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LactateLactate transport in normal and failing rabbit hearts 

Abstrac t t 
Objective:Objective: Monocarboxylate cotransport (MCT) carriers one proton with one lactate 

acrosss the sarcolemma to supply the heart with lactate for oxidative metabolism. 

Heartt failure is associated with increased reliance on lactate oxidation and facilitated 

lactatee uptake. We addressed the question if MCT is changed in our rabbit model of 

heartt failure. Moreover, intracellular lactate accumulation during ischemia is ascribed 

too the limited lactate extrusion. In this study we investigated to what extent MCT-

mediatedd lactate efflux is affected by anoxia. Methods: We characterized MCT in 

rabbitt ventricular myocytes from normal and hypertrophied failing hearts (HFH) by 

fluoremetricallyy measuring changes in intracellular pH (pH,) following lactate 

exposuree and withdrawal. Results: We determined the initial proton flux through 

MCTT (JMCT) to construct the extracellular lactate ([lac]0-JMcr) and extracellular pH 

(PH0-JMCT)) dependence of MCT. Both normal and HFH myocytes had a similar 

affinityy for extracellular lactate (Km, ~5-6 mmol/L) and H+ (pKa, -7), whereas Vmax 

wass significantly increased from 13.4 mmol/L/min in normal to 20.8 mmol/L/min in 

HFHH myocytes. In contrast the intracellular lactate and H+ dependency of MCT did 

nott differ significantly between normal and HFH myocytes. In addition, in both 

groupss MCT proved asymmetrically. The affinity of MCT for intracellular lactate 

andd H+ was lower, whereas and the maximal lactate efflux rate larger. Metabolic 

inhibitionn using the anoxia protocol revealed a large reduction of the MCT influx and 

effluxx rates of 21% and 47% in normal myocytes respectively. Pseudo-reperfusion 

completelyy restored the lactate efflux rates but the lactate influx rates only partially. 

Conclusion:Conclusion: MCT-mediated lactate influx is increased in HFH myocytes, whereas 

lactatee efflux remained unchanged. This agrees with the increased reliance on lactate 

oxidationn in failing hearts. Moreover, lactate accumulation during ischemia might be 

aa consequence of anoxia-induced suppression of MCT rather than limited lactate 

effluxx capacity. 

Introductio n n 
Althoughh the normal working heart prefers fatty acids over carbohydrates, lactate 

uptakee from the blood is a major source of nutrients. The predominant cardiac 

monocarboxylatee cotransporter is of the MCT-1 isoform and transports lactate into the 
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heart.. Conversion of lactate by lactate dehydrogenase (LDH) supplies approximately 

50%% of the pyruvate oxidized in the heart. During physical exercise lactate can even 

becomee the major fuel for the heart [1-3]. 

Inn hypertrophied failing hearts alterations occur in myocardial fatty acid metabolism, 

glucosee metabolism and glycogen metabolism. Animal models demonstrate a 

decreasedd fatty acid oxidation and an increased reliance on carbohydrate 

oxidation[4,5].. Inasmuch as fatty acid oxidation requires relatively more oxygen, 

failingg hearts consume less O2 for the same amount of work[6]. However, in failing 

heartss apparently glycolysis does not provide all pyruvate for oxidative 

metabolism[l].. Enhanced uptake of exogenous pyruvate and lactate through MCT 

mightt explain this discrepancy [7]. Indeed, recently it has been shown that 

hypertrophiedd failing rat hearts have increased sarcolemmal MCT expression and 

MCTT activity[7]. 

Wee addressed the question as to what extent MCT transport is changed in our volume 

andd pressure overloaded rabbit model of heart failure. 

Underr ischemic conditions the citric acid cycle is impaired and lactate-derived 

pyruvatee can no longer be oxidized, and the heart now relies mainly on anaerobic 

glycolysis.. Anaerobic glycolyis depletes glycogen stores and produces lactate and 

protons.. To maintain anaerobic glycolysis, lactate and H+ need to be expelled from 

thee sarcoplasm. However, at high intracellular lactate concentrations the rate of 

lactatee efflux is limited by the capacity of the MCT[8]. This leads to sarcoplasmic 

lactatee accumulation and an accompanying fall in pH, that depresses anaerobic 

glycolysis.. From previous work (chapter 2) we know that other cardiac acid extrusion 

mechanism,, such as Na+/H+ exchange (NHE) and NaVHCCV cotransport (NBC), are 

largelyy suppressed under ischemic conditions and an intracellular acidosis ensues. 

Wee asked the question whether MCT is also affected by metabolic inhibition. 

Heree we report that failing hearts exhibit increased MCT influx rates without 

changingg the affinity for extracellular lactate and H+. In contrast, the MCT efflux 

ratess and their dependence on intracellular lactate and H+ were similar between 

normall  and hypertrophied failing myocytes. Moreover, both lactate influx and efflux 

ratess through MCT were suppressed during metabolic inhibition. Pseudo-reperfusion 

causedd doubling of the lactate efflux rates, whereas the influx rates remains 

suppressed. . 
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Material ss  and method s 
CellCell isolation 

Cardiacc failure was induced in twelve New Zealand-White male rabbits by combined 

volumee and pressure overload as described by Vermeulen et. al.. In short, in a first 

operationn the aortic valve was mechanically damaged, whereas in a second operation 

threee weeks thereafter, the abdominal aorta was partially ligated. Three months after 

thiss procedure the animals were sacrificed and the hearts excised. Left ventricular 

myocytess were isolated by directly perfusing the coronary arteries with en2yme 

containingg solutions [9]. Myocytes from aged-matched hearts were enzymatically 

isolatedd by retrogradely perfusing the aorta, essentially as described by TytgatflO]. 

Singlee cells were stored in Tyrode's solution at room temperature and were used 

withinn 8 hours. Animal care was in accordance with institutional guidelines. 

Thee rabbits whose hearts were subjected to three months 'severe' combined pressure 

andd volume overload were considered hemodynamically failing because in addition to 

gallopp rhythm and ascites, their wet heart weight relative to body weight doubled, 

theirr wet lung weight relative to body weight became 1.5 times higher and their left 

ventricularr end diastolic pressure was 6 times higher than in control animals. 

Consistentt with the gross anatomy cell surface area of the HFH myocytes was more 

thann doubled. 

Solutions Solutions 

Normall  Tyrode's solution contained (in mmol/L) 140 NaCl, 5.4 KC1, 1.8 CaCl2, 1.0 

MgCb,, 5.0 2-[4-(2-hydroxyethyl)-l-piperazinyl] ethanesulfonic acid (HEPES) and 

5.55 glucose. pH was set at 7.4 (37° C) with NaOH. When lactate containing Tyrode's 

solutionss were used we replaced an equimolar amount of extracellular NaCl by L-

lactatee and adjusted the resulting fall in pH with NaOH. To buffer Tyrode's solutions 

att pH values between 5.5-6.5, 7.0-7.5, and 8.0-8.5 we used respectively 5 mmol/L 

MOPS,, HEPES and TRIS buffer. All stock solutions were made freshly each day. 

Thee Na+/H+ exchanger inhibitor cariporide (Hoe-642) was kindly provided by Dr. 

Andreass G. Weichert (Hoechst Marion Roussel, Germany). Cariporide was prepared 

ass a 10-mmol/L stock solution in water. Furthermore, a 250-mmol/L stock solution of 

DBDSS (4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid) dissolved in DMSO. 

Moreoverr a 5 M a-cinnamate (CHC) stock was dissolved in DMSO. 
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ProtocolsProtocols used for metabolic inhibition 

Myocytess were allowed to sediment on a poly-L-lysin coated coverslip that formed 

thee floor of a cell chamber. The cell chamber was mounted on the stage of a Nikon 

Diaphott inverted microscope, and the cells were superfused with normal Tyrode's 

solutionn at a rate of 2-3 ml/minute. Temperature of the superfusate was monitored 

continuouslyy by a thermistor probe and was maintained at 35-37°C by leading the 

bathingg solutions through a metal heating tube before they entered the chamber. 

Myocytess were superfused with 'normal' HEPES-buffered Tyrode's solution. We 

usedd the 'anoxia protocol' to inhibit metabolism of the myocytes. The 'anoxia 

protocol'' was accomplished by exposing the cells to a nominally oxygen-free and 

glucose-freee Tyrode's solution equilibrated with 100% N2. To accelerate energy 

consumptionn during induction of the metabolic inhibition in both protocols, the 

myocytess were made to contract by means of electrical field-stimulation. Current 

pulsess of 3 ms duration with a frequency of 3 Hz were delivered via glass agar 

bridges.. The 1% agar gel was prepared in the same variant of Tyrode's solution that 

wass used to provoke metabolic inhibition. The tubing used to deliver the N2-

equilibratedd solutions was jacketed. To prevent O2 diffusion into the salines the space 

betweenn the tube and the mantle was gassed with same gas the salines were 

equilibratedd with. To create a hypoxic atmosphere directly above the cell chamber, a 

perspexx box was placed on top of it. The box was also gassed with 100% N2. All 

saltss were purchased from Merck (Darmstadt, Germany). 

IntracellularIntracellular //*  measurements 

Myocytess were loaded with 10 umol/L (from a lOOOx stock dissolved in DMSO) of 

thee fluorescent pH indicator carboxy-seminaphthorhodafluor-1 (SNARF) by exposing 

themm for 10 minutes to the acetoxy methyl ester (SNARF-AM, Molecular Probes, 

Oregon,, USA) at 35°C. The inverted microscope was equipped with apparatus for 

epiilumination.. The entire microscope field including the dye-loaded myocyte was 

excitedd with light of wavelength of 515 nm. The light source was a 75 W Xenon arc 

lamp.. Intensities of the light emitted by the dye at wavelengths of 580 and 640 nm 

weree recorded by two photomultiplier tubes (PMT's). The light path included a 

systemm of plane mirrors, dichroic mirrors, band-pass filters, and a computer-actuated 
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shutter.. The emitted light was collected through a 40x objective and led through an 

adjustablee rectangular slit. The slit ensured that only photons emanating from the 

singlee cell under study were directed to the PMT's. This limited background 

fluorescencee intensities to less than 1 % of dye signal. For this reason the background 

fluorescencee was considered negligible. To reduce photobleaching of the dye and 

limitt photodynamic damage of the cells, illumination was restricted to 50 ms and 

occurredd once every 3 s. Between excitations the cells were in the dark. pClampó 

software,, (Axon Instruments, Foster City) run on a Pentium-based personal computer 

controlledd the data acquisition and timing of the shutter. Microsoft Excel™ and 

pClampóó software was used for off-line analysis of the data. 

SNARFF shows an emission spectral shift upon H+ binding. Therefore the dye can be 

calibratedd using the ratio of the fluorescence intensities measured at 580 (I580) and 640 

nmm (IMO)- This results in cancellation of artifactual variations in fluorescence 

includingg photobleaching and leakage of the indicator. Furthermore, ratiometric 

measurementss reduce or eliminate variations of several determining factors in the 

measuredd fluorescence intensity including indicator concentration, excitation path-

length,, excitation intensity and cell movement. We took the ratio of the proton-bound 

fluorescencee intensity and the proton-unbound fluorescence intensity, I580/I640. 

SNARFF calibration procedure consisted of recording fluorescence signals 

correspondingg to a series of precisely set pH solutions employing the high-

K+/nigericinn (Sigma) technique as described by Thomas et al.[ 11,12]. The resulting 

sigmoidall  titration curve was analyzed directly by nonlinear regression and yielded a 

Kdd of 7.31 of SNARF in situ. The calibration curve was checked and verified on 

averagee once every 30 experimental days. After one such calibration procedure the 

tubingg delivering the nigericin-containing solutions was replaced and the cell chamber 

andd glassware that had contained the drug, were thoroughly washed with ethanol as to 

removee all remnants. 

AA closed circuit TV system (CCTV) consisting of a charged-coupled device camera 

(CCD,, JVC TK-S241E) and a monochrome TV monitor were used to capture and 

displayy optical images of the myocyte under study. The images were obtained by 

trans-illuminatingg the cell with light of 700 nm wavelength, from a 50 W halogen 

lamp.. CCTV enabled us to monitor contractions of the myocytes as well as the shape 

changess that took place during metabolic inhibition and pseudo-reperfusion. 
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DeterminationDetermination of the intrinsic buffering power, fit 

Thee pH, dependency of the intrinsic sarcoplasmic buffering power (P,) was 

determinedd by the "stepwise reduction in extracellular NH3/NH/ approach" as 

describedd by Boyarsky et al.,[13]. Acid-loaded myocytes were exposed to series of 

nominallyy Na+ and Ca2+ free Tyrode's solutions containing 20, 10, 5, 2.5, 1, 0.5, and 

finallyy 0 mmol/L total NH3/NH/. Na+ and Ca2+ were replaced with N-methyl-D-

glucaminee (NMDG+). Furthermore, 2.0 mmol/L BaCb and 1 mmol/L CdCl were 

addedd to minimize NH/ entry through K+ channels and to inhibit Ba2+ influx through 

L-typee Ca2+ channels, respectively. 

Stepwisee reduction of extracellular NH3/NH/ caused pH,- to also decrease in a 

stepwisee fashion (data not shown). With each stepwise decrease in extracellular 

NH3/NHL}+,, the amount of protons delivered to the cytoplasm (A[acid]j) was 

consideredd equal to the resultant change in intracellular NH4+ concentration. If it is 

assumedd that NH3 equilibrates across the sarcolemma and that the pKa governing the 

NH3/NH44 equilibrium (8.90 at 37 C) is the same in the cytoplasm as in the 

extracellularr fluid, the intracellular NFL**  concentration can be calculated from the 

observedd pH,5. Obviously, the method requires that there is no additional NFLt+ entry y 

orr acid-base transport across the sarcolemma. We therefore excluded from the 

analysiss pH, steps that either drifted acidic, indicating significant NH4
+ entry if not 

backgroundd acid loading, or drifted alkaline, signifying background acid extrusion. 

ApH;; was taken as the change in pH, produced by the stepwise decrease in 

extracellularr NH3/NH44". p, was then calculated as -A[acid]j/Ar>//. [5,12]. p\ was 

assignedd to the mean of the two pH, values used for its calculation. 

Wee determined pH, dependency of p\ in 11 age-matched normal myocytes and in 12 

hypertrophiedd failing myocytes (Fig. 1). Over the pH, range between 6.6 and 7.6, p, 

decreasedd from -30 to -20 mmol/L in an approximately linear fashion in normal 

myocytes.. The best fit to these data required a slope of-11.8 mmol/L/pH unit and an 

interceptt of 102 mmol/L. In HFH myocytes, the slope was -10 mmol/L/pH and an 

interceptt of the fitted line was increased to 116 mmol/L. 

Inn addition we determined pH,-p\ relationship before, during, and after metabolic 

inhibition.. Full metabolic inhibition was recognized by the typical rigor shape of the 

myocytess and inexcitability. Under metabolically inhibited conditions we also added 
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33 nmol/L glibenclamide (Sigma) to the NH3/NH/ containing solutions to block NH»+ 

entryy through the ATP-dependent K+ channels. We lifted the metabolic inhibition 

(pseudo-reperfusion)) by exposing the myocytes for 10 minutes to a normal Tyrode's 

solutionn to which 10 umol/L cariporide was added. Addition of the drug was 

necessaryy because it prevents the hypercontracture that normally accompanies 

pseudo-reperfusion.. Hypercontracted myocytes are potentially injured, and less likely 

too survive the many solution changes of our stepwise reduction in extracellular 

NH3/NH// approach. 

Thee pH/-pf relationship obtained in age-matched normal myocytes was also used to 

calculatee the buffering power for the aerobic control group of myocytes. In a second 

groupp of 11 metabolically inhibited myocytes we found p, to be raised. Under energy 

deprivedd conditions, P, increased from ~50 to ~55 mmol/L in the pH, range between 

6.44 and 7.2, again in an approximately linear fashion. Elevation was most marked 

aroundd neutral pH, values. The best fit required a slope of 5.7 mmol/L/pH unit and an 

interceptt of 17.9 mmol/L. Pseudo-reperfusion led to partial restoration of the pH,-p, 

relationship.. In a third group of 8 myocytes that had recovered from the cyanide 

protocoll  in the presence of cariporide, p, decreased from -55 mmol/L to 30 mmol/L 

inn the pH, range between 6.4 and 7.4. The best fit required a slope of -28.8 

mmol/L/pHH unit and an intercept of 239.6 mmol/L. 

Statistics Statistics 

Resultss are expressed as mean  standard error of the mean (SEM). We used 

Microsoftt Excel® software to conduct statistical analyses and nonlinear least-squares 

fitss (Hill equation). Two sets of data were considered significantly different if the P 

valuee of the (paired) Student's t-test was < 0.05 
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Result s s 
Monocarboxylatee cotransport facilitates lactate influx and efflux across the 

sacrolemma.. We first assessed their dependency on extracellular lactate and pH0, and 

thenn estimated the intracellular lactate and pH, dependency in normal and HFH 

myocytes.. Finally, we studied whether MCT is affected during metabolic inhibition 

andd pseudo-reperfusion in normal myocytes. 

ExtracellularExtracellular lactate dependence of MCT in normal and HFH rabbit ventricular 

myocytes myocytes 

Normall  and HFH myocytes were exposed to series of increasing extracellular lactate 

concentrationss that resulted in a concentration dependent intracellular acidosis as 

illustratedd in Fig. 1A upper and lower panel. To prevent pH, recovery by means of 

Na+/H++ exchanger we added 10 umol/L cariporide to the solutions. Straight lines 

weree fitted through the initial fall in pH, induced by 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20 and 

300 mmol/L extracellular lactate (Fig. 1A). The slopes obtained from the linear fits 

weree multiplied times the appropriate buffering power to calculate the MCT-mediated 

protonn flux (JMCT)- We averaged JMCT for each lactate concentration and constructed 

thee [Lac]0-JMCT relation of 30 normal and 16 HFH myocytes (Fig IB). 

B B OO CTR ( Vmax=-13.4;Km=4.9;h=0.96) 

 HFH ( Vmax=-20.8;K,„=6.4;h=0.99) 

pH, , 

pH, , iryvv^^ ^ 
100 min 

100 15 20 

[Lac]00 (mmol/L) 

Fig.Fig. 1. Extracellular lactate dependence of MCT influx rate in normal and HFH myocytes. A Typical 

pHjpHj traces measured in normal (upper panel) and HFH (lower panel) myocytes exposed to decreasing 

extracellularextracellular lactate concentration. The initial fall in pH, following 30 sec was used to calculate JMCT-

AveragedAveraged JMCT values were plotted against the appropriate extracellular lactate concentration to 

constructconstruct the [lac]„-Jucr  influx relation for normalfCTR, open circles) and HFH myocytes (HFH, filled 

circles). circles). 
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Analysiss of these curves revealed no differences in the Michaelis constant (Km) 

betweenn normal and HFH myocytes which were 6.4 mmol/L and 4.9 mmol/L, 

respectively.. However, the maximal velocity (Vmax) of lactate influx was 20.8 

mmol/L/minn in HFH myocytes compared to only 13.4 mmol/L/min in normal 

myocytes.. The lactate influx rate at 30 mmol/L extracellular lactate was significantly 

increasedd from 12.1  1.3 (n=20) mmol/L/min in normal to 17.9  1.2 (n=10) in HFH 

myocytess (P<0.003). This indicates that the extracellular lactate dependency 

remainedd unchanged whereas the number of active sarcollemal MCT proteins might 

bee increased in HFH myocytes. 

pHpH00 dependence of MCT in normal and HFH rabbit ventricular myocyte. 

Wee next investigated the pH0-dependence of MCT in 18 normal and 7 HFH myocytes 

byy exposing the cells to a series of 5 mmol/L lactate containing Tyrode's solutions, 

eachh set at different pH0 values (Fig. 2A). Again 10 umol/L cariporide was used to 

inhibitt Na+/H+ exchange during lactate exposure. The rate of H+ influx was derived 

fromm a linear fit through the initial fall in pH,. We averaged JMCT for each pH0 value 

andd constructed the PH0-JMCT relation for both normal and HFH myocytes (Fig 2B). 

Lactatee influx was largest at acidic pH0-values whereas it was almost undetectable at 

alkalinee pH„ values. 

B B 

CC -20 

I I 

I-» » 
t --o o 

•• HFH ( Vmax=-22.1; pKa=7.0; h=0.96) 

oo CTR { Vmm=-13.6;pKa=6.9;h=0.96) 

Fig.Fig. 2. Extracellular pH (pHJ dependence of MCT influx rate in normal and HFH myocytes. A. 

TypicalTypical pH, traces of normal (upper panel) and HFH (lower panel) myocytes that were exposed to 

variousvarious 5 mmol lactate containing Tyrode 's all with different pH0 values. The initial fall in pH, 

followingfollowing 30 sec was used to calculate JMCT influx rate. B. Averaged JMCT values were plotted against 

thethe appropriate extracellular pH0 to construct the pH0-JMCr influx relation for normal(CTR, open 

circles)circles) and HFH myocytes (HFH, filled circles). 
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Thee sigmoidal PHO-JMCT relation could be fitted with a Hil l coefficient close to 1, 

indicativee for a 1:1 stochiometry. There were no differences observed in the apparent 

pKaa between normal and HFH myocytes, which were 6.9 and 7.0, respectively. 

However,, in HFH cells JMCT was larger at all pH0 values and Vmax was increased from 

-13.66 in normal myocytes compared to -22.1 mM/min in HFH myocytes (see Table 

1).. The influx rate at pH0 5.5 was significantly different between normal (-12.8  1.4 

mmol/L/min,, n= l l ) and HFH (-21.1  1.5 mmol/L/min, n=7) myocytes (PO.001). 

Thuss the pH0-dependency of MCT remains unchanged, whereas maximal transport 

capacityy of MCT was significantly increased. This again indicates that HFH 

myocytess exhibit increased numbers of the same sarcolemmal MCT isoform in the 

sarcolemma. . 

Tablel::  Kinetics of MCT in normal and HFH myocytes 

ControlControl myocytes HFH myocytes 

(mmol/L/min)) (mmol/L) (mmol/L/min) (mmol/L) 

13.44 4.9 20.8 6.4 

48.77 15.1 44.6 16.3 

Vmaxx pKa Vmax pK<, 

(mmol/L/min)) (mmol/L/min) 

fpffJa-JucTfpffJa-JucT 13.6 6.9 22.1 7.0 

[pHJrJucT[pHJrJucT 151.9 6.0 139.7 5.8 

IntracellularIntracellular lactate and pH-, dependence of MCT in normal and HFH rabbit 

ventricularventricular myocytes 

Fromm the experiments shown in Fig 1A and Fig 2A, we estimated the efflux rate upon 

lactatee removal. Since Na+/H+ exchange was inhibited by 10 umol/L cariporide and 

pH,, stabilized at acidic values we assumed that MCT was in equilibrium at the end of 

eachh lactate pulse. Under these conditions the intracellular lactate concentration could 

bee derived from the measured pHrvalue, the known extracellular lactate 

concentration,, and prevailing pH„. The [lacJrAtcT and PH,-./MCT relations were 

obtainedd by plotting the lactate efflux rates respectively against the calculated lactate 

concentrationn and the measured pH;. The fluxes were all computed with the 

appropriatee buffering power. 

flac/o-Jucr flac/o-Jucr 

flaclflaclrrJJMMcT cT 
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Thee calculated lactate concentrations at the end of every lactate pulse, from the 

experimentss depicted in Fig 1A and 2 A, did not differ between normal and failing 

myocytess except when pH, disturbances were largest. This allows use to compare the 

[lac],-JMCTT between both groups. In contrast, the pH, changes induced by lactate and 

H++ cotransport were always less in HFH compared to normal myocytes, this agrees 

withh the increased buffering power. Statistical analysis did not reveal differences in 

thee [lac],-./MCT relation between normal and HFH myocytes (Fig. 3A). The best fit 

throughh the [lac],-̂ MCT revealed a Km of 15.1 mmol/L in normal and 16.3 mmol/L in 

HFHH myocytes. Interestingly, the Km values for intracellular lactate are 

approximatelyy 3 times higher compared to the Km values for extracellular lactate. The 

Vmaxx for lactate efflux was estimated at 48.7 mmol/L/min in normal and 44.6 

mmol/L/minn in HFH myocytes. Thus lactate enters the cell more easily than it can be 

expelledd from the cytoplasm and this propensity is not changed in HFH myocytes. 

Inn addition, the pH,-yMcT relation did not differ significantly, at pH; values form 6.6 to 

7.2,, between normal and HFH myocytes (Fig. 3B). The apparent pKa was 5.8 and 

6.0,, respectively whereas the Vmax was estimated at 151.9 mmol/L/min in normal and 

139.77 mmol/L/min in HFH myocytes. The missing JMcr values at more acidic pH, 

disalloww firm conclusions regarding changes in pKa and Vmax of the PH,-JMCT relation 

betweenn normal and HFH myocytes. 

oo CTR( Vmax=48.7;Km=15.1;h=0.98) 

•• HFH ( VL =44.6:Km =16.3; h=0.93) 
B B 

££ 40 

Ö Ö 

E E 
E E 

- 2 0 0 
o o 
1 1 

oo CTR( Vma,=151.9;pK a=5.8;h=1.05) 

 HFH ( Vmax=139.7; pKa=6.0; h=1.07) 

[Lac] ,, (mmol/L ) PH, , 

Fig.Fig. 3. Intracellular lactate and pH, dependence ofMCT efflux rate in normal and HFH myocytes. A. 

TheThe efflux rates were determined from the experiments as shown in Figs land 2. The first 30 sec ofpH, 

recovery,recovery, each time lactate was removed, was fitted by an linear equation. The slope was multiplied 

timestimes the buffering power to calculate the J ĈT efflux rates. The JMCT efflux values were averaged and 

plottedplotted either against the calculated intracellular lactate concentration ([lac]J (A) or the measured 

pHjpHj (B). [lacJrJMCT relation and pH,-JMCj relation of the MCT efflux rate of normal (open circles) and 

ofof HFH myocytes (HFH, filled circles) are depicted in both panels. There were no significant 

differencesdifferences in pH, and [lac],  dependency of MCT efflux rate between normal and HFH myocytes. 
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However,, based on the [lac],-JMCT relation it is most likely that the pK* and Vmax 

valuess of the PH,-JMCT relations do not differ between both groups. Moreover, the 

lowerr pKa and K0.5 values of lactate efflux compared to the influx rates indicate that 

lactate-H++ cotransport is preferentially inwardly directed. 

Fromm this we can conclude that in both groups lactate-H+ cotransport is preferentially 

inwardlyy directed. Moreover, the MCT influx rate, but not efflux rate, is changed in 

HFHH myocytes. This weakens the suggestion that increased expression levels of the 

samee isoform underlie the kinetic changes of MCT in HFH myocytes. 

TheThe effect of metabolic inhibition and pseudo-reperfusion on lactate influx in 

normalnormal and HFH rabbit ventricular myocytes 

Too study the effect of metabolic inhibition and pseudo-reperfusion on lactate influx 

throughh MCT we applied three consecutive 5 mM lactate pulses to one and the same 

celll  (Fig. 4A). Again, NHE was selectively inhibited by 10 umol/L cariporide during 

lactatee exposure and removal. After we applied the first lactate pulse, we induced 

metabolicc inhibition using the 'anoxia protocol'. Addition of the second lactate pulse 

thuss progressed under metabolically inhibited conditions. The final, pseudo-

reperfusion,, phase of the experiment commenced after recovery from the second acid 

loadss had progressed for ~5 min. We then switched back to normal, air-equilibrated 

Tyrode'ss solution, whereupon we applied the third lactate pulse. 

Metabolicallyy active myocytes quickly acidified upon lactate exposure and pH, 

recoveredd rapidly following washout of lactate. Metabolic inhibition commenced 

withh a transient alkalosis of -0.1 pH unit. After -15 min the cells stopped 

contracting,, despite continued field stimulation. Shortly thereafter the cells shortened 

abruptly,, while keeping their rod shape and typical cross-striations ('rigor shape'). At 

thiss point of full metabolic inhibition, a sarcoplasmic acidification of-0.15 pH units 

developed.. When pH, stabilized at this acidic level, we exposed the myocyte a second 

timee to 5 mM lactate. In agreement with inhibited MCT and increased buffering 

power,, the second H+ influx was slowed and less acidic pH, values were reached. In 

addition,, under metabolic inhibited conditions lactate efflux was also slowed. Not all 

myocytess survived metabolic inhibition, they either became spontaneously active or 

showedd signs of hypercontracture. These were reasons to end the experiment. 

Pseudo-reperfusionn led within 3 min to further reduction in cell length, loss of rod 

shapee and cross sanations ('hypercontracture'). All cells that survived the first 

110 0 



LactateLactate transport in normal and failing rabbit hearts 

minutess of pseudo-reperfusion experienced an acidosis, which was quickly followed 

byy a brisk pH, recovery. When pH, had stabilized we applied the third lactate pulse. 

Consistentt with disinhibited MCT, we observed a quick acidification upon lactate and 

aa fast recovery of pH,. 

Wee determined the lactate influx and efflux rates in the first 20 seconds when lactate 

wass respectively added and removed. The slopes of a linear fit  through the fall and 

recoveryy of pH, were multiplied times appropriate buffering power to obtain the 

transportt rates. The lactate influx and efflux rates determined under metabolic 

inhibitedd conditions and after pseudo-reperfusion were normalized to their transport 

ratess as observed under aerobic control conditions. All normalized influx (upper 

panel)) and efflux (lower panel) rates obtained under the same conditions were 

averagedd (Fig. 4B). The normalized influx and efflux rates were significantly reduced 

underr metabolic inhibition to 0.79  0.35 (PO.05) and 0.53  0.32 (PO.01), 

respectively.. Pseudo-reperfusion restored both suppressed influx and efflux rates and 

thesee did no longer differ from the transport rates obtained under normal aerobic 

conditions. . 
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Wee conclude that anoxia largely suppressed both the lactate influx and efflux rates 

acrosss the sarcolemma. Thus, clearance of lactate derived from glycolysis is 

hamperedd under anaerobic conditions, which might underlie intracellular lactate 

accumulationn during anoxia. 

Discussio n n 
Overview Overview 

Evidencee exists that lactate becomes a major source of energy in failing hearts. To 

assesss whether this increased reliance on lactate is matched by changes in lactate-H+ 

cotransportt (MCT), we studied lactate transport across the sarcollema in ventricular 

myocytess isolated from normal and failing rabbit hearts. Moreover, it is known that 

lactatee accumulates in the ischemic region of a heart, which is indicative for impaired 

lactatee efflux. We hypothesized that, like NHE and NBC, also MCT becomes 

suppressedd by metabolic inhibition. To this end we determined JMCT before, during 

andd after metabolic inhibition in normal myocytes. Here we report that indeed MCT 

influxx rates were increased in HFH myocytes, without changes in extracellular lactate 

andd H+ sensitivity. In contrast, the lactate efflux rates, and sensitivity for intracellular 

lactatee and H+ did not differ between both groups. This agrees with the increased 

reliancee of lactate in failing hearts. Increased protein expression levels cannot explain 

changess in MCT. Modulation of MCT activity or expression of another MCT isoform 

mayy underlie these changes. 

Metabolicc inhibition suppresses lactate efflux and influx rates, whereas pseudo-

reperfusionn restored its original aerobic control flux. The decreased MCT efflux rates 

mayy contribute to the lactate accumulation inside the ischemic region of the heart. 

LactateLactate transport in normal hearts 

Studiess on the lactate and pH dependency of cardiac lactate/H+ cotransport have been 

performed;; in rabbit hearts[14], in cardiac myocytes from rat[7,15,16] and guinea pig 

[8,16-18],, and in cardiac sarcolemmal vesicles of canine [19,20]. The most detailed 

studiess have been performed in single isolated cells and sarcolemmal vesicles. In 

wholee hearts the lactate concentration changes as it passes through the tissue, which 

hamperss accurate characterization of the lactate/H+ cotransporter. 
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Likee in rat and guinea-pig, also rabbit cardiac myocytes exhibit MCT transport 

systemss that cotransport, one monocarboxylate, such as lactate, together with one 

protonn across the sarcolemma. Its direction depends on both the pH and 

monocarboxylatee gradients. At low extracellular pH<, values or at high extracellular 

lactatee concentration, lactate influx was facilitated. Lactate efflux depended also on 

thee intracellular lactate concentration and the existing pH,. In both guinea pig and rat 

affinityy for extracellular lactate was higher than for intracellular lactate. A similar Km 

forr lactate influx (~2 mmol/L) and for lactate efflux (~7 mmol/L) was observed in 

bothh species. In contrast V™» for lactate influx differed between guinea pig and rat 

andd proved 3 mmol/L/min and 9 mmol/L/min, respectively. In both species Vma* for 

lactatee efflux was again 2-4 times higher. We confirmed this asymmetric behavior of 

MCTT in rabbit ventricular myocytes. In accordance, rabbit ventricular myocytes 

exhibitt a 3 times higher Km and 3.5 times larger Vmax (-49 mmol/L/min) for lactate 

effluxx than for lactate influx (Table 1). Thus qualitatively rabbit cardiac MCT shares 

greatt homology with the MCT in guinea pig and rat. However, quantitative 

differencess in Km and Vrwx of lactate influx and efflux between rabbit and guinea pig 

andd between rabbit and rat exists. These disagreements might be attributed to species 

differencess or the temperature these values were measured at. In a recent report of 

Johannssonn higher Km (9 mmol/L) and V ,^ (42 mmol/L/min) values were measured 

inn rat. From their paper it was not clear at which temperature these values were 

measured.. The large differences in transport rates observed in rat were most likely 

duee to temperature differences. 

IdentificationIdentification and location of cardiac MCT isoforms 

Theree is evidence that cardiac sarcolemmal lactate transport is mediated by two 

differentt MCT transporters. The expression ratio of both isoforms determines the 

overalll  properties of the lactate transport by MCT. MCT-1 is located at the 

intercalatedd disk regions and can not be inhibited by DBDS. The other yet unknown 

MCTT isoform represents the DBDS-sensitive isoform located in the middle of the 

myocyte.. Both isoforms have a similar Km for L-lactate (~2mmol/L), however MCT-

11 has a lower affinity for other monocarboxylates, such as pyruvate and D-lactate. In 

thiss study we did neither yet assess the ratio of the DBDS-sensitive and DBDS-

insensitivee MCT nor the localization of MCT-1 in our rabbit ventricular myocyte 

preparation.. These items remain to be resolved. 
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LactateLactate transport in failing hearts 

AA recent report showed that MCT transport differed between normal and failing 

heartss . Left ventricular myocytes from hearts that underwent left coronary artery 

ligationn for six weeks showed an increased MCT-1 expression of 260%. Moreover, 

MCT-11 density proved higher at both the intercalated disk regions and in the middle 

off  the failing myocytes. Maximal lactate uptake was 2.5 times higher (107 

mmol/L/min)) in these failing myocytes, whereas significant differences in Km (7-9 

mmol/L)) were observed. Also in our rabbit model of heart failure we observed a 

significantt 1.6 times increase in V ^ of lactate influx rates to -21 mmol/L/min, 

whereass the Km (5 mmol/L vs 6 mmol/L) for lactate influx remained unchanged. In 

ourr study we also determined the pH0-yMCT relation and found no changes in apparent 

pKaa for extracellular H+ between normal and HFH myocytes, respectively 6.9 and 7.0. 

Fromm this we might conclude that, like in rat, rabbit failing hearts MCT expression is 

increasedd and underlies the changes in lactate influx rates. However, comparison of 

thee estimated Km, pKa and Vmax values of lactate efflux in control and HFH revealed 

noo differences (Table 1). If more functional MCT proteins were incorporated in the 

membranee of HFH myocytes then both the influx and efflux rate of MCT should be 

increased.. Thus it is unlikely that these changes in MCT were caused by increased 

MCTT expression. However, we can not exclude this possibility since we did not yet 

quantifyy MCT at the protein level. It might be that rabbit HFH myocytes express a 

differentt MCT isoform or that the ratio of the different cardiac MCT isoforms has 

beenn changed. Moreover, modulation of MCT protein by phosphorylation might be 

anotherr explanation. Experiments regarding expression levels and distribution of 

MCTT might elucidate the remaining questions. 

Besidess the small dissimilarities between the rat and rabbit model of heart failure, we 

alsoo conclude that lactate uptake by means of MCT is higher in failing hearts. This 

indicatess that failing hearts exhibit an increased reliance on lactate oxidation. 

LactateLactate transport during anoxia 

Inn the ischemic heart lactate can no longer be oxidized, instead it becomes a metabolic 

wastee product of anaerobic glycolysis. Removal of intracellular lactate is essential to 

continuee anaerobic glycolysis that yields sufficient ATP to postpone injurious Na+ 

andd Ca + accumulation. During ischemia, MCT expels lactate from the heart, which 

cann be measured in venous blood[ 14,21,22]. However, soon lactate production 
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exceedss lactate removal and consequently lactate and H+ accumulates in the ischemic 

region.. This leads to an intracellular acidification and tissue swelling. Lactate 

accumulationn is ascribed to the limited transport capacity of MCT. Taegtmeyer et al 

[23]]  have demonstrated that a working rat heart at 37°C may oxidize lactate at a rate 

off  12 mmol/L/min, whereas V,^ for lactate uptake measured at 23°C was only 

~5mmol/L/minn (estimated at 15 mmol/L/min at 37°C). They concluded that MCT 

underr aerobic conditions does not have much spare capacity for these high rates of 

lactatee metabolism and may thereby limit lactate oxidation. When the heart becomes 

hypoxicc lactate production increased from ~3 mmol/L/min to 35 mmol/L/min at 37°C, 

whereass Vmax for lactate efflux is 11 mmol/L/min at 23°C (estimated at 33 

mmol/L/minn at 37°C). From these data it was concluded that lactate efflux capacity 

off  MCT was rate limiting under hypoxic conditions. When working rabbit hearts 

oxidizee lactate at 12 mmol/L/min, they also have not much spare capacity of MCT 

left,, since V ,^ equals 13 mmol/L/min. Thereof, we assume that MCT also 

determiness the rate of lactate oxidation in rabbit hearts. However, when lactate is 

producedd at 35 mmol/L/min in hypoxic rabbit hearts, MCT should be able to 

sufficientlyy remove the intracellular lactate, since the maximal lactate efflux rate 

equalss -49 mmol/L/min. Thus lactate efflux capacity is not a rate-limiting factor 

duringg in hypoxic rabbit hearts. 

Wee hypothesized that like other acid-base transporters, such as NHE and NBC, also 

MCTT is suppressed by metabolic inhibition. In this study we therefore measured 

lactatee influx and efflux rates before, during and after the anoxia protocol. Here we 

reportt that lactate influx and efflux by means of MCT is largely impaired under 

anoxicc conditions. Pseudo-reperfusion recovered lactate efflux, whereas the lactate 

influxx remained suppressed. This suppression of MCT during hypoxia provides an 

alternativee explanation why lactate efflux seems limited under ischemic conditions 

andd consequently leads to lactate accumulation and to intracellular lactic acidosis. 
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