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The main feature of the esteric group is its ability to
accept hydrogen bonds as its oxygen is a typical electron
donor group. Probably any other functional group having
the same hydrogen bonding accepting capability would
display similar behaviour and in effect this could be the
case of the 3CN group previously discussed.

It is worth mentioning the hypothesis, supported by
crystallographic, quantum-mechanic and structure-activity
studies, that BDZs also interact with their receptor mainly
via hydrogen bonds and in an essentially planar molecular
conformation [16, 17].
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Stabilizing action of L-carnitine on the energy-linked processes of mitochondria
isolated from perfused rat liver

(Received 28 October 1985; accepted 13 February 1986)

L-Carnitine has recently been reported to stabilize rat liver
mitochondria exposed to various stressing conditions as
well as mitochondria isolated from the liver of L-carnitine
treated animals [1]. L-Carnitine has also been found to
prevent mitochondrial damage induced in leukaemia cells
by the anticarcinogen methylglyoxal bis(guanilhydrazone)
[2]. Retrospectively a protective action of L-carnitine on
mitochondria might also explain the protection of mice
against otherwise toxic doses of ammonium acetate [3],
indeed the energy-linked phase of urea cycle takes place
within liver mitochondria. In this paper we present evidence
that addition of L-carnitine to the perfusion medium sig-
nificantly improves the energy-linked processes of mito-
chondria, thereafter isolated from the liver, and their resist-
ance against different damaging factors.

Materials and methods

Materials. Outdated human concentrated erythrocytes
were kindly supplied by the Blood Bank of the Padova
Hospital (Padova, Italy).

Ketalar® (2-(O-chlorophenyl)-2- methylaminocyclo-
esanone) was purchased from Parke Davis S.p.A. as a
50 mg/ml solution.

Methods. Male Wistar rats (300-350 g) starved for 24 hr
were anaesthetized by intraperitoneal administration of
0.35ml (17.5mg) of Ketalar®/100 g of body weight. In
addition, 500 U.I. of heparine/100 g of body weight were
injected.

* Abbreviations used: Hepes:
piperazine-N'-2-ethanesulfonic acid.

N-2-hydroxyethyl-

The perfusion medium (modified Hanks’ medium) con-
tained 137mM NaCl, 5.4mM KCl, 0.44 mM KH,PO,,
0.33 mM Na,HPO,, 4.2 mM NaHCOQ,, 10 mM Na-Hepes*
(pH 7.4), 0.6 mM MgSO, and 1 uM Ca?*.

Prior to being added to the perfusion medium the out-
dated human erythrocytes were washed twice in 10 vol. of
125 mM NaCl, 30 mM Tris HCl (pH7.2), and the hem-
atocrit of the resulting concentrated suspension (80-90%)
was determined. )

Reversed liver perfusion was achieved by cannulation of
the caval vein (inlet) via the right atrium and the portal
vein (outlet). A ligature was put around the inferior caval
vein, just above the right renal vein, the hepatic vein and
artery. During the perfusion, which was performed at a
flow rate of 13 ml/min, the liver was left in sitv and tem-
perature (35°) and surface wetting were carefully con-
trolled. The perfusion medium was constantly oxygenated
with an oxygen:carbon dioxide (19:1) mixture, and the
perfusate leaving the portal catether was discarded.

At the end of the perfusion the liver was excised, immedi-
atelyimmersed in ice~cold 0.25 M sucrose, S mM Na-Hepes
(pH7.4), washed thoroughly and then homogenized in
50 ml of 0.25 M sucrose, 5 mM Na-Hepes (pH 7.4) using a
Potter homogenizer with Teflon pestle driven at 900 rev/
min. Mitochondria were then isolated by differential cen-
trifugation in the same buffered solution.

The protein content of mitochondrial suspensions was
assayed according to Gornall et al. [4]} using bovine serum
albumin as the standard.

Mitochondrial oxygen consumption rates were measured
at 20° with a Clark oxygen electrode (Yeliow Spring Ind.) in
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2.5 ml of a respiration mixture containing 100 mM sucrose,
50 mM KCl, 10 mM KH,PO,, 2 mM MgCl,, 1 mM EDTA,
15 mM Tris-HC! (pH 7.4) (medium A) or 0.2M NaCl,
20 mM MgCl,, 20 mM NaH,PO,, 20 mM Tris HCI (pH 7.4)
(medium B) in the presence of 5 mM succinate, and 1.25 uM
rotenone. The oxygen traces were started by addition of
3 mg of mitochondrial proteins; state 3 respiration was
initiated by additions of 150 uM ADP.

The mitochondrial transmembrane potential was
measured by incubating at 20° 1mg of mitochondrial
protein/ml in a medium containing 200 mM sucrose, 10 mM
Na-Hepes (pH 6.8), 5 mM succinate, 1.25 uM rotenone,
20 uM CaCl, and 2 mM NaH,PO, and by monitoring the
distribution of tetraphenylphosphonium across the mito-
chondrial membrane with a tetraphenylphosphonium-
selective electrode prepared in our laboratory according to
Kamo et al. [5] using a calomel electrode (Radiometer
K401) as the reference electrode. The electrode potential
was linear with respect to the logarithm of tetra-
phenylphosphonium concentration with a slope of 59 mV,
in agreement with Nernst equation.

Results

A necessary prerequisite for the validity of the experi-
ments here described was the isolation from perfused livers
of mitochondria having acceptable respiratory control
ratios. In preliminary experiments in which rat livers were
perfused for 30 min with the modified Hanks’ medium, the
subsequently isolated mitochondria exhibited respiratory
control ratios slightly higher than 2.0 in medium A and just
above 1.0 in medium B. Assuming that this poor coupling
was due, as pointed out by Hulsmann and Kuzpershoek-
Davidov [6], to heterogeneity of oxygen supply in the
perfused liver, the experiments were then repeated with
the addition of 4% (v/v) of human erythrocytes to the
perfusion solution. Under these conditions the mito-
chondria isolated from perfused livers, although less
coupled than those prepared from fresh livers, constantly
had respiratory control ratios in the range 4.5-5.5 in
medium A and 3.0-4.0 in the NaCl-rich medium B (Fig. 2,
curves 1, 2). Therefore erythrocyte addition to the per-
fusion medium was adopted in all subsequent experiments.

Figure 1 shows the time course of the transmembrane
potential, relative to a typical experiment, of mitochondria
isolated from rat livers perfused for 15 min either with or
without L-carnitine, stored in 0.25 M sucrose, 5 mM Na-
Hepes (pH 7.4) at 0° for different lengths of time and then
incubated in a medium containing 20 uM Ca?* and 2 mM
phosphate. It was previously demonstrated that the energy-
linked processes of liver mitochondria incubated in the
presence of these two ions undergo a rapid decay [7].
It may be observed that mitochondria obtained from L-
carnitine-perfused livers constantly reached transmem-
brane potentials significantly higher than control mito-
chondria, with increasing difference as the storage period
at 0° was shifted from 0 to 20 hr. The difference results are
even more striking if the maintenance of transmembrane
potential is considered. Indeed, immediately after
isolation, mitochondria isolated from L-carnitine-perfused
livers maintained a transmembrane potential higher than
200 mV for about 30 min, while control mitochondria had
a lower transmembrane potential and maintained it no
longer than 10 min. Upon storage at 0° for 6 or 20 hr the
maintenance of transmembrane potential was significantly
shortened, but its decay was constantly more rapid in
control mitochondria.

The oxygen traces and respiratory control ratios of mito-
chondrial preparations obtained from perfused livers (Fig.
2) confirm that the addition of L-carnitine to the perfusion
medium allowed the isolation of mitochondria more resist-
ant to the impairing action of medium B and to storage
at 0°. On the contrary no significant difference between
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Fig. 1. Protective action of L-carnitine on transmembrane
potential of mitochondria isolated from perfused rat livers.
Mitochondria were isolated from rat livers after 10 min
perfusion in the absence (dotted lines) or in the presence
(full lines) of 0.75 mM L-carnitine. Mitochondria were kept
in 0.25M sucrose, 5mM Na-Hepes (pH7.4) at 0° as a
concentrate suspension and transmembrane potential (Ay)
was measured 0 (A), 6 (B) and 20 (C) hr after mitochondria
isolation. The transmembrane potential traces represent a
typical set of experiments.

mitochondria isolated from livers perfused with or without
L-carnitine was observed in medium A.

On the basis of both parameters (respiratory control
ratio and transmembrane potential) adopted for monitoring
mitochondrial energy-linked processes it may be deduced
that perfusion of the liver with L-carnitine allows the iso-
lation of mitochondria less susceptible to the damaging
action of Ca®" and phosphate and of high concentrations
of NaCl, and more resistant to aging than control
mitochondria.

Discussion

The reported results clearly indicate that L-carnitine acts
as a stabilizing factor of mitochondrial energy-linked pro-
cesses not only when added directly to isolated liver mito-
chondria, as previously demonstrated [1], but also when
present in the perfusion medium of livers from which mito-
chondria have been isolated. The protective action of L-
carnitine appears to be a consequence of modifications
induced during liver perfusion rather than the result of a
direct interaction with mitochondrial membranes (L-car-
nitine added to the perfusion medium is completely or
largely removed during the isolation of mitochondria).

The higher and longer lasting transmembrane potentials
observed in mitochondria obtained from L-carnitine-
treated livers may be attributed to the removal of long-
chain acyl CoA by the L-carnitine present in the perfusion
medium, It has to be taken into account that experiments
have been carried out in 24-hr-starved rats. Since under
this condition an increased level of free fatty acids and acyl
CoA conceivably occurs, such a removal might be relevant
for the cell integrity.

It is in fact well known that the accumulation of long-
chain acyl CoA implies many adverse effects (for a review
see [8]) among which are the inhibition of adenylate translo-
case [9] and dicarboxylate transport [10]. Furthermore by
an aspecific interpolation into the lipid bilayer these metab-
olites may be able to deform mitochondrial membranes
[8] which consequently become more susceptible to the
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Fig. 2. Oxygen consumption traces of mitochondria isolated from rat livers perfused in the presence
and in the absence of L-carnitine. Mitochondria were isolated from rat livers after 10 min perfusion in
the presence and in the absence of 0.75 mM L-carnitine. The respiratory rates were measured in medium
A (1) and B (2) immediately after the isolation procedure, and in medium B after 6 hr storage at 0° (3).
Mitochondria (RLM; 3 mg of mitochondrial proteins) or 150 uM ADP were added when indicated by
the arrows. The oxygen traces represent a typical set of experiments and the mean values (%£S.D.) of
respiratory control ratios of 10 different sets of experiments are also reported (+ CARN vs ~CARN:
P < 0.01 for RCR®), P < 0.025 for RCR ®)).

damaging action of noxious conditions, like aging. It may be
assumed that the observed protective action of L-carnitine is
due to the removal, during liver perfusion, of long-chain
acyl CoA by conversion to the corresponding long-chain
acyl carnitines by the membrane bound carnitine paimitoyl
transferases (E.C.2.3.1.21). This removal results in an
increased stability of the mitochondrial membrane with
higher efficiency of state 3 respiration (Figs 1 and 2).
Furthermore the observed accelerated rate of respiration
in state 3 might reflect an easier translocation of adenine
nucleotides resulting from the activation of adenylate
translocase partially inhibited by long-chain fatty acids.
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Glibenclamide induces glucokinase in rat pancreatic islets and liver

(Received 12 December 1985; accepted 11 February 1986)

Hypoglycemic sulfonylureas such as glibenclamide initiate
insulin secretion through a direct stimulatory effect on
pancreatic B-cell plasma membrane receptors in the B-cells
[1]. The insulin secretory response of isolated pancreatic
islets to hypoglycemic sulfonylureas is considerably exag-
gerated by the concomitant presence of glucose in the
incubation medium {1}, particularly when islets have been
isolated from fed animals [2]. But through their hypo-
‘glycemic action the sulfonylureas diminish the insulin
secretory responsiveness of the B-cell. Thus another mech-

anism is required to maintain the long-term hypoglycemic
action of the sulfonylureas in vivo. Here we show that this
mechanism is the induction of pancreatic islet and liver
glucokinase.

Glucokinase is a high K, glucose phosphorylating and
rate limiting enzyme [3], which regulates the amount of
glucose to be stored in the liver [3-5] and the flux through
the glycolytic pathway in the pancreatic B-cells thereby
coupling extracellular glucose concentration and insulin
secretion [6]. While glucose regulates the rate of glucose



