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Abstract—Gluconeogenesis from lactate in rat liver cells is inhibited by 0.5 mM kynurenine, picolinate, 5-
hydroxytryptamine, indole 3-acetate and tryptamine. In contrast, in guinea pig liver cells only the last three of
these are effective; kynurenine and 3-hydroxyanthranilate are activators. Fifty per cent inhibition is achieved
by 0.6 mM- and 0.1 mM-indole 3-acetate in the rat and guinea pig respectively, and by 0.12 mM-tryptamine
in both species. p-Chlorophenylalanine, MK-486, pargyline and disulfiram do not affect the inhibition of rat
hepatocyte gluconeogenesis by tryptophan. The results are discussed in relation to the induction of

hypoglycaemia in the rat in vivo by tryptophan.

Tryptophan inhibits gluconeogenesis in vivo [ 1-3], in
the perfused rat liver [4, 5] and in the isolated rat
hepatocyte | 6, 71. Studies with a range of substrates and
direct measurement of metabolites have pinpointed the
locus of inhibition at the reaction catalysed by phos-
phenolpyruvate carboxykinase (GTP:oxaloacetate car-
boxylase (transphosphorylating) EC  4.1.1.32)
[2,3,7]

The time-course of the onset of inhibition by trypto-
phan is consistent with the idea that the actual inhibitor
is a metabolite rather than the aminoacid itself {2, 7].
Lardy’s group [ 1, 2, 4] have suggested that quinolinate
may be the effector concerned, although other com-
pounds have also been proposed [8].

In guinea pig liver cells, in contrast, tryptophan does
not inhibit gluconeogenesis even at relatively high con-
centrations [6, 7]. Quinolinate is still an inhibitor in
this species, but the sensitivity is lower [9, 10]; this
may be, at least in part, attributable to a slow rate of
penetration across the plasma membrane [9].

We now report on the effects of a larger number of
tryptophan metabolites on glucose production in both
rat and guinea pig liver cells, and on the related actions
of appropriate inhibitors of tryptophan metabolism.
The possibility that metabolites other than quinolinate
may be responsible for the inhibitory effects of trypto-
phan in the rat is discussed.

MATERIALS AND METHODS

Animals. Male Sprague—Dawley CSE/ASH strain
rats (200-250g) and Dunkin—Hartley guinea pigs
(300-400 g) were used throughout. All animals were
deprived of food for 48 hr before cell preparation.

Chemicals and biochemicals. 3-Hydroxyanthranilic
acid and nicotinic acid were from Koch-Light
Laboratories, Colnbrook, Bucks, U.K. and Fisons Ltd.
Loughborough, U.K. respectively. All other trypto-
phan metabolites, p-chlorophenylalanine, allopurinol
(4-hydroxy-pyrazolel 3,4-dlpyrimidine), disulfiram (te-
traethylthiurium disulphide), L-lactate and inulin were
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from the Sigma (London) Chemical Co., Poole, Dorset,
U.K. Radiochemicals were from the Radiochemical
Centre, Amersham, Bucks, U.K. MK-486 (Carbidopa;
L-a-(3,4-dihydroxybenzyl)-a-hydrazinopropionic acid
monohydrate) and pargyline (n-benzyl-N-methylprop-
2-ynylamine) were gifts from Merck, Sharp and Dohme
Labs, Rahway, NJ, U.S.A. and Abbott Laboratories,
Queenborough, Kent, respectively. Other materials
were of the purest grade available from standard
suppliers.

Cell preparation and incubation. Cells were pre-
pared from rats and guinea pigs by procedures detailed
elsewhere [11, 12], with the exception that, in some
experiments, guinea pig livers were perfused in the
physiological direction from the hepatic portal vein to
the inferior vena cava. Incubations followed a standard
procedure [ 7]; specific details are given in the legends
to tables. Cell ‘viability’ was established in each experi-
ment from the rates of glucose production from lactate
under standard conditions [3].

The uptake of [2-1*C lindole 3-acetate was followed
as previously described [9], with ‘Hems’ tubes [13]
being used to effect separation of cells from medium.
[*HlInulin was added immediately before centrifuga-
tion [9] to act as a marker for cell pellet contamination
with extracellular fluid.

Since many tryptophan metabolites interfere very
strongly with the peroxidase-based glucose assay ([ 14];
S.AS., unpublished work), glucose was in all cases
measured in neutralised extracts with hexokinase
(ATP:D-hexose 6-phosphotransferase, EC 2.7.1.1) and
glucose 6-phosphate dehydrogenase (D-glucose-6-
phosphate:NADP* l-oxidoreductase, EC 1.1.1.49)
[15].

RESULTS AND DISCUSSION

We have investigated whether the differences in
sensitivity of hepatic gluconeogenesis to tryptophan [ 7}
and quinolinate [9, 10, 16] in the rat and the guinea pig
might be reflected in similar differential responses to
metabolites of both the “kynurenine” and “indole”
pathways. The results of this study are given in Table 1.
The only compounds significantly effective at 0.5 mM
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Table 1. Effect of tryptophan metabolites on glucose produc-
tion from lactate in rat and guinea pig liver cells

Glucose formation
(as per cent of rate with
lactate alone)

Metabolite Rat Guinea pig
None 100 100
L-Kynurenine 46 + 5%(3) 147+ 18*(5)
Nicotinate 81+6 (4) 95+ 3 (3)
Picolinate 62+8%(4) 101+ 6 (3)
3-Hydroxyanthranilate 75+4 (3) 115+ 1*(3)
5-Hydroxytryptophan 80+3 (5 81+12 (3)
5-Hydroxytryptamine 28+ 61(3) 56+ 16%(3)
5-Hydroxyindole 3-acetate 100+ 5 (3) 85+ 5 (3)
Tryptamine 4+2t4) 14+ 5E@3)
Indole 3-acetate 62+ 6*(3) 13+ 31 (3)

Hepatocytes were incubated with tryptophan metabolites
(0.5 mM final concentration in medium) for 40 min before
addition of lactate (10 mM final). Rates of glucose production
were determined between 30 and 90 min after addition of
lactate. Rates with lactate alone were 231 + 32(4), (rat) and
192 + 13(3), (guinea pig) nmoles glucose/hr/mg dry wt cells.
All values are means + S.E.M. with the number of independ-
ent observations in parentheses. P (vs lactate alone; Student’s
ttest) *< 0.05; T <0.01;% < 0.005; other differences are
not significant.

in the rat cell incubations were kynurenine, picolinate,
5-hydroxytryptamine, indole 3-acetate and, especially,
tryptamine. In the guinea pig, 3-hydroxyanthranilate
and, particularly, kynurenine stimulated gluconeo-
genesis, while indole 3-acetate was as effective as
tryptamine.

The response of glucose synthesis to various concen-
trations of tryptamine is shown in Table 2. This metab-
olite is equally effective in both rat and guinea pig,
producing 50 per cent inhibition at approx. 0.12 mM.

Dose-response curves for indole 3-acetate (Fig. 1)
show that half-maximal effects are found at 0.6 mM in
the rat and at 0.1 mM in the guinea pig. It was possible
that this species difference, like that for quinolinate [9],

Table 2. Sensitivity of lactate gluconeogenesis to tryptamine
in rat and guinea pig hepatocytes

Glucose formation
(as per cent of
uninhibited rates)

[Tryptamine] (mM, final) Rat Guinea pig
0 100 100

0.05 99 +3 76 + 12
0.10 74+ 6 66 + 7
0.25 26 + 10 33+£13
0.50 3+3 14+£5

Hepatocytes were incubated with various concentrations
of tryptamine for 40 min before addition of lactate (10 mM,
final). Rates of glucose production were determined between
30 and 90 min after addition of lactate. Rates with lactate
alone were 271 + 46 (rat) and 192 + 13 (guinea pig) nmoles
glucose/mg dry wt celis/hr. All values are means + S.E.M.
from 3 independent experiments.
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Fig. 1. Inhibition of lactate gluconeogenesis in rat and guinea
pig hepatocytes by indole 3-acetate. Indole 3-acetate was
added to incubations 40 min before L-lactate (final 10 mM);
rates of gluconeogenesis were measured between 30 and
90 min after addition of substrate. Results are means -+
S.E.M. for three independent observations or (0.05 mM-
indole 3-acetate) means of two experiments. O Rat; @ guinea

pig.

might be attributable to unequal rates of uptake of
indole 3-acetate across the liver cell plasma membrane.
This possibility was investigated by measuring the rate
of uptake of 0.5 mM [2-'*Clindole 3-acetate according
to the method described previously [9]. At 37°, uptake
of indole 3-acetate by isolated rat liver cells obeyed
simple kinetics and was completely equilibrated be-
tween cell cytoplasm and medium in 2 min. Using this
procedure, however, the minimum time after addition
of indole 3-acetate in which cells can be separated from
incubation medium is approx. 15 sec. During this time,
a quantity of indole 3-acetate, equal to that finally taken
into the cell, becomes associated with the plasma
membrane.

It is therefore probable that the species differences in
the response to indole 3-acetate reside in intracellular
events rather than rates of uptake. This is further
supported by an earlier finding that gluconeogenesis in
rat kidney cortex, a tissue more permeable generally
than liver, is relatively insensitive towards exogenous
indole 3-acetate [17].

Somewhat surprisingly, mouse liver cells resemble
those of the guinea pig rather than the rat in sensitivity
to indole, 3-acetate. This compound inhibited lactate
gluconeogenesis by 38, 69 and 95 per cent at 0.1, 0.5
and 1 mM respectively (D. M. Crisp and C. I. Pogson,
unpublished work).

A number of metabolites have been proposed as
being involved in the mechanism of tryptophan-in-
duced hypoglycaemia. These include indole 3-acetate
{18, 19] and, more recently, S-hydroxytryptamine [2].
We have investigated the possibility of the direct in-
volvement of these metabolites with various inhibitors
of tryptophan metabolism in liver. Table 3 details the
dose-response of gluconeogenesis to tryptophan in
hepatocytes from 48 hr-starved p-chlorophenylalanine-
treated rats. Comparison with cells from control ani-
mals shows that p-chlorophenylalanine has no effect on
the potency of tryptophan. Since p-chlorophenylalan-
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Table 3. Effect of p-chlorophenylalanine pretreatment on the
sensitivity of gluconeogenesis to tryptophan in rat
hepatocytes

Glucose formation (as per cent of
rate with lactate alone)

[Tryptophan] (mM, final) Controlcells “Pretreated” cells

0 100 100

0.05 96 + 3 (3) 92+ 6 (3)
0.10 64 + 5 (4) 63+2(3)
0.15 — 36 (2)
0.25 23+ 7 (6) 2049 (3)
0.50 11+3(3) 6+4(3)
1.0 6+2(3) 5+3(3)

Control cells were from 48 hr-fasted rats; “pretreated”
cells are those from 48 hr-fasted rats, injected 24 hr before
use with p-chlorophenylalanine (313 mg/kg body weight,
i.p.). Cells were incubated with tryptophan at various concen-
trations for 40 min before addition of lactate (final 10 mM).
Rates of glucose production were determined between 30 and
90 min after addition of lactate. Rates with lactate alone were
217 + 16(11), (control cells) and 275 + 32(3), (“pre-
treated” cells) nmoles glucose/mg dry wt cells/hr. All values
are means, + S.E.M. where applicable, with the numbers of
independent observations in parentheses. Results for control
cells- are recalculated from [7].

ine pre-treatment blocks the formation of 5-hydroxy-
tryptophan [21], this metabolite and its products can-
not be the responsible agents. Furthermore,
measurements of tryptophan hydroxylation (S. A.
Smith, unpublished work) and 5-hydroxytryptamine
concentrations [22] in liver indicate that the flow
through this pathway is very limited.

We have similarly found no reversal of the trypto-
phan effect with 0.05 mM MK-486 which blocks aro-
matic aminoacid decarboxylase (aromatic L-aminoacid
carboxylase, EC 4.1.1.28) [23], with 0.1 mM pargy-
line, which inhibits monoamine oxidase (amine:oxygen
oxidoreductase [deaminating] [flavin-containing], EC
1.4.3.4) [ 24], or with 0.1 mM disulfiram, which blocks
aldehyde dehydrogenase (aldehyde:NAD" oxidoreduc-
tase, EC 1.2.1.3) [25], all compounds which influence
the “indole” metabolism of tryptophan. These drugs are
similarly ineffective when tryptophan is replaced by
either tryptamine or 5-hydroxytryptamine. The failure
of pargyline to alter the pattern of inhibition when these
latter metabolites are present is consistent with the view
that inhibition is attributable to the amines themselves
rather than to the formation of further metabolites
within the cell.

The difference between rats and guinea pigs in the
effect of quinolinate on gluconeogenesis has been asso-
ciated with the pattern of distribution of phosphoenol-
pyruvate carboxykinase activities within the cell [ 16].
If this were so, then all metabolites in the pathway from
tryptophan to quinolinate in the guinea pig should show
weak effects comparable to those of quinolinate itself.
Kynurenine in this species, however, is an activator of
lactate-dependent gluconeogenesis. Furthermore, in-
sensitivity to tryptophan and weak effects of quinoli-
nate, similar to those in the guinea pig, are also found
with liver cells from the gerbil, whose hepatic phos-
phoenolpyruvate carboxykinase distribution resembles

2147

that of the rat (R. A. Munoz-Clares and C. 1. Pogson,
unpublished work).

We have previously shown [20] that tryptophan-
induced hypoglycaemia in rats is relieved by pre-treat-
ment with p-chlorophenylalanine, and that the effect
itself is attributable to formation of S-hydroxytrypt-
amine outside the blood—brain barrier. From the experi-
ments reported here, it is again clear that there is no
direct association between the hypoglycaemia in vivo
and the short-term impairment of gluconeogenesis in
vitro.

Quantitatively, the major pathway of tryptophan
metabolism in both rats and guinea pigs is by the
“kynurenine” pathway {26, 27]. Hence it is unlikely
that any of the “indole” metabolites of tryptophan
influence gluconeogenesis directly in vivo [20], unless
present at  artificially-induced  pharmacological
concentrations.
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