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The effect of 2-aminobicyelo[2.2.1]heptan-2carboxylic acid (BCH), an L-leucine non-

metabolizable analogue and an allosteric activator of glulamate dehvdrogenase, on
glucose and glutamine synthesis was studied in rabbit renal tubules incubated with al-
anine, aspartate or proline in the presence of glvcerol and octanoate, i.e. under condi-
tions of efficient glhucose formation. With alanine+glyvcerol+octanoate the addition of
BCH resulted in a stimulation of alanine and glycerol consumption, accompanied by
an increased glucose, lactate and glutamine synthesis. In contrast, when alanine was
substituted by either aspartate or proline, BCH altered neither glucose formation nor
glutamine and glutamate synthesis, while an accelerated glycerol utilization was ac-
companied by a small increase in lactate production. In view of the BCH-induced
changes in iniracellular metabolite levels the acceleration of gluconeogenesis by BCH
in the presence of alanine+glycerol+octanoate is probably due to (i) increased uptake
of alanine vig alanine aminotransferase, (ii) stimulation of phosphoenclpyruvate car-
boxykinase, a key-enzyme of gluconeogenesis, (iii) rise of glucose-6-phosphatase ac-
tivity, as well as (iv) activation of the malate-aspartate shuttle resulting in an aug-
mented glyeerol utilization for lactate and glucose synthesis.

In rabbit and guinea pig kidneys amino acids  and Lproline are not utilized for gluconeo-
such as L-alanine, L-aspartate, L-glutamate  genesis when applied as the sole substrates,
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while glutamine synthesis is very efficient
[1-5]. In the previous reports from this labo-
ratory it has been shown that in rabbit renal
tubules incubated with alanine, aspartate, glu-
tamate or proline glucose is produced when
glycerol or lactate and fatty acids or ketone
bodies are also provided [3-5]. The addition
of the latter substrates stimulates gluconeo-
genesis by a mechanism involving a decrease
in glutamate dehydrogenase activity followed
by a decline of glutamine formation.

Therefore, the aim of this investigation was
to study both glucose and glutamine synthesis
in the presence of 2-aminobicyclo[2.2.1]hep-
tan-2-carboxylic acid (BCH), a nonmetaholiz-
able 1-leucine analogue, reported as an activa-
tor of glutamate dehydrogenase for both the
isolated enzyme [6] and various cells: hepato-
cytes [7], f-pancreatic cells [8, 9] and brain
synaptosomes [10].

MATERIAL AND METHODS

Isolation and incubation of kidney-
cortex tubules. Fed rabbits (male, California
strain, 2-3 kg body weight) were anaesthe-
tized with pentobarbital (30 mg per kg body
weight). Renal cortical tubules were isolated
as described previously [11] and incubated
(about 10-15 mg dry weight) at 37°C in 2 ml of
Krebs-Ringer buffer in 25 ml plastic Erlen-
meyer flasks sealed with rubber stoppers un-
der the atmosphere of 95% O3 + 5% CO5. Sub-
strates were added at concentrations given in
legends to Tables. Octanoate was applied as
an emulsion in a bovine serum albumine solu-
tion. The reaction was stopped by the addition
of 35% perchloric acid (0.1 vol. of tubule sus-
pension).

Analytical methods. Samples for metabo-
lite determination were withdrawn after 60
min of incubation. The intracellular content of
metabolites was estimated in samples follow-
ing the centrifugation of fubule suspension
through silicone oil into perchlorie acid solu-
tion as described previously [11]. Glucose pro-

duction was measured spectrophotometri-
cally with glucose oxidase and peroxidase
[12]. Amino acids were determined by HPLC
after derivatization with DABS-Cl [13]. Me-
tabolite levels were measured spectropho-
tometrically or fluorimetrically by standard
enzymatic techniques [12]. Isotopic studies of
the incorporation of various substrates into
glucose were performed according to Exton &
Park [14] and Pilkis et al. [15].

Enzymes and chemicals. Collagenase (typ
IV) was purchased from Sigma Chemical Co.
(St. Louis, U.5.A.). Enzymes for metabolite
determinations were obtained from Boehrin-
ger (Mannheim, Germany) or Sigma Chemi-
cal Co. [U-'*Clalanine, [U-1*Claspartate and
[U—Mﬂ]glycem] were from Amersham Searle
Corporation (Amersham, Great Britain).
Amino acids, MSO and DABS-C] were pur-
chased from Sigma Chemical Co., while BCH
was from Calbiochem (La Jolla, U.S.A.). Other
reagents were from P.0.Ch. (Gliwice, Poland).

RESULTS AND DISCUSSION

Glucose, glutamine, glutamate and lactate
synthesis

As in rabbit renal tubules amino acids such
as alanine, proline or aspartate are efficiently
utilized for glucose formation in the presence
of glycerol and either fatty acids [5] or ketone
bodies [4], rabbit kidneycortex tubules were
incubated with various amino acids, glycerol
and octanoate. Both glucose and glutamate
synthesis from alanine+glycerol+octanoate or
proline+glycerol+octanoate were about twice
lower than from aspartate+glycerol+octano-
ate, while glutamine accumulation was simi-
lar (Table 1), but lower than in the presence of
amino acids alone due to a decline of gluta-
mate dehydrogenase activity resulting in a di-
minished formation of NH4" ions for gluta-
mine synthesis [3-5]. In order to activate this
enzyme 2 mM BCH was applied. At this con-
centration the compound stimulated ammeo-
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nia production by about 30% (not shown) in
the presence of MSO, an inhibitor of gluta-
mine synthetase [16].

As shown in Table 1, in renal tubules incu-
bated with aspartaterglycerol+octanocate or
proline+glycerol+octanoate the addition of 2
mM BCH did not alter the rate of glucose, glu-
tamine and glutamate synthesis and only
slightly accelerated lactate formation. In con-
trast, when aspartate or proline was substi-
tuted by alanine, 2 mM BCH resulted in an in-
crease of both glucose and glutamine synthe-
sis by about 25% and 40%, respectively, while
lactate production was only slightly stimu-
lated and glutamate formation unaltered.
Moreover, in renal tubules incubated with al-
aninet+glycerol+octanoate BCH augmented
the incorporation of [U-'"*Clalanine and [U-
ldﬂlglyceml into glucose by 17% and 26%, re-
spectively (Table 2). In contrast, when alanine
was replaced by aspartate, the utilization of
both glycerol and aspartate for glucose syn-
thesis did not change following the addition of
BCH.

BCH-induced stimulation of glucose produc-
tion in spite of an accelerated glutamine for-
mation is opposed to our previous findings in-
dicating that the activation of gluconeogene-
sis is caused by a diminished utilization of
amino-acid carbon skeletons for glutamine
production in the presence of glycerol or lac-
tate and fatty acids or ketone bodies [3-5).

Thus, the stimulatory effect of BCH on the
rate of glucose formation is due to a mecha-
nism which does not involve a decrease in glu-
tamine synthesis.

Substrate utilization

As presented in Table 3, in the absence of
BCH the utilization of alanine and aspartate
was similar. The addition of BCH did not
change the rate of aspartate removal from the
incubation medium while it augmented the
utilization of alanine by about 40%. In view of
this observation, an increase in alanine utili-
zation might contribute to the stimulatory ef-
fect of BCH on glucose and glutamine synthe-
sis in renal tubules incubated with al-
anine+glycerol+octanoate (cf. Table 1). The
addition of BCH caused also a slight increase
in glycerol utilization (by about 10-20%) in re-
nal tubules incubated with alanine+glyc-
erol+octanoate contributing to the accelera-
tion of lactate formation and glucose synthe-
sis (cf. Table 1). A slight acceleration of glyc-
erol uptake in the presence of aspartate+glye-
erol+octanoate was also accompanied by a
stimulation of lactate production (cf. Table 1).

Intracellular metabolite levels

To identify the mechanisms responsible for
the stimulatory effect of BCH on gluconeo-

Table 1. The effect of BCH on glucose, glutamine, glutamate and lactate synthesis in renal tubules in-
cubated with various amino acids in the presence of glyeerol and octanoate

" : Glucose (Glutamine Glutamate Lactate
Amino acid BCH
) (#mol/h per g dry wt.)
i - 56.0 = 7.1 T1.1 + 6.0 43.7 £ 9.0 67.0 £ 6.4
Alanine " i
+ 78.1 £ 10.7 99.7 + 6.2 39.9 + 8.3 TIB+ 76
- 109.2 &+ 23.7 839+ 134 836 +123 48.7 + 3.2
Aspartate a
+ 116.6 + 23.7 95.1 £ 19.2 95.2 + 12.4 580+ 38
: - 48.2 + 12.0 66.8 + 3.0 53.1 + 4.1 84.8 + 3.7
Proline z
+ 54.6 + 14.6 71.2+49 60.8 + 6.8 1022 + 5.9

Renal tubules were incubated for 60 min. Glveerol and BCH were added at 2 mM concentrations, while amino acids and
octanoate at 1 mM and 0.5 mM, respectively. Values are means + S.D. for 3-10 experiments. "P < 0.05 vs. corresponding

controls with no BCH.
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Table 2. The effect of BCH on the incorporation of 1¥C-labeled substrates into glucose in renal tu-
bules incubated with glycerol, octanoate and either alanine or aspartate

40 1abeled substrate

["C]Glucose synthesis

Unlabeled substrate BCH 14
(umo! "Cg units/h per g dry wt.)
u-lclAla Glycerol i o
+ 21.0 + 1.1*
- 31.7T £ 6.7
U-4C1As Glycerol
2 2 s 991 + 2.8
I'U-Ml"lﬂlmrul ok - 101.2 + 13.6
' 127.9 + 13.8"
- 166.1 + 17.1
(U-4C)Glycerol As
e e s 158.1 + 16,7

Experimental conditions were as described in the legend to Table 1. Values are means + 5.0. for 3 experiments. P <008

e, corresponding controls with no BCH,

genesis and glutamine formation from al-
anine+glycerol+octanoate we measured the
intracellular metabolite levels both in the ab-
sence and presence of BCH.

Among intracellular metabolites one of the
most marked changes in concentration was
observed for 2-oxoglutarate in spite of the lack
of changes in glutamate concentration (Table
4). BCH diminished the intracellular level of 2-
oxoglutarate by about 30% and 20% in the
presence of alanine+glycerol+octancate and
aspartate+glycerol+octanoate, respectively.
Since with pyruvate as substrate 2-oxoglu-
tarate level did not change on addition of BCH
(not shown), the BCH-induced decrease in the
intracellular content of this metabolite in the
presence of alanine+glycerol+octanoate might
be related to an acceleration of alanine utiliza-

tion (ef. Table 3) via alanine aminotransferase
utilizing 2-oxoglutarate as substrate. In the
presence of alanine+glycerol+octanoate a de-
cline of 2-oxoglutarate concentration was ac-
companied by about 2-fold decrease in malate
concentration and about 2-fold increase in
phosphoenolpyruvate level. Therefore, it
seems likely that the BCH-induced accelera-
tion of glucose synthesis under these condi-
tions might be due to the activation of phos-
phoenolpyruvate carboxykinase activity, a
key-enzyme of gluconeogenesis, resulting
from a decrease of intracellular 2-oxoglu-
tarate, an inhibitor of the enzyme [17]. This
hypothesis is also supported by diminished in-
tracellular levels of malate (by about 40%) and
citrate (by about 25%), suggesting more effi-
cient utilization of oxaloacetate by phosphoe-

Table 3. The effect of BCH on glycerol and amino acids utilization in renal tubules incubated with
glycerol and octancate in the presence of alanine or aspartate

; ; Glycerol Amino acid
Amino acid BCH
{#mol/h per g dry wt.)

- 106.9 + 12.1 155.6 + 12.4
Alanine

- 121.5 + B.&2 213.2 + 5.5

- 1496 £ 5.6 166.9 £ 18.0
Aspartate

+ 162.0 = 2.5% 168.9 = 16.0

Experimental conditions were as deseribed in the legend to Table 1. Values are means = 3.1. for 3-6 experiments.

*P < 0.05 vs. corresponding controls with no BCH.
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nolpyruvate carboxykinase in comparison
with that by malate dehydrogenase and cit-
rate synthase. In contrast, in renal tubules in-
cubated with aspartate+glycerol+octanoate in-
tracellular levels of phosphoenolpyruvate and
citrate did not change following the addition
of BCH, while malate content was only
slightly decreased (by about 15%). Since with
aspartate+glycerol+octanoate the intracellu-
lar concentration of 2-oxoglutarate in the ab-
sence of BCH was by about 20% lower than
with alanine+glycerol+octanoate, the activity
of phosphoenolpyruvate carboxykinase was
probably not impaired under the former con-
ditions.

Since 2-oxoglutarate is also an efficient com-
petitive inhibitor of aspartate formation via
aspartate aminotransferase [18], a dimin-
ished concentration of 2-oxoglutarate might
result in a stimulation of flux of cytosolic re-
ducing equivalents into mitochondria via the
malate-aspartate shuttle. This is in agreement
with an increased level of aspartate inside re-
nal tubules incubated with alanine+glye-
erol+octanoate (from 2.1 = 0.1 to 3.1 = 0.1,
without and with BCH, respectively, P < 0.05
for 5 experiments). Moreover, as the efficient
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transport of NADH through the inner mito-
chondrial membrane is essential for glycerol
utilization as a glucose precursor [19], it
seems likely that the activation of the malate-
aspartate shuttle leading to a fall of cytosolic
NADH/NAD' ratio and an enhancement of
glycerol-3-phosphate dehydrogenase activity
might contribute to the stimulatory effect of
BCH on glucose formation from glycerol in
the presence of alanine+glycerol+octanoate
(cf. Table 2). In agreement with this sugges-
tion, the addition of BCH to renal tubules in-
cubated with alanine+glycerol+octanoate
caused a decrease in [glycerol-3-phos-
phate]/[DHAP] ratio (from 767.6 = 75.4 to
604.3 = 53.2, without and with BCH, respec-
tively, P < 0.05 for 5 experiments), while [lac-
tate]/[pyruvate] ratio was unaffected
(12.7 + 0.4 and 11.8 + 1.0, without and with
BCH, respectively, P < 0.05 for 5 experi-
ments). These observations confirm previous
findings indicating that NADH/NAD" pools
utilized by lactate and glycerol-3-phosphate
dehydrogenases are poorly connected [3, 4,
201.

In the presence of BCH we also observed a
diminished concentration of glucose-6-

Table 4. The effect of BCH on the intracellular levels of metabolites in renal tubules incubated with
glvcerol and octanoate in the presence of alanine or aspartate

Alani Aspartate
Metaholite BCH smiocicad D
(umol per g dry wt.)

- 1.50 = 0.08 1.21 + 0.12
2-0xoglutarate a "

+ 1.03 + 0.08 0.89 = 0.04

- 14.03 + 2.68 26.25 + 0.95
Glutamate

+ 14.05 + 2.48 23.80 £ 1.20

- 0.15 £ 0.02 0.38 + 0.04
FEP

+ 0.27 + 0.08" 0.43 + 0.02

- .52 + 0.09 0.48 + 0.05
Malate . -

+ 0.30 + 0.07 0.39 + 0.04

. - 1.41 + 0.10 0.88 £ 0.04

Citrate )

+ 1.06 £ 0.03 0.89 z 0.10

Experimental conditions were as shown in the legend to Table 1. Renal tubules were separated from the reaction medium
as described in Material and Methods. Values are means = 8.D. for 3-4 experiments. P < 0.05 vs. corresponding controls

with no BCH.
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phosphate inside renal tubules incubated with
alanine+glycerol+octanoate (0.50 + 0.03 and
0.37 + 0.02, without and with BCH, respec-
tively, P < 0.05 for 5 experiments) accompa-
nied by an increased glucose content
(3.49 + (.15 and 4.08 = 0.20, without and with
BCH, respectively, P < 0.05 for 5 experi-
ments). Since Z-oxoglutarate in the presence
of Mg 2" ions has been reported as an inhibi-
tor of glucose-6-phosphatase [21, 22] it is pos-
sible that the BCH-induced decrease in the in-
tracellular content of this metabolite might
also result in an augmented glucose-6-phos-
phatase activity contributing to the accelera-
tion of glucose production.

In summary, the results presented in this pa-
per indicate that the flux through glutamate
dehydrogenase may limit both glucose forma-
tion and glutamine production in the presence
of alanine+glycerol+octanoate, in contrast to
aspartate+glycerol+octanoate and proline+
glycerol +octanoate. Therefore, stimulation of
this enzyme activity on the addition of an L-
leucine analogue results in an increase of both
glucose and glutamine synthesis in rabbit re-
nal tubules incubated with alanine+glyec-
erol+octanoate.

The authors are very grateful to Dr. Jan Zale-
ski for the gift of BCH and to Miss Bozena
Dabrowska for excellent technical assistance.
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