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Metabolic fuels along the nephron: Pathways and intracellular
mechanisms of interaction
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Substrates in large numbers are removed from the blood by
the kidney in linear relationship to their arterial concentrations
[1, 2]. At normal arterial blood levels, the kidney utilizes
significant amounts of free fatty acids, lactate, glutamine,
3-hydroxybutyrate, and citrate. Furthermore, the kidney re-
moves substrates like pyruvate, a-ketoglutarate, glycerol,
proline, and some other amino acids of low arterial concentra-
tions. However, when blood levels of these substances in-
crease, their renal uptake rates likewise increase [1, 2]. Meta-
bolic fates of these substrates in the kidney are related inti-
mately to major functions of the kidney including excretion of
waste materials, reabsorption of life conserving substances and
water, and other important endocrine and metabolic functions.

When studied in vitro, the capacity of renal tissue to take up
substrates was shown to be far in excess of the rates occurring
under in vivo conditions [21. This indicates that saturation is not
reached in vivo due to suboptimal substrate concentrations. For
lactate, pyruvate, glutamine, proline, fatty acids, and ketone
bodies, normal arterial levels are below or around the half-
maximal concentration kinetically determined in in vitro uptake
studies [3—8]. However, even under this nonsaturating condi-
tion, the rates of substrate uptake in vivo exceed the quantities
of fuel needed to meet the energy demands of the kidney as
calculated from oxygen uptake [1, 9]. Table I summarizes the
calculated oxygen uptake and ATP formation rates for some
substrates. From the theoretical and the experimental data on
substrate uptake rates and measurements of oxygen consump-
tion [1, 2], it becomes clear that the kidney takes up more
substrates than could be accounted for by oxidation.

The term "incomplete oxidation" was introduced by Cohen
[I] to explain this phenomenon. For example, 3-hydroxybutyr-
ate taken up by the kidney is partially released as acetoacetate
[81. On the other hand, no net product release was found for
other substrates taken up in excess. From recent in vitro
studies, it was concluded that the kidney can utilize substrates
by metabolic pathways that do not lead to their oxidation [2—7].
Thus, lactate, glycerol, glutamine, and other substrates are in
part converted to glucose through the gluconeogenic pathway,
whereas fatty acids which cannot be converted to glucose are
recovered mainly as triacylglycerol [5, 10].
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Two major questions may be raised at this point: (1) What
nephron cells are responsible for the substrate uptake rates
observed? (2) What are the mechanisms regulating intracellular
interactions of various substrates?

This review will briefly summarize some recent findings on
intercellular heterogeneity and intracellular regulatory mecha-
nisms that may help explain the metabolic balances observed in
vivo.

Intrarenal heterogeneity of metabolic pathways

Since the studies of Gyoergy, Keller, and Brehme, [11] it has
been known that renal cortex and medulla exhibit marked
differences in metabolism. This compartmentation of metabolic
pathways in different parts of the kidney was further substan-
tiated and confirmed by measuring rate-limiting enzymes in
different segments of the nephron. Thus, hexokinase, pyruvate
kinase, and phosphofructokinase—enzymes of the glycolytic
pathway—were found to be abundant throughout the distal
structures of the nephron and were low in the proximal convo-
luted and straight tubule [12]. On the other hand, enzymes of
the gluconeogenic pathway and the capacity to form glucose
seem to be restricted to the proximal tubule [12, 13]. This
explains why the kidney in vivo does not show any arterio-
venous difference for glucose. Only when using radioactive
tracers can the rate of glucose uptake and release be calculated
in whole kidney studies [14, 15]. Recent metabolic studies with
isolated nephron segments confirm that the proximal tubule
does not produce appreciable amounts of 14C02 from '4C-
glucose whereas the thick ascending limb of Henle's loop
oxidizes '4C-glucose to a considerable extent [16, 17]. Lactate,
on the other hand, is oxidized by both segments [16, 17]. More
recently, Wittner et al [18] demonstrated in the isolated
perfused thick ascending limbs of rabbit kidney that glucose,
lactate, and pyruvate were equally effective to sustain short-cir-
cuit current [18].

On the other hand, fatty acids can be oxidized in all nephron
segments, and the rates of their oxidation can parallel the
mitochondrial mass of the nephron segments [12, 19, 20],
However, as shown for other substrates, only part of the fatty
acids taken up are oxidized whereas the major part is incorpo-
rated into triacylglycerol [6, 10]. When esterification of fatty
acids was studied along the rabbit nephron, the highest rate of
triacylglycerol formation was found in the proximal convoluted
tubule [21]. Moreover, gluconeogenic substrates increase the
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Table 1. Calculated values for oxidative metabolism of some renal
substrate s

Substrate 02 uptake
CO2

formation
ATP

formation RQ

Glucose 6 6 38 1.00
Palmitate 23 (6 130 0.70
3-Hydroxybutyrate 4.5 4 25 0.89
Acetoacetate 4 4 22 1.00
Glutamine 4.5 5 27 1 II
Lactate 3 3 18 1.00

A Proximal tubule

Lactate

GlutamineW
etc.

NI-I4 CO2 4—
Ketone

bodies________fatty
acids

Triglycerides

Values represent mole/mole substrate.
B Thick ascending limb of Henle's loop

esterification in proximal tubules whereas in distal structures
only glucose stimulates it [211. These data are consistent with
the notion that the gluconeogenic pathway provides glycerol in
the proximal tubules.

The enzymes of glutamine metabolism as well as ammonia
formation from glutamine have also been mapped along the
nephron [12, 13, 22]. In the rat, distal convoluted tubules exert
highest activities under control conditions whereas in metabolic
acidosis the proximal tubule increases its capacity several-fold.

Weidemann and Krebs demonstrated that ketone bodies [231
compete with fatty acids as energy fuels for the kidney depend-
ing on their concentrations. Recently, we measured two en-
zymes of ketone body metabolism along the rabbit, rat, and
mouse nephron [24—26]. The activity of 3-oxoacid-CoA-trans-
ferase was similar in mouse and rat kidney and paralleled the
distribution pattern of the amounts of mitochondria. In rabbit
kidney, however, this enzyme activity was very low and
present almost exclusively in the cortical ascending limb of
Henle's loop [25]. On the other hand, the 3-hydroxybutyrate
dehydrogenase exhibited similar activities in the three species,
although there was some difference between the relative
distibution pattern along the proximal tubule [241. These find-
ings are consistent with the observation of Wittner et al. [181 in
isolated perfused rabbit cortical ascending limbs of Henle that
both acetoacetate and 3-hydroxybutyrate are effective in sus-
taining short-circuit current.

Studies on enzyme distribution along the nephron can pro-
vide information on certain metabolic abilities (Fig. 1). How-
ever, these studies do not attempt to draw any conclusions
about the relative metabolic rates of the respective substrates.
Likewise, they do not explain how substrates interact with each
other when offered simultaneously a condition which prevails in
vivo.

Metabolic interactions

Studies on metabolic interactions of substrates in the kidney
performed with isolated tubule suspensions have established a
hypothetic hierarchy of energy providing fuels. Because more
than 90% of cortical tubules consist of proximal convoluted
tubule cells, the results obtained using cortical tubule suspen-
sion can be attributed most probably to this nephron segment.
As Weidemann and Krebs [23] and Krebs, Speake, and Hems
[27] have shown, fatty acids and ketone bodies inhibit the
oxidative metabolism of lactate in isolated tubules from kidney
cortex (Fig. 2). In the presence of fatty acid, lactate uptake is

Fatty acids

F
-U,—

Ketone bodies — — —
Fig. 1. Biochemical path v'ays of different nephron segments of the
kidney.

reduced, and a relatively greater proportion of lactate carbon
taken up by the kidney is converted to glucose [28]. The
mechanism of this substrate interaction was shown to be due to
inhibition of pyruvate dehydrogenase by allosteric inhibition
and by enzymatic conversion of the enzyme to the inactive
phosphorylated form [29]. A similar mechanism seems to reg-
ulate lactate and glucose oxidation in distal nephron segments
of the rat, because outer medullary pyruvate dehydrogenase is
found to be inactivated under conditions of increased fatty acid
supply in vivo [30]. 4C02 formation from '4C-lactate was
almost completely suppressed by oleate in isolated cortical
ascending limbs of rat kidney (Guder WG, Morel F, unpub-
lished observations). Likewise, ketone bodies inhibited conver-
sion of glucose to CO2 and led to an increase in lactate
formation from glucose [311.

Lactate and oleate inhibit tubular glutamine metabolism,
leading to a decrease in ammonia and glucose formation from
glutamine [51. This interaction which was first observed in in
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Fig. 2. Interactions of lactate with oleate and acetoacetate in isolated
cortical tubule suspension. Rat kidney cortical tubule suspensions were
prepared and incubated as described in [28]. Substrates were assayed
enzymatically. The open areas in the circles represent the substrate
uptake not accounted for (NAF) most probably due to oxidation to CO2.
(Results taken from [7, 28].)

vivo studies by Lemieux et a/in dogs [32] is probably due to a
change in mitochondrial NADH/NAD ratio leading to accumu-
lation of glutamate in the mitochondrial matrix, which in turn
inhibits glutamine deamination [22]. A similar inhibitory effect
is found when ketone bodies are offered together with glutamine
[7, 31]. These observations indicate that oleate and ketone
bodies seem to be utilized preferentially over lactate and
glutamine by the kidney.

More recently, we studied the interactions of ketone bodies
with other renal subtrates in more detail [34]. Interestingly,
acetoacetate and 3-hydroxybutyrate inhibited the uptake and
oxidation of oleate (Fig. 3). In the presence of substrates
providing glycerol moieties such as glutamine and lactate,
ketone bodies led to an increase in fatty acid esterification.
Oleate, on the other hand, did not significantly alter ketone
body metabolism, whereas gluconeogenic substrates increased
the uptake and contribution of ketone bodies to oxidative
metabolism [7, 34, 35]. The mechanism of this interaction is not
clear. The tight coupling of acetoacetate and succinate metab-

Fig. 3. Interactions between oleate and ketone bodies in isolated
cortical tubule suspensions of fed rats in the presence of 2 mM
glutamine. Rat cortical tubule suspensions were prepared and incu-
bated as described in [28]. The circles represent substrate uptake rates.
The open areas in the circles are not accounted for (NAF) by the
products and probably represent C02-formation. Incorporation of
oleate into phospholipids represented less than 5% of oleate taken up
[6]. (Data obtained from [7, 35].)

olism through 3-oxoacid-CoA-transferase makes it likely that
ketone bodies lead to preferential oxidation of succinate, which
is linked to FAD as electron transfer mechanism. This, in turn,
may inhibit the oxidation of NADH and thereby the suppres-
sion of NAD-dependent pathways. Direct measurements of the
redox state of components of the respiratory chain may confirm
this effect of ketone bodies [9].

Our data as well as others seem to suggest that acetoacetate
is the best candidate for the preferred fuel of respiration of the
whole kidney. At least in proximal tubules of the rat, the
hierarchy of the oxidative substrate hierarchy seems to include
fatty acids, lactate, and probably glutamine (Fig. 4). The
relative contribution of these substrates to tubular energy
balance depends on their relative concentration and the meta-
bolic state of the animal. In addition, hormonal influences may
modify the relative contribution of these substrates by direct
tubular or indirect effects on their blood levels.
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