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but not of ketone bodies or palmitate. Our results showAbstract. Changes in mitochondrial function were stud-
ied in perfused liver from rats aged 24–365 days. Oxy- that the transition from weaning to middle age is ac-
gen consumption together with the rates of gluconeo- companied by defined changes in hepatic substrate oxi-
genesis, urea synthesis and ketogenesis were determined. dation. From the observed time course of the decrease

in basal and substrate-stimulated oxygen consumption,Basal mitochondrial respiration as well as the ability of
it is concluded that in rat liver cells a decline in respira-the liver to synthesize glucose, urea and ketone bodies

declined from 24- to 365-day-old rats. On the other tory chain function, long-chain fatty acid and ketone
hand, on transition from 24 to 60 days the liver oxida- body metabolism, gluconeogenesis and ureogenesis oc-

curs at a relatively early life stage.tion rate of hexanoate, sorbitol and glycerol is enhanced,
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It is well known that significant changes in hepatic
mitochondrial function occur in growing rats. For in-
stance, in neonatal rats an increase in the state 3 respi-
ration rate has been found [1], while the suckling-
weaning transition is essentially characterized by a de-
cline in mitochondrial fatty acid oxidation [2]. We have
found in the transition from weaning to adolescence (60
days of age) an increase in the state 3 respiration rate in
liver mitochondria using nicotinamide-adenine dinucle-
otide (NAD)- and flavin-adenine dinucleotide (FAD)-
linked substrates [3, 4]. Finally, liver mitochondria
isolated from old rats show a fall in the state 3 respira-
tion rate and in the maximal rate of adenosine 5%-

triphosphate (ATP) synthesis [5, 6]. These age-related
changes were found in experiments using isolated mito-
chondria. However, it is feasible that the changes ob-
served in isolated mitochondria do not reflect the
mitochondrial function in intact liver cells, since mito-
chondrial-cytoplasmic interactions are ignored.
Isolated hepatocytes and perfused liver are more appro-
priate models for studies of bioenergetic activation
mechanisms in developing rats. In this study we used
the perfused liver system, in which the hepatocytes are
embedded in their natural environment, showing the
morphological and functional polarity between vascular
and biliary systems with only a small surface area for
exchange with blood oxygen [7]. Since oxygen supply is
critical in maintaining mitochondrial function, this
metabolic model appears to be more realistic than iso-* Corresponding author.
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lated organelles, which experience much higher oxygen
concentrations than in vivo [8]. In isolated liver per-fused
with carbogen-gassed Krebs-Henseleit bicarbonate
buffer, most liver functions can be maintained for several
hours [7].
Age-related changes in mitochondrial performance were
studied in perfused liver from rats at different stages of
development: weaning (24 days), adolescence (60 days),
adulthood (180 days) and middle age (365 days). We have
determined the rate of oxygen consumption which was
stimulated by various substrates, together with the rate
of gluconeogenesis, urea synthesis and ketogenesis, path-
ways which are critically dependent on mitochondrial
function.

Materials and methods

Animals. Male Wistar rats bred in the animal house of
Heinrich Heine University of Dusseldorf were used for
the experiments. They were housed at 24 °C under an
artificial circadian 12 h lightness/12 h darkness cycle,
with ad libitum access to water and a standard stock diet.
Livers were removed at different developmental stages of
the rats (see above).
Liver perfusion. Perfusions were performed on livers
from rats fasted 24 h that had free access to water.
During the 24-h fasting, liver glycogen is reduced to a
level that has been shown previously to minimize glucose
production via glycogenolysis [9].
Rats were anaesthetized with sodium pentobarbital
(Nembutal, Sanofi, Bad Segeberg, Germany) by in-
traperitoneal injection of 12 mg/100 g body weight in
isotonic solution. Before opening the abdomen, heparin
(250 international units (IU)/100 g) was injected into the
femoral vein. Livers were perfused ‘in situ’ with Krebs-
Henseleit bicarbonate buffer [10], pH 7.4, in a nonrecir-
culating system [11]. The fluid was pumped through a
temperature-regulated (37 °C) membrane oxygenator
supplemented with 95% O2/5% CO2, v/v, prior to enter-
ing the liver via a cannula inserted into the portal vein.
The arterial oxygen concentration, maintained constant
by the oxygenator, was measured before and after each
experiment. The effluent perfusate was collected via a
cannula placed in the vena cava. It passed by a platinum
electrode for continuous monitoring of the venous oxy-
gen concentration, and perfusate samples were collected
every 1–2 min for metabolite analyses. The flow rate was
adjusted to the metabolic activity of the liver as judged
from the venous oxygen concentration. It varied from
experiment to experiment between 5 and 6 ml×min−1×
g−1, but it was constant in each individual experiment.
Substrates were added to the perfusion fluid before it
entered the liver. The final concentrations of substrates
were: b-hydroxybutyrate 0.5 mM+acetoacetate 0.5

mM, lactate+pyruvate 2 mM at a ratio lactate/pyruvate
of 7, NH4HCO3 1.2 mM, hexanoate 0.5 mM, hexanoate
0.5 mM+ lactate 11 mM, palmitate 0.5 mM, glycerol 12
mM and sorbitol 10 mM. Palmitate was dissolved in a
bovine serum albumin (BSA) solution: 1 g of palmitate
was slowly added to 170 ml of albumin solution (20 g/100
ml) under gentle stirring which was continued for a
further 2 h at room temperature.
Before addition of the substrates the liver was perfused
for 10–15 min until a steady state was reached, that is,
the oxygen consumption rate remained constant. Follow-
ing the addition of each substrate, the liver was allowed
to reach steady state before further additions (ca. 10–15
min).
Following perfusion, the wet weight of the liver was
determined.
Metabolic rates. Glucose, ammonia, urea, lactate, pyru-
vate, b-hydroxybutyrate and acetoacetate concentra-
tions were measured in percloric acid extracts of the
perfusate samples using enzymatic analysis by spec-
trophotometric procedures coupled to the appearance or
disappearance of nicotinamide-adenine dinucleotide
(NADH) [12]. The steady-state metabolic rates were
calculated from the arteriovenous concentration differ-
ences of oxygen, glucose, urea, b-hydroxybutyrate and
acetoacetate, the flow rate, and the liver wet weight.
Statistical analysis. Data are given as means 9SEM of
different rats. Statistical analyses were performed by
one-way analysis of variance (ANOVA). Post-hoc com-
parisons between group pairs were made with the Tuckey
test after ANOVA had established significant differences
among groups. Probability valuesB0.05 were considered
to indicate a significant difference.
Materials. b-hydroxybutyrate, acetoacetate, lactate,
pyruvate, NH4HCO3, hexanoate, palmitate, glycerol,
sorbitol, b-hydroxybutyrate dehydrogenase, NAD,
NADH, ATP, ADP, nicotinamide-adenine dinucleotide
phosphate (NADP), lactate dehydrogenase, glucose-6-
phosphate dehydrogenase, hexokinase, glutamate dehy-
drogenase, urease, and fatty acid free BSA were from
Boehringer (Mannheim, Germany) or Sigma (Munich,
Germany). Other chemicals were from Merck (Darm-
stadt, Germany). All reagents were of the highest purity
commercially available.

Results

In each experiment, the liver was perfused ‘in situ’ in the
absence of exogenous substrates, and basal oxygen con-
sumption was measured. Then various combinations of
substrates were added. The addition of substrates to
perfused liver caused a rapid (B1 min) increase in oxygen
consumption (DO2).
Basal oxygen consumption (table 1), as well as DO2

with hydroxybutyrate+acetoacetate or palmitate as
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Table 1. Oxygen consumption and metabolic rates in perfused livers from rats at different ages.

Addition 24 days 60 days 180 days 365 days

mmol/h per gram wet liver

O2 consumption
None 16495 13492* 12492* 8892*†‡
L+P 24097 19393* 17493*† 12293*†‡
L+P+N 20595 15893* 14492* 10493*†‡

Gluconeogenesis
None 10.490.4 9.691.1 11.390.3 13.291.2†
L+P 7192.8 5991.9* 51.991.3*† 42.891.2*†‡

Urea synthesis
None 2792 1292* 1692* 1391*
L+P+N 9199 6292* 6394* 5191*

Results are expressed as mean9SEM of 6 to 11 experiments. L, lactate; P, pyruvate; N, NH4HCO3. *PB0.05 compared with 25 days.
†PB0.05 compared with 60 days. ‡PB0.05 compared with 180 days.

substrate significantly decreased in 60-, 180- and 365-
day-old rats compared with rats of 24 days of age (fig.
1). Using hexanoate as substrate, DO2 significantly in-
creased in 60-day-old rats compared with 24-day-old
rats; in 180-day-old rats it returned to the value exhib-
ited by 24-day-old rats, and it decreased further in
365-day-old rats (fig. 1). When lactate was added to
perfusion medium containing hexanoate, a further in-
crease in DO2 was achieved (by about 70% in 24-day-
old rats and 45% in 60-, 180- and 365-day-old rats) (fig.
1). Lactate is a gluconeogenic substrate which increases
ADP availability and, thus, respiration. However, DO2

was lower in perfused liver from 180- and 365-day-old
rats than in that from younger animals (fig. 1). As with
hexanoate, DO2 with sorbitol and glycerol increased in
60- and 180-day-old rats compared with 24-day-old rats
and decreased in 365-day-old rats compared with 60-
and 180-day-old rats (fig. 1).

Gluconeogenesis and oxygen consumption were mea-
sured both without substrates and following addition of
lactate+pyruvate, in the presence of 1 mM hydroxybu-
tyrate+acetoacetate to saturate respiration (table 1). It
should be noted that hydroxybutyrate+acetoacetate
did not interfere with gluconeogenesis; in fact, the
addition of hydroxybutyrate+acetoacetate to Krebs-
Henseleit buffer had no effect on gluconeogenesis (not
shown). Gluconeogenesis and oxygen consumption with
lactate+pyruvate significantly decreased with age,
whereas basal gluconeogenesis did not significantly
change (table 1).
The rate of urea synthesis in the absence of exogenous
substrates was significantly lower in perfused liver from
of 60-, 180- and 365-day-old rats than in 24-day-old rats
(table 1). To get a reasonable high rate of urea synthe-
sis, it is necessary to add a nitrogen source together with
a precursor for oxalacetate. Therefore, ammonia and
lactate+pyruvate were added to prevent a possible
shortage of intermediates and energy. The production
of urea was increased in all groups, but it also signifi-
cantly declined in rats older than 24 days (table 1).
Finally, the rate of basal ketogenesis did not change
with age, whereas the hydroxybutyrate/acetoacetate ra-
tio significantly increased in 365-day-old rats only (table
2). Although hexanoate and palmitate enhanced ketone
body production in all groups, it declined successively
from 60 days to 365 days. With fatty acids the redox
ratio of hydroxybutyrate to acetoacetate significantly
increased only in 365-day-old rats with a transient de-
crease at 60 days and 180 days (significant with palmi-
tate, table 2).

Discussion

In this study we have investigated oxygen uptake, urea
synthesis, gluconeogenesis and ketone body production

Figure 1. Substrate-induced increase in oxygen consumption
(DO2) measured in perfused liver from rats at different ages.
Values are the mean9SEM of 6 to 11 different rats. *PB0.05
compared with 25 days. cPB0.05 compared with 60 days.
$PB0.05 compared with 180 days.
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Table 2. Ketogenesis and B/A ratio in perfused livers from rats at different ages.

Addition 24 days 60 days 180 days 365 days

mmol/h per gram wet liver

None
A+B 28.690.7 24.191.1 25.391.5 28.191.1
B/A 0.1890.03 0.2190.01 0.2190.01 0.2790.02*

Hexanoate
A+B 20091 14096* 13893* 10991.5*†‡
B/A 1.0890.11 0.9990.15 1.4490.16 1.7390.07*†

Palmitate
A+B 92.291.1 56.192.9* 66.893.4*† 64.990.9*
B/A 1.6490.21 0.4990.03* 0.7790.11* 1.9890.11*†‡

Results are expressed as mean9SEM of five to eight experiments. B, b-hydroxybutyrate; A, acetoacetate. *PB0.05 compared with 25
days. †PB0.05 compared with 60 days. ‡PB0.05 compared with 180 days.

in perfused liver from rats at different stages of develop-
ment. These metabolic pathways are dependent on liver
cell mitochondrial function.
The 24-day-old rats represent animals just after wean-
ing. The two intermediate age groups (60 and 180 days)
represent animals in the young to young adult stage of
lifespan. Finally, the 365-day-old rats represent animals
in middle age. These developmental stages allow us to
detect adaptive changes in mitochondrial performance
without complications due to the late ageing process
and accompanying diseases.
Basal respiration. Oxygen consumption was determined
to elucidate the adaptation of energy supply during
development. In fact, livers from fasted rats have only
one ATP-producing system, the mitochondrial respira-
tory chain, due to absence of glycolysis. The results
show that basal oxygen consumption, measured without
added substrates, decreased with age (table 1). This
decrease could reflect (i) lower energy requirements,
and/or (ii) a failure in substrate supply to the electron
transport chain and/or (iii) an age-dependent decrease
in respiratory chain activity.
Additional information on the bionergetic state of liver
cells can be obtained considering the NADH/NAD
redox state, which is closely related to respiratory activ-
ity [13]. We used the hydroxybutyrate/acetoacetate ratio
measured in the effluent perfusate as an index of mito-
chondrial NADH/NAD ratio (table 2) [14]. This is
possible because ketone bodies are thought to pass
freely through the cellular and mitochondrial mem-
branes [15]. The mitochondrial redox state was always
higher in older rats compared with 24-day-old rats,
although the increase became significant only in 365-
day-old rats (table 2). The increase in mitochondrial
redox state is not due to cellular hypoxia, since a
membrane oxygenator gave an efficient oxygenation
(about 90% saturation of the medium) [7], and, addi-
tionally, the flow rate was adjusted to the metabolic
activity of the liver. From the higher hydroxybutyrate/

acetoacetate ratio in older rats we can exclude the
possibility that the decreased basal respiration is due
to a decrease in mitochondrial NADH production.
Rather, it appears that NADH oxidation by the respira-
tory chain is reduced. This reduction in NADH oxida-
tion is probably due to lower energy requirements [e.g.
the decrease in basal urea synthesis found in older rats
compared with 24-day-old rats (table 1)] at least in
60-day-old rats, since in these rats we have previously
found an increase in the state 3 respiration rate in
isolated liver mitocondria using NAD- and FAD-linked
substrates [3, 4]. The further decrease in basal respira-
tion found in 365-day-old rats could also indicate an
impairment in respiratory chain activity.
Substrate-dependent increase in respiration. Oxygen
consumption was also measured with added substrates
to involve different dehydrogenases, different carriers
and different sites of entry of reducing equivalents into
the respiratory chain (fig. 1). When the livers are per-
fused with hydroxybutyrate+acetoacetate, the ob-
served increase in oxygen consumption is due only to an
increase in NADH production resulting from hydroxy-
butyrate oxidation to acetoacetate. However, in 24-day-
old rats, we measured not only the highest DO2 (fig. 1)
but also a ketone body consumption rate of 45.493.4
mmol/g per hour, indicating that in 24-day-old rats,
ketone bodies are converted back into acetyl coenzyme
A (CoA). This suggests that in young rats the enzyme
which catalyses the rate-limiting step of the degradation
of ketone bodies, 3-oxoacid-CoA-transferase, appears
to be present. This result is quite unexpected; in fact, it
is known that only foetal liver has the capability to
oxidize ketones [16], whereas 3-oxoacid-CoA trans-
ferase is not present in liver of adult rats [17, 18].
Therefore, the failure of the liver to metabolize the
ketone bodies may be peculiar to adult animals.
DO2 with hexanoate was significantly increased in 60-
day-old rats compared with 24-day-old rats (fig. 1).
Hexanoate enters the mitochondrial matrix independent
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from the carnitine system [19, 20]; therefore, the greater
DO2 following hexanoate addition could be due to an
increase in the intramitochondrial b-oxidation pathway
and/or respiratory chain activity. The latter possibility is
more likely: in fact, ketogenesis with hexanoate de-
creased in 60-day-old compared with 24-day-old rats
(table 2), and we have previously found increased oxy-
gen consumption with NAD- and FAD-linked sub-
strates in liver mitochondria isolated from 60-day-old
rats. When respiration was stimulated by palmitate,
DO2 in 60-day-old rats significantly decreased compared
with younger animals (fig. 1), despite the probable im-
provement in the activity of the respiratory chain (see
above), suggesting a decline in the acyl-CoA synthetase
and/or carnitine acyltransferase. Since we previously
found an increase in the state 3 respiratory rate using
palmitoyl-CoA+carnitine+malate as substrate in iso-
lated liver mitochondria from 60-day-old rats compared
with 24-day-old rats, there seems to be no reason to
suggest any decline in carnitine acyltransferase. In pre-
liminary experiments carried out in liver homogenate,
we showed no variation in peroxisomal fatty acid oxida-
tion using palmitoyl CoA in 60-day-old rats compared
with 24-day-old rats. Therefore, we assume that the
above-mentioned decrease in DO2 is not caused by a
failure in peroxisomal fatty acid oxidation.
The additional decrease in DO2 with hexanoate or
palmitate found in older rats (fig. 1) may then be caused
by a fall in the activity of the respiratory chain, in line
with the observation of an increased hydroxybutyrate/
acetoacetate ratio found in these rats (table 2). Our
findings about hepatic fatty acid degradation are consis-
tent with the general view that the capacity of the liver
to degrade long-chain fatty acids is higher in very young
animals than at other stages of life [21]. Accordingly,
the highest rate of ketogenesis from hexanoate or
palmitate was found in 24-day-old rats (table 2). Prefer-
ential channelling of fatty acids through the triacylgly-
cerol synthetic pathway may increase with age, since
long-chain acyl-CoA synthetase activity was found to
be decreased in liver mitochondria and increased in liver
microsomes in old rats [22].
As far as glycerol and sorbitol are concerned, whose
oxidation is known to be linked mainly to FADH
oxidation [23], as with hexanoate, an increase in DO2

was found in 60-day-old rats compared with 24-day-old
rats (fig. 1). This finding can be explained taking into
account that in previous work we have found a signifi-
cant increase in the activity of the respiratory chain
from complex II onwards [4] and cytochrome content
[3] in isolated mitochondria from 60-day-old rats com-
pared with 24-day-old rats. On the other hand, DO2

with glycerol and sorbitol, like that with hexanoate or
palmitate, decreased in older rats (fig. 1).

Gluconeogenesis and urea synthesis. We also measured
the rate of biochemical pathways that are critically
dependent on mitochondrial function, like gluconeogen-
esis and urea synthesis.
Our experiments show an age-related decline in the
ability of the liver to synthesize glucose from lactate+
pyruvate (table 1), suggesting that the gluconeogenic
pathway may be altered during development. Also, DO2

with hexanoate+ lactate or lactate+pyruvate (fig. 1,
table 1) as substrates diminished with increasing age,
consistent with the general notion that the liver declines
in its ability to maintain blood glucose homoeostasis
with age [24, 25]. Both effects, diminished gluconeogen-
esis and diminished respiration, can indicate either inhi-
bition of respiration and/or inhibition of gluconeo-
genesis. Thus it has been reported that phospho-
enolpyruvate carboxykinase (PEPCK) becomes limiting
during ageing; however, this observation has been re-
ported only for older animals (22 months of age) [26,
27].
To test if other mitochondrial functions were affected
by increasing age, we determined urea synthesis, which
is an exclusive biosynthetic function of the liver. We
found in the youngest rats a high synthetic capacity
which significantly decreased in 60-day-old rats and
then remained constant (table 1). This finding is in
agreement with previous investigations in isolated hepa-
tocytes which showed that urea synthesis was not af-
fected by ageing in rats [28].

Conclusions

Our present data show that in perfused liver the most
important stages of development are associated with
defined changes in liver metabolic pathways involving
mitochondrial function probably in order to satisfy
actual body needs. Whereas basal oxygen consumption
gradually declines with age accompanied by a decrease
in energy-consuming pathways such as urea synthesis
and gluconeogenesis, substrate oxidation via the respira-
tory chain increases during the first 2 months of life and
then continuously decreases. This suggests an increasing
impairment of respiratory enzymes with age, which
could in turn inhibit mitochondrial energy-consuming
pathways, such as gluconeogenesis, although a decrease
in gluconeogenic enzymes cannot be excluded.
The rate of mitochondrial free-radical generation is
dependent on the activity of the electron transport
chain, and it increases as complete reduction of oxygen
is impaired [29]; thus a decrease in respiration at a
relatively early rat life stage would further enhance the
rate of free-radical production, giving rise to the cellular
macromolecular damage that is responsible for cellular
ageing.
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