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Cardiovascular diseases account for more than 30% of all deaths worldwide and
many could be ameliorated with early diagnosis. Current cardiac imaging modalities
can assess blood flow, heart anatomy and mechanical function. However, for early
diagnosis and improved treatment, further functional biomarkers are needed. One
such functional biomarker could be the myocardium pH. Although tissue pH is
already determinable via MR techniques, and has been since the early 1990s, it
remains elusive to use practically. The objective of this study was to explore the
possibility to evaluate cardiac pH noninvasively, using in-cell enzymatic rates of
hyperpolarized [1-*3C]pyruvate metabolism (ie, moles of product produced per unit
time) determined directly in real time using magnetic resonance spectroscopy in a
perfused mouse heart model. As a gold standard for tissue pH we used P
spectroscopy and the chemical shift of the inorganic phosphate (Pi) signal. The
nonhomogenous pH distribution of the perfused heart was analyzed using a multi-
parametric analysis of this signal, thus taking into account the heterogeneous nature
of this characteristic. As opposed to the signal ratio of hyperpolarized [*3C]bicarbon-
ate to [**CO,], which has shown correlation to pH in other studies, we investigated
here the ratio of two intracellular enzymatic rates: lactate dehydrogenase (LDH) and
pyruvate dehydrogenase (PDH), by way of determining the production rates of
[1-*3C]lactate and [*°C]bicarbonate, respectively. The enzyme activities determined
here are intracellular, while the pH determined using the Pi signal may contain an
extracellular component, which could not be ruled out. Nevertheless, we report a
strong correlation between the tissue pH and the LDH/PDH activities ratio. This
work may pave the way for using the LDH/PDH activities ratio as an indicator of

cardiac intracellular pH in vivo, in an MRI examination.
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1 | INTRODUCTION

Cardiovascular diseases account for more than 30% of all deaths worldwide® and are a growing economic burden.? Accordingly, it has become
increasingly imperative to develop new diagnostic and prognostic techniques that are able to detect and diagnose cardiac pathologies, provide
greater information on the vulnerability of the tissue at risk, and better evaluate the effectiveness of treatments.® Cardiac imaging is a growing
medical technology that is continuously being developed to meet this need.* Current cardiac imaging modalities that provide a window to
noninvasively assess functional and anatomical cardiovascular properties include echocardiography, computed tomography angiography and
cardiovascular magnetic resonance.” Other modalities allow noninvasive probing of metabolic processes, which enables early diagnosis of cardio-
vascular pathologies.® These include positron emission tomography (PET), single-photon emission computed tomography (SPECT) and magnetic
resonance spectroscopy (MRS).> However, PET and SPECT expose patients to ionizing radiation and the low sensitivity of MRS prohibits its
widespread clinical use.® In this regard, extensive effort was invested in finding a noninvasive indicator for the pH level of the tissue, as the
acid-base balance is disrupted in the early stages of cardiac diseases and conditions such as myocardial ischemia, maladaptive hypertrophy and
heart failure.® Disruption of the acid-base balance can lead to severe consequences for the heart. For example, a decrease in cardiac cytosolic pH
below a value of ~7.2 could be followed by acute contractile depression, distortion of intracellular Ca*2 signaling and even electrical arrhythmia.®
It has also been shown that a cytosolic pH of ~6.9 contributes to reactive oxygen species production in the reperfused ischemic heart, which
eventually leads to oxidative stress, cellular dysfunction and death.” Taken together, it appears that an indication of tissue pH could aid in
developing early diagnostics and better characterization of such pathologies and could help target better treatment.

Several magnetic resonance (MR) techniques have been developed to evaluate pH in vivo noninvasively. 32P-MRS can be used to determine
pH based on the chemical shift of inorganic phosphate (Pi).®? However, the low sensitivity associated with this methodology, which dictates very
long acquisition times, prohibits its clinical use outside the clinical research realm. Specifically in the heart, the Pi signal is contaminated by
ventricular blood constituents such as 2,3-diphosphoglycerate and phosphodiesters,'© thus further limiting utilization of this technology in this
context, although these signals can be eliminated using dedicated acquisition techniques.!?

MRS of hyperpolarized *3C-labeled substrates allows noninvasive visualization of metabolism without the use of ionizing radiation by
providing several orders of magnitude increase in the MR signal-to-noise (SNR) ratio of the labeled site.'? The rat cardiac pH was probed in vivo
using this technology by measuring the hyperpolarized H**CO3/13CO, signal ratio following administration of hyperpolarized [1-13C]pyruvate.r®
This technique is based on the production of hyperpolarized *3CO, from hyperpolarized [1-*3C]pyruvate catalyzed by pyruvate dehydrogenase
(PDH)** and further conversion to H3COj3 by carbonic anhydrase (CA). However, this approach has some limitations: (1) *3CO, freely diffuses
across the plasma membrane, therefore both 13CO, and H'3COj3 are found in the intracellular and extracellular spaces. The actual pH is regulated
in each compartment separately, but as the compartments cannot be monitored separately, the derived pH has some uncertainty in this respect;
(2) this approach relies on both compounds being at equilibrium, which is catalyzed by the activity of CA. However, because CA activity is reduced

131516 the utility of this approach will be limited in such circum-

in states of acidic intracellular pH, ischemia, and in several cardiomyopathies,
stances; and (3) the hyperpolarized *3CO, signal is ~10-fold smaller than that of [*3C]bicarbonate, and both decay rapidly. Therefore, detection of
the 13CO, signal is challenging.*®

Compared with hyperpolarized [1-13C]pyruvate administration, injecting hyperpolarized [**C]bicarbonate improves the SNR of °CO,, despite

).17 Although in this way the dependency on PDH activity is eliminated,!” the uncertainty in

the short T4 of bicarbonate (T4 = 10 seconds in vivo
intracellular versus extracellular pH, and the dependency on CA activity, remain.'® Hyperpolarized [1,5-13C,]zymonic acid has been shown to be a
sensitive extracellular pH marker that is independent of enzymatic activity'® and was found useful in vivo in the rat bladder, kidney, and in
adenocarcinoma.?° Several other enzymatically independent hyperpolarized pH reporters have also been investigated,?*~2” but were only tested
in vitro.

Despite these advances, currently there is no available clinical method to effectively determine pH in the heart noninvasively. Hyperpolarized
[1-*3C]pyruvate has been previously used to observe rapid metabolic processes, specifically the production of hyperpolarized [1-13C]lactate and
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[*3C]bicarbonate, in real time in the rat heart ex vivo and in vivo, and recently also in the human
heart in vivo.>%%0 In these previous studies, metabolic markers of heart failure,*® acute infarction,®® cardiac hypertrophy,®* ischemic heart*? and
ischemia-reperfusion injury49 have been described. An increase in the ratio of the [1-*3Cllactate to the [**C]bicarbonate signals, and area under
the curve of these signals over time, were reported following ischemia-reperfusion injury in vivo*® and following acute myocardial infarction of
the perfused rat heart.%® All of this prior evidence raises the hypothesis that the activities of lactate dehydrogenase (LDH) and PDH may be
related to cardiac tissue acidity. Recently, a correlation between the signal ratio of hyperpolarized [1-13C]lactate and [*3C]bicarbonate to the signal
ratio of hyperpolarized H¥CO3 and **CO, was found in acute myocardial ischemia-reperfusion injury and necrosis.? This correlation has
suggested a connection between the relative activities of LDH and PDH (LDH/PDH activities ratio) and the tissue pH. However, a quantitative
evaluation of this correlation has not been described yet. Here, we have quantitatively investigated this possible correlation between the relative

LDH and PDH activities and the tissue pH. For the determination of cardiac pH, we have utilized **P spectroscopy and used a multi-parametric
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analysis for the pH distribution as manifested by the heterogeneous chemical shift of the Pi signal of the tissue. The relative activities of LDH and
PDH were determined by monitoring the production of hyperpolarized [1-13C]lactate and [*3C]bicarbonate from hyperpolarized [1-3Clpyruvate
using the hyperpolarized product selective saturating-excitations approach.®® This acquisition approach was recently developed to monitor
enzyme activity in a model-free manner that enabled determination of absolute enzymatic rates (ie, the number of product moles that were
produced per unit of time). We note that hyperpolarized °C-labeled pyruvate analogs are the only agents that have been tested

clinically>?-¢0:64-71

and therefore the findings of the current study are likely translational.

Our studies were carried out using the retrograde perfused mouse heart, also known as the Langendorff heart.”?"7# The isolated perfused
rodent heart is an ex vivo preparation that could preserve a stable pH and tissue viability during at least 80 minutes”> and could recover following
a prolonged ischemic injury.”®”” Nevertheless, inadvertent surgical preparation variability may lead to variable viability and pH levels of different
perfused hearts. Previous studies have also provided indications for the deterioration of this heart preparation over time,”* such as, for example, a
reduction of 5%-10% per hour in contractile function.”® Here, we have noted that this heart model may occasionally show inadvertent variable
starting viability levels and pH. In addition, we noted a gradual decrease in the tissue energetic status with time and that the intracellular pH is
subjected to changes over the course of a few hours, although the perfusion and the oxygen supply were uninterrupted. These observations were
in agreement with other studies that showed deterioration of this preparation with time.”>”4 We have capitalized on this inadvertent property of
the ex vivo system to obtain a model system of variable and changing cardiac pH in search of a metabolic signature that could serve as an

indicator of cardiac pH.

2 | METHODS
21 | Experimental workflow

At the beginning of each experiment, a 3'P NMR spectrum of the circulating Krebs-Hensleit (KH) buffer to be used in that experiment was
acquired. This spectrum showed the signal of the buffer's Pi during flow, using the same parameters that were used for the ex vivo acquisitions.
Then the surgical procedure began, during which the mouse heart underwent aortic retrograde cannulation in vivo before being isolated. The
isolated mouse heart was then immediately perfused with oxygenated KH buffer at 37°C using a peristaltic pump at a constant flow rate of
7.5 mL/minute. After visual confirmation of the spontaneous return of the heart beating, the heart was inserted into a 10 mm NMR tube and fixed
in the tube such that it would be at the center of the NMR probe. An NMR-compatible temperature sensor was also fixed inside the NMR tube
just above the heart and two outflow lines for the perfusion system were inserted as well. Then the tube with the perfused beating heart and all
other lines were inserted into the bore of a NMR spectrometer.

31p spectra were acquired for ~1 hour to demonstrate cardiac viability and to determine the cardiac pH. This was followed by injection of
hyperpolarized [1-*3C]pyruvate to quantify [1-*3C]lactate and [*3C]bicarbonate production using product selective saturating excitations and *3C
NMR spectral acquisitions. Each isolated heart (n = 9) was subjected to one to three injections of hyperpolarized [1-3C]pyruvate (total number of

injections = 15). Before and after each hyperpolarized injection, a 3'P spectrum was acquired.

2.2 | Chemicals

The OX063 radical (GE Healthcare, UK) was obtained from Oxford Instruments Molecular Biotools (Oxford, UK). [1-*3C] pyruvic acid was
purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). NaCl, KCI, D-glucose, NaHCO3, MgCl,, NaH,PO4(2H,0), MgSQ,, pyruvic
acid and CaCl, were purchased from Sigma-Aldrich (Rehovot, Israel). Insulin aspart 100 U/mL medical grade solution (Novo Nordsik, Denmark)
was purchased from Hadassah Medical Center. Isoflurane was obtained from the Authority for Biological and Biomedical Models of the Hebrew

University.

2.3 | Experimental medium

We used a modified version of the KH buffer,”® which contained 10 mmol/L glucose, 0.5 mmol/L pyruvate, 118 mmol/L NaCl, 4.7 mmol/L KCl,
1.2 mmol/L CaCl,, 1.2 mmol/L MgSO,, 25 mmol/L NaHCO3, 1.2 mmol/L KH,PO,4 and 72 U/L insulin, all dissolved in water (90/10 v/v double-
distilled H,O/D,0). Insulin was added to the perfusion buffer following the work of Kolwicz et al’® and in agreement with research which
reported that insulin increased contractile function’? and the intensity of the hyperpolarized [*3C]bicarbonate signal.2® Two hundred mL of this
buffer were kept in a water bath at 40°C outside the NMR spectrometer and bubbled with 95%/5% O,/CO, for 1 hour prior to cardiac perfusion
and continuously bubbled with this gas mixture throughout the experiment at a flow rate of 4 L/minute. The pH of the buffer was 7.4.



o) NMR ET AL.
2% | WILEY-NBOSEDIoNE -

24 | Animals

Male HSD:ICR (CD-1) mice (n = 13, 39-50 g) were obtained from the Institutional Authority of Biological and Biomedical Models of the Hebrew
University. The joint ethics committee (IACUC) of the Hebrew University and Hadassah Medical Center approved the study protocol for animal
welfare (MD-19-15,827-1). The Hebrew University is an AAALAC International-accredited institute. Care was taken to minimize pain and discom-
fort to the animals. Only male mice were used due to a limitation dictating the use of NMR tubes of 10 mm in diameter in our spectrometer. Adult
and adolescent rat hearts (male and female) were tested and were found to be too large for use in this confined space. Female mice hearts were
too small in terms of the 3P SNR that could be obtained at a reasonable acquisition time. Adult male mice weighing more than 39 g were found
to be just large enough to both fit the particular spectrometer set-up in our lab and provide the sufficient SNR needed for quantifying adenosine
tri-phosphate (ATP) and the tissue pH.

2.5 | Surgical procedure

Animals were anesthetized with isoflurane using a gas anesthesia system (Somnosuite, Kent Scientific, Torrington, CT, USA) at 3.5% and
340 mL/minute of room air for induction and 2.9% isoflurane for maintaining anesthesia. After obtaining negative pedal pain reflex, the surgery

d.”2 Briefly, 200 IU heparin were injected into

began and the heart was exposed. Aortic cannulation was performed in vivo, as previously describe
the left ventricle to prevent blood coagulation and 0.1 mL of 0.5 mol/L KCI was injected into the right atrium to achieve cardiac arrest. A loose
knot of 3-0 silk suture was then placed around the ascending aorta. Cannulation was performed in situ with a 22 G intravenous catheter (Model:
381323, BD Medical, Franklin Lakes, NJ, USA). This was followed by suture tightening. The heart was then disconnected from the surrounding
viscera and connected to the perfusion system via the catheter. Upon initiation of perfusion with warm buffer at 7.5 mL/minute, the heart began
beating spontaneously. The NMR tube with the beating heart was fixed and inserted into the bore of the spectrometer, ensuring that the heart

was at the center of the NMR probe.

2.6 | Perfusion system

The perfusion system was made of medical grade extension tubes and the KH buffer was circulated with a peristaltic pump (Masterflex L/S
Economy Variable-Speed Drive model 07554-95, Cole-Parmer, Vernon Hills, IL, USA). Thin polyether ether ketone (PEEK) lines (id. 0.040",
Upchurch Scientific, Inc., Oak Harbor, WA, USA) were used for buffer and hyperpolarized agent flow to and from the NMR tube. The magnetic
susceptibility of PEEK is similar to water and therefore can be used during NMR spectroscopy recordings. The inflow line was connected to the
intravenous catheter with a homemade adapter. The temperature of the KH buffer inside the NMR spectrometer during the perfusion was
37-37.5°C and was measured continuously and simultaneously with the NMR recordings using an NMR-compatible temperature sensor (Osensa,
Burnaby, BC, Canada).

2.7 | Tissue wet weight and volume determination

At the end of the experiment, the heart was disconnected from the perfusion system, lightly dried with tissue paper then weighed to determine
the tissue wet weight (Table S1). The average weight of the hearts used in the current study was 288.5 + 50 mg (n = 13). The volume of the heart
was estimated using a density factor of 1.05 g/cm® determined previously for the mouse heart.5*

2.8 | DNP spin polarization and dissolution

Spin polarization and fast dissolution were carried out in a dissolution-DNP (dDNP) spin polarization device (HyperSense, Oxford Instruments
Molecular Biotools) operating at 3.35 T. A microwave frequency of 94.110 GHz was applied for polarization of the [1-*3Clpyruvic acid formula-
tion at 1.45 to 1.55 K. The formulations consisted of 11.1 to 14.0 mmol/L OX063 radical in the neat acid. The dissolution medium consisted of
TRIS-phosphate buffer (4 mL), which contained 11.2 mmol/L NaH,PQj,, 38.8 mmol/L Na,HPO,, 33 mmol/L TRIS and 2 mmol/L HCI. This medium
composition was adjusted such that upon addition of 15 mg [1-'3C]pyruvic acid formulation (in the dissolution phase) the pH of the resulting solu-
tion will be 7.4. Prior to the administration of medium to the heart, the hyperpolarized medium (4 mL) ejected from the dDNP device was quickly
mixed with a well oxygenated solution that was designed to complement the hyperpolarized dissolution medium, such that the injected medium

to the heart will have a composition that is as close as possible to the perfusion medium. The final volume of the medium perfusing the heart
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during the hyperpolarized injections with 14 and 5 mmol/L hyperpolarized [1-C]pyruvate was 12 and 26 mL, respectively. The final composition
of the injected medium (after mixing) contained 4.7 mM KCI, 1.2 mM MgSO,, 70 mM NaCl, 25 mM NaHCO3, 1.2 mM KH,PO,4, 10 mM glucose,
1.2 mM CaCl, and 72 U/L insulin. The injection of the resulting hyperpolarized [1-'C]pyruvate solution to the isolated heart was carried out
using a continuous flow set-up®? such that the heart perfusion was not interrupted at any point during the experiment and the hyperpolarized

medium was administered at a known rate and duration.

2.9 | NMR spectroscopy

31p and *3C NMR spectroscopy were performed in a 5.8 T high resolution NMR spectrometer (RS2D, Mundolsheim, France) using a 10 mm
broad-band NMR probe. 3!P spectra of thermal equilibrium phosphate signals were acquired with a nutation angle of 50° and a repetition time of
1.1 seconds. The probe was tuned back and forth from 3!P to *°C during the experiment to support the requirement of the experimental
workflow, in which several injections of hyperpolarized media were performed into the same perfused heart (and monitored with 3C spectros-
copy) and the pH and the energy status were monitored using 3P spectroscopy before, in between, and after the injections. Homogeneity
optimization (shim) was performed using the water signal on the *H channel and using the lock system. The H linewidth of water ranged from
15 to 20 Hz.

210 | Hyperpolarized *3C spectroscopy

Hyperpolarized *3C data were acquired using product selective saturating-excitation pulses®® by applying 2.5 ms cardinal sine (Sinc) pulses. The
power for this pulse was calibrated on a sensitivity standard sample containing dioxane (40% p-dioxane in benzene-D6, Cambridge Isotope Labo-
ratories, MA, USA) before each experiment. The pulse was calibrated to provide maximal signal for the product ([1-*C]lactate or [*°C]bicarbonate)
frequency, that is, equivalent to a 90° excitation together with an effectively small excitation of the substrate ([1-*3Clpyruvate). For these
selective pulses, nonsinusoidal behavior was found for off-resonance frequencies (see the supporting information in Adler-Levy et al®?). For this
reason, intensity ratios rather than flip angles were used in the calculation of enzymatic rates. The selective excitations for [1-13C]lactate and
[13C]bicarbonate were carried out consecutively at 6-second intervals, resulting in a 12-second interval for each metabolite. For [1-13C]lactate
detection, the selective Sinc pulse was centered at the [1-*3C]pyruvate hydrate frequency (179.4 ppm), which resulted in a signal intensity ratio
(piac) Of 0.113 for the C; signals of [1-**C]pyruvate to [1-*3C]lactate. For [**C]bicarbonate detection, the selective Sinc pulse was centered at
157.7 ppm, which is 214 Hz down-field of the [**C]bicarbonate signal (161.1 ppm). This resulted in a signal intensity ratio (pp;c) of 0.139 for the
C, signal of [1-13C]pyruvate to [**C]bicarbonate. The [1-13C]lactate and [**C]bicarbonate signals were fully sampled and depolarized following

the application of the respective hyperpolarized product selective saturating-excitation pulses, as described previously.3

211 | Data processing and analysis
2.11.1 | Spectral processing

Spectral processing was performed using MNova (Mestrelab Research, Santiago de Compostela, Spain) and DMFIT 84

Multi-parametric pH analysis:

The tissue pH was determined based on the chemical shift of the Pi signal, in reference to the phosphocreatine (PCr) signal, on a 3P spectrum
that was recorded from the same perfused heart used for hyperpolarized *C metabolic investigation, prior to the hyperpolarized medium
injection. Previous studies of the isolated rodent heart showed visible distinction between the extracellular and intracellular Pi signals and demon-
strated a range of pH values.'®858% This suggested heterogeneity of pH within the isolated perfused heart, which was observed in the current
study as well. In order to evaluate the tissue pH in the current study, it was first necessary to deconvolve and omit the signal of the KH buffer Pi
(Piyy) from that of the total Pi signal (Pig). A 3P spectrum of KH buffer showed a single Pi signal (Piky). This Piky signal was fit to a Lorentzian
function using DMFIT.84 The volume visible to the NMR probe (Vp, 1.375 mL) contains more KH buffer when the sample tube does not contain
the heart. To correct for this filling effect we calculated the attenuated buffer signal (Piy,) using Equation 1A. This signal was then subtracted from
(Piy) according to Equation 1B to obtain the Pi signal that arises solely from the perfused heart (Piy, Figure 1A).

(Vo—Vh)

Pip =i
p

(1A)
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FIGURE 1 The distinction between the Pi signal of the KH buffer
and the heart, and conversion from chemical shift to pH axes. A, inset: a
typical 3'P NMR spectrum acquisition from a mouse heart perfused in
the spectrometer with KH buffer. The same spectrum is presented in
Figure 2A (first injection). The marked spectral region is shown
enlarged. The black curve (Piy) is the original spectrum; the dashed
curve demonstrates the Pi signal from the buffer only (Piy), which was
obtained by a fit to a Lorentzian line shape centered at the center of
this component of the Pi; signal and corrected for the amount of KH
buffer in the probe following the heart insertion (according to
Equation 1A); the blue curve resulted from a subtraction of the Piy,
signal from Pi; (according to Equation 1B) and represents the Pi signal
attributed to the heart (Pi,,). B, conversion of the Pi, signal to pH
distribution and typical multi-parametric analysis of this distribution.
The intensities of this distribution were corrected for the nonlinearity
between the chemical shift and the pH scales, as previously
described.®” Vertical lines: green, weighted mean pH (6.83); purple,
weighted median pH (6.80); red, global maximum pH (6.75). Skewness,
kurtosis, entropy and standard deviation were 0.53, 0.24, 7.81 and
0.29, respectively

Pin = Pi¢ —Pip , (1B)

where V,, is the volume occupied by the heart, calculated using the heart wet weight (as described above).

The conversion of the Pi,, signal chemical shift values to pH values was performed with reference to the chemical shift of PCr using

Equation 288

pH =pKa+log

[A3(Pi—PCr) -8 free acid]

(5 free base— AS(Pi—PCr)]’

where A is the chemical shift difference, pKa is 6.72, § free base is 5.69 and & free acid is 3.27, as previously described.8® The resulting pH

1.87 A typical pH

distribution curve was corrected for the nonlinearity between the Pi;, chemical shift scale and the pH scale according to Lutz et a
distribution that resulted from this calculation is presented in Figure 1B.

The tissue pH distributions at various time points during the experiment were analyzed with a multi-parametric approach using seven
statistical parameters following the work of Lutz et al.®” The parameters used to characterize this heterogeneous pH distribution were: (1) global
maximum pH, (2) weighted mean pH, (3) standard deviation of the weighted mean pH, (4) weighted median pH, (5) skewness of the pH plot,

(6) kurtosis of the pH plot and (7) statistical entropy.
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FIGURE 2 Temporal changes in 3P NMR spectra of isolated (A) Pi
mouse hearts. A, typical 3P spectra recorded in one of the —
experiments. The spectrum at the bottom was acquired from the PC Y-ATP o ATP+
circulating KH buffer only (30 minutes acquisition). The three upper

spectra were acquired from the perfused heart before each
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time. B, the temporal changes in 3P NMR y-ATP signal during
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2112 | LDH/PDH activities ratio calculation

The LDH/PDH activities ratio was calculated from the rate of production of the hyperpolarized metabolites [1-*3C]lactate and [*3*C]bicarbonate.
As we have used product selective saturating-excitation pulses,®® the hyperpolarized metabolites were fully sampled (and depolarized) by each
selective pulse, and only newly synthetized hyperpolarized metabolites were detected on the consequent excitation. To determine the
corresponding metabolite production rate, the hyperpolarized [1-*C]pyruvate signal was used as a reference. During the perfusion with the
hyperpolarized medium, the [1-13C]pyruvate concentration in the NMR tube is first increasing (wash-in), then plateauing (to a maximal concentra-
tion of 5 or 14 mmol/L) and then decreasing (wash-out). To be able to determine the time points at which the hyperpolarized [1-'°C]pyruvate
concentration was maximal and constant, the [1-3C]pyruvate signal was corrected for apparent T decay using an apparent T, of 53.4 seconds.®?
This value was previously determined for hyperpolarized [1-13Clpyruvate in the same spectrometer, at the same pH, temperature and osmolarity,
using the same perfusion system, under perfusion arrest, and therefore sums up the effective decay due to T, relaxation, RF pulsation, and
possible exchange of magnetization with hyperpolarized [1-13C]pyruvate hydrate. The data points selected for further analysis were those points
at which the concentration was within 10% range of the maximal corrected [1-13C]pyruvate signal. The corresponding data of [1-13C]lactate and
[*3C]bicarbonate production for these time points were used for the calculation of metabolite production rates using Equations 3A and 3B. A
typical example of such a selection of time points is shown in Figure 3C (highlighted temporal window). For each hyperpolarized injection, the
production rates and the activities ratios were calculated within this duration using Equations 3A-3C then averaged.
The following calculation was applied to determine the enzyme activities ratio for each time point:

_ Plac X [Pyr]x Vp % Siac(t)

ooH(t) TR Spyr_tac(t) v
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FIGURE 3 Hyperpolarized 3C MRS product selective saturating-excitations acquisition, processing and analysis of [1-°C]pyruvate
metabolism. A, a scheme showing the timing of the excitation RF pulses performed during [1-'3C]pyruvate injection to the perfused heart.
The interval between the [1-*3Cllactate and [**C]bicarbonate selective pulses was 6 seconds, and for each hyperpolarized metabolite, the
interval between one excitation to the next was 12 seconds. B, response profiles of the product selective saturating-excitations that were
applied for the detection of hyperpolarized [1-*3C]lactate and [**C]bicarbonate. In this acquisition approach, a Sinc pulse is applied to fully
excite (and depolarize) the products [1-3C]lactate (183.3 ppm) and [*°C]bicarbonate (161.1 ppm). [1-13Clpyruvate (171 ppm) was excited to
a much lower extent on each of the metabolites' excitations, as can be seen in the pulse profile. The response profiles were obtained using
excitation of a standard dioxane NMR sensitivity sample (see Methods). C, typical *3C NMR spectra obtained using the hyperpolarized
product selective saturating-excitations approach during a typical 14 mmol/L hyperpolarized [1-*3*C]pyruvate injection. Signal assignment:

1, [1-*3C]lactate (183.2 ppm); 2, [1-*3C]pyruvate hydrate (179.4 ppm); 3, [1-13Clpyruvate (171 ppm); 4, [*3C]bicarbonate (161.1 ppm); *,
impurity arising from the [1-13C]pyruvate formulation.82 The thick black line on the time axis marks the time window during which the
[1-23C]pyruvate concertation in the NMR tube was constant as per the analysis in D. D, typical time course of the hyperpolarized signal
intensities during the injection shown in C. The [1-*3C]pyruvate integrated intensities (black) were corrected for the effective decay of the
signal (due to Tq relaxation and the applied RF pulses) using an effective decay time constant of 53.4 seconds®? (gray). Using this corrected
signal time course, a time window (highlighted in yellow, and marked with a thick black line on the time axis) in which the [1-*3C]pyruvate
concentration in the NMR tube was constant and maximal was selected for further analysis. For clarity of presentation, the corrected
[1-23C]pyruvate data, the [1-13C]lactate and the [*C]bicarbonate data were multiplied by 0.333, 9 and 50, respectively, relative to the
[1-23C]pyruvate signal. a.u., arbitrary units
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where v py(t) and vppy(t) are the production rates of [1-*3Cllactate or [*3C]bicarbonate at each time point, respectively. Plac and pp;c are factors
that represent the relative excitation of [1-'3C]pyruvate and the product [1-*3C]lactate and [*3C]bicarbonate, respectively, by the product selec-
tive saturating-excitation pulses.®® These factors were determined previously to be 0.113 and 0.139, respectively®? (also described above). Vp is
the volume detected by the NMR probe (1.375 mL), TR is the duration between consecutive product selective saturating-excitations for each
product (12 seconds), Sj.c(t) and Spic(t) are the signals of [1-'3C]lactate and [**C]bicarbonate at each time point, respectively, and Spyr_lac(t) and
Soyr_biclt) are the respective signals of [1-**Clpyruvate that were acquired using the [1-**C]lactate and [**C]bicarbonate excitation pulses, that is,
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signals from the same respective spectra (Figure 3B). [Pyr] is the [1-13C]pyruvate concentration, which was 5 or 14 mmol/L during the plateau
phase. We note that in practice, as shown in Equation 3C, the enzyme activities ratio is independent of [Pyr], V,, and TR and that this provides

robustness to this indicator.

2.12 | Exponential curve fitting

Curve fitting for the correlation between LDH/PDH activities ratio to the statistical parameters of the pH distribution was performed using
Matlab (MathWorks, Natick, MA, USA). All of the experimental data that provided sufficient [1-*3C]lactate and [**C]bicarbonate SNR to deter-

mine both LDH and PDH activities (ie, in the time frame of known [1-3C] pyruvate concentration) were included in this analysis.

213 | Statistical analysis

Multi-parametric analysis of the pH distribution displayed by the 3P spectra was calculated using Microsoft Excel 2016 (Microsoft, Ra'anana,
Israel). Curve fitting and calculation of R? for goodness of fit and the sum of squares due to error for AIC and BIC scores were performed using
Matlab.

3 | RESULTS
3.1 | Changes in cardiac energetics and the tissue pH in the mouse retrograde perfused heart

To test the possible variability in the perfused hearts viability and deterioration, 3*P spectra were recorded. Figure 2A displays 31p spectra
recorded from a mouse heart perfused with KH buffer and from the buffer alone. The spectrum acquired from the heart shows the signals of a-,
B- and y-ATP, PCr and Pi. The Pi signal is composed of two main components. The component in the higher field (left side of the signal) represents
the Pi signal that is mostly due to the KH buffer at a pH of ~7.4. The broader and less homogeneous component in the lower field (right side of
the signal) shows the Pi signal, which is in a more acidic environment. The latter component arises from the cardiac tissue (as confirmed by per-
forming similar experiments in a Pi-free KH buffer, [supporting information S1]). It can be appreciated in Figure 2A that the tissue component
chemical shift is changing with time, in this case suggesting acidification of the tissue, as previously reported in the rat heart.888? As regards ATP,
overall, we observed a reduction of 10.8% per hour in the intensity of the y-ATP signal in the isolated hearts investigated here (n = 9, R? =0.61;
linear fit shown in Figure 2B). As the ATP signal reports on myocardial energetic status and viability,”® a gradual reduction in its content suggests
gradual tissue deterioration.

Next, we investigated the pH status of the same hearts over time using a multi-parametric analysis of the tissue Pi signal (Figure 1). The pH
of the isolated rodent heart was previously reported to be 7.1-7.2, and as low as 6.5 during myocardial ischemia.® In these reports, the pH was
derived from the use of a radioactive tracer’® and 3*P NMR spectroscopy.”? Such pH determinations are likely equivalent to the weighted mean
pH determined in our study. In the current study, the weighted mean pH values ranged from 6.64 to 7.26 (Table S1). Although the ATP content
showed a common trend of decrease with time (Figure 2B), the tissue acidity was not as consistent. Spectra recorded prior to each hyperpolarized
injection showed shifts to acidic pH values but also a return to normal levels from one injection to another, without any clear pattern. Although
unintended, the changes in tissue acidity from one heart to another and within the same heart from one point in time to another provided a model

system for variable cardiac acidity within the pH range that is clinically relevant.

3.2 | Measurement of the LDH/PDH activities ratio

Due to the use of the hyperpolarized product selective saturating-excitations acquisition approach,®®

we were able to perform absolute quantifi-
cation of the LDH/PDH enzyme activities ratio on each injection. Figure 3 summarizes the acquisition and processing steps that enabled these
enzymatic activities ratio determinations.

Table S1 summarizes the LDH/PDH activities ratios measured on all hyperpolarized [1-13C]pyruvate injections in all of the hearts investigated
here, and the multi-parametric pH characteristics that were calculated from 3P NMR spectra acquired 52 minutes prior to each injection. An
exponential model was found to describe the correlations between the LDH/PDH activities ratio and four pH characteristics (supporting informa-
tion Note S2 and Table S2). These characteristics were weighted mean pH (Figure 4A), weighted median pH (Figure 4B), global maximum pH

(Figure 4C) and skewness of the pH plot (Figure 4D). The LDH/PDH activities ratio inversely correlated to both the weighted mean pH and the
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FIGURE 4 The correlation between the LDH/PDH activities ratio and cardiac pH characteristics. Each point represents a single
measurement, as described in Table S1. Full circles, injections with 14 mmol/L hyperpolarized [1-3C]pyruvate (obtained from injections to six
hearts); open circles, injections with 5 mmol/L hyperpolarized [1-13C]pyruvate (obtained from injections to three hearts). Further information on
the individual data points is provided in Table S1. A, correlation to the weighted mean pH. The experimental curve was fitted to

y =5.49 .10 . 7365 X(R2 = 0.95). B, correlation to the weighted median pH. The experimental curve was fitted toy = 1.2 - 10° . ¢
(R? = 0.94). C, correlation to the global maximum pH. The experimental curve was fitted to y = 4 - 10° - e=1¢ ¥ (R? = 0.84). D, correlation to the
skewness of the pH plot. The experimental curve was fitted to y = 6.3 - €%7° X (R% = 0.86). y, LDH/PDH activities ratio; x, the relevant statistical
characteristic of the pH distribution
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weighted median pH with R? values of 0.95 and 0.94, respectively. This activities ratio was also inversely correlated to the global maximum pH
(Figure 4C) with an R? of 0.84, which was lower compared with the R? values of the weighted mean pH and weighted median pH. This may be
expected as the former two characteristics better represent the entire pH distribution, from which the enzyme activities ratio is derived. As
regards the skewness of the pH distribution, a correlation with an R? of 0.86 was found. We note that a positively skewed distribution implies that
most of the data are located in the right-hand side of the tissue Pi signal (ie, an overall lower pH). Therefore, this correlation to the skewness of
the tissue pH distribution is in line with the other three correlations found here. Standard deviation of weighted mean pH, kurtosis and entropy of

the pH profile were investigated as well but were not found to correlate with the LDH/PDH activities ratio.

4 | DISCUSSION

In this study, we observed a broad range of tissue pH and enzyme activity ratios. We ascribe these observations to either regional or global vari-
ability in cardiac viability. This variability may be caused by two main factors: (1) the delicate surgical procedure in the mouse heart, which involves
aortic retrograde cannulation, could damage the heart viability regionally or globally, and therefore the initial condition of each heart may be dif-
ferent; and (2) the perfused heart tissue is heterogeneous with regions of variable perfusion levels, which could vary and change in the course of
the experimental day. In agreement, perfusion of the heart with KH buffer was previously reported to be accompanied by tissue deterioration
over time.”®74 Here, this was demonstrated by a reduction of 10.8% per hour in the y-ATP signal (Figure 2B).

The wide variety of tissue pH and enzymatic activity ratio that were observed here are likely due to this tissue heterogeneity, which enabled
us to sample many points along the tissue pH spectrum. In terms of a potential translation of this study into an in vivo study and possibly to the
clinic, it is likely that each imaging voxel in the heart would be heterogeneous as well. Therefore, the correlation between weighted and median
pH and the LDH/PDH ratio could be relevant to the in vivo scenario such that this ratio could be an indicator of cardiac pH. It has yet to be
shown that the ratio of hyperpolarized H*CO3/*CO, correlates with heterogeneous cardiac pH.

The 3P spectra from the perfused heart revealed a nonhomogeneous distribution of the tissue Pi (Piy) chemical shift, which suggested a non-
homogeneous distribution of pH in the cardiac tissue. Such a nonhomogeneous distribution was previously described by Lutz et al®” in xenograft
tumors and was therefore analyzed using a multi-parametric approach. Here, we have used the tools described by Lutz et al®” to perform a multi-
parametric analysis of the cardiac tissue pH in the perfused mouse heart. To the best of our knowledge, this is the first time that this approach
has been implemented in the isolated heart. The Piy, signal was assumed to predominantly report on the intracellular pH, as the extracellular space
is continuously washed by KH buffer, which is at a pH of 7.4 and therefore resonates in a higher field. This assumption was supported in experi-
ments performed with Pi-free KH buffer (supporting information S1).

Both LDH and PDH are intracellular enzymes. While LDH is also present extracellularly in the living animal, in the isolated perfused heart its
extracellular activity likely cannot be recorded due to wash out of all metabolites by the perfusing buffer. The hyperpolarized product selective

63,82

saturating-excitations approach applied here enabled us to determine enzymatic activity in a manner that is independent of variations in T4 of
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the metabolites and the reaction reversibility. By quantifying the ratio of these intracellular activities we provide a robust indicator that is inde-
pendent of the tissue volume or the amount of cells performing metabolism (Methods), suggesting an indicator that would be independent of
voxel size and heterogeneity, if translated to in vivo studies.

As regards the [1-*3C]pyruvate concentration used here, first, we exposed the isolated hearts to 14 mmol/L hyperpolarized [1-*°Clpyruvate.
We note that this concentration is more than 100-fold higher than the physiological concentration of pyruvate (~0.12mM).3! In addition, in a pre-
vious study, we showed that [1-13C]pyruvate formulation may contain several impurities that could be toxic to the living cell.® A previous study
showed that increasing the concentration of a 1 mL injection of hyperpolarized [1-3C]pyruvate in vivo from 20 to 80 mmol/L led to increased
activity of both LDH and PDH, but LDH activity increased by more than that of PDH.”® To convert these injection concentrations to blood con-
centrations we used the work of Lee and Blaufox,”* according to which the blood volume of a 300 g rat is estimated to be 18.8 mL. This resulted
in blood concentrations of ~ 0.92 to 3.7 mmol/L. Schroeder et al*® infused 80 pmol of hyperpolarized [1-*3C]pyruvate to ~300 g rats in vivo.
According to the same conversion, the blood concentration of hyperpolarized [1-*3Clpyruvate in that study was ~4.3 mmol/L. In perfused heart
studies, the hyperpolarized [1-'°C]pyruvate concentrations ranged from 2 to 3.3 mmol/L.1314.29-36 Altogether, since the injected dose of
14 mmol/L was relatively high compared with prior studies, we wished to test whether this high concentration affects the correlation between
LDH/PDH and pH. To this end, we conducted similar experiments, in which the hyperpolarized [1-13C]pyruvate concentration was reduced to
5 mmol/L, which is similar to the concentration used by Schroder et al.X® We found that the LDH/PDH activities ratio in the isolated hearts
exposed to 14 or 5 mmol/L of hyperpolarized [1-13C]pyruvate correlated to pH in the same way (Figure 4). This verified that the results of this rat-
iometric approach (LDH/PDH activities ratio) were independent of substrate concentration (in this concentration range). However, we note that
the reduction of the hyperpolarized [1-'C]pyruvate concentration to 5 mmol/L led to lower SNR of both hyperpolarized products and resulted in
an inability to detect the hyperpolarized [**C]bicarbonate signal on some of the injections. As a consequence, we report here only on the
LDH/PDH activities ratio in the first injection to each heart that was exposed to the 5 mmol/L concentration.

We found that the LDH/PDH activities ratio correlated to the four statistical parameters that characterized the cardiac tissue pH. These were
the weighted mean pH, weighted median pH, global maximum pH and the skewness of the pH curve. This result strongly suggested that this
enzyme activities ratio is in correlation to the cardiac tissue pH and may serve as an indicator for this parameter. In the absence of an endogenous
cardiac pH marker in vivo (as 3P is not useful for pH determination in the heart due to blood phosphate constituents*®), such an indicator, which
is possible to obtain via injection of an agent that is already regulatory approved, is of key importance.

We note that the LDH/PDH activities ratio was in a better correlation to the statistical parameters that represent the entire pH distribution
(weighted mean pH, weighted median pH and skewness of the pH curve) than to the global maximum pH that mostly describes a dominant pH
value. Therefore, we believe this indicator could be useful for characterizing cardiac tissue in vivo where each voxel could contain a heteroge-
neous pH distribution. We note that although the data were best fit to an exponential equation, the underlying mechanisms for this correlation
are as of yet unknown. One possible explanation for the exponential relationship could be that the LDH/PDH activities ratio is affected by the
hydronium ion concentration in the cell. Indeed, when the data were processed with respect to the hydronium ion concentration of each pH
value, a linear correlation was observed.

Our findings are in line with previous knowledge about the connection between pyruvate metabolism and tissue stress such as hypoxia,
ischemia and ischemia-reperfusion injury, in which lactate production has been reported to increase while bicarbonate production
decreased 353647959 Under the same stressors, the acid-base balance is also known to be affected and the tissue generally becomes
acidic.47>7% These previous results may explain the correlation observed here between the LDH/PDH activities ratio and the acidity of the tissue.

Recently, Moon et al®? found a linear correlation between the [1-3C]lactate/[**C]bicarbonate signal ratio and the pH in myocardial
ischemia-reperfusion injury and necrosis in the rat heart. This study was performed in vivo and the pH was measured using the ratio of the
hyperpolarized signals of H*3COj3 and *3CO,. Because we have determined the absolute ratio of enzyme activities as opposed to hyperpolarized
signal ratio on one hand, and tissue pH using the chemical shift of the Pi signal as opposed to the hyperpolarized H*3CO3/*3CO, signal ratio on
the other, our results cannot be directly compared with those of Moon et al.®? The in vivo observation made by Moon et al®? of a similar correla-
tion to the one observed here is encouraging. However, we note several advantages of the current set-up in terms of understanding and validat-
ing this correlation: (1) the pH measurement performed here using the chemical shift of the Pi signal is not affected by cellular processes, as
opposed to the hyperpolarized H*CO3/13CO, ratio, which may be affected by the activities of CA, bicarbonate transport and CO, diffusion. The
need to verify this correlation with 3P spectroscopy was also stressed by Moon et al®?; (2) the pH distribution was analyzed here using a multi-
parametric approach, therefore, our correlation reliably reflects tissue heterogeneity, which may be less manifested in the signal ratio of
hyperpolarized H*3CO3 /*3CO,: (3) here we quantified the relative enzyme activities of LDH and PDH using the product selective saturating-
excitations approach.®® This determination is robust and immune to variations in T; and excitation profiles and is likely reproducible across labs
more than area under the curve analysis, which is dependent on the specific acquisition conditions and set-up in each lab; and (4), in the isolated
heart preparation, the metabolic activity is solely from the cardiac tissue and is not affected by wash-in of hyperpolarized metabolites from other
organs, as previously demonstrated.>®
As regards the possible role of ischemia in current studies, although not determined here directly, it is possible that in the isolated hearts stud-

ied here, ischemia accompanied (or led to) tissue acidity. In a state of cardiac ischemia, the intracellular pH is decreasing and could reach a value
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of 6.5.5%7 This acidification has been reported to be mainly due to lactate accumulation,®®” which has a pKa of 3.78. 78 Other studies in the ische-
mic rat brain suggested a direct connection between the tissue lactate and pH, based on lactate capability to lower the tissue pH.”?1% In the
ischemic heart, PDH activity is inhibited, and subsequently bicarbonate production is reduced. This process is attributed largely to elevated levels
of NADH, which is a competitive inhibitor of PDH.?® This state is also followed by simultaneous increase in the pool of lactate’>°® due to reduced
levels of NAD™. These trends were also observed in a study on the ischemic isolated heart that monitored the metabolism of hyperpolarized
[1-13C]pyruvate and found that the ratio of [1-13C]lactate/[*3C]bicarbonate signals correlated with the ischemic condition.®® It is possible that the
perfused hearts studied here experienced various levels of global or local ischemia due to blockage of blood vessels. We note that this was not an
experimentally intended ischemia and the perfusion buffer was constantly saturated with 95%/5% O,/CO,. However, as this is a possible process
in the perfused heart preparation, it may provide an explanation for the correlation between the LDH/PDH activities ratio and the cardiac pH.
Another explanation for our observation could be driven by the reduction in the pH itself. It has been previously shown that in states of
reduced myocardial pH in the range of 6.9 < pH < 7.4, LDH activity is increased in the isolated rat heart.'°* PDH activity has been shown to be
lowered upon reduction in tissue pH in the range of 6.8 < pH < 8.6.192103 |y addition, CA activity is reduced in the pH range of 5.5 < pH < 8.0,°
and the HCOj3 /CO, equilibrium is pH dependent.!® Therefore, the effect of pH on these enzymes activities may also provide an explanation for

the mechanism underlying the correlation between the LDH/PDH activities ratio and the tissue pH.

41 | Limitations

We demonstrate a correlation between the LDH/PDH activities ratio and global aspects of tissue pH in the isolated perfused mouse heart. How-
ever, further application of this correlation is not straightforward, and further investigation is required: (1) a direct connection between pH and
LDH/PDH activities ratio is still unclear, because both of these parameters are affected similarly from the tissue deterioration process that the iso-
lated heart is experiencing. It is important to address the nature of this connection and investigate possible situations in which this ratio and car-
diac tissue pH are not correlated; and (2) we found correlation for a specific pH range that was present in our study; however, it is still not known
whether pH values that extend this range also correlate to the LDH/PDH activities ratio, especially more alkaline pH values.

4.2 | Significance and future plans

Many pathologies and various cardiovascular diseases disrupt the acid-base balance.®® Moreover, an uncompensated decrease in cardiac cyto-
solic pH could be followed by acute consequences.® Early diagnosis and better characterization of such pathologies could help target better treat-
ment. For this reason, pH imaging is a major goal for cardiac research. Currently there is no available clinical method to effectively determine pH
noninvasively in the heart. Thus, steps towards this goal could have a significant impact. We suggest the LDH/PDH activities ratio as an indicator
of cardiac pH that could be assessed without absolute measurement of polarization or metabolite concentrations using a hyperpolarized [1-13C]

104 and has already been tested in humans.>?°%%4-71 |n addition to the

pyruvate injection that is characterized with long T4 in vivo (~40 seconds)
metabolic routes that have already been visualized following hyperpolarized [1-*3C]pyruvate administration in multiple tissue types, and qualita-
tive assessment thereof in multiple conditions and pathologies, we offer an acquisition and analysis approach that yields a potential noninvasive
indicator of cardiac pH. In future we intend to investigate the mechanism underlying this correlation. To this end we intend to induce intracellular
acidification and explore the effects on LDH and PDH activities. In addition, the effects of hypoxia induced by lowering the oxygen concentration

in the perfusion medium will also be investigated.

5 | SUMMARY

We have demonstrated an exponential correlation between cardiac pH and the LDH/PDH activities ratio. Our findings suggest a path to noninva-
sive assessment of cardiac pH changes using major enzyme activities that are determined by the in-cell production rate of hyperpolarized [1-13C]

pyruvate metabolites in real time using the product selective saturating-excitations approach.
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