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Abstract

We studied the effect of DL-3-hydroxybutyrate and acetoacetate
on lactate transport into isolated hepatocytes and on lactate re-
moval in the isolated perfused rat liver. Ketone bodies inhibited
lactate transport into isolated hepatocytes (maximum, 35% at
concentrations of 10-20 mM). Lactate removal and glucose pro-
duction by perfused livers were examined before and after the
introduction of a constant infusion of hydroxybutyrate, aceto-
acetate, or appropriate control into the portal venous limb. Lac-
tate removal was significantly inhibited within 10 s of the ap-
pearance of increasing concentrations of ketone bodies in the
effluent. Corresponding decreases in glucose production were
observed. The dependence of inhibition on D-3-hydroxybutyrate
concentration was documented in isolated perfused livers (max-
imum inhibition of lactate removal, 58% at 14 mM). This phe-
nomenon could be a factor in the development of lactic acidosis
accompanying ketoacidosis, and indicates that plasma mem-
brane lactate transport may determine the rate of hepatic lac-
tate removal.

Introduction

We have previously described a stereoselective, pH dependent,
high affinity carrier mechanism for lactate entry into isolated
rat hepatocytes (1) and these findings have been confirmed by
Fafournoux et al. (2). We have postulated that this mechanism
might be rate-limiting for overall lactate removal under certain
circumstances in intact liver (1, 3). Recent studies have shown
that lactate binds stereoselectively and in a saturable fashion to
a protein of 26,000 molecular weight (mol wt) in preparations
of rat and human hepatocyte plasma membranes (4). We suggest
that this binding protein may be the transporter or a fragment
of it.

The hepatocyte plasma membrane lactate transporter, like
monocarboxylate transporters in other tissues, is probably a
semispecific process and is inhibited by pyruvate and 2-oxoglu-
tarate (4). The theoretical possibility thus arises that lactate
transport and overall hepatic lactate uptake might be inhibited
in vivo under circumstances in which high concentrations of a
competing monocarboxylate occur. Because 3-hydroxybutyrate
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and lactate have been shown to share the same plasma membrane
carrier mechanism in several tissues (5, 6), we were interested
in the possible interrelationships between transport of these
monocarboxylates in hepatocytes, especially in view of the fact
that clinical ketoacidosis is frequently accompanied by lactic
acid accumulation.

We report here the effect of 3-hydroxybutyrate and aceto-
acetate on lactate transport into isolated hepatocytes. In addition,
we have shown immediate inhibition by 3-hydroxybutyrate of
lactate removal by isolated perfused livers and shown that lactate
transport may be rate-limiting for hepatic lactate removal.

Methods

Materials. Sodium D-hydroxybutyrate was kindly provided by Dr.
D. H. Williamson and was found by enzymatic analysis to contain 93%
of the D-isomer. Sodium DL-3-hydroxybutyrate was obtained from BDH
Chemicals, Ltd, Poole, United Kingdom. Sodium [U-'*C]L-lactate, tri-
tiated water, and hydroxy{'“Cjmethyl inulin (specific radioactivities, 161
mCi/mmol, 100 mCi/ml, and 17.1 mCi/mmol, respectively) were ob-
tained from Amersham International, Bucks, United Kingdom; bovine
serum albumin (BSA) (fraction V) was obtained from Miles Laboratories,
Slough, United Kingdom; and L(+)-lactic acid and lithium acetoacetate
were obtained from Sigma Chemical Co., Poole, Dorset, United King-
dom. These and other chemicals were of the highest grade available
commercially.

Lactate transport studies. Isolated rat hepatocytes were prepared from
male Sprague Dawley rats starved for 48 h (weight, 200-250 g) as pre-
viously described (1). The effect of DL-3-hydroxybutyrate and acetoacetate
on the entry of [*C]L-lactate into hepatocytes in 15 s was examined
using a silicone oil separation procedure (1). Briefly, aliquots of hepatocyte
suspension (wet wt, 30-60 mg/ml) in Krebs bicarbonate buffer (7) were
preincubated for 20 min before the simultaneous addition of 0.25 uCi
["“C]L-lactate and a range of concentrations of either sodium DL-3-hy-
droxybutyrate or lithium acetoacetate. Lithium acetoacetate was used
because of its ready availability in the solid form. Similar concentrations
of sodium or lithium chloride were used in parallel experiments as a
control for possible osmotic or cationic effects on lactate entry. After 15
s the incubations were terminated by rapid centrifugation of the cells
through silicone oil (specific gravity, 1.04) into 1.0 M perchloric acid.
3H,0 was used as a cell water marker. The calculation method of intra-
cellular activity with a correction for extracellular contamination was as
previously described (1). We have shown that at 15 s <12% of counts
have reached metabolites beyond lactate (1).

Rates of glucose formation were determined by incubating aliquots
of cell suspension in the presence of 1 mM lactate with or without 20
mM sodium DL-3-hydroxybutyrate. The incubations were terminated
after 20 min by the addition of 0.6 M perchloric acid and glucose con-
centrations measured in the acid extract by the method of Stein (8).

Isolated perfused liver studies. Livers from male Sprague Dawley rats
starved for 48 h (weight, 150-200 g) were perfused using the constant
flow technique described by Cohen et al. (9). The medium consisted of
Krebs bicarbonate buffer (7), BSA (20 g/liter) predialysed against Krebs
buffer for 48 h, and washed expired human erythrocytes (17% packed
cell volume). The perfusion medium was gassed in a reservoir oxygenator
at 37°C, with a mixture of O,/CO; (95:5%) to achieve an initial PCO, of
~5.0 kPa and a pH of 7.4. Flow rate was 7.5 ml/min per 100 g rat
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weight. A change in perfusate pH was achieved by lowering the bicar-
bonate content and replacing it with chloride. After an initial 20-min
recirculating period, the livers were perfused in a nonrecirculating
mode with frequent portal and hepatic venous sampling for metabolite
analyses. The initial lactate concentration in the perfusate was 1.18+0.09
mM (n = 20), which is below the apparent Michaelis constant (K,) (1.9
mM [1]) for the lactate transporter. After a further 4 min, a constant
infusion of either sodium DL-3-hydroxybutyrate, sodium D-3-hydroxy-
butyrate, or lithium acetoacetate was started at a point in the circuit
close to the insertion of the portal cannula, to achieve a portal perfusate
concentration of 10-20 mM. In separate control experiments similar
concentrations of saline or lithium chloride were infused. Portal and
hepatic venous sampling was continued for a further 6 min.

When intracellular D-hydroxybutyrate was to be determined, 22 uCi
3H,0 and 7.5 uCi hydroxy{**C]methyl inulin were added to the perfusate
at the start of the perfusion for subsequent determination of the volumes
of intracellular and extracellular compartments (10). | min after the
start of the D-hydroxybutyrate infusion, the pedicle of the left lobe of
the liver was ligated, the lobe was excised and immediately freeze-clamped
in tongs cooled in liquid nitrogen. Simultaneously, perfusate flow rate
was diminished by 30%, i.e., in proportion to the weight of liver removed
(10). 5 min after the start of the infusion, the right lobe was freeze-
clamped. v

pH, Pco,, and PO, in the portal and hepatic venous perfusate were
measured using an analyzer (Micro 413; Instrumentation Laboratory,
Harrington, United Kingdom). For metabolite measurements, 2-ml
samples of perfusate were added to 4 ml 0.6 M perchloric acid and stored
at —20°C until analysis. Lactate and glucose were measured by the
methods of Hohorst (11) and Stein (8). Lactate removal and glucose
production were calculated using the Fick principle. Acetoacetate and
D-3-hydroxybutyrate were measured in perchlorate extracts of perfusate
and powdered freeze-clamped liver by the procedure of Williamson et
al. (12). In experiments where DL-3-hydroxybutyrate was infused, total
perfusate ketone concentration was derived from measured acetoacetate
and D-hydroxybutyrate using the previously determined ratio of D to L-
isomer (1:1) in the racemic mixture.

Results are expressed as means+SEM unless otherwise indicated.
Significance between mean values was analyzed using two-tailed unpaired
t tests.

Results

Effect of 3-hydroxybutyrate and acetoacetate on ['*C]L-lactate
entry into isolated hepatocytes. The results from these experi-
ments are shown in Figs. 1 and 2. Lactate entry into isolated
hepatocytes was inhibited by both DL-3-hydroxybutyrate and
acetoacetate in a concentration-dependent manner. Inhibition
reached a plateau of ~35%, at 3-hydroxybutyrate and aceto-
acetate concentrations of 10-20 mM, after subtraction of values
for control experiments using sodium or lithium chloride. Rates
of glucose production from lactate (1 mM) by isolated hepato-
cytes were unaffected by incubation with 20 mM DL-3-hydroxy-
butyrate for 20 min (data not shown), thus indicating that
3-hydroxybutyrate does not inhibit intracellular lactate metab-
olism. One would not expect glucose production in the isolated
cell model to be decreased by inhibition of plasma membrane
lactate transport because of the component of entry by passive
diffusion, which is artefactually increased and is sufficient in
isolated cells to render the transport component non-rate-lim-
iting (1).

Effect of ketone bodies on lactate removal by the isolated
perfused liver. A representative example of the results from this
series of experiments is shown in Fig. 3. Overall lactate removal
was studied for 10 min, with the first 4 min used as a control
period. After 4 min a constant portal ketone infusion was started,
in this case sodium DL-3-hydroxybutyrate, calculated to give a
hepatic portal perfusate concentration of ~20 mM. Within 10
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Figure 1. The effect of sodium DL-3-hydroxybutyrate and sodium
chloride on the entry of [“C]L-lactate into isolated rat hepatocytes. Al-
iquots of hepatocyte suspension were preincubated for 20 min before
the addition of 0.25 uCi of ['“C]L-lactate with or without sodium
DL-3-hydroxybutyrate or sodium chloride. 15 s after the addition cells
were centrifuged into perchloric acid as described under Methods. The
solid line and open symbols represent the difference between the so-
dium hydroxybutyrate (w) and sodium chloride effects (o). Results are
means+SEM with number of observations in parentheses. Mean
[“Cllactate entry in the absence of sodium DL-3-hydroxybutyrate or
sodium chloride was 1,959+193 dpm/ul cell water (n = 4).

s of the appearance of increasing concentrations of ketones in
the hepatic venous effluent, a decrease in lactate removal rate
was observed and this effect persisted for at least the 6 min stud-
ied. The inhibition of lactate removal reached a maximum of
24%, which remained constant until the end of the experiment.
Inhibition of lactate removal was followed by a decrease in glu-
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Figure 2. The effect of lithium acetoacetate and lithium chloride on
the entry of [*C]L-lactate into isolated rat hepatocytes. Experiments
were performed as described under Methods. The effect of lithium
acetoacetate (w) and lithium chloride (o) were studied. The solid line
and open symbols represent the net effect of acetoacetate. Each point
represents the mean and range of two experiments. Mean ['C]lactate
entry in the absence of additions was 3,035 dpm+609 dpm/ul cell wa-
ter (n = 4).



Figure 5. Reversibility of
the effect of sodium DL-3-
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Figure 3. The effect of sodium DL-3-hydroxybutyrate on lactate re-
moval and glucose production in the isolated perfused rat liver. The
liver was perfused using the constant flow technique and in the nonre-
circulating mode as described under Methods. The perfusate Jactate
concentration was 1.2 mM. A constant infusion of sodium DL-3-OHB
was introduced at the time shown into the portal line to achieve a por-
tal perfusate concentration of 15-20 mM. Data from a representative
perfusion are shown.

cose production. Fig. 4 illustrates a control perfusion; no decrease
in lactate removal was observed when a similar concentration
of sodium chloride was infused. Cessation of hydroxybutyrate
infusion resulted in a rapid restoration of preinfusion lactate
removal rates (Fig. 5). These results are summarized in Table I.
Mean inhibition of lactate removal (—23.6%) was highly signif-
icantly different from that observed during sodium chloride in-
fusion (+6.1%).
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Figure 4. The effect of sodium chloride on lactate removal and glucose
production in the isolated perfused rat liver. A constant infusion of so-
dium chloride was introduced into the portal line to achieve a perfus-
ate concentration of ~20 mM. Data from a representative perfusion
are shown.
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Similar results were obtained with infusions of acetoacetate
(Table I) and the naturally occurring D-isomer of 3-hydroxy-
butyrate. Fig. 6 shows the relationship between inhibition of
lactate removal and the concentration of D-hydroxybutyrate in-
fused. Maximum inhibition (~46%) is achieved at concentra-
tions of 12 mM and above. In a single experiment in which
perfusate pH was lowered to 6.8, infusion of DL-hydroxybutyrate
inhibited lactate removal by 37% (i.e., comparable with results
at normal pH).

In one experiment, intracellular hydroxybutyrate was mea-
sured as described in Methods at 1 and 5 min after the start of
D-hydroxybutyrate infusion. The concentration of D-hydroxy-
butyrate in cell and perfusate water, together with the inhibition
of lactate removal achieved, are shown in Fig. 7. At 1 min the
intracellular concentration had already reached 9.27 mM; the
perfusate concentration at this time was probably artefactually
low, due to difficulties in precise timing of tissue and perfusate
samples at a time when perfusate hydroxybutyrate concentration
was rapidly rising. By 5 min the cell water and perfusate con-
centration were comparable, in the region of 20 mM.

Table I. Effect of Sodium DL-3-hydroxybutyrate, Lithium
Acetoacetate, and Appropriate Controls on Lactate Removal and
Glucose Production in the Isolated Perfused Rat Liver

Percent change in Percent change in
Infusion lactate removal glucose production
20 mM NaCl +6.1£5.7 +18.1+6.4
(n=6) (n=6)
20 mM pL-OHB —23.6+6.8* —19.1+4.2%
(n=17) (n=Y5)
20 M LiCl +10.9+0.2 —_
(n=2)
20 mM LiAcAc —18.917.6 —_
(n=2)
20 mM pL-OHB -37.0 -52

(acidotic liver)

Percent change in lactate removal and glucose production rates by iso-
lated perfused rat livers after commencement of the portal venous in-
fusions indicated. Mean rates of lactate removal and glucose produc-
tion for the preinfusion period were 3.02+0.27, SEM (n = 26) and
2.82+0.37 (n = 12) pmol/min™! per 100 g rat, respectively.

OHB, 3-hydroxybutyrate; LiAcAc, lithium acetoacetate.

* P <0.005.
$ P<0.001.
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Figure 6. Concentration-dependent effect of sodium D-3-hydroxybuty-
rate on lactate removal in the isolated perfused rat liver. Percent
change in lactate removal after delivery of a constant infusion of D-3-
hydroxybutyrate into the portal line to achieve the perfusate concen-
trations indicated. Points represent individual perfused liver prepara-
tions.

Discussion

The present studies show a dose-dependent inhibition by
DL-hydroxybutyrate of lactate entry into isolated rat hepatocytes.
The possibility that the effect of hydroxybutyrate on lactate entry
was in some way related to changes in intracellular redox state
was made unlikely by the observation that acetoacetate inhibits
lactate transport to a similar extent. The degree of inhibition of
lactate transport by hydroxybutyrate and acetoacetate is incom-
plete, with a maximum of 45% inhibition being observed. This
finding is comparable with our previous observation of incom-
plete saturation of lactate entry by increasing concentration of
lactate and incomplete inhibition of entry by a-cyano-3-hy-
droxycinnamate, pyruvate, and 2-oxoglutarate (1, 4). Kinetic
analysis of the lactate entry mechanism (1, 3) suggests that these
observations may be explained by a two-component system with
a high affinity saturable carrier and a second component that
does not saturate with concentrations up to 28 mM and that is
not subject to inhibition. We have suggested (13) that the non-
saturable component is passive nonionic diffusion, which may
be artefactually increased in the isolated cell model because of
the larger available surface area. We have recently shown that
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Figure 7. Intracellular and perfusate concentrations of D-hydroxybuty-
rate and effect on lactate removal during infusion of D-hydroxybuty-
rate. The arrows indicate the times at which liver lobes were sampléd
as described in the text; the boxes indicate the hydroxybutyrate con-
centrations corresponding to the arrows.
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hepatic plasma membrane D-3-hydroxybutyrate transit is carrier-
mediated and inhibited by lactate (14). It is thus possible that
these monocarboxylates share the same carrier; alternatively,
hydroxybutyrate may inhibit the lactate carrier, but not utilize
it as a transport mechanism.

In previous studies (1) of lactate transport into isolated rat
hepatocytes it was not possible to draw firm conclusions regard-
ing the quantitative importance of the lactate transporter in
overall lactate metabolism although it has been suggested that
under certain circumstances it might become rate-limiting in
vivo for overall lactate removal (1-3). The inhibition of lactate
removal by 3-hydroxybutyrate in the perfused liver experiments
described in this paper provides the first indication that inhibition
of the transporter may limit lactate uptake and metabolism in
intact liver. '

The data indicate that lactate removal is inhibited within 10
s of exposure of the liver to 3-hydroxybutyrate. We have shown
(1) that 15 s after addition of [“C]L-lactate to hepatocytes, <12%
of counts have reached metabolites distal to lactate, and the
studies of Fafournoux and colleagues (2) further support this
conclusion. There is no reason to suppose that the situation is
markedly different in intact perfused liver, in which the overall
mean transit time of lactate to glucose is 75 s (15). We therefore
conclude that the inhibition of lactate removal by hydroxybu-
tyrate is due to an effect on lactate transport into the cell rather
than on subsequent steps of lactate metabolism. The similar
inhibitory effect achieved with acetoacetate again makes redox
changes an unlikely explanation. The possibility that cell acid-
ification due to inward carriage of protons as undissociated hy-
droxybutyric acid (23) was responsible for a net decrease in lactate
entry by non-ionic diffusion is made unlikely by our observation
(unpublished) that cell pH (measured by ['*C]dimethylox-
azolidine-dione distribution) is unchanged 6 min after the start
of infusion. Nor would such a mechanism account for the sat-
uration of the hydroxybutyrate effect. The effect of 3-hydroxy-
butyrate was rapidly reversible and, importantly, is demonstrated
by D-hydroxybutyrate, the natural isomer. These findings could
have important implications for the control of hepatic gluco-
neogenesis and pathogenesis of lactic acidosis. Perfusions per-
formed at pH 6.8 did not increase the inhibitory effect of hy-
droxybutyrate and thus any enhancement of lactate transport
that might have been expected as a consequence of acidosis (1,
2) appears to be quantitatively unimportant under these con-
ditions.

An inhibitory effect of ketones on lactate transport would
account for the observation of Shaw et al. (16) of inhibition of
gluconeogenesis by ketones in the perfused dog liver and also
for the hypoglycaemic effects of injections of high doses of ace-
toacetate in rats (17). This is in contrast to the findings of other
groups who observed stimulation of gluconeogenesis from lactate
by ketones, in the perfused rat liver (18, 19). Contradictory find-
ings in different species have been attributed to differences in
the distribution of the gluconeogenic enzymes, particularly
phosphoenol pyruvate carboxykinase, between the cytosolic and
mitochondrial compartments (20). In the rat this enzyme is vir-
tually confined to the cytosol while in other species a significant
portion is located in the mitochondria. Apparently contrasting
results within species require further explanation. Patel et al.
(18) attributed the observed stimulation of gluconeogenesis to
increased entry of pyruvate into the mitochondrial compartment
on the monocarboxylate translocator. However, the findings of
Patel et al. (18) and Arinze et al. (19) are not incompatible with



the present study as different lactate and ketone concentrations
were employed. In the studies of Patel et al. (18) which used 20
mM lactate, a concentration far exceeding the apparent K, for
the plasma membrane lactate transporter (1.9 mM [1]), it is
possible that sufficient lactate could have entered liver cells by
passive diffusion to saturate the gluconeogenic pathway, despite
inhibition of plasma membrane lactate transport. We have con-
firmed that in the presence of high perfusate lactate concentra-
tions (6-20 mM) lactate removal and glucose production are
not inhibited by D-hydroxybutyrate (data not shown). In contrast,
in the present study employing physiological lactate concentra-
tions (~ 1 mM), we suggest that a large proportion of the lactate
entry into the liver occurs via the plasma membrane lactate
transporter; changes in lactate uptake due to inhibition of the
transporter by 3-hydroxybutyrate were therefore readily observ-
able. At the low concentration of hydroxybutyrate used by Arinze
et al. (19) we observed little or no effect; the higher concentrations
at which we observed clear inhibition of lactate uptake nev-
ertheless remained well within the range seen in diabetic ke-
toacidosis. v

Considering the quantitative importance of hepatic lactate
removal in overall lactate disposal (21), it is significant that high
concentrations of ketones may inhibit hepatic lactate metabo-
lism. Thus, clinical conditions in which plasma ketone concen-
trations approach those employed in the present experiments
might be associated with inhibition of hepatic lactate removal.
This could partly explain the frequently observed lactic acid
accumulation in diabetic ketoacidosis, which has previously been
attributed (21) to increased peripheral glycolysis due to reduced
tissue perfusion. It could be argued that irfusion of hydroxy-
butyrate might not have the same effect on net lactate entry as
might occur in diabetic ketoacidosis, in which ketone bodies
arise within the cell. Thus, if the lactate transporter is symmet-
rical, high intracellular concentrations of ketones might inhibit
efflux of lactate, and the net effect on lactate uptake might be
opposite to that observed by us. However, the data in Fig. 7
indicate that the intracellular concentration of hydroxybutyrate
rises very rapidly after the start of the infusion to levels com-
parable with that of the perfusate. Despite these high intracellular
concentrations, which are comparable to those observed in livers
from severely diabetic ketoacidotic rats (mean tissue concentra-
tion 8.7 mmol/kg, extracellular 7.1 mM (22)), marked inhibition
of lactate removal persists. These observations suggest that the
lactate transporter may not be symmetrical and that the effects
observed in the present study may be clinically relevant. Nev-
ertheless, lactate accumulation is only present in a proportion
of patients with ketoacidosis of various origins. Whether lactate
accumulation does occur may depend on the relative magnitude
in individual patients of (a) suppression of peripheral glycolysis
by acidosis, (b) adequacy of peripheral perfusion, (c) stimulation
of lactate transport into liver by acidosis (1, 2), and (d) the effect
of ketone bodies described here.

Our findings clearly indicate that inhibition of hepatic plasma
membrane lactate transport results in reduced overall hepatic
lactate removal. This hitherto neglected site of control of lactate
metabolism should be considered, in addition to intracellular
events, in future studies of controlling factors in acid-base ho-
meostasis and gluconeogenesis. The observations also suggest
that the hydroxybutyrate-inhibitable portion of lactate removal
can be used as an indicator of lactate-transporter activity in
studies of physiological and pathological variations of lactate
uptake in perfused rat liver.
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