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Supplemental Material 

The authors declare that the study data are available upon reasonable request. 

Rodent experiments 

Animal models 

All experiments were performed in accordance with relevant legislation with personal, 
project and institutional licenses granted under the UK Animals (Scientific Procedures) 
Act 1986 for rodent experiments and under a protocol approved by the institutional 
animal care and use committee at the University of Toronto for pig experiments. 

Rodent MI models 

Female Wistar rats aged 7-10 weeks weighing 200-250 g were supplied by Envigo UK 
Standard chow and bedding was provided. Female rats were selected on account of 
reported better survival following infarct surgery. Anaesthesia was induced using 
inhaled 4% isoflurane in medical oxygen in all rats, reduced to 2% isoflurane in medical 
oxygen for maintenance of anaesthesia. The trachea was intubated and the lungs 
ventilated, and a left thoracotomy performed. In pilot experiments, a polyethylene tube 
was sutured across the left anterior descending coronary artery for 40 minutes and 
removed. In subsequent experiments using the cryoinjury method, the heart was 
exteriorised and a 9mm aluminium cryoprobe cooled to the temperature of liquid 
nitrogen applied to the antero-apical myocardium for 15 seconds. The chest was 
closed in layers and analgesia provided with meloxicam and buprenorphine. 

Rodent hyperpolarized MRI 

Anaesthesia was induced and maintained using inhaled isoflurane at the same doses 
as was used for infarction surgery (4% isoflurane in medical oxygen for induction and 
2% for maintenance). All experiments were conducted with rats in the fed state 
between 0600 and 1300 using a homeothermic imaging cradle. Approximately 40 mg 
[1-13C]pyruvic acid, doped with 15 mM OX063 trityl radical and trace Dotarem 
gadolinium chelate, was hyperpolarized and dissoluted in a prototype hyperpolarizer 
as described previously1. 2 mL of the resulting 80 mM pyruvate solution with liquid 
state polarization of 30 – 40 % was injected manually over 20 s via a preplaced tail 
vein catheter.   

Hyperpolarized magnetic resonance imaging was performed using a Varian 7 T DDR 
system, with an actively detuned transmit/surface receive setup consisting of a 72 mm 
dual-tuned 1H/13C proton/carbon birdcage volume coil with a 40 mm two-channel 13C 
surface receive array with an integrated preamp (Rapid Biomedical GMBH, Rimpar, 
Germany).  

Multicoil images were recombined according to the method of McKenzie2 with coil 
sensitivity maps inferred from the acquired data, prior to reconstruction as described 
previously3. Magnitude images were temporally integrated with respect to time, and 
an estimate of the corresponding baseline noise subtracted (without Rician noise 
correction owing to fact that integrated images had a minimal imaginary component 
and SNR >>2 4). Segmentation regions-of-interest (ROIs) were then manually drawn 
around the infarct region, as identified via corresponding FLASH CINE MR, and the 
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spatially averaged lactate signal corrected for by mask size, flip angle, and whole heart 
pyruvate.  

ECG gated cardiac cine images were acquired to include long axis cines and a 
contiguous series of short axis cines covering the left ventricle from base to apex. 
Prospectively gated proton cardiac images were obtained with a volume transmit / 
four-channel surface receive array together with a rodent FLASH Cine sequence with 
no acceleration and a simple sum-of-squares multi-coil reconstruction as previously 
documented (TR 4.6 ms, TE 1.66 ms, 128x128 matrix, 51.2 x 51.2 mm FOV; 1.6 mm 
slice thickness; nominal in-plane resolution 400 µm; 4 averages; 28 cardiac frames; 
scan time ~10 minutes per animal). Volumetric analysis was performed using cmr42 
software (Circle Cardiovascular Imaging, Calgary, Canada) by an experienced analyst 
blinded to experimental group.  
 
Flow cytometry 

Following perfusion with 50 ml cold Hanks’ balanced salt solution (HBSS) to remove 
circulating immune cells, hearts were isolated and the infarcted region was excised 
from the heart, including the border zone. The infarct segments were triturated using 
surgical scissors. Fine tissue fragments underwent digestion to single cell suspension 
in a collagenase II solution (500 units/ml in Hanks’ balanced salt solution) for 30 
minutes at 37 ºC with intermittent agitation. 1 x 106 cells were incubated with 1 µl 
mouse anti-rat CD32 to minimise non-specific binding of Fc expressing cells. Cells 
were stained with 1 µl Zombie Violet™ Live/Dead for 20 minutes at 4 ºC, prior to further 
staining with the antibody cocktail. F 

Flow cytometric experiments were performed at the flow cytometry core facility at the 
Sir William Dunn School of Pathology, University of Oxford. For cytometric 
experiments, cell suspensions were analysed using either a Beckman Coulter CyAn™ 
flow cytometer or a MoFlo® Astrios™ cell sorter. Compensation was adjusted 
manually using single colour controls or in accordance with the principle of 
fluorescence minus one (FMO) where necessary. Gating strategies (which for rat 
experiments were adapted from a strategy devised by Barnett-Vanes et al5) are 
presented in online Fig I.  

Porcine experiments 

Myocardial infarction 

All animal experiments were carried out under a protocol approved by the institutional 
animal care and use committee at the University of Toronto. Female Yorkshire pigs (n 
= 7, weight 25–30 kg) were used in this study. Myocardial ischemia was induced for 
60 minutes using a previously described percutaneous left anterior descending artery 
(LAD) occlusion model with 60 minutes of ischaemia6, 7. Imaging experiments were 
performed at baseline prior to LAD occlusion and 7 days following the infarct. 

Porcine hyperpolarized MR imaging 

Hyperpolarized magnetic resonance was performed using a 3 T GE MR750 scanner 
(GE Healthcare, Waukesha, WI) equipped with the multinuclear spectroscopy (MNS) 
hardware package. A 13C transmit volume coil and a dual-tuned 1H/13C receive-only 
surface coil (Rapid MR International, Columbus, Ohio) were used for the animal 
experiments as previously described8. The positioning over the heart was confirmed 
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by 3-plane 1H scout images acquired using the 1H-tuned surface coil, that provided 
visualization of the fiduciary markers placed on the coil. For anatomical landmarking, 
cardiac-gated breath-held SSFP CINE images were acquired in the short axis view 
(pulse repetition times (TR) = 4.2 ms, echo time = 1.8 ms, field of view-24 cm, slice 
thickness 5-mm, spacing 5-mm, matrix size = 224 × 224). 

Infarct assessment was performed using a T1-weighted inversion recovery gradient-
echo sequence in the short axis view (TR = 6.3 ms, echo time = 3 ms, field of view 24 
cm, flip 15 = angle°, matrix size = 224 × 192, 2 RR intervals, inversion time (300–350 
ms) adjusted to null normal myocardial signal). Delayed enhancement images were 
acquired 12 min following intravenous injection of 8–12 mL of gadolinium–DTPA (0.2 
mmol/kg; Magnevist, Bayer Healthcare, Wayne, NJ). 

[1-13C]pyruvic acid (15 mL, concentration 83 mM, pH 7.4) was hyperpolarized in a 
HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK) as described 
previously. A time-resolved, cardiac and respiratory gated 13C spiral sequence was 
used9 to image [13C]pyruvate, lactate, and bicarbonate in the porcine heart. In brief, 
the cardiac and respiratory gated acquisition acquires six slices during each 2.5 s 
repetition time (TR) ordered from base to apex. In-plane spatial encoding was 
performed using a single-shot spiral trajectory, with the readout length modified 
depending on the number of slices used (8192 × 1 points, field of view 48 cm, Tread = 
32 ms (10.7 × 10.7 mm2 in-plane resolution) for six slices, time per slice 60 ms). The 
imaging sequence provides spatial resolution of 10.7 x 10.7 mm2 for six slices covering 
the left ventricle from base to apex. Hyperpolarized [1-13C] myocardial lactate was 
quantified by summing the lactate signal from slices covering the infarct segments 
normalised to the corresponding average [1-13C]pyruvate signal intensity.  

Histology 

7 days after a 60 min LAD occlusion, the heart was removed and fixed in 10% neutral 
buffered Formalin, whole-mount histology sections were made with 5 mm bread loaf 
slices, imbedded in paraffin and then cut at thickness at 5um.  These were then 
mounted to glass slides, processed with standard H&E staining.  The images were 
acquired using a Leica DM-LB2 microscope equipped with DFC480 camera (Leica 
Microsystems, Wetzlar, Germany), on the slides of anterior wall of left ventricle, at 3-
3.5cm above apex.  

Cultured macrophage experiments 

Cell culture 

RAW264.7 cells were supplied by ATCC and maintained in RPMI-1640 medium 
supplemented with 10% foetal bovine serum at 37 ºC and 5% CO2 using either 75ml 
or 175ml tissue culture flasks (Corning). Cells were passaged when they reached 
>70% confluency and used between passage number 10-20. 

To create primary spleen derived macrophages, mouse spleens were passed through 
a 70 micron mesh and red blood cells lysed by incubation for 2 minutes in a hypotonic 
lysis solution (Insight Biotechnology). The resulting splenocytes were washed and 
plated at 4-6 x106 cells per well of a 6 well plate. Culture medium was RPMI-1640 
medium supplemented with 10% FBS, 5 ng/ml M-CSF and 1% penicillin/streptomycin. 
Non-adherent cells were removed and the medium changed every other day. 
Experiments were performed upon cells at day 6. 
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Lipopolysaccharides derived from Escherichia Coli were supplied by Sigma and were 
used at 1 µg/ml. 2-DG was also supplied by Sigma and was used at a final 
concentration of 1mM following pilot dose ranging experiments which demonstrated 
effective suppression of lactate production and minimal cytotoxicity. 

Hyperpolarized MR in cell suspensions 

Pyruvic acid (5 µl) was mixed with gadolinium (0.5 µl of 1:50 Dotarem) and OX063 
radical and hyperpolarized using a Hypersense polarizer for 30 minutes. RAW264.7 
cells were detached from culture flask using Accutase® cell detachment solution 
(Biolegend) and washed prior to a semi-automated cell count and resuspension at 8 x 
107 cells in 1 ml medium at 37ºC. The cell suspension was added to an NMR tube and 
placed in an 11.7 T magnet with warm air blown across the tube to maintain a 
temperature of approximately 37 ºC. Hyperpolarized [1-13C]pyruvate solution was then 
produced by dissolution using 4.5 ml Tris/NaOH buffer and 1 ml of the resulting 
solution mixed with the cell suspension by injection through a polyethylene tube. The 
time between cell resuspension and dissolution was approximately 5 minutes. 13C 
NMR signals were acquired over 1 minute. 

Dynamic [13C]lactate signals were fitted to the kinetic model of Zierhut10 to derive label 
exchange rate constants (kpyr-lac) and multiplied by the final pyruvate concentration in 
solution to estimate [1-13C]lactate label flux rates. 

qPCR 

Approximately 30mg heart tissue was homogenised in RLT lysis buffer (Qiagen) and 
RNA extracted using RNeasy mini columns (Qiagen). The integrity of the extracted 
RNA was confirmed by NanoDrop spectrophotometry (Thermo Scientific); all samples 
had A260:A280 ratio of >2. RNA was reverse transcribed using a high-capacity cDNA 
reverse transcription kit (Thermo Scientific).  

TaqMan® primers were used in 20ul qPCR reactions which were run in duplicate using 
a StepOnePlus qPCR system (Thermo Scientific). Gene expression was normalised 
to expression of murine 18s pre-ribosomal RNA (RAW264.7 or primary spleen derived 
macrophage studies) or 45s pre-ribosomal RNA (Rn03928990_g1, rat tissues) and 
expressed according to the 2-ΔΔCT method. Details of the gene expression assays used 
are provided below in Online Table I: 
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Online Table I: List of gene expression assays used. 

 

Enzyme linked immunosorbent assay (ELISA) 

Cells were harvested from 6-well plates using a cell scraper and resuspended in 1ml 
phosphate buffered saline prior to homogenisation using spin columns (Qiashredder, 
Qiagen). Enzyme linked immunosorbent assays were performed upon the resultant 
cell homogenates using assay kits according the manufacturers’ instructions. The IL-
1β kit was supplied by eBioscience 

Excluded animals and methodological and reporting aspects 

All animals were eligible to enter the study if they survived infarct or sham procedure. 
A formal randomisation process was not performed,  

though experimental group and treatment allocation was concealed to investigators 
prior to MRI data analysis using code identifiers held by a separate investigator and 
not released until after analysis. There were no adequate prior estimates of [13C]lactate 
effect size/variability to inform a prospective power calculation due to novelty and the 
planned n = 36 in the initial study was based on feasibility. 

Figure 1: N = 6 rats per group assigned (n = 36 total initially survived surgery and 
entered the study). N = 2 rats died post operatively (day 3 infarct x1, day 7 infarct x1), 
n = 3 datasets could not be analysed due to very low hyperpolarized MRI signal-to-
noise ratio and were excluded (day 3 sham x1, day 7 infarct x1, day 7 clodronate x1) 
to give 31 evaluable hyperpolarized MR datasets. 

Figure 2: N = 7 pigs, all datasets evaluable. 

Figure 3: No animals used or excluded. 

Figure 4: Panel a, gene expression analysis, n = 12, no exclusions. Hyperpolarized 
MR, n = 10 assigned, n = 1 dataset from saline group excluded from hyperpolarized 
MRI analysis due to very low signal-to-noise ratio. Panel b, n = 12 assigned, n = 1 
excluded from control infarct group as died following surgery. Panel C, n = 18 
assigned, 1 rat in the PBS group died and 1 dataset at 3 months (also PBS group) 
was not evaluable due to poor ECG triggering.  

Gene 
symbol 

Gene name TaqMan® assay identity 

Pkm Pyruvate kinase Mm00834102_gH 
Ldha Lactate dehydrogenase Mm01612132_g1 
Pdk1 Pyruvate dehydrogenase kinase 1 Mm00554300_m1  
Pfkfb3 6-phosphofructo-2-kinase Mm00504650_m1 
IL1b Interleukin 1β Mm00434228_m1 
hif1A Hypoxia inducible factor 1 Mm00468869_m1 
Rn18S Pre-ribosomal RNA Mm03928990_g1 
Il10 Interleukin 10 Rn01483988_g1 
Tgfb Transforming growth factor beta Rn01475965_g1 
Vegfc Vascular endothelial growth factor C Rn01488076_m1  
Rn18S 45S pre-ribosomal RNA Rn03928990_g1 
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Online Figure I 

 

 

Online Figure I: The flow cytometric gating strategy was adapted from a method 
described by Barnett-Vanes et al5. After gating out debris and doublets, viable cells 
were selected and the leucocyte population identified and categorised.  
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Online Figure II 

 

Online Figure II: Cine MRI analysis of left ventricular volumes and function in 
macrophage depletion experiment.  
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Online figure III 

 

Online Figure III: A similar pattern of gene regulation with LPS and 2-DG was seen in 
primary spleen derived macrophages when compared to the RAW264.7 cell line.   
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Online figure IV 
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* Long In Vivo Checklist
Circulation Research - Preclinical Animal Testing: A detailed checklist has been developed as a prerequisite for every
publication involving preclinical studies in animal models. Checklist items must be clearly presented in the
manuscript, and if an item is not adhered to, an explanation should be provided. If this information (checklist
items and/or explanations) cannot be included in the main manuscript because of space limitations, please include it
in an online supplement. If the manuscript is accepted, this checklist will be published as an online supplement. See
the explanatory editorial for further information.

This study involves use of animal models:
Yes

Study Design

The experimental group(s) have been clearly defined in the article, including number of animals in
each experimental arm of the study.

Yes

An overall study timeline is provided. No

The protocol was prospectively written Yes

The primary and secondary endpoints are specified No

For primary endpoints, a description is provided as to how the type I error multiplicity issue was
addressed (e.g., correction for multiple comparisons was or was not used and why). (Note: correction
for multiple comparisons is not necessary if the study was exploratory or hypothesis-generating in
nature).

Yes

A description of the control group is provided including whether it matched the treated groups. Yes

Inclusion and Exclusion criteria

Inclusion and exclusion criteria for enrollment into the study were defined and are reported in the
manuscript.

Yes

These criteria were set a priori (before commencing the study). Yes

Randomizat ion

Animals were randomly assigned to the experimental groups. If random assignment was not used,
adequate explanation has been provided.

Yes

Type and methods of randomization have been described. N/A

Allocation concealment was used. Yes

Methods used for allocation concealment have been reported. Yes

Blinding

Blinding procedures with regard to masking of group/treatment assignment from the experimenter
were used and are described. The rationale for nonblinding of the experimenter has been provided,
if such was not performed.

Yes

Blinding procedures with regard to masking of group assignment during outcome assessment were
used and are described.

Yes

If blinding was not performed, the rationale for nonblinding of the person(s) analyzing outcome has
been provided.

Yes

Sample size and power calculat ions

Formal sample size and power calculations were conducted before commencing the study based
on a priori determined outcome(s) and treatment effect(s), and the data are reported.

No

If formal sample size and power calculation was not conducted, a rationale has been provided. Yes

Data Report ing
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Baseline characteristics (species, sex, age, strain, chow, bedding, and source) of animals are
reported.

Yes

The number of animals in each group that were randomized, tested, and excluded and that died is
reported. If the experimentation involves repeated measurements, the number of animals assessed
at each time point is provided is provided for all experimental groups.

Yes

Baseline data on assessed outcome(s) for all experimental groups are reported. Yes

Details on important adverse events and death of animals during the course of the experiment are
reported for all experimental groups.

Yes

Numeric data on outcomes are provided in the text or in a tabular format in the main article or as
supplementary tables, in addition to the figures.

No

To the extent possible, data are reported as dot plots as opposed to bar graphs, especially for
small sample size groups.

Yes

In the online Supplemental Material, methods are described in sufficient detail to enable full
replication of the study.

Yes

Stat ist ical methods

The statistical methods used for each data set are described. Yes

For each statistical test, the effect size with its standard error and P value is presented. Authors are
encouraged to provide 95% confidence intervals for important comparisons.

Yes

Central tendency and dispersion of the data are examined, particularly for small data sets. Yes

Nonparametric tests are used for data that are not normally distributed. Yes

Two-sided P values are used. Yes

In studies that are not exploratory or hypothesis-generating in nature, corrections for multiple
hypotheses testing and multiple comparisons are performed.

Yes

In "negative" studies or null findings, the probability of a type II error is reported. N/A

Experimental details, ethics, and funding statements

Details on experimentation including formulation and dosage of therapeutic agent, site and route of
administration, use of anesthesia and analgesia, temperature control during experimentation, and
postprocedural monitoring are described.

Yes

Both male and female animals have been used. If not, the reason/justification is provided. Yes

Statements on approval by ethics boards and ethical conduct of studies are provided. Yes

Statements on funding and conflicts of interests are provided. Yes
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