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The energetics and location of renal transport of acetoacetate, fl-hydroxybutyrate, a-hydroxybutyrate and 
~,-hydroxybutyrate by luminal-membrane vesicles from either whole cortex or pars convoluta or pars recta of 
rabbit proximal tubule were studied. Addition of either acetoacetate or fl-hydroxybutyrate or its analogues to 
dye-membrane-vesicle suspensions in the presence of Na + gradient (extravesicular > intravesicular) resulted 
in absorbance changes indicative of depolarizing event(s). Valinomycin enhanced the Na+-dependent uptake 
of monocarboxylic acids, provided a K + gradient (intravesicular > extravesicular) was present. By contrast, 
Na+-dependent uptake of these compounds was nearly abolished by ionophores that permit Na + to pass 
through the luminal-membrane via another channel, either electrogenically (e.g. gramicidin D) or electroneu- 
trally (e.g. nigericin). These results established that the Na+-dependent transport of ketone bodies and 
analogues by luminal-membrane vesicles is an electrogenic process. Eadie-Hofstee analysis of saturation 
kinetic data suggested the presence of multiple transport systems in vesicles from whole cortex for these 
compounds. Tubular localization of the transport systems was studied by the use of vesicles derived from pars 
convoluta and pars recta. In pars recta uptake of all these compounds was mediated by means of a single high 
affinity common transport system. Uptake of these compounds by vesicles from pars convoluta was carried 
out via a relatively low affinity but common transport system. The physiological importance of the transport 
systems is discusssed. 

Introduction 

Monocarboxylic acids especially L-lactate, 
pyruvate, acetate and long chain fatty acids under 
normal physiological conditions, and ketone bod- 
ies during fasting and postnatal development are 
among the major metabolic fuels of the mam- 
malian kidney (for review, see Ref. 1). Recently, 
renal transport of monocarboxylic acids has been 
studied by luminal-membrane vesicles prepared 
from whole renal cortex. These membrane vesicle 
preparations have shown to possess a Na+-depen- 
dent transport system for monocarboxylic acids 
[2-5]. The transport of these compounds is rela- 
tively insensitive to the presence of di- and tri- 

carboxylic acids, glucose, alanine and a number of 
other compounds, leading to the suggestion that 
the system is specific for the reabsorption of 
monocarboxylic acids. However, the results re- 
ported in the literature on the Na+-dependent 
mechanism of a wide variety of monocarboxylic 
acids are controversial. Thus, Barac-Nieto et al. [2] 
found that the presence of monocarboxylic acids 
such as acetate, pyruvate and propionate (5 mM) 
in the incubation medium did not significantly 
inhibit the Na+-dependent uptake of L-lactate by 
luminal-membrane vesicles derived from whole re- 
nal cortex, suggesting the existence of various 
transport systems for different monocarboxylic 
acids. By contrast, Ullrich et al. [6-8] in microper- 
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fusion experiments found that the Na ' -dependent  
uptake of D-lactate is inhibited by other mono- 
carboxylic acids. 

Garcia et al. [3] have recently studied the mech- 
anism of excretion of ketone bodies (acetoacetate 
and fl-hydroxybutyrate), which is also the subject 
of the present communication of this series. They 
found that the uptake of ketone bodies by lumi- 
nal-membrane vesicles from whole renal cortex 
was an electroneutral process in contrast to elec- 
trogenic transport of L-lactate demonstrated by 
Barac-Nieto et al. [2]. 

The primary purpose of this series of studies is 
to clarify the main characteristics of renal trans- 
port system(s) of various monocarboxylic acids. 
We have recently developed methods for this pur- 
pose, based on the use of highly purified mem- 
brane vesicles from rabbit kidney cortex [9,10]. 
The strategy is based on the rapid screening proce- 
dures to measure electrogenic transport of solutes 
by the use of potential-sensitive dye [10,11], in 
conjunction with conventional transport studies by 
the Millipore filtration technique [12,13]. With this 
methodology differences in monocarboxylic acid 
transport systems are readily shown to exist, which 
can be characterized in terms of differences in 
affinity, specificity and cation dependence. By 
contrast to the previous findings we present clear 
evidence in this paper for the existence of two 
different Na+-dependent electrogenic transport 
systems for acetoacetate, a-hydroxybutyrate, /3- 
hydroxybutyrate and y-hydroxybutyrate, localized 
in luminal-membrane vesicles from two different 
regions of kidney cortex, namely pars recta and 
pars convoluta of proximal tubule. 

Materials and Methods 

Materials 
Lithium acetoacetate, sodium salts of a-hy- 

droxybutyrate, /3-hydroxybutyrate and ~,-hydroxy- 
butyrate together with valinomycin and gramicidin 
were purchased from Sigma Chemical Co., St. 
Louis, MO, U.S.A. Nigericin was bought from 
Calbiochem-Behring Corp., La Jolla, CA, U.S.A. 
3,3'-Diethyloxadicarbocyanine iodide was supplied 
by Eastman Kodak Co., Rochester, NY, U.S.A. 
Radioactive ethyl[3-14C]acetoacetate (spec. radio- 
activity 8.5 mCi/mmol)  and D-(-)-3-hydroxy[3- 

14C]butyrate (spec. radioactivity 55 mCi/mmol)  
were obtained from The Radiochemical Centre, 
Amersham, Bucks., U.K. [3-14C]Acetoacetate was 
prepared by hydrolysis of ethyl [3-14 C]acetoacetate 
according to the method of Edmon [14]. 

Isolation of luminal-membrane vesicles 
Luminal-membrane vesicles were isolated from 

either whole renal cortex or from pars convoluta 
or pars recta of proximal tubule of rabbit kidney 
as recently reported from this laboratory [11,15]. 
Vesicles were suspended in a solution containing 
310 mM mannitol and 15 mM Hepes/Tris  buffer 
(pH = 7.5), and used within 6 h after the prepara- 
tion. Vesicles were preloaded by first removing the 
extravesicular manni to l /Hepes /Tr is  solution by 
centrifugation (25 000 × g for 30 min at 2°C) and 
afterwards resuspending the loose pellet in an iso- 
osmolar loading medium as mentioned in the 
legends to the figures. The purity of the membrane 
preparations was examined by electron mi- 
croscopy and by measuring specific activities of 
various enzyme markers as previously described 
[9,11,15]. The amount of protein in different frac- 
tions was determined by the method of Lowry et 
al. [16] as modified by Petersen [17]. 

Transport studies 
The uptake of monocarboxylic acids by lumi- 

nal-membrane vesicles from whole cortex or pars 
convoluta or pars recta was studied both by Milli- 
pore filtration technique and spectrophotometry as 
recently described [10,11,13,15]. The details of the 
individual experiments are given in the legends to 
the figures. In short, the uptake of radioactive 
acetoacetate and /3-hydroxybutyrate was studied 
as follows. 50 /*1 of luminal-membrane vesicle 
suspension were added at the time zero to 100 ~1 
of incubation medium containing 310 mM manni- 
tol, or 155 mM KC1, or 155 mM NaCI, or 155 mM 
sodium gluconate, or 103 mM Na2SO 4 dissolved 
in 15 mM Hepes/Tris  buffer (pH 7.5). Transport 
of radioactive compounds in vesicles was stopped 
by addition of 850 /,1 ice-cold stop buffer con- 
taining 155 mM NaC1 and 15 mM Hepes/Tris  
buffer (pH 7.5). The resulting suspension was 
rapidly filtered through a Sartorius membrane filter 
(0.45/*M, type SM 11106, G6ttingen, F.R.G.) that 
was washed twice with 2.5 ml of ice-cold stop 



buffer. The filter was dried overnight and the 
radioactivity was counted in a liquid scintillation 
counter (Wallac LKB 1210 Ultrabeta) in Luma gel 
(Lumac, The Netherlands). Correction for non- 
specific binding to the filter and membrane vesicles 
was made by subtracting from all uptake data the 
value of a blank obtained by filtering denatured 
membranes (boiled for 2 min) added to an incuba- 
tion tube containing radioactive acetoacetate or 
fl-hydroxybutyrate. The rate of uptake of non-ra- 
dioactive compounds by luminal-membrane 
vesicles was investigated by the use of potential- 
sensitive dye, namely 3,3'-diethyloxadicarbo- 
cyanine iodide (for details see Refs. 10, 11, 15). 

Calculations 
The results of the saturation experiments were 

analyzed by using Michaelis-Menten kinetics. 
When data of the filtration experiments indicated 
uptake by more than one transport system the 
results were analyzed according to the following 
equation 

vL~[s] vL~[s] 
U p t a k e  - -  + -  

K'm + [S] /~m + [S] 

where K m represents the substrate concentration 
that gives half-maximal uptake, Vma x denotes max- 
imal uptake and [S] indicates initial concentration 
of substrate. Index 1 and 2 refer to the first and 
the second transport system, respectively. In case 
of transport via a single pathway the same equa- 
tion without the second fraction was used. The 
spectrophotometric data were analyzed using an 
analogue relationship. 

aA'~.xtS] aA~.xtS] AA - -  + - -  
/(I + [s] ~d + [Sl 

where Z~A is the absorbance change measured by 
addition of solute at concentration [S], AA .... is 
the maximal absorbance change and K A is the 
monocarboxylic acid concentration producing a 
half-maximal absorbance. The various kinetic 
parameters for both types of uptake studies were 
calculated using iteration computer programs [18]. 
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Results 

Time-course of ketone bodies uptake 
Figs. 1A and 1B describe the uptake of radioac- 

tive acetoacetate and B-hydroxybutyrate (50 /~M) 
by the membrane vesicles prepared from whole 
kidney cortex during incubation for different 
lengths of time in various incubation media as 
measured by Millipore filtration. The presence of 
sodium salt gradient between the external medium 
and the intravesicular medium stimulated uptake 
of both acetoacetate and fl-hydroxybutyrate. How- 
ever, both the initial and maximal uptake values 
were dependent on the type of sodium salt anion 
present and increased in the following order; glu- 
c o n a t e - <  SO42- < C1 . In the presence of Na +- 
gradient accumulation of acetoacetate and B-hy- 
droxybutyrate into the membrane vesicles was 
maximal at 1 min. Afterwards the amount of 
ketone bodies in the vesicles decreased, indicating 
efflux of these compounds. Replacing sodium salts 
by KC! or mannitol completely abolished the over- 
shoot. The final level of uptake of these organic 
anions in the presence or abscence of the Na + 
gradient was approximately the same, suggesting 
that equilibrium was approached after 1 h of in- 
cubation. 

Spectrophotometric measurements 
By contrast to the previous findings of Garcia 

et al. [3] the results presented in Figs. 1A and 1B 
suggest that the uptake of ketone bodies by the 
luminal-membrane vesicles from whole kidney 
cortex is dependent on membrane potential (see 
Discussion). In order to study the importance of 
the membrane potential for the transport process 
spectrophotometric measurements using the poten- 
tial-sensitive dye, 3,Y-diethyloxadicarbocyanine 
iodide were carried out. Figs. 2A and 2B depict the 
pattern of uptake of 5 mM acetoacetate and fl-hy- 
droxybutyrate, respectively. Curves 1, 2, and 3 in 
Figs. 2A and 2B show the absorbance changes 
caused by the addition of ketone bodies in the 
presence of NaC1, Na2SO 4 and sodium gluconate, 
respectively. It is seen that addition of acetoacetate 
or B-hydroxybutyrate to the membrane-dye sus- 
pension in the presence of various sodium salt 
gradients depolarizes the membrane vesicles and 
resulted in spectral curves of a form resembling 
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Fig. 1. Uptake of 50 #M [14C]acetoacetate (panel A) and 50 ~M ,8-hydroxy[a4C]butyrate (panel B) by luminal-membrane vesicles 
prepared from whole cortex. Common experimental conditions: protein concentration 2.0 mg/ml; pH 7.5; temperature 20°C. The 
intravesicular medium was 310 mM mannitol, whereas the external media were 155 mM NaCI (O O), 103 mM Na2SO 4 
(A A), 155 mM sodium D-gluconate (11 II), 155 mM KCI (~  ~) or 310 mM mannitol (O O). In both 
intravesicular and extravesicular media 15 mM Hepes-Tris was used as buffer system. Results are given as mean values + S.D. of three 
experiments. 

the Millipore filtration curves shown in Figs. 1A 
and lB. The magnitude of the spectral changes 
( 'overshoot ' )  varies with the type of sodium salt 
anion in the same direction as seen in Figs. 1A and 
lB. Replacing sodium salt anion by either KC1, 
K z S O  4 or potassium gluconate abolished the over- 
shoot (not shown). Therefore, the observations 
that penetration of  ketone bodies follows C I - >  
SO4 2- > g lucona te -  can not be accounted for by 
the possible alteration in the degree of  Ca 2 + ioni- 
zation that may occur by the presence of these 
anions. 

Substrate specificity of ketone bodies" transport sys- 
tem 

To investigate the structural specificity of the 

Na+-dependen t  ketone bodies'  t ransport  pathway 
in luminal-membrane vesicles f rom whole renal 
cortex the spectrophotometric  measurements were 
extended to include a- and ~,-isomers of hydroxy-  
butyrate.  Introduct ion of  both c~- and ~,-hydroxy- 
butyrate to the membrane-dye  suspension in the 
presence of sodium salt gradient depolarizes the 
luminal-membrane vesicles in a similar way as 
observed in the case of  the acetoacetate and j3-hy- 
droxybutyrate  (not shown). 

Effect of ionophores on the uptake of ketone bodies 
The question whether the Na+-dependen t  

transport  of ketone bodies is electrogenic or elec- 
troneutral was further probed by studying the 
effect of various ionophores on the uptake of these 
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Fig. 3. Effect of valinomycin on the uptake of acetoacetate (panel A), fl-hydroxybutyrate (panel B), a-hydroxybutyrate (panel C) and 
y-hydroxybutyrate (panel D) by luminal-membrane vesicles prepared from whole cortex. The membrane vesicles were preloaded for 1 
h in 103 mM KzSO 4, and the spectrophotometric experiments were carried out with an external medium of 103 mM Na2SO 4. Curve 
1 in each panel, addition of 5 btg of valinomycin per mg of protein. Curve 2 in each panel, addition of valinomycin and, about 50 s 
later, 10 mM of the various monocarboxylic acids. Curve 3 in each panel, addition of solute in the absence of valinomycin. For further 
details see Fig. 2 legend. 
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compounds. Figs. 3A, B, C and D show the in- 
fluence of K + diffusion potentials generated by 
valinomycin on the uptake of acetoacetate, fl-, a- 
and y-hydroxybutyrate, respectively. In these ex- 
periments the luminal-membrane vesicles from 
whole renal cortex were preloaded with K2SO 4 
and suspended in NaZSO4 . This resulted in an 
outwardly directed K + gradient and an inwardly 
directed Na + gradient. According to expectation 
addition of valinomycin under these conditions 
resulted in approx. 2-fold increase in dye response 
caused by monocarboxylic acids (compare the dif- 
ference between curves 1 and 2 with curve 3 in 
Figs. 3A, B, C and D). 

The question whether the depolarization caused 
by the uptake of ketone bodies is obligatorily 
coupled with the influx of Na + in membrane 
vesicles from whole renal cortex was examined by 
studying the effect of gramicidin D or nigericin 
plus valinomycin on the optical response associ- 
ated with uptake of monocarboxylic acids. The 
effect of gramicidin D on the rate of uptake of 
acetoacetate, /~-, a, - and y-hydroxybutyrate was 
studied as follows. These experiments were carried 
out with the same initial concentration of Na + 
inside and outside the vesicles in the absence or in 
presence of gramicidin D. It was seen that in all 
cases pretreatment of the membrane vesicles with 
gramicidin nearly abolished the overshoot (not 
shown). The effect of simultaneous addition of 
nigericin and valinomycin on the optical response 
associated with uptake of acetoacetate, fi-, a- and 
y-hydroxybutyrate was studied as follows. These 
experiments were carried out with the same initial 
concentration of Na + and K + inside and outside 
the vesicles in the absence or in the presence of 
nigericin and valinomycin. It was found that pre- 
treatment of the membrane vesicles with these 
ionophores drastically reduced the optical re- 
sponse (not shown). 

Kinetics o f  ketone bodies" transport 

The uptake of acetoacetate and various isomers 
of hydroxybutyrate in the presence of sodium 
chloride gradient at different concentrations of 
these organic compounds by luminal-membrane 
vesicles derived from either whole renal cortex or 
from pars convoluta or from pars recta or prox- 
imal tubule were studied. Figs. 4A, B, C and D 

show the absorbance changes measured at the 
peak of the 'overshoot '  (30 s uptake values) in- 
duced by addition of increasing concentrations of 
monocarboxylic acids to membrane vesicle-dye 
suspension from whole renal cortex. The Na+-de  - 
pendent uptake of monocarboxylic acids shows a 
rapid increase at low medium concentrations ( < 2 
mM). In the range of 2-6  mM the increase in the 
uptake of these compounds was less pronounced, 
and the optical response was almost constant at 
higher concentrations suggesting that the renal 
transport of monocarboxylic acids approached 
saturation. Insets show Eadie-Hofstee analysis of 
the experimental data presented in Figs. 4A, B, C 
and D. Curvilinear plots were obtained in all 
cases, which suggests the presence of multiple 
transport systems in luminal-membrane vesicles 
from whole renal cortex for the transport of mono- 
carboxylic acids. The apparent K A values (i.e. sub- 
strafe concentration that gives half maximal up- 
take) for Na+-dependen t  renal uptake of 
moncarboxylic acids are given in Table I (for 
calculation see Methods). We have also de- 
termined the K A values for these compounds by 
using the initial rate of uptake (4 s uptake value) 
instead of measuring the peak value of the 'over- 
shoot'. This resulted in more scattered data, but to 
very similar K A values. 

To test the validity of the kinetic parameters 
obtained by spectrophotometric measurements the 
saturation experiments were repeated by using the 
Millipore filtration technique. For this purpose 
radioactive fl-hydroxybutyrate was chosen. Fig. 5 
shows the Na+-dependent  initial uptake (5 s up- 
take in the presence of sodium chloride gradient) 
of /~-hydroxy[14C]butyrate at increasing medium 
concentrations by membrane vesicles from whole 
cortex. It is immediately apparent from the figure 
that the uptake of/~-hydroxybutyrate in the mem- 
brane vesicle preparation is rapid at relatively low 
concentrations and the renal accumulation of this 
compound slowly but steadily increases at higher 
concentrations approaching saturation. Inset in 
Fig. 5 illustrates Eadie-Hofstee plot of the same 
experimental data. In accordance with the results 
obtained by spectrophotometric method a curvi- 
linear relationship between V and V / S  is ob- 
served, indicating the existence of multiple trans- 
port systems in vesicles from whole renal cortex. 
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membrane vesicle suspension (16-23 mg protein/ml) was ad- 
ded to 100 #1 of uptake buffer containing unlabelled #-hy- 
droxybutyrate, #-hydroxy[14C]butyrate and various concentra- 
tions of NaCI in order to maintain a constant Na + gradient of 
150 mM and a constant isoosmolarity of 341 mosM. The 
intravesicular medium was 326 mM mannitol and 15 mM 
Hepes-Tris (pH 7.5). After 5 s the uptake was stopped by 
adding 1 ml of ice-cold stop buffer consisting of 163 NaCI in 
15 mM Hepes-Tris (pH 7.5). In the inset the results are shown 
in an Eadie-Hofstee plot. V represents the rate of transport at 
substrate concentration S. Results are as mean values_+ S.D. of 
three experiments. 
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TABLE I 

KINETIC PARAMETERS FOR KETONE BODIES' TRANSPORT 

K~A, K~n and K A, K 2, describe substrate concentration (mM) that gives half maximal uptake for high-affinity and low-affinity 
transport systems, respectively. VJa~ and V,~  describe rate of maximal transport nmol-(mg protein) ~.5 s ~) for high-affinity and 
low-affinity systems, respectively. The values given are means+_ S.D. of four experiments. Statistical analysis of the experimental data 

Compound Vesicles 

Whole cortex 

Acetoacetate 0.98 + 0.30 6.56 + 0.50 - 
fl-Hydroxybutyrate 0.88 +_ 0.13 6.91 _+ 0.68 1.39 _+ 0.19 5.44 _+ 0.67 
a-Hydroxybutyrate 1.06 + 0.22 6.44 + 0.86 
y-Hydroxybutyrate 2.65 _+ 0.29 8.03 _+ 0.95 - 

2.03+0.35 3.97_+0.18 

m e m b r a n e  ves ic les  f rom w h o l e  renal cortex are in 

reasonably  g o o d  agreement  wi th  values  o f  this 
k inet ic  parameter  o b t a i n e d  by s p e c t r o p h o t o m e t r i c  

m e t h o d  ( c o m p a r e  c o l u m n s  2 and  3 wi th  c o l u m n s  4 

and 5 in T a b l e  I). Therefore ,  these f ind ings  estab-  
l ish that the two  di f ferent  m e t h o d s  used in this 

s tudy  are equa l ly  g o o d  for the d e t e r m i n a t i o n  of  
k inet ic  parameters .  
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Fig. 6. Uptake of increasing concentrations of acetoacetate (panel A),/3-hydroxybutyrate (panel B), a-hydroxybutyrate (panel C) and 
y-hydroxybutyrate (panel D) by luminal-membrane vesicles prepared from pars convoluta of the proximal tubules as studied by 
spectrophotometry. In the inset the results are shown in an Eadie-Hofstee plot. For further details see Fig. 4 legend. Results are given 
as mean values +_ S.D. of four experiments. 
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showed that  K A values for acetoaceta te  and /~-hydroxybutyrate  are not  s ignif icant ly  different  in the case of vesicles f rom pars  

convo lu ta  and  pars recta. They are nomina l ly  s ignif icant  in the case of c~-hydroxybutyrate when compared  to ace toace ta te  and  

f l -hydroxybutyra te .  But K A values for y -hydroxybutyra te  are s ignif icant ly  higher  than  that  of the o ther  three monocarboxyl ic  acids. 

Pars  convolu ta  Pars recta 

K A P KA P 

4.55 _+ 0.76 1.13 _+ 0.15 
4.94+_0.86 0.6 < P < 0.7 1.03+_0.17 0.4 < P < 0.5 

5.69+_0.60 0.1 < P < 0.2 1.30_+0.12 0.2 < P < 0.3 

8.85 +_ 0.56 P < 0.0l  2.49 _+ 0.11 P < 0.001 

Tubular localization of ketone bodies' transport sys- 
tems 

In the following we report the results obtained 
on the tubular localization of monocarboxylic acid 
transport systems by using luminal-membrane 
vesicles prepared from pars convoluta and pars 
recta according to the method described from this 
laboratory [15]. Figs. 6A, B, C and D show the 
absorbance changes produced by Na+-dependent 
uptake of increasing concentration of acetoacetate, 
fl-, a-, and "~-hydroxybutyrate in luminal-mem- 
brane vesicles prepared from pars convoluta. The 
insets show Eadie-Hofstee analysis of the experi- 
mental data. It is apparent from this plot that the 
renal uptake of monocarboxylic acids by pars con- 
voluta of proximal tubule occurred via a single 
and a low-affinity transport system. K A values 
calculated for these compounds are given in Table 
I. It is of interest to note that these KA values are 
in fairly good agreement with the K A values for a 
low-affinity transport system obtained in the case 
of membrane vesicles prepared from whole renal 
cortex (for comparison see column 3 and column 8 
in Table I). The uptake of increasing concentra- 
tions of these monocarboxylic acids were also 
studied by using membrane vesicles from pars 
recta. The experimental data are analyzed in a 
similar way as in the case of vesicle data from pars 
convoluta. Eadie-Hofstee analysis of the data re- 
veals that the uptake of monocarboxylic acids by 
membrane vesicles from pars recta occurred also 
via a single but high-affinity transport system (not 
shown). These K A values are in good agreement 

with the K A values for the high-affinity transport 
system observed in the case of vesicles derived 
from whole kidney cortex (compare K A values 
given in column 2 with column 9 in Table I). 

Euidence for common transport system for ketone 
bodies 

The results presented in the foregoing sections 
showed that the characteristics of the uptake of 
ketone bodies and derivatives by luminal-mem- 
brane vesicles are very much alike. In this section 
we examine the question of how many transport 
systems there exist for various monocarboxylic 
acids. We have attempted to answer this question 
by studying additivity of the potential response to 
different compounds as previously described from 
this laboratory [10,11]. Two substrates 1 and 2 
were added in saturating concentrations either sep- 
arately or jointly to vesicle-dye suspension and the 
magnitude of the dye response was compared. 
Ideally if the transport of substrates 1 and 2 are 
completely independent of each other, the optical 
response should be the sum of their individual 
response according to the following equation: 

5ZA A = AA 1 + AA 2 

where ZAA is the maximal adsorbance change 
observed by simultaneous addition of saturating 
concentrations of two substrates, and z~A 1 and 
A A 2 are the maximal absorbance changes induced 
by individual application of these compounds. 
However, in reality ZZlA should be less than the 
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sum of AA~ and A A  2, since both compounds are 
driven by the same electrochemical Na+-gradient 
and each substrate lowers this gradient resulting in 
decreased membrane potential across the luminal- 
membrane vesicles. To test this concept a series of 
competition experiments was carried out with fl- 
hydroxybutyrate and D-glucose, which are shown 
to be transported by different carrier systems [3]. 
Figs. 7A, B and C show the absorbance changes 
induced either by individual application of/3-hy- 
droxybutyrate (Fig. 7A) and D-glucose (Fig. 7B) or 
simultaneous addition of these compounds (Fig. 
7C) to vesicle suspension from pars convoluta. It is 
seen that both substrates when added alone in- 
duced maximal absorbance changes by 0.037 and 
0.096, but when applied together the maximal 
absorbance change observed is approx. 0.124 in- 
stead of 0.133. Identical experiments were per- 
formed by using luminal-membrane vesicles pre- 
pared from pars recta of proximal tubule (not 
shown). The results of these experiments are simi- 
lar to those found in the case of vesicle prepara- 
tions from pars convoluta. 

Alternatively, if the two substrates are trans- 
ported by the same common transport system the 
magnitude of EAA should be the same as AA~, or 
A A  2 obtained when substrates 1 and 2 are in- 
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Fig. 7. Absorbance changes caused by addition of 25 mM 
/3-hydroxybutyrate (A), 25 mM D-glucose (B) or 25 mM fl-hy- 
droxybutyrate plus 25 mM D-glucose (C) to luminal-membrane 
vesicles prepared from pars convoluta of the proximal tubules. 
The intravesicular medium was 310 mM mannitol and 15 mM 
Hepes-Tris (pH 7.5), whereas the external medium was 155 
mM NaC1 and 15 mM Hepes-Tris (pH 7.5). For further details 
see Fig. 2 legend. 
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Fig. 8. Absorbance changes caused by addition of 25 mM 
fl-hydroxybulyrate (A), 25 mM fl-hydroxybutyrate plus 25 mM 
acetoacetate (B), 25 mM /3-hydroxybutyrate plus 25 mM a-hy- 
droxybutyrate (C) or 25 mM /3-hydroxybutyrate plus 25 mM 
y-hydroxybutyrate to luminal-membrane vesicles prepared from 
pars convoluta of the proximal tubules. For further details see 
Fig. 7 legend. 

troduced alone in saturating concentrations. In 
reality, however, the situation may be slightly dif- 
ferent because, when dealing with two different 
compounds 1 and 2, we have to take into account 
differences in the affinities and maximal transport 
rates of these substances. A test with ketone bod- 
ies, which presumably use the same transport 
routes present in luminal-membrane of renal cells 
from pars convoluta, is depicted in Figs. 8A, B, C 
and D. It can be seen that the magnitude of the 
maximal optical response induced either by 
simultaneous addition of fl-hydroxybutyrate and 
acetoacetate (Fig. 8B) or fl-hydroxybutyrate and 
a-hydroxybutyrate (Fig. 8C) or fl-hydroxybutyrate 
and 7-hydroxybutyrate (Fig. 8D) is approximately 
the same as caused by the addition of/3-hydroxy- 
butyrate (Fig. 8A) alone. Again identical experi- 
ments were performed by using luminal-mem- 
brane vesicles derived from pars recta (see Figs. 
9A, B, C and D). It can be seen that the magni- 
tude of maximal optical response induced by 
simultaneous addition of two compounds is ap- 
proximately the same as observed by the applica- 
tion of/3-hydroxybutyrate alone (compare Fig. 9A 
with Figs. 9B, C and D). These results established 
that various monocarboxylic acids studied in this 
paper are transported via a low-affinity common 
transport system localized in vesicles from pars 
convoluta and a high-affinity common transport 
system present in vesicles from pars recta of rabbit 
proximal tubule. 
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Fig. 9. Absorbance changes caused by addition of 10 mM 
fl-hydroxybutyrate (A), 10 mM fl-hydroxybutyrate plus 10 mM 
acetoacetate (B), 10 mM fl-hydroxybutyrate plus 10 mM a-hy- 
droxybutyrate (C) or 10 mM fl-hydroxybutyrate plus 25 mM 
v-hydroxybutyrate (D) to luminal-membrane vesicles prepared 
from pars recta of the proximal tubules. For further details see 
Fig. 7 legend. 

Discussion 

By contrast to the previous findings [3] the 
results presented in this paper showed that the 
Na+-dependent transport of ketone bodies into 
renal luminal-membrane vesicles is an electrogenic 
process and the driving force is provided by the 
electrochemical potential across the membrane. 
This interpretation is supported by several lines of 
evidence. The rates of uptake of radioactive 
acetoacetate and fl-hydroxybutyrate in vesicles 
were enhanced by the presence of Na+-salt anions 
of increasing permeabilities in the following order: 
g luconate-< SO4 z < C1-. These anions penetrate 
the renal luminal-membrane vesicles more rapidly 
than Na + and generate an electrochemical poten- 
tial, negative on the inside (for a review, see Ref. 
19), that permits the uphill Na + dependent trans- 
port of ketone bodies in a similar way as found in 
the case of D-glucose [20], L-phenyl alanine [21,15], 
L-serine [22], L-proline, hydroxy-L-prol ine,  
5-oxoproline [23] and various di- and tricarboxylic 
acids [11,13,24]. These findings are further sup- 
ported by spectrophotometric experiments, using 
potential-sensitive carbocyanine dye. We found 
that addition of either acetoacetate or fl-hydroxy- 
butyrate or its analogues to membrane vesicle-dye 
suspension in the presence of various Na+-salt 
gradients results in a rapid and pronounced in- 
crease in the absorbance change, indicative of a 
depolarizing event(s) associated with the electro- 
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genic transport of these compounds (for details see 
Ref. 10). These results established that the ketone 
bodies and analogues are taken up by the 
luminal-membrane vesicles in an electrically posi- 
tive form (i.e. Na+/substrate  coupling ratio prob- 
ably 2:1). In this connection is it of interest to 
note that Mengual and co-workers have recently 
studied in detail the mechanism of Na+/L-lactate 
cotransport by brush-border membrane vesicles 
prepared from horse kidney [5,25]. Analysis of 
their experimental data suggested that Na + and 
lactate interact sequentially with the carrier and 2 
Na+/ ions  are required to transport one molecule 
of lactate (i.e. coupling ratio of Na+: lactate of 
2 : 1) in brush-border membrane vesicles. Whether 
similar mechanisms operate in the case of ketone 
bodies' transport, however, remains to be investi- 
gated. 

The role of the electrochemical membrane 
potential was examined additionally by studying 
the effect of various ionophores on the absorbance 
changes associated with ketone bodies' transport. 
According to the expectations, valinomycin en- 
hanced the Na+-dependent uptake of mono- 
carboxylic acids, provided a K + gradient (intraves- 
icular > extravesicular) was present. By contrast, 
Na+-dependent uptake of these compounds was 
nearly abolished by ionophores that permit Na + to 
pass through the luminal-membrane via another 
channel, either electrogenically (e.g. gramicidin D) 
or electroneutrally (e.g. nigericin). 

Garcia et al. [3] reported that acetoacetate and 
fl-hydroxybutyrate transport in brush-border 
membrane vesicles derived from whole rat kidney 
cortex occurred by means of a single Na+-specific 
system with K m values of 4 mM and 10 mM, 
respectively. In contrast to their findings our ex- 
periments clearly showed that uptake of acetoace- 
tate, fl-hydroxybutyrate and its analogues in 
vesicles from whole rabbit kidney cortex was 
mediated by dual but common transport systems, 
viz. a high-affinity system and a relatively low 
affinity system (see Table I). Na+-dependent up- 
take of ketone bodies and analogues by vesicles 
from pars convoluta occurred via a single low-af- 
finity system. Similarly, we found that membrane 
vesicles from pars recta possessed a distinct Na +- 
dependent high affinity transport system for these 
compounds. Recently, Sheikh and co-workers 
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[15,22,23] have studied the characteristics of Na +- 
dependent transport of various organic com- 
pounds by rabbit luminal-membrane vesicles pre- 
pared from two regions of the proximal tubule, 
namely pars convoluta (St-segment) and pars recta 
predominantly consisting of S 2- and S3-segments. 
The results of these experiments indicated the 
existence of multiple Na+-coupled solutes trans- 
port systems in these vesicle preparations: gener- 
ally a low affinity system localized in pars con- 
voluta and a high-affinity system characteristic of 
the luminal-membrane vesicles obtained from pars 
recta. In conclusion, the results presented in this 
paper on the uptake of acetoacetate, /~-hydroxy- 
butyrate and its analogues as well as our recent 
studies on the mechanism of various organic com- 
pounds transport strongly suggest that the high-af- 
finity transport system for ketone bodies, localized 
in pars recta is mainly responsible for efficient 
reabsorption of very low luminal concentrations of 
these important metabolites that exist in this re- 
gion of proximal tubule (for further discussion see 
Kragh-Hansen et al. [15]). 
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