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Abstract—Catecholamines are frequently used in sepsis, but their interaction with mitochondrial
function is controversial. We incubated isolated native and endotoxin-exposed swine liver mito-
chondria with either dopamine, dobutamine, noradrenaline or placebo for 1 h. Mitochondrial State 3
and 4 respiration and their ratio (RCR) were determined for respiratory chain complexes I, II and IV.
All catecholamines impaired glutamate-dependent RCR (p=0.046), predominantly in native mito-
chondria. Endotoxin incubation alone induced a decrease in glutamate-dependent RCR compared to
control samples (p=0.002). We conclude that catecholamines and endotoxin impair the efficiency of
mitochondrial complex I respiration in vitro.
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INTRODUCTION

Catecholamines are routinely used to support
hemodynamics in patients with shock. In native hepatic
mitochondria exposed to dopamine, increased oxygen
loss as a consequence of membrane swelling has been
demonstrated [4]. Furthermore, dopamine may induce
ATP and glutathione depletion due to quinine formation
and production of reactive oxygen species in hepato-
cytes [7]. On the other hand, noradrenaline increases the
activity of hepatic succinate dehydrogenase [24], and
adrenaline enhances the activity of mitochondrial phos-
phorylation and ATP production, resulting in increased

oxygen consumption [1]. Reductions in mitochondrial
enzyme function have been described as a consequence
of selective beta adrenergic blockade [20] and after
reserpin-induced depletion of catecholamines [23].

In a recent in vitro study, dopamine and dobutamine
did not alter native muscle mitochondrial respiration but
restored partially LPS-induced muscle mitochondrial
uncoupling [21]. On the other hand, the combination of
increased hepatosplanchnic oxygen delivery and de-
creased oxygen consumption in septic patients [12]
raises the question of whether these drugs might worsen
cellular homeostasis in the liver.

The aim of this study was to evaluate the effects of
different catecholamines on respiration of isolated native
and endotoxin-exposed liver mitochondria.

MATERIALS AND METHODS

Anesthesia and Monitoring

The study was performed in accordance with the
National Institutes of Health guidelines for the care and
use of experimental animals and with the approval of the
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Animal Care Committee of the County of Berne,
Switzerland.

The animals used in this study served as controls
for other studies published in abstract form and focusing
on peritoneal membrane microdialysis [15] and splanch-
nic vascular reactivity in sepsis [11, 25].

Six pigs (37–42 kg) were deprived of food but not
water for 24 h before the experiments. They were
premedicated intramuscularly with atropine 0.05 mg/kg
body weight, xylazine 2 mg/kg and ketamine 20 mg/kg,
followed 10 min later by cannulation of an ear vein and
intravenous administration of 5–15 mg/kg thiopentone
for endotracheal intubation. Anesthesia was maintained
with thiopental (5 mg/kg/h) and fentanyl (5 μg/kg/h).
Twelve hours later liver biopsies were excised and
immediately transferred to 100 ml ice-cold buffer
solution for transport to the analytical laboratory. At
the end of the experiment, the animals were sacrificed
with an overdose of intravenous potassium chloride.

Liver Mitochondrial Isolation

Isolation of liver mitochondria was performed at 4°C
using a standard procedure based on differential centrifuga-
tion [13]. The liver samples (6–8 g) were rapidly immersed
in ice-cold isolation buffer (mannitol 220 mmol/l, sucrose
70 mmol/l, morpholinopropane sulfonic acid 5 mmol/l, pH
7.4), transported to the laboratory, and weighed. Tissue was
minced with scissors and homogenized with additional
homogenization media (isolation buffer plus ethylene
glycol-tetra-acetate 2 mmol/l) 10 volumes (wt/vol) in a
Potter Elvehjem homogenizer with a loose-fitting Teflon
pestle (four strokes). The homogenate was then centrifuged
for 10 min at 700 ×g. The supernatant was collected and
centrifuged again for 10 min at 7,000 ×g. At this time, the
supernatant was discarded; the pellet was resuspended in
isolation buffer and centrifuged twice for 10 min at
7,000 ×g, for further purification of the mitochondria. The
pellets were then suspended in buffer at a final concentration
of 50–100 mg of mitochondrial protein per ml.

Determination of Mitochondrial Respiration

To determine the respiratory function, mitochondria
were incubated in a 3 ml incubation chamber (Yellow
Springs Instruments, Yellow Springs, OH, USA) at
37°C, in a medium consisting of KCL 25 mmol/l,
morpholinopropane sulfonic acid 12.5 mmol/l, ethylene
glycol-bis N,N,N′,N′-tetraacetic acid 1 mmol/l, and
phosphate buffer 5 mmol/l, pH 7.4. Oxygen consump-
tion was determined using a Clark type electrode

(Yellow Springs Instruments, Yellow Springs, OH,
USA) in the presence of glutamate 20 mmol/l to
examine complex I-dependent respiration, succinate
20 mmol/l for complex II-dependent respiration and
ascorbate 0.12 mmol/L/N,N,N′,N′-tertamethyl-p-phenyl-
diamine (TMPD) 0.24 mmol/l for complex IV-dependent
respiration.

As shown in Fig. 1, mitochondrial respiratory
function is conventionally separated into different states
[8]. State 3 is defined as ADP-dependent oxygen
consumption, and reflects the mitochondrial respiration
coupled with ATP production. State 4, the resting
respiration, is a measure of the oxygen consumed
uncoupled from ATP synthesis, but required to maintain
the integrity of the membrane potential.

We determined state 3 respiration rates in the
presence of adenosine diphosphate (ADP) 200 μmol/l.
The rates measured after the consumption of ADP were
taken as the state 4 respiration rates. Oxygen consump-
tion rates are expressed as nanoatom O2/min/mg protein.

Respiratory control ratios (RCR: State 3/State 4) for
all complexes and ADP:O ratios (ADP added/oxygen
consumed, nanomol/nanoatom) for complexes I to II
were calculated according to Estabrook [10]. Finally, the
maximal ATP production (ADP:O ratio×State 3 respi-
ration, nanomol×nanoatom/min/mg protein) for com-
plexes I and II was derived [17].

As shown in Fig. 1, the oxygen concentration
decreases during measurement of complex respiration.
Since the oxygen concentration in the oxygen buffer is
159 mmHg at 100%, it is unlikely that oxygen

Fig. 1. Scheme of mitochondrial respiration analysis. State 3 repre-
sents oxygen use in the presence of ADP. State 4 represents oxygen use
after ADP is completely transformed to ATP. At 37°C 100% oxygen
saturation corresponds to a PaO2 of 159 mmHg.
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availability influenced the results. However, in order to
avoid an influence, for the statistical analysis we always
included the first curve we obtained after addition of
substrates and ADP; in particular during glutamate-
dependent measurements, state 3 and 4 rates were
included in the first 30% of oxygen decrease, approach-
ing a PaO2 of 100 mmHg.

Experimental Protocol

Mitochondria from each biopsy sample were
divided into eight groups and incubated on ice. Four
groups of mitochondria were supplemented with endo-
toxin (LPS, Escherichia coli lipopolysaccharide B0111:
B4, Difco Laboratories, Detroit, MI, USA) at a concen-

tration of 100 μg/mg mitochondrial protein, and four
groups were supplemented with placebo (isolation
buffer) at the same concentration. After 1 h of incubation
with endotoxin or placebo on ice, either dopamine,
dobutamine (both at final concentrations of 100 μM),
noradrenaline (at a final concentration of 60 μM) or
placebo was added for one additional hour to both the
endotoxin and placebo groups. Tyrosinase was added at
a final concentration of 100 U/ml. Stocks of LPS,
dopamine, dobutamine and noradrenaline were diluted
in isolation buffer before being added to the mitochon-
dria. The effects of LPS and placebo alone were tested
after 2 h of incubation.

The protocol was started immediately after isolation
of the mitochondria, and the determination of the

Fig. 2. a (upper left), b (upper right), c (lower left), and d (lower right). Changes in glutamate-dependent respiratory control ratio (RCR) (a), state 4
respiration (b), state 3 respiration (c), and ADP:O ratio (d), respectively, after endotoxin and catecholamine exposure. Data are indicated as mean and
SD. P placebo, LPS lipopolysaccharide, DA dopamine, DB dobutamine, NA noradrenaline. Dark symbols: placebo incubation; shaded symbols: LPS
incubation.
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respiratory activity was completed at most 5 h later (for
all groups).

Statistical Analysis

The SPSS 11.0 software package was used for
statistical analysis (SPSS Inc., Chicago, IL, USA). To
evaluate the effects of endotoxin and catecholamines
on mitochondrial function, analysis of variance for
repeated measurements (MANOVA) was performed,
using two within-subject factors (endotoxin/placebo
[two levels] and drugs [four levels]). Statistical signif-
icance was considered at P<0.05. Data are expressed
as mean (SD).

RESULTS

Altogether, 48 samples were analyzed. One measure-
ment of succinate-dependent respiration and one of
ascorbate/TMPD-dependent respiration were not per-
formed for technical reasons. One additional measurement
of ascorbate/TMPD-dependent respiration could not be
used because state 4 respiration was not clearly detectable;
consequently, the RCR could not be calculated.

Dopamine, dobutamine and noradrenaline de-
creased glutamate-dependent RCR (drug effect, p:
0.046; Fig. 2a). All catecholamines tended to increase
the glutamate-dependent state 4 respiration rate in
placebo samples [18.4±3.1 (control group) vs. 23.0±

7.4 (dopamine), 27.0±7.9 (dobutamine), and 24.0±4.7
(noradrenaline)], but the effects were not significant
(Fig. 2b). None of the drugs changed succinate-depen-
dent or ascorbate/TMPD-dependent state 4 respiration
rates (Table 1), and none of the drugs affected state 3
respiration in any of the complexes of the mitochondrial
respiratory chain (Fig. 2c, Table 2).

The glutamate-dependent respiratory control ratio
(RCR; state 3/state 4) was reduced by endotoxin [4.5±
0.6 (control group) vs. 2.5±0.9 (endotoxin group); p=
0.002, Fig. 2a], but the other RCRs were not affected
(Table 3). Endotoxin tended to decrease glutamate-
dependent state 3 respiration [89.3±13.7 (control group)
vs. 66.6±14.7 (endotoxin group)], but the effect was not
significant (Fig. 2c). Succinate and ascorbate/TMPD-
dependent state 3 respiration were not affected by
endotoxin (Table 2). Endotoxin was associated with a
slight but insignificant increase in glutamate-dependent
state 4 respiration [20.2±4.6 (control group) vs. 28.5±9.5
(endotoxin group); p=0.1, Fig. 2b]. Succinate and
ascorbate/TMPD-dependent state 4 respiration rates were
not affected by endotoxin (Table 1).

None of the drugs affected the substrate-dependent
state 3 and 4 respiration rates in samples previously
exposed to endotoxin, and all drugs failed to restore the
endotoxin-induced decrease in glutamate-dependent
RCR (Fig. 2a). Similarly, none of the drugs altered the
other substrate-dependent RCRs (Table 3).

As shown in Table 4 and Fig. 2d, the ADP:O ratios
and the maximal ATP production of the two analyzed

Table 1. State 4 Respiration Rates

P/– P/DA P/DB P/NA LPS/– LPS/DA LPS/DB LPS/NA

Complex II (succinate) 61±35 46±23 54±29 43±29 42±17 44±25 47±21 53±25
Complex IV (ascorbate/TMPD) 64±24 64±26 73±11 70±40 50±32 64±20 77±23 66±21

Values are nanomol O2/min/mg mitochondrial protein. Data are expressed as mean±SD. N=5 (P/NA, Complex II; LPS/–; LPS/DB, Complex IV),
otherwise, n=6
P placebo, LPS lipopolysaccharide, DA dopamine, DB dobutamine, NA noradrenaline

Table 2. State 3 Respiration Rates

P/– P/DA P/DB P/NA LPS/– LPS/DA LPS/DB LPS/NA

Complex II (succinate) 182±86 190±104 197±96 178±111 135±72 155±115 139±84 172±120
Complex IV (ascorbate/TMPD) 181±68 164±87 185±52 155±91 123±83 138±71 233±158 142±72

Values are nanomol O2/min/mg mitochondrial protein. Data are expressed as mean±SD. N=5 (P/NA, Complex II; LPS/–; LPS/DB, Complex IV),
otherwise, n=6
P placebo, LPS lipopolysaccharide, DA dopamine, DB dobutamine, NA noradrenaline
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mitochondrial complexes were not affected by catechol-
amines or endotoxin.

DISCUSSION

In this study, all catecholamines impaired the
efficiency of glutamate-dependent liver mitochondrial
respiration. While endotoxin alone had a similar effect,
catecholamine administration to endotoxin-exposed
samples resulted in neither an additive nor a beneficial
effect on mitochondrial respiration.

The effect of catecholamines, and in particular of
dopamine, on mitochondrial function confirms results
published by others [3, 4]. Ben-Shachar et al. demon-
strated that dopamine inhibits mitochondrial enzyme
complex I activity and reduces tissue ATP concentration
in the brain [3], while Berman and Hastings found
dopamine-induced increases in resting state 4 respiration
in the brain and in the liver [4]. This seemed to be the
consequence of quinine-induced membrane swelling [4].
Nevertheless, stimulation of adrenoreceptors on the cell
membrane can also trigger metabolic effects which will
have a major secondary influence on mitochondrial
energy production. A number of papers have demon-
strated that catecholamines can induce changes in
mitochondrial activity, both at the level of Krebs’ cycle
and in the electron transport chain [20, 23]. Dopamine,
dobutamine and noradrenalin have a similar chemical
structure (dihydroxyphenyl-group), and all of them
stimulate thus alpha- and beta-receptors, although to

various degrees. It has been shown that isoproterenol
interferes with mitochondrial enzyme-activity in isolated
mitochondria, and decreases respiratory control ratio
[20]. We hypothesize that the consistent role in hepatic
mitochondrial damage is related to the similar chemical
structure of the three drugs.

We reported previously that catecholamines are able
to partially reverse endotoxin-induced alterations in
mitochondrial function [21]. Since the technique we used
to perform the experiments was the same, the discrepancy
between our previous study and the present study seems
to be related to different organ sensitivity to catechol-
amine and endotoxin exposure. Prolonged anesthesia
(12 h, vs. 30 min in the previous series) may offer an
alternative explanation. We found recently that state 4 but
not state 3 glutamate-dependent respiration was altered
24 h after in vivo exposure to endotoxin [22]. In rat left
ventricular myocardium, volatile anesthetics evoked
prolonged changes in the proteome, including proteins
of mitochondrial respiration [14]. However, we used
intravenous anesthetics in contrast to volatile anesthetics.

Sepsis-induced complex I dysfunction has been
demonstrated during both experimental and clinical
sepsis [5, 6, 9, 19, 22]. In a recent study, endotoxin
induced significant alterations in state 4 but not state 3
respiration in muscle mitochondria [21]. These alter-
ations were partially reversed by dopamine and dobut-
amine, and the ADOP:O ratio increased, suggesting that
the drugs increased the amount of energy that could be
produced per unit of oxygen consumed in endotoxin-
exposed mitochondria.

Table 3. Respiratory Control Ratios

P/– P/DA P/DB P/NA LPS/– LPS/DA LPS/DB LPS/NA

Complex II (succinate) 3.3±1.4 4.1±0.6 3.9±0.8 4.2±1.7 3.2±1.2 3.4±1.5 3.0±1.1 3.1±1.1
Complex IV (ascorbate/TMPD) 2.9±0.8 2.5±0.3 2.5±0.5 2.2±0.6 2.5±0.8 2.0±0.5 2.3±0.8 2.1±0.5

Data are expressed as mean±SD. N=5 (P/NA, Complex II; LPS/–; LPS/DB, Complex IV), otherwise, n=6
P placebo, LPS lipopolysaccharide, DA dopamine, DB dobutamine, NA noradrenaline

Table 4. ADP:O Ratio and Maximal ATP Production

P/– P/DA P/DB P/NA LPS/– LPS/DA LPS/DB LPS/NA

Complex I (glutamate) Maximal ATP production 130±60 155±78 199±106 148±25 107±38 143±143 146±117 121±68
Complex II (succinate) ADP/O ratio 1.2±0.2 1.5±0.4 1.3±0.2 2±0.5 1.2±0.4 1.7±0.9 1.2±0.4 1.2±0.6

maximal ATP production 235±125 279±166 254±120 249±156 172±120 217±185 171±139 220±230

Values are nanomol/nanoatom (ADP:O ratios) and nanomol×nanoatom/min/mg protein (ATP production). Data are expressed as mean±SD. N=5 (P/
NA, ADP/O ratio; P/NA, maximal ATP production), otherwise, n=6
P placebo, LPS lipopolysaccharide, DA dopamine, DB dobutamine, NA noradrenaline, ADP adenosine diphosphate, ATP adenosine triphosphate
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Several investigators have demonstrated organ-specific
differences in mitochondrial response during experimental
sepsis. For example, cardiac muscle mitochondria seemed to
be more sensitive to endotoxin than skeletal muscle [26].
And whereas endotoxin induced ATP depletion in liver and
kidney samples, this was not the case in skeletal muscle
samples [27]. Furthermore, significant differences with
respect to respiratory activity in state 3 and ADP-to-oxygen
ratio were found between heart muscle and liver mitochon-
dria in subgroups of rats exposed to endotoxin [16].

This in vitro experiment has limitations, since it
does not reflect the corresponding in vivo conditions. The
removal of the mitochondria from their physiological
surroundings and the short time period of incubation
essentially avoid the effects of inflammatory mediators,
hormonal changes, and enzyme induction, which can
indirectly influence mitochondrial function. However, our
model eliminates circulatory abnormalities and systemic
effects of endotoxin on oxygen metabolism and demon-
strates the direct effects on mitochondria, which have also
been described by others [2, 6, 18]. Additional studies
investigating the effects of such substances on isolated
cells, on tissue samples, and directly in vivo may provide
further information on the effects of commonly used
drugs and inflammatory states on cellular functions.

In conclusion, we demonstrate that catecholamines
impair the efficiency of glutamate-dependent liver
mitochondrial respiration in vitro. These effects were
not demonstrated in endotoxin-incubated mitochondria.
Our findings, together with results from other studies,
suggest that catecholamines may have organ- and
disease-specific effects on mitochondrial respiration.
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