PLGA nanofiber segments formulated with FGF1 and CHIR99021 were intramyocardially

injected to three sites in the infarct area immediately after LAD ligation (Figure 1A). The samples from

infarction and border zones (IZ/BZ, lower part of left ventricle) (Figure 1B) were collected for LC-MS/MS

assay at day 3 (D3) and day 7 (D7) after MI. Heatmap of abundance of metabolites from heart samples

showed differentially regulated metabolites [Figures S1A and S1B; Table S1 ‘‘Metabolites at IZ/BZ, related

to Figure 1’’]. Principal component analysis (PCA) revealed a clear separation of metabolomic profile in the

myocardium of sham and post-MI animals at day 3 post-MI after receiving NF_empty or NF_F + C (Fig-

ure 1C). Among the 155 metabolites reliably detected, 93 showed significant changes (p < 0.05) in at least

one of the group comparisons (sham vs. MI and NF_empty, sham vs. MI and NF_F + C, and MI and

NF_empty vs. MI and NF_F + C) as shown in the scatter plot. At day 7 post-MI, distinct metabolic profiles

in the hearts of sham vs. MI animals were shown in PCA analysis, whereas the metabolic profiles in the two

groups of MI animals were similar (Figure 1D). Among the 155 metabolites reliably detected, 84 showed

significant changes (p < 0.05) in at least one of the three group comparisons as shown in the scatter

diagram.

We also analyzed the metabolomic data collected using the samples from the remote zone (RZ, upper part

of left ventricle) (Figures 1E and 1F). Heatmap of abundance of metabolites at 3 and 7 days after MI showed

the differentially regulated metabolites [Figures S2A and S2B, Table S2 ‘‘Metabolites at RZ, related to Fig-

ure 1’’]. As shown in PCA analysis, the metabolic profile in the remote zone of post-MI hearts receiving

NF_F + C was similar to the hearts from sham animals. Only 13 metabolites showed significant changes

(p < 0.05) in at least one of the group comparisons (sham vs. MI and NF_empty, sham vs. MI and NF_F +

C, and MI and NF_empty vs. MI and NF_F + C) as shown in scatter diaphragm (Figure 1E). At day 7

post-MI, the metabolic profiles in the remote zone of the three groups of animals were similar and only

one out of the 155 metabolites detected showed significant change in the three group comparisons

(Figure 1F).

FGF1/CHIR99021 enhances glycolysis in ischemic myocardium

Glycolysis is ametabolic pathway that converts glucose in the cytoplasm to pyruvate, which produces aden-

osine triphosphate (ATP) in an anaerobic manner. Metabolite analysis showed that 3 or 7 days of MI

increased metabolite abundance in the glycolytic pathway, including glucose, glucose 6-phosphate, and

glycogenolysis/glycogenesis (glucose 1-phosphate) (also possibly from galactose) (Figure 2A). These

metabolic changes were further amplified by FGF1/CHIR99021 at day 3 instead of day 7 (Figure 2A). The

abundance of metabolites in the mannose metabolism pathway (mannose and mannose 6-phosphate)

was significantly higher in the hearts of post-MI animals receiving NF_F + C compared with sham or

post-MI animals receiving NF_empty (Figure 2A). At day 7, the MI group still had higher mannose

6-phosphate, but not mannose, and FGF1/CHIR99021 had no effect on mannose or mannose

6-phosphate. Mannose can be phosphorylated by hexokinase to produce mannose-6-phosphate, which

is converted to fructose-6-phosphate by phosphomannose-isomerase and then enters the glycolysis

pathway (Pitkanen et al., 2004). Taken together, these data indicate an increased glycolysis flux in the

mouse hearts 3 and 7 days post-MI, and FGF1/CHIR99021 further augmented glycolysis only at day 3

but not at day 7 post-MI.

Glycolysis is regulated by a series of enzymes. To confirm the metabolomic data and further understand

how FGF1/CHIR99021 regulates glycolysis, we performed Western blotting to determine the expression

of rate-limiting enzymes of glycolysis (Figure 2B). Hexokinase (HK) catalyzes the conversion of glucose to

Figure 1. Metabolic characterization of myocardium at 3- and 7-days post-MI

MI and sham-operated mice were treated with intramyocardial injections of NF_empty (without FGF1 and CHIR99021) or NF_F + C (with FGF1 and

CHIR99021). Hearts were collected at day 3 and day 7 post-MI for metabolic study.

(A) Experimental design for animal surgery and NF treatment.

(B) Strategy to collect heart samples from infarction/border zones (IZ/BZ) vs. remote zone (RZ).

(C and D) PCA and scatter diagram of metabolites in IZ/BZ myocardium at 3- and 7-days post-MI.

(E and F) PCA and scatter diagram of metabolites from RZ myocardium at 3- and 7-days post-MI. In panel C and (E) sham (n = 6), MI_NF_empty (n = 5),

MI_NF_F + C (n = 6). In panel D and F, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 8). One-way ANOVAwith Fisher’s least significant difference test.

p<0.05 were considered as significant.
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Figure 2. Impact of FGF1/CHIR99021 on glucose metabolism in ischemic myocardium

Post-MI mice received intramyocardial injections of NF_empty or NF_F + C. Hearts were collected at day 3 and day 7 post-MI.

(A) Abundance of metabolites in the pathways of carbohydrate metabolism in infarction zone/border zone (IZ/BZ) myocardium at day 3 and day 7 post-MI.
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glucose-6-phosphate. There are four isoforms of HKs with HK1 and HK2 being the most abundant ones.

HK1 is widely expressed in almost all mammalian tissue, whereas HK2 is mainly expressed in insulin-sensi-

tive tissues such as heart, skeletal muscle, and adipose tissue (Lowry and Passonneau, 1964; Purich and

Fromm, 1971; Mandarino et al., 1995; Nederlof et al., 2014). Our data showed that HK1 was induced by

MI at day 3 and day 7 post-MI, which was further increased by the treatment of FGF1/CHIR99021 at day

3. HK2 was also increased by MI at day 7 but treatment of FGF1/CHIR99021 had no additional effect

(Figures 2C and 2D). Phosphofructokinase-1 platelet-type (PFKP) is an isoform of PFK which expresses in

various cell types (Kahn et al., 1979; Fernandes et al., 2020; Dunaway, 1983). PFKP catalyzes the conversion

of fructose 6-phosphate to fructose 1, 6-phosphate. Our data showed that PFKP was not affected by MI or

treatment of FGF1/CHIR99021 at day 3; however, it was induced by MI and the treatment of FGF1/

HIR99021 at day 7 (Figures 2C-2D). Pyruvate kinase catalyzes the last step of glycolysis by converting phos-

phoenolpyruvate to pyruvate. There are two isoforms in themuscle (PKM1 and PKM2) (Israelsen and Vander

Heiden, 2015). It was recently reported that MI inhibits expression of PKM1 and induces expression PKM2 in

mouse hearts (Magadum et al., 2020). In consistent these observations, our data showed that expression of

PKM1 was reduced and expression of PKM2 was increased at day 3 and 7 post-MI. Treatment of FGF1/

CHIR99021 further increased the expression of PKM2 in ischemic myocardium at day 3 (Figures 2C-2D).

Taken together, these data indicate an increased glycolysis in ischemic myocardium, and treatment of

FGF1/CHIR99021 enhances the capacity of ischemic myocardium to utilize glycolysis as energy source.

FGF1/CHIR99021 increases pyruvate oxidation in ischemic myocardium

The increased activity of glycolysis is usually associated with increased lactate in tissues (Bergman et al.,

2009). Our data showed that the abundance of lactate was indeed increased byMI. However, it was normal-

ized by the treatment of FGF1/CHIR99021 (Figure 2A). Intracellular lactic acid can be produced from pyru-

vate in the last step of glycolysis which is a reversibly catalyzed by LDH (Liu et al., 2018) or be obtained from

peripheral circulation by monocarboxylic acid cotransporters (Halestrap et al., 1997; McCullagh et al.,

1997). LDHs are homotetramers or heterotetramers assembled from two different subunits (M and H),

which are encoded by two separate genes, LDHA (M) and LDHB (H), respectively (Zdralevic et al., 2017).

LDH1 is composed of four LDHB subunits and catalyzes the conversion from lactate to pyruvate, and

LDH5 is composed of four LDHA subunits and drives the conversion from pyruvate to lactate (Figure 3)

(Fritz, 1965). Expression of LDHA is induced during physiological (e.g., running and swimming) and path-

ological (e.g., pressure overload induced by thoracic aortic constriction) cardiac hypertrophy (York et al.,

1976; Dai et al., 2020). We performed Western blotting experiments to check the expression of LDHA

and LDHB in post-MI mouse hearts. Our data showed that LDHA was decreased and LDHB was increased

in the mice receiving NF_F + C compared with the sham or MI mice receiving NF_empty at day 3 post-MI.

And these changes were normalized at day 7 post-MI (Figures 3B and 3C). These data suggest that treat-

ment of FGF1/CHIR99021may reduce the conversion of pyruvate to lactate, and/or increase the conversion

of lactic acid to pyruvate in the ischemic myocardium at the first 3 days post-MI, thus preventing the

accumulation of lactic acid.

We further assessed the expression of pyruvate dehydrogenase (PDH), one of the three enzymes that

comprise the pyruvate dehydrogenase complex (PDC). PDC catalyzes the conversion of pyruvate and

CoA into acetyl-CoA (Figure 3D). PDH in the MI_NF_empty group was significantly reduced at day 3 and

day 7 post-MI compared with the sham group. However, NF_F + C partially rescued the inhibition of

PDH induced by ischemia (Figures 3E and 3F). These data indicate that treatment of FGF1/CHIR99021

may increase pyruvate oxidation in ischemic myocardium. Because PDH converts pyruvate to acetyl-CoA

which enters into the citric acid cycle (TCA cycle), we expect to find elevated levels of metabolites in the

TCA cycle. However, our data showed a similarly increased abundance of certain intermediates in TCA cy-

cle (citrate, cis-aconitate, isocitrate, oxoglutaric acid[a-ketoglutarate], and oxaloacetic acid) in the animals

receiving NF_empty or NF_F + C at day 3 and day 7 post-MI compared to sham animals (Figure 3G).

Considering that the TCA cycle is the central pathway of the three nutrients (carbohydrates, lipids, and

Figure 2. Continued

(B) Diagram of glycolysis pathway.

(C) Myocardial tissues from sham and post-MI mice (IZ/BZ) were collected for Western blot analysis with antibodies against HK1, HK2, PFKP, PKM1 and

PKM2.

(D) Densitometric signal quantitation of band intensity for HK1, HK2, PFKP, PKM1 and PKM2. Data were normalized to tubulin. In panel A, for day 3, sham (n =

6), MI_NF_empty (n = 5), MI_NF_F + C (n = 6); for day 7, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 8). In panels C and D, n = 3 per group. Data in

panel A, C and D are represented as mean+/�SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s Honestly Significant Difference Test.
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amino acids) in mitochondria, and acetyl-CoA is the hub that links the metabolism of carbohydrates, lipids,

and amino acids, we speculate that other metabolism pathways (such as lipids and amino acids) may also

be altered by myocardial ischemia and treatment of FGF1/CHIR99021.

FGF1/CHIR99021 has No impact on fatty acid oxidation in ischemic myocardium

To investigate whether the increase of intermediates in the TCA cycle in the animals receiving NF_empty or

NF_F + C is because of augmented fatty acid metabolism that produces acetyl-CoA and enters the TCA

cycle, fatty acid oxidation was evaluated. Our data showed that the abundance of palmitic acid, which is

the most common saturated fatty acid, was reduced in the post-MI animals receiving NF_empty compared

with sham animals at day 3 and day 7 post-MI, and this trend was partially normalized in the animals of

NF_F + C group (Figure 4A). Acetylcarnitine is a molecule that transports fatty acids into the mitochondrial

matrix for oxidation. The conversion of carnitine to acylcarnitine by carnitine palmitoyltransferase 1 (CPT1)

is an essential step for fatty acid oxidation. Our data showed that the abundance of carnitine remained

unchanged in sham and the two treatment groups of animals at day 3 and day 7 post-MI; however, acetyl-

carnitine was significantly reduced in the post-MI animals receiving NF_empty or NF_F + C compared with

sham animals at day 3, and this trend was normalized at day 7 where no difference was found between post-

MI and sham animals (Figure 4B). Acetyl-coenzyme A carboxylase (ACC) is a key enzyme in the biosynthesis

of fatty acids that catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, which subsequently inhibits

the activity of CPT1, thus preventing fatty acids oxidation in mitochondria (Figure 4C). Phosphorylation

by AMP-activated protein kinase at Ser79 inhibits the enzymatic activity of ACC. We performed Western

blotting to examine the expression and phosphorylation of ACC. Our data showed that myocardial

ischemia similarly inhibited the phosphorylation of ACC in the animals receiving NF_empty or NF_F + C

compared to sham animals at day 3 and day 7 post-MI (Figures 4D and 4E). Taken together, these data

suggest that the treatment of FGF1/CHIR990021 has no significant impact on ischemia-induced inhibition

of fatty acid oxidation.

FGF1/CHIR99021 reduces BCAA accumulation in ischemic myocardium

Besides glucose and fatty acids, amino acids contribute to metabolism in ischemic myocardium (Drake

et al., 2012; Lopaschuk et al., 2021). Analysis of metabolites in amino acid metabolism showed that

3 days of MI resulted in increased abundance of 15 different amino acids including ketogenic (leucine,

lysine), glucogenic amino acids (alanine, aspartate, glutamic acid, proline, asparagine, glutamine, serine,

and valine), and both ketogenic and glucogenic amino acids (isoleucine, phenylalanine, threonine, and

tyrosine) except for methionine, arginine, and tryptophan (Figure 5A). These are also proteinogenic amino

acids. It was reported that MI stimulates proteolysis and autophagy, thereby increasing the abundance of

intracellular amino acids (Roczkowsky et al., 2020; Chan et al., 2019; Takagi et al., 2007; Matsui et al., 2007,

2008). However, hypertrophic growth of the myocardium in post-MI hearts is typically associated with high-

ly active protein synthesis which exceeds protein degradation (Catalucci et al., 2008). Aromatic amino acids

(phenylalanine, tryptophan, and tyrosine) are not metabolized in the heart. Therefore, these amino acids

were used asmarkers for protein turnover (Drake et al., 2012). The abundance of phenylalanine and tyrosine

increased at day 3 and day 7 post-MI, whereas the abundance of tryptophan remained unchanged at day 3

and increased at day 7 (Figure 5A). Because the ischemic heart is associated with impaired energy supply,

the increased abundance of phenylalanine and tyrosine likely implicates elevated protein degradation.

It was reported that accumulation of BCAAs (leucine, isoleucine, and valine) contributes to ischemia-

induced myocardial injury (Li et al., 2017, 2020; Uddin et al., 2019). Our data revealed the increased

Figure 3. Impact of FGF1/CHIR99021 on pyruvate oxidation and the TCA cycle in ischemic myocardium

Post-MI mice received intramyocardial injections of NF_empty or NF_F + C. Hearts were collected at day 3 and day 7 post-MI.

(A) Diagram of lactate metabolism.

(B) Heart tissues from infarct zone/border zone (IZ/BZ) of sham and post-MI mice were collected for Western blot analysis with antibodies against LDHA and

LDHB.

(C) Densitometric signal quantitation of band intensity for LDHA and LDHB. Data were normalized to tubulin. (D) Diagram of the conversion from pyruvate to

acetyl-CoA.

(E) Heart tissues from IZ/BZ of sham and post-MI mice were collected for Western blot analysis with antibodies against PDH.

(F) Densitometric signal quantitation of band intensity for PDH. Data were normalized to tubulin.

(G) Abundance of metabolites in TCA cycle 3- and 7-days post-MI. n = 3 per group for panel B, C, E and F. In panel G, on day 3, sham (n = 6), MI_NF_empty

(n = 5), MI_NF_F + C (n = 6); on day 7, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 8). Data in panel C, F and G are represented as mean+/�SD.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. one-way ANOVA with Tukey’s Honestly Significant Difference Test.
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Figure 4. Impact of FGF1/CHIR99021 on fatty acid metabolism in ischemic myocardium

Post-MI mice received intramyocardial injections of NF_empty or NF_F + C. Hearts were collected at 3- and 7-days post-MI.

(A and B) Abundance of palmitic acid (A), carnitine, and acetylcarnitine (B) in infarct zone/border zone (IZ/BZ) myocardium at day 3 and day 7 post-MI.

(C) Diagram of fatty acid oxidation in mitochondria.

(D) Heart tissues from IZ/BZ of sham and post-MI mice were collected for Western blot analysis with antibodies against ACC and p-ACC.

(E) Densitometric signal quantitation of band intensity of p-ACC and total ACC and data were presented as the ratio of p-ACC to ACC. In panel A and B, for

day 3, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 6); for day 7, Sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 8). In panel D and E, n = 3 per

group. Data in panel A, B and E are represented as mean+/�SD.*p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s Honestly Significant Difference Test.
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abundance of BCAAs at day 3 post-MI, which was reduced by the treatment of FGF1/CHIR99021 (Fig-

ure 5A). At day 7 post-MI, though the treatment of FGF1/HIR99021 also showed the tendency to reduce

BCAAs, the effects failed to reach a statistically significant level. BCAAs can be catalyzed by branched-

chain amino acid aminotransferase (BCAT) isozymes (BCATm and BCATc), which forms Branched-chain

a-keto acids (BCKAs) including a-ketoisocaproate (ketoleucine, KIC), a-keto-b-methylvalerate (ketoisoleu-

cine, KMV), and a-ketoisovalerate (ketovaline, KIV) (Rietman et al., 2016; Islam et al., 2010; Cole et al., 2012).

BCKAs are subsequently catalyzed by branched-chain alpha-keto acid dehydrogenase (BCKDH) com-

plexes for oxidative decarboxylation and the synthesis of acetyl-CoA which enters the TCA cycle (Fig-

ure 5B). Branched-chain a-keto acid decarboxylase E1 subunit (BCKDH-E1) is one of three enzymatic com-

ponents in the BCKDH complex (Li et al., 2017). To understand the molecular mechanisms of how FGF1/

CHIR99021 inhibits BCAA accumulation, we performed Western blotting to determine the expression of

the BCKDH complex. Our data showed that ischemia inhibited the expression of BCKDH-E1a, and the

treatment of FGF1/CHIR99021 partially reverted this inhibition (Figures 5C and 5D). Taken together, these

data suggest that FGF1/CHIR99021 inhibits ischemia-induced BCAA accumulation.

Metabolic profile in remote zone myocardium 3 and 7 Days Post-MI

Comparisons of the abundance of metabolites of remote zone myocardium of the three groups of animals

at day 3 post-MI identified only one metabolite in carbohydrate metabolism (glycerate 3-phosphate) (Fig-

ure 6A) and two metabolites in lipid metabolism (myristic acid, hexanoic acid) (Figure 6B) with significant

changes. The abundances of myristic acid and hexanoic acid were increased in remote zone myocardium

of animals receiving NF_F + C compared with sham animals or animals receiving NF_empty (Figure 6B).

Comparisons of the abundance of metabolites of remote zone myocardium of the three groups of animals

also identified that 7 metabolites in the amino acid metabolic pathways (2-aminoadipic acid,

2-aminobutyric acid, methylguanidine, adenosyl-L-homocysteine, ketoleucine, pipecolinic acid, and creat-

inine) showed significantly changed abundance at day 3 (Figure 6C). NF_F + C treatment reduced the

content of methylguanidine and creatinine, and increased the content of adenosyl-L-homocysteine, keto-

leucine, and pipecolinic acid compared with NF_empty group. 2-aminoadipic acid and pipecolinic acid are

the intermediate products in lysine metabolism (Lee et al., 2019; Chang, 1982). 2-aminobutyric acid and

adenosyl-L-homocysteine are byproducts in the cysteine biosynthesis pathway. Methylguanidine and

creatinine are the intermediates of creatine degradation. The abundance of 1-methyladenosine was

increased in the hearts of post-MI mice receiving NF_F + C compared with sham and post-MI animals

receiving NF_empty. The abundance of acetylcholine, a neurotransmitter, was reduced in both groups

of MI mice compared with shammice (Figure 6D). Comparisons of the abundance of metabolites of remote

zone myocardium of the three groups of animals at 7 days post-MI identified only one metabolite (glutamic

acid) with significant changes (Figure 6E). Taken together, these data suggest that there is no significant

difference in the remote zone myocardium of post-MI animals as compared to sham animals.

DISCUSSION

Prolonged myocardial ischemia, such as MI, induces massive cardiomyocyte cell death (Thygesen et al.,

2018). Cardiomyocyte death first appears in the subendocardial myocardium. Prolonged myocardial

ischemia activates a ‘‘wavefront’’ of cardiomyocyte death that extends from the subendocardium to the

subepicardium. This process continues for several days (Reimer et al., 1983). We recently reported that in-

tramyocardial injection of NF_F + C protects against ischemia-induced cardiomyocyte death and improves

heart function in post-MI mice and pigs (Fan et al., 2020a). Mechanisms underlying these cardioprotective

effects have not been fully understood. Correction of metabolic disorder has been shown to confer

cardioprotection against ischemia and reperfusion injuries (Jaswal et al., 2011). Therefore, we aimed to

investigate whether improved myocardial metabolism contributes to FGF1 and CHIR99021-mediated

Figure 5. Impact of FGF1/CHIR99021 on amino acids metabolism in ischemic myocardium

(A) Heart tissues from infarct zone/border zone (IZ/BZ) of sham and post-MI mice were collected for LC-MS/MS analysis. The heatmap of the abundance of

amino acids in LC-MS/MS analysis was shown. For day 3, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 6); for day 7, sham (n = 6), MI_NF_empty (n = 5),

MI_NF_F + C (n = 8). Data are represented as mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with sham group, #p < 0.05, ##p < 0.01,

###p < 0.001, ####p < 0.0001 compared with MI_NF_empty group, one-way ANOVA with Tukey’s Honestly Significant Difference Test.

(B) Diagram of branched amino acid metabolism.

(C) Western blot analysis with antibodies against BCKDH-E1a.

(D) Densitometric signal quantitation of band intensity for BCKDH-E1a. Data were normalized to tubulin, n = 3 per group for panel C and D, data in panel D

are represented as mean+/�SD. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s Honestly Significant Difference Test.
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cardioprotection in post-MI animals. Our data indicated that treatment of FGF1 and CHIR99021 improves

the capability of ischemic myocardium to generate energy via glycolysis and prevents BCAAs accumulation

at the early stage post-MI (i.e., within the first 7 days).

The mammalian hearts require a high rate of ATP production continuously to maintain contractile function,

basal metabolic processes, and ion homeostasis. In physiological conditions, most of ATP in the heart is

produced from oxidation of fatty acids (>70%), and the rest of ATP is produced from the metabolism of

glucose, lactic acid, and ketone bodies (Lopaschuk et al., 2010). Free fatty acids enter cardiomyocytes

by passive diffusion or protein carrier-mediated pathways including fatty acid translocase (FAT)/CD36 (Gi-

meno et al., 2003). Myocardial ischemia is associated with insufficient oxygen supply which significantly

limits cardiomyocytes’ capacity to break down fatty acids. In response to ischemia, FAT/CD36 shifts

away from the sarcolemma to prevent intramyocardial lipid accumulation, and this shift results in reducing

fatty acid oxidation (Heather et al., 2013). Pharmacological activation of peroxisome proliferator-activated

receptor-a (PPAR-a) increases fatty acid uptake, causes myocardial lipotoxicity, and exacerbates cardiac

dysfunction in ischemic myocardium (Dewald et al., 2005). Cardiomyocyte-specific PPAR-a overexpression

leads to cardiomyocyte death with deteriorated cardiac function after ischemia and reperfusion (Duerr

et al., 2014). On the other hand, reducing fatty acid b-oxidation by inhibiting malonyl coenzyme A

Figure 6. Metabolites profile in remote zone (RZ) myocardium of post-MI mice

Heart tissues from the RZ (upper part of left ventricle) myocardium were collected for LC-MS/MS analysis.

(A–D) Metabolite profile in remote zone myocardium at day 3 post-MI was shown, including metabolites in carbohydrate metabolic (glycerate 3-phosphate)

(A), in the lipid metabolism (B), and in amino acid metabolism (2-aminoadipic acid, 2-aminobutyric acid, methylguanidine, adenosyl-L-homocysteine, ke-

toleucine, pipecolinic acid, and creatinine) (C). The abundance of 1-methyladenosine and acetylcholine (D).

(E) Metabolite prolife in remote zone myocardium at day 7 post-MI. In panel A-D, sham (n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 6). In panel E, sham

(n = 6), MI_NF_empty (n = 5), MI_NF_F + C (n = 8). Data in panel A-D are represented as mean +/� SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,

one-way ANOVA with Tukey’s Honestly Significant Difference Test.
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decarboxylase protects the heart from ischemia injury via stimulating glucose oxidation and reducing lactic

acid production, suggesting that reducing fatty acid oxidation and/or increasing glycolysis are cardiopro-

tective in ischemic myocardium (Dyck et al., 2004). In the current study, the abundance of palmitic acid and/

or acetylcarnitine is reduced in the ischemic hearts regardless of the treatment of FGF1 and CHIR99021

(Figures 4A and 4B), which is accompanied by decreased phosphorylation of ACC (Figures 4D and 4E) at

day 3 and day 7 post-MI. These data suggested FGF1 and CHIR99021 have no impact on ischemia-induced

inhibition of fatty acid oxidation in post-MI hearts.

Reduced fatty acid oxidation in ischemic myocardium decreases cellular citrate, which stimulates glucose

uptake through glucose transporters GLUT1 and GLUT4 (Tran and Wang, 2019). Fatty acid and

glucose transporters translocate between the sarcolemma and intracellular compartments to regulate

substrate metabolism. Myocardial ischemia induces the increased sarcolemma content of GLUT4 by

90%, which is associated with an 86% increase in glycolytic rate (Heather et al., 2013). GLUT4 knockout

mice showed decreased myocardial glucose utilization, severe systolic and diastolic dysfunction, and

accelerated ATP depletion during ischemia (Tian and Abel, 2001). In the current study, the abundance of

glucose and mannose is increased in post-MI animals receiving NF_empty compared with sham animals,

and NF_F + C further increases the abundance of these metabolites (Figure 2A). Expression of rate-limiting

enzymes in the glycolysis pathway were induced by ischemia and the treatment of FGF1 and CHIR99021,

suggesting that the increased abundance of these metabolites is likely because of an increased utilization

of glucose (Figures 2C and 2D). However, we do not know if ischemia and these pharmacological treat-

ments also increase the uptake of glucose and mannose from the environment. Although glycolysis

produces ATP in ischemic myocardium, increased glycolysis can cause the accumulation of potentially

harmful catabolic products such as lactic acid and protons, leading to acidosis and intracellular Na+ and

Ca2+ overload (Jaswal et al., 2011). In the current study, we found that treatment of FGF1/CHIR99021 in-

creases glycolysis but prevents lactic acid accumulation at day 3 post-MI (Figure 2A). Treatment of

FGF1/CHIR99021 also inhibits the expression of LDHA and promotes the expression of LDHB

(Figures 3B and 3C), which leads to increased conversion of lactic acid to pyruvate and thus prevents

accumulation of lactic acid during increased glycolysis in ischemic myocardium. FGF1/CHIR99021 also in-

creases the expression of PDH, which may promote pyruvate to enter into the mitochondrial matrix to form

acetyl-CoA after oxidative decarboxylation.

Amino acid metabolism accounts for only a small proportion of cardiac ATP production in normal hearts.

However, in the condition of myocardial ischemia, proteolysis, and autophagy are induced which leads to

the increased intracellular amino acid abundance (Roczkowsky et al., 2020; Chan et al., 2019; Takagi et al.,

2007; Matsui et al., 2007, 2008). The increased amino acids can be an important fuel source during pro-

longed ischemia (Drake et al., 2012). In the current study, the abundance of most amino acids is increased

in animals receiving either NF_empty or NF_F + C at day 3 and day 7 post-MI (Figure 5A), suggesting an

active amino acid metabolism during post-MI left ventricular remodeling. Ischemia also interrupts the cata-

bolic metabolism of BCAAs, leading to the increased abundance of BCAAs (Li et al., 2017, 2020). Chronic

accumulation of BCAAs suppresses glucose metabolism and sensitizes the heart to ischemic injury (Li et al.,

2017). Elevated BCAAs directly suppress respiration and induce superoxide production in isolated mito-

chondria (Sun et al., 2016). Further studies discovered that the BCAAs in cardiomyocytes selectively disrupt

mitochondrial pyruvate utilization through inhibition of PDH activity. Instead of downregulating PDH

expression or increasing E1a phosphorylation, BCAAs directly inhibit PDH activity through protein

O-linked-N-acetylglucosamine (O-GlcNAc) modification (Li et al., 2017). Cardiac-specific deletion of

BCAA aminotransferase (BCATm�/�), which is responsible for converting BCAAs to branched-chain keto

acids (BCKAs), leads to a reduction in cardiac BCKAs, increased BCAAs, and impaired BCAA oxidation.

In addition, the hearts from BCATm�/�mice show a higher increase in glucose oxidation induced by insulin

stimulation compared with WT mice. Perfusing isolated working hearts with high levels of BCKAs

completely eliminates the increased rate of glucose oxidation induced by insulin stimulation and inactivat-

ing PDH, suggesting that BCKAs but not BCAAs inhibit glucose oxidation (Uddin et al., 2021). On the con-

trary, increased intracellular glucose leads to BCAA accumulation by downregulating KLF15 and inhibiting

the expression of BCAA-degrading enzymes (Shao et al., 2018). Reducing the level of myocardial BCAAs

has been shown to improve cardiac function and left ventricular remodeling post-MI (Wang et al., 2016).

Promoting BCAA catabolism or normalizing glucose utilization by overexpressing GLUT1 in the hearts

with impaired BCAA catabolism rescues metabolic and functional disorders (Li et al., 2017). These studies

suggested that there is a negative feedback regulation between glucose oxidation and branched-chain
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amino acid degradation, which inhibits each other. In the current study, ischemia increases abundances of

BCAAs compared with sham groups, whereas FGF1/HIR99021 prevents the accumulation of BCAAs via

promoting the expression of BCKDH-E1a (Figure 5C).

In conclusion, our data support the notion that FGF1/CHIR99021 confers cardioprotection in post-MI mice

via improving glycolysis and preventing the accumulation of BCAAs in ischemic myocardium.

Limitations of the study

First, we aimed to examine the alterations in major metabolic pathways. Therefore, we used the targeted

LC-MS/MSmethod that was developed and used in a growing number of biological studies (Qi et al., 2020;

Shao et al., 2018; Davis et al., 2018; Li et al., 2017), mainly because of the fact that the metabolites in the

detection panel can be easily mapped into and connected to metabolic pathways. We targeted �300 me-

tabolites selected from >35 metabolic pathways of biological significance, including glycolysis, TCA cycle,

purine metabolism, and amino acid metabolism. However, with current metabolomic techniques in an un-

targeted approach, upward of �5000 features can be scanned, which could give a comprehensive metab-

olomic profile. To examine broad metabolic changes, we will use untargeted metabolomics in future

studies. Second, the metabolomic studies were performed at the whole heart instead of single-cell level.

The metabolism of nonmyocytes may potentially confound the results, which will be evaluated in future

studies. Third, we did not determine the potential impact of FGF1 and CHIR99021 on the uptake of fatty

acids and glucose in the ischemic myocardium. We cannot exclude the potential contribution of increased

glucose uptake to the cardioprotection of FGF1 and CHIR99021.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Wuqiang Zhu (zhu.wuqiang@mayo.edu).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

LDHA Thermo Fisher Scientific PA5-27406, RRID: AB_2544882

LDHB Thermo Fisher Scientific 14824-1-AP, RRID: AB_2917990

Pyruvate Dehydrogenase Cell signaling technology 3205T, RRID: AB_2162926

Hexokinase I (C35C4) Cell signaling technology 2024T, RRID: AB_2116996

Hexokinase II (C64G5) Cell signaling technology 2867T, RRID: AB_2232946

PKM1 (D30G6) Cell signaling technology 7067T, RRID: AB_2715534

PKM2 (D78A4) Cell signaling technology 4053T, RRID: AB_1904096

PFKP (D4B2) Cell signaling technology 8164T, RRID: AB_2713957

Acetyl-CoA Carboxylase (C83B10) Cell signaling technology 3676T, RRID: AB_2219397

Phospho-Acetyl-CoA Carboxylase (Ser79) Cell signaling technology 3661T, RRID: AB_330337

BCKDH-E1a (E4T3D) Cell signaling technology 90198S, RRID: AB_2800155

a/b-Tubulin Cell signaling technology 2148T, RRID: AB_2288042

Anti-rabbit IgG, HRP-linked Antibody Cell signaling technology 7074P2, RRID: AB_2099233

IRDye� 800CW Donkey anti-Rabbit

IgG Secondary Antibody

Licor AB_2715510, RRID: AB_621848

Chemicals, peptides, and recombinant proteins

FGF1 R&D 232-FA

CHIR99021 Tocris 4423

Critical commercial assays

Human FGF-acidic Quantikine ELISA kit R&D DFA00B

BCA kit Thermo Fisher Scientific 89900

SuperSignal� West Pico PLUS

Chemiluminescent Substrate

Thermofisher 34577

Deposited data

LC-MS/MS data Data Archiving and Networked

Services (DANS)

https://doi.org/10.17632/v7kpn27c4t.1

Experimental models: Organisms/strains

C57/B6 mice Jackson Laboratory 000664

Software and algorithms

Prism v9 GraphPad N/A

Odyssey CLx Infrared Imaging System LI-COR Biosciences N/A

Image Studio Lite Quantification Software Bio-Rad N/A
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Data and code availability

Data reported in this paper will be shared by the lead contact upon request. LC-MS/MS data have been

deposited at ‘‘Cardiacmetabolism in mice treated with FGF1- and CHIR99021-loaded nanofibers’’, Mende-

ley Data, V1, https://doi.org/10.17632/5hxw582v9r.1 (https://data.mendeley.com/datasets/5hxw582v9r/1)

and are publicly available. This paper does not report original code. Any additional information required

to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal

All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the

Mayo Clinic. All animal surgical procedures and euthanasia were performed based on approved IACUC

protocol and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory

Animals. C57/B6 mice were purchased from Jackson Laboratory. All mice were housed in a temperature-

and humidity-controlled room and maintained on a 12:12 light:dark cycle, with standard chow and water

ad libitum. For MI surgery, half male and half female, 4–6 weeks, body weight 20–26 g, were randomly as-

signed to experimental groups. Adult male and female mice were placed in same cage for mating. The

neonatal mice (3–5 days after birth) were used for isolating cardiomyocytes.

METHOD DETAILS

Nanofiber preparation and characterization

CHIR99021 nanofibers was prepared using an electrospinning setup similar to what we had reported before

(Jiang et al., 2015, 2018). In brief, 1 g poly lactic-co-glycolic acid (PLGA) (50:50) was dissolved in dichloro-

methane (DCM) at a concentration of 10% (w/v). CHIR99021 (16 mg) was dissolved in 1 mL dimethyl sulf-

oxide (DMSO) and was then added into the PLGA solution. The mixed solution was pumped at a flow

rate of 1 mL/h while a potential of 10.0 kV was applied between the spinneret (a 22-gauge needle) and a

grounded collector located 12 cm apart from the spinneret. A rotating drum was used to collect mem-

branes composed of random fibers with a rotating speed less than 100 rpm.

The co-axial electrospinning setup was used to encapsulate FGF1 in the core of FGF1-PLGA core�shell

nanofibers following the protocol we previously reported (Xie et al., 2012). In brief, 1 g PLGA (50:50) was

dissolved in DCM at a concentration of 10% (w/v) to form the polymer phase. To prepare FGF1-PLGA

core�shell fibers, 2 mg of FGF1 was dissolved in 1 mL ddH2O to form the aqueous phase. The polymer

phase was pumped at a flow rate of 1.0 mL/h to the shell, and the aqueous phase was pumped at a flow

rate of 0.1 mL/h to the core, while a potential of 10 kV was applied between the spinneret (a 22-gauge nee-

dle) and a grounded collector located 12 cm apart from the spinneret. A rotating drum was used to collect

membranes composed of random fibers with a rotating speed less than 100 rpm. The obtained fiber sam-

ples were processed into short fibers using a 6775 freezer/mill cryogenic grinder. All of the nanofibers were

sterilized by ethylene oxide gas prior to in vitro cell culture and in vivo animal study.

FGF1 and CHIR99021 release kinetics were characterized as we described before (Fan et al., 2020a).

CHIR99021 release studies were performed by sampling the supernatant of PLGA-CHIR99021 short nano-

fiber suspensions up to 7 days and were analyzed by high-performance liquid chromatography (HPLC).

Briefly, the drug release solution was prepared using PBS and 1% bovine serum albumin. The PLGA--

CHIR99021 short nanofibers were suspended at a concentration of 1 mg/mL of drug release solution

and incubated at 37�C with constant stirring. At different time points, suspensions were centrifuged and

1 mL supernatant was collected and replaced with the fresh PBS solution. Samples flowed through the col-

umn at 1.0 mL/min and with a mobile phase consisting of acetonitrile and 0.1% trifluoroacetic acid solution

(V/V). Samples were analyzed at 281 nm using a UV detector. Meanwhile, Slide-A-Lyzer MINI Dialysis

Devices, 20KMWCO (Thermo Fisher Scientific) were used to determine the release kinetics of FGF1-loaded

PLGA short nanofibers. FGF1-loaded PLGA short nanofibers were suspended the in buffer (PBS with 0.1%

BSA and 0.02% sodium azide) in 0.5 mL dialysis device. The device was placed into the conical tube con-

taining 14 mL the buffer. The medium was incubated at 37�C under constant shaking. At each defined

time points 150 ul medium was collected as sample and replaced. FGF1 concentrations were calculated

with the Human FGF-acidic Quantikine ELISA kit (R&D Systems) according to manufacturer recommenda-

tions. The FGF1 and CHIR99021 release profiles were shown in Figure S3.
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Animal surgery

The MI and sham operation were performed on mice using the protocols we described before (Fan et al.,

2020a, 2020b). In brief, animals were anesthetized with 2–4% inhaled isoflurane throughout the surgical

procedure. Animals were intubated. Thoracotomy was performed and infarction was surgically induced

via permanent ligation of left anterior descending coronary artery. PLGA nanofiber segments formulated

with FGF1 (200 ng per heart) and CHIR99021 (2400 ng per heart), designated as NF_F + C, were intramyo-

cardially injected to three sites in the infarct area immediately after coronary artery ligation (Figure 1A). The

patch containing empty PLGA nanofiber segments (without FGF1 and CHIR99021), designated as

NF_empty, was used as the control. Buprenorphine SR Lab subcutaneous injection (0.4-1 mg/kg) was

performed immediately after surgery and then every 72 h as needed. Animals were euthanized via inhaled

carbon dioxide and secondary method to confirm euthanasia via cervical dislocation. The first cohort were

euthanized at day 3 and the second cohort at day 7 post surgery. The animal hearts were harvested, the

ventricles were isolated and cut at the coronal plane at 0.5 mm above the suture line (Figure 1B). The upper

part represents non-infarction zone or remote zone, and the lower part represents infarction and border

zones. Animal number for day 3 sham group (n = 6; 3 male and 3 female), MI_NF_empty group (n = 5; 3

male and 2 female), MI_NF_F + C group (n = 6; 3 male and 3 female). Animal number for day 7, sham group

(n = 6; 3 male and 3 female), MI_NF_empty group (n = 5; 3 male and 2 female), MI_NF_F + C group (n = 8; 4

male and 4 female).

Metabolic analysis of heart tissue using liquid chromatography-tandem mass spectrometry

(LC-MS/MS)

We implemented a pathway-specific LC-MS/MS method that can cover more than 300 metabolites from

>35 metabolic pathways (Eghlimi et al., 2020; Shi et al., 2019; Jasbi et al., 2021). In brief, a small block of

tissue (�20 mg) from each heart was utilized. The heart tissues were homogenized in 200 mL MeOH:PBS

(4:1, v:v). The MeOH:PBS solution (800 mL) were then added to the lysate. The cell lysates were vortexed

for 10 s and then stored at �20�C for 30 min. Samples were sonicated in an ice bath for 30 min and were

spun down with a refrigerated centrifuge (4�C) for 10 min with a speed of 21,694 xg. A total of 800 mL su-

pernatant was transferred to a new Eppendorf tube and vacuum dried. The pellets were then reconstituted

with 150 mL solution containing 40% PBS and 60% acetonitrile before mass spectrometry (MS) analysis. A

quality control (QC) sample was prepared by pooling all the study samples. Each sample was injected twice

into the targeted LC-MS/MS system. One injection of 10 mL was for analysis with negative ionization mode.

The other injection of 4 mL was used for analysis with positive ionization mode. Both chromatographic sep-

arations were performed in hydrophilic interaction chromatography mode on a Waters XBridge BEH

Amide column (150 3 2.1 mm, 2.5 mm particle size). The flow rate was set as 0.3 mL/min. The auto-sampler

temperature was set at 4�C. The column compartment was kept at 4�C. Themobile phase was composed of

Solvents A (10 mM ammonium acetate, 10 mM ammonium hydroxide in a mixed solution containing 95%

H2O and 5% acetonitrile) and Solvents B (10 mM ammonium acetate, 10 mM ammonium hydroxide in a

mixed solution containing 5% H2O and 95% acetonitrile). After the initial isocratic elution for 1 min, the per-

centage of Solvent B was reduced to 40% (t = 11 min), and it was maintained at 40% for 4 min (t = 15 min).

The mass spectrometer is equipped with an electrospray ionization source. Targeted data acquisition was

performed in multiple-reaction-monitoring (MRM) mode. The extracted MRM peaks were integrated using

Agilent MassHunter Quantitative Data Analysis.

Western Blot

A small piece (�100 mg) of left ventricular tissue from each mouse was isolated. Whole cell lysate was

generated using the protocol we reported before (Zhu et al., 2018). Protein concentration was measured

with a BCA kit (Thermo Fisher Scientific, cat# 89900). Samples were solubilized in sodium dodecyl sulfate

(SDS)-polyacrylamide gel electrophoresis (PAGE) loading buffer for 5 min at 95�C and resolved on SDS–

PAGE gels. After the electro-transferred from the gel to nitrocellulose membrane (Amersham), the primary

antibodies were incubated at 4� for one night, and the secondary antibodies were incubated at RT for 1 h.

Signal was visualized by Odyssey CLx Infrared Imaging System (LI-COR Biosciences) or Bio-rad ChemiDoc

XRS + Chemiluminescence Imaging System. Western signal was digitized and quantitated using Image

Studio Lite Quantification Software or ImageJ.
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QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses

The data obtained from LC-MS/MS assay were log10 transformed, mean-centered, and divided by the

square root of standard deviation (SD) for each metabolite (Pareto-scaled) to approximate normal distribu-

tion. Data from all PCA and Variance Analysis (Figures 1C, 1D, 1E, and 1F) were processed for univariate

statistical testing using one-way ANOVA with Fisher’s Least Significance Difference Test in the Metaboa-

nalyst 5.0 package to compare the relative concentrations of metabolites between cohorts. Data from

all metabolites, as well as western blot experiments (Figure 2A, 2D, 3C, 3F, 3G, 4A, 4B, 4E 5D, and 6A–

6E) were presented as Mean G SD. Figure 5A was presented as heatmap with Mean. Statistics were

analyzed using Graphpad Prism 9.0. Differences among three groups were evaluated by one-way

ANOVA with Tukey’s Honestly Significant Difference Test. p < 0.05 was considered statistically significant.
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