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Abstract

Use of norepinephrine to increase blood pressure in septic animals has been associated with increased efficiency of
hepatic mitochondrial respiration. The aim of this study was to evaluate whether the same effect could be reproduced in
isolated hepatic mitochondria after prolonged in vivo exposure to faecal peritonitis. Eighteen pigs were randomized to
27 h of faecal peritonitis and to a control condition (n =9 each group). At the end, hepatic mitochondria were isolated
and incubated for one hour with either norepinephrine or placebo, with and without pretreatment with the specific
receptor antagonists prazosin and yohimbine. Mitochondrial state 3 and state 4 respiration were measured for respi-
ratory chain complexes | and I, and state 3 for complex IV using high-resolution respirometry, and respiratory control
ratios were calculated. Additionally, skeletal muscle mitochondrial respiration was evaluated after incubation with nor-
epinephrine and dobutamine with and without the respective antagonists (atenolol, propranolol and phentolamine for
dobutamine). Faecal peritonitis was characterized by decreasing blood pressure and stroke volume, and maintained
systemic oxygen consumption. Neither faecal peritonitis nor any of the drugs or drug combinations had measurable
effects on hepatic or skeletal muscle mitochondrial respiration. Norepinephrine did not improve the efficiency of com-
plex I- and complex Il-dependent isolated hepatic mitochondrial respiration [respiratory control ratio (RCR) complex I:
5.6 £5.3 (placebo) vs. 5.4 £4.6 (norepinephrine) in controls and 2.7 +2.1 (placebo) vs. 2.9 & .5 (norepinephrine) in
septic animals; RCR complex Il: 3.5+2.0 (placebo) vs. 3.5+ 1.8 (norepinephrine) in controls; 2.3+ 1.6 (placebo) vs.
2.2+ I.1 (norepinephrine) in septic animals]. Prolonged faecal peritonitis did not affect either hepatic or skeletal muscle
mitochondrial respiration. Subsequent incubation of isolated mitochondria with norepinephrine and dobutamine did not
significantly influence their respiration.
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Introduction not skeletal, muscle mitochondrial dysfunction has

The contribution of mitochondrial dysfunction to
sepsis-related morbidity is controversial. While the
presence of mitochondrial dysfunction has been dem-
onstrated in skeletal muscle biopsies collected from
septic patients within 24h of admission to intensive
care,’ and in skeletal muscle and liver specimens in
rats in a long-term, fluid-resuscitated, faecal peritoni-
tis model,> others found normal skeletal muscle
and hepatic mitochondrial complex functions in rat
endotoxaemia and faecal peritonitis models lasting
16-24h.>* Even more controversially, hepatic, but

been reported in a 24h porcine endotoxaemia model.’
While some of the controversies may be species-
related, type and severity of sepsis model, and specific
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mitochondrial functions assessed, concomitant treat-
ment may also have an influence.'° For example,
mitochondrial alterations have been found in muscle
biopsies of patients on statin therapy;’ the volatile
anaesthetics halothane, isoflurane and sevoflurane
have been shown to inhibit complex I of cardiac
mitochondria;® the sedative drug propofol seems to
impair mitochondrial respiration in isolated perfused
guinea pig hearts;’” and levosimendan, a relatively
new inotropic and vasodilatory drug, has been asso-
ciated with decreased mitochondrial membrane poten-
tial in rat liver mitochondria.'®

Catecholamines such as norepinephrine, dopamine
and dobutamine are commonly used to support haemo-
dynamics in patients with sepsis. Whilst norepinephrine
increases cardiac output and oxygen delivery during
sepsis,'! this drug also has a direct effect on isolated
hepatocytes by activating alpha-adrenergic receptors,
increasing cytosol and intra-mitochondrial calcium
levels, and stimulating dehydrogenases of the citrate
cycle.'!3 In endotoxaemic pigs, hepatic mitochondrial
respiration was more efficient when norepinephrine was
infused to increase blood pressure as compared to
endotoxaemic animals without norepinephrine.'*
While this occurred in the presence of similar hepatic
oxygen delivery and consumption rates in the two
groups, an effect of norepinephrine-induced improve-
ment in oxygen availability at the microcirculatory
level could not be ruled out.'

The aim of the present study was to evaluate
whether norepinephrine has a direct effect on iso-
lated porcine hepatic mitochondria previously
exposed to prolonged faecal peritonitis. We hypothe-
sized that norepinephrine improves mitochondrial
respiration under these circumstances. To address
whether such effects are specific for hepatic mitochon-
dria or the drug, we also measured skeletal muscle
mitochondrial function under the same conditions
and after incubation with dobutamine.

Materials and methods

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 Animal Care Committee of the
Canton of Bern, Switzerland.

Norepinephrine, dobutamine, yohimbine, prazosin,
atenolol, propranolol and phentolamine were pur-
chased from Sigma (Sigma Chemical Co., St Louis,
MO, USA). All other chemicals used were of analyt-
ical grade.

Animal preparation

Eighteen domestic pigs
(median  [range]) were

weighing 41
fasted overnight

(38-44) kg
and

intramuscularly premedicated with ketamine hydro-
chloride 100mg (Narketan, Vetoquinol AG, Ittigen,
Switzerland), azaperone 200mg (Stresnil, Biokema,
Crissier-Lausanne, Switzerland) and atropine 0.5mg
(Atropin Sintetica S.A., Mendresino, Switzerland)
before induction of anaesthesia and orotracheal intu-
bation. All animals were ventilated (Servo i'™,
Magquet Critical Care, Solna, Sweden) with a time-
cycled, volume-targeted mode using a tidal volume
of 6-8ml/kg, a fraction of inspired oxygen of
0.4 and a positive end-expiratory pressure of 5cm
H,O. Anaesthesia was maintained throughout the
experiment with continuous intravenous infusions of
ketamine hydrochloride (200-300mg/h; Ketalar,
Pfizer AG, Zurich, Switzerland), midazolam (20—
30mg/h; Roche Pharma AG, Reinach, Switzerland),
and fentanyl (25-75mcg/h; Janssen-Cilac, Baar,
Switzerland). Neuromuscular blocking agents were
not used. The animals were equally randomized into
a non-septic control group and a faecal peritonitis
group (n=9 each group). In the peritonitis group,
1 g/kg of autologous faeces dissolved in 200ml glu-
cose 5% (glucose 5%, Sintetica-Bioren S.A., Couvet,
Switzerland) was instilled into the abdominal cavity.
Twenty-seven hours after induction of peritonitis,
14-16g of the left liver lobe was excised before
sacrificing the animals with an overdose of potassium
chloride. Samples for the study of muscle mitochon-
dria were taken in the last 14 experiments only (con-
trol, n="7; faecal peritonitis, n=7). Skeletal muscle
samples (8-10g) were taken at baseline and at the
end of the experiment from the sternocleidomastoid
muscle in 14 animals and the mitochondria were
immediately isolated in order to test the respiratory
activity.

Haemodynamic monitoring and fluid management

Mean arterial blood pressure (MAP), cardiac stroke
volume, and mixed venous oxygen saturation (SvO,)
(Vigilance 11, Edwards Lifesciences, Irvine, CA, USA)
were monitored continuously. Global oxygen con-

sumption (VO,) was calculated wusing standard
formulas.

A combination of Ringer’s lactated and glucose
50% solutions was administered continuously

throughout the experiment at a combined total rate
of 5ml/kgh™'. Glucose infusion was adjusted to
maintain blood glucose levels between 3.5 and
6 mmol/I.

Additional fluid boluses and vasoactive drugs
were administered according to a haemodynamic pro-
tocol slightly modified from one described previ-
ously.”> ' Briefly, a bolus of 50-100ml Ringer’s
lactated solution was administered when MAP
decreased <50mmHg. The procedure was repeated
maximally twice per hour if MAP remained
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<50mmHg and if the first bolus had resulted in
an increase in stroke volume. If stroke volume
did not increase, a continuous norepinephrine
(Noradrenaline, Sintetica S.A., Mendrisio,
Switzerland) infusion was started and increased to a
maximum dose of 600 mcg/h.

Measurement of creatine kinase activity and
arterial lactate concentrations

Blood samples for the measurement of lactate were
taken at bascline and at the end of the experiment
from the carotid artery (ABL 835 Radiometer®,
Copenhagen, Denmark), and creatine kinase was
measured from arterial samples at the end of the
experiment (Modular P800, Roche Diagnostics,
Mannheim, Germany).

Liver mitochondrial isolation

Isolation of liver mitochondria was performed imme-
diately after tissue harvesting at 4°C using a standard
procedure based on differential centrifugation.'?
The samples of liver (15g) excised at the end of the
experiment were rapidly immersed in ice-cold liver
isolation  buffer (mannitol 220mmol/l, sucrose
70 mmol/l,  morpholinopropane  sulphonic  acid
Smmol/l, pH 7.4), minced with scissors and homog-
enized with an additional 10 ml/g of homogenization
media (liver isolation buffer plus EDTA 2mmol/l) in
a Potter Elvehjem homogenizer with a loose-fitting
Teflon® pestle (four strokes) (Schiitt Homgen Plus;
Schiitt Labortechnik GmbH, Gottingen, Germany).
The homogenate was then centrifuged for 10min at
700 g. The supernatant was collected and centrifuged
again for 10min at 7000g. The supernatant was dis-
carded at this time; the pellet was then resuspended
in isolation buffer and centrifuged twice for 10 min at
7000 g for further purification of the mitochondria.
The pellets were then suspended in buffer at a
final concentration of 50-100 mg mitochondrial pro-
tein per millilitre.

Skeletal muscle mitochondrial isolation

Skeletal muscle mitochondria were isolated as
described by Hoppel et al.*® The muscle specimens
were rapidly immersed in ice-cold isolation buffer
(KCI 100 mmol/l, MgSO,4 10 mmol/l, morpholinopro-
pane sulphonic acid 50mmol/l, ethylenedinitrilote-
traacetic acid 1.0mmol/l, ATP 1.1 mmol/l, pH 7.4),
transported to the laboratory and weighed. After sev-
eral rinses with isolation buffer, the skeletal muscle
was minced using scissors and was suspended in
10 volumes (wt/vol) of the same medium and treated
with a protease (Sigma-Aldrich, St. Louis, MO, USA)
S5mg/g for 10min at 4°C with constant stirring.

The suspension was diluted with an equal volume
of isolation medium supplemented to 0.2% (wt/vol)
with defatted bovine serum albumin (BSA) and
homogenized in a Potter Elvehjem homogenizer
with a loose-fitting Teflon pestle (10 strokes).
The supernatant was separated by centrifugation
(10min at 10000g) and the pellet was resuspended
in BSA-supplemented isolation medium (10ml/g
tissue). The suspension was centrifuged for 10min
at 350g, the supernatant was filtered through two
layers of gauze and the mitochondria were sedi-
mented at 7700 g for 10 min. The mitochondria were
subjected to two additional washes using 5ml BSA-
supplemented muscle isolation buffer/g tissue and
2.5ml of 100 mmol/l KCI, 50 mmol/l morpholinopro-
pane sulphonic acid, and 0.5mmol/l ethylene glycol
tetraacetic acid (EGTA), pH 7.4, buffer/g muscle and
finally resuspended in ~1.0ml of 100mmol/l KCI,
50 mmol/l morpholinopropane sulphonic acid and
0.5mmol/l EGTA, pH 7.4.

Experimental protocol for hepatic and muscle
mitochondrial respiration

Mitochondria from each liver biopsy sample
were divided into six aliquots and incubated on ice
under different conditions: the first aliquot was incu-
bated with vehicle; the second aliquot was incubated
with norepinephrine (10uM) for 1h (NE); the
third and fourth groups were pre-treated with the
a-receptor antagonists prazosin and yohimbine
(both at a final concentration of 1um) for 20 min
followed by incubation with norepinephrine for
an additional hour; the fifth and sixth groups were
incubated with prazosin or yohimbine alone for
80min. The protocol was started immediately after
isolation of the mitochondria, and determination of
mitochondrial respiration was completed no more
than 90 min after incubation for all groups.
Mitochondria from each muscle biopsy sample
were divided into 13 groups and incubated on ice.
The first group was incubated with vehicle.
The second and third groups were incubated with
norepinephrine (10 uM) and dobutamine (DB; 10 um)
for 1h, respectively. The fourth and fifth groups were
pre-treated with antagonists prazosin and yohimbine
(both at a final concentration of 1uMm) for 20 min,
followed by incubation with norepinephrine for an
additional hour. The sixth, seventh and eighth
groups were pre-treated with the antagonists phentol-
amine, propranolol and atenolol, respectively (all at a
final concentration of 10 uM), for 20 min, followed by
incubation with dobutamine for one additional hour.
In order to see the effect of antagonists alone, groups
nine to thirteen were incubated with prazosin, yohim-
bine, phentolamine, propranolol and atenolol alone
for 80min. The protocol was started immediately
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after isolation of the mitochondria, and determina-
tion of mitochondrial respiration was completed no
more than 4h after incubation for all groups.

Determination of mitochondrial oxygen consumption
by high-resolution respirometry

Protein concentration was determined using the
Quant-iT™ protein assay kit (Qubit fluorometer,
Invitrogen, Basel, Switzerland) according to the man-
ufacturer’s instructions. Respiratory rates were deter-
mined at a final mitochondrial protein concentration
of 0.4mg/ml. Respiration was measured at 37°C in
2ml glass chambers using the High Resolution
Oxygraph  (OROBOROS; Oxygraph-2k, Graz,
Austria). The medium used for respiration measure-
ments consisted of 110mM sucrose, 0.5mM EGTA,
3.0mM MgCl,, 80mM KCI, 60mM K-lactobionate,
10mM KH,PO,4, 20mM taurine, 20mM HEPES and
1.0g/l BSA, pH 7.1.2! The medium was equilibrated
for 30 to 40 min with air in the Oxygraph chambers
and stirred at 750rpm until a stable signal was
obtained for calibration at air saturation. The corre-
sponding oxygen concentration was calculated from
the digitally recorded barometric pressure and the
oxygen solubility at 37°C. The amplified signal was
recorded in a computer with online display of the
calibrated oxygen concentration and oxygen flux
(negative time derivative of oxygen concentration;
Dat-Lab  software for data acquisition and
analysis; OROBOROS, Instruments, Graz, Austria).
Oxygen consumption was expressed as pmol/s/mg
mitochondrial protein. Oxygen levels were always
maintained above 40nmol/ml. Maximal oxidative
capacities were determined in the presence of saturat-
ing concentrations of oxygen, ADP (0.25mmol/l)
and specific mitochondrial substrates. For complex
I-dependent respiration, substrates were glutamate
(10mmol/I) plus malate (5mmol/l), which pro-
vide nicotinamide adenine dinucleotide (NADH) to
the respiratory chain (complex I activation). For
measurement of complex II-dependent respiration,
first complex 1 was inhibited with rotenone
(0.5umol/I) and then succinate (10mmol/l) was
added, which provides flavin adenine dinucleotide
(FADH) to the respiratory chain (complex II activa-
tion). The coupling of phosphorylation to oxidation
was determined by calculating the respiratory con-
trol ratio (RCR) as the ratio between ADP-stimu-
lated respiration (state 3) and  respiration
after ADP depletion (state 4). Complex IV-dependent
respiration was measured by adding ascorbate
(4mM) and N,N,N’,N'-tetramethyl-p-phenylendiamine
(TMPD, 0.5mM). As TMPD exhibited a wide
range of auto-oxidation in the buffer, respiration
was finally inhibited with sodium azide (SmM) and
the difference between the oxygen consumption

before and after the addition of sodium azide was
interpreted as the real complex IV (state 3)
respiration.

Statistics

Normal distribution was assessed by the Kolmogorov-
Smirnov Test. In case of normal distribution, ANOVA
for repeated measurements was applied using one
(drug, for hepatic mitochondrial respiration; time, for
haemodynamics) or two (drug and time, for muscle
mitochondrial respiration) within-group factor(s) and
one between-group factor (peritonitis vs. control).
When data were not normally distributed (mitochon-
dria), placebo samples at baseline from septic and con-
trol animals were compared using the Mann-Whitney
test, and placebo samples at baseline and in the end
(muscle) in each group separately using Wilcoxon
test. Afterwards, the effect of drugs at each time point
was assessed using non-parametric ANOVA for
repeated measurements (Friedman test). A P- value of
<0.05 was considered significant. All analyses were per-
formed using the SPSS® 15.0 software package (SPSS
Inc., Chicago, IL, USA).

Results
Anaesthetics and analgesics

Administered cumulative doses of fentanyl (controls
4.06+1.27mg, septic animals 4.73+2.11mg;
p=0.404), midazolam (controls 803 + 136 mg, septic
animals 731+ 168 mg; p=0.311) and ketamine (con-
trols 9.04+1.34g, septic animals 8.44+3.13¢g;
P =0.585) were not different between the groups.

Systemic haemodynamic, creatine kinase activity and
arterial lactate concentrations

During the experiment, MAP and stroke volume
decreased and heart rate increased in septic animals,
while MAP increased and stroke volume and heart
rate remained unchanged in controls (Figure la—). In
five septic animals a median (range) total dose of nor-
epinephrine of 883 (490-2913) mcg was administered
during the study. Systemic oxygen consumption was
maintained in both groups (Figure 1d). Central
venous pressure (CVP; Figure le) and pulmonary
artery occlusion pressure (PAOP; Figure 1f) remained
unchanged in both groups. Fluid balance was
+1047 £ 1108 ml in controls and +4947 4+ 1235ml in
septic animals (P < 0.001).

Creatine kinase activities at the end of the experiment
were 622 (465;10154) U/l in controls and 808 (245;1167)
U/lin septic animals (p =0.967). Lactate levels in arterial
blood changed from 0.76 £0.20mmol/l at baseline to
0.89 £ 0.24 mmol/1 at the end of the experiment in control
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Figure I. Changes in (a) mean arterial pressure (MAP), (b) stroke volume, (c) heart rate, (d) systemic oxygen consumption (VO,),
(e) central venous pressure (CVP) and (f) pulmonary artery occlusion pressure (PAOP) from before induction of sepsis (baseline) to
the end of the protocol in non-septic controls (solid line) and in septic animals (dashed line). P value: MANOVA time x group
interaction. Data points are group mean values, error bars indicate &= one standard deviation.
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Figure 2. Representative diagram of measurement of respiration rates in isolated liver/muscle mitochondria using high-resolution
respirometry (Oxygraph-2 k) and DatlLab 4.2® software for data acquisition and analysis. Oxygen consumption is expressed as pmol/
second/mg protein. State 3: active respiration after addition of ADP. State 4: respiration after consumption of ADP. The ratio between
state 3 and state 4 was calculated as the respiratory control ratio (RCR; state 3/state 4). Oxygen concentration (dashed line)

decreases in time as mitochondria use the available oxygen. The oxygen flux (solid line) represents the directly calculated oxygen use

(negative time derivative of oxygen concentration).

animals, and from 0.904 0.46mmol/l at baseline to
1.89 £ 1.01 mmol/l at the end of the experiment in septic
animals (P = 0.074, time-group interaction MANOVA).

Mitochondrial function

A representative diagram of measurement of respira-
tion rates in isolated hepatic/muscle mitochondria at
an experimental density of 0.4mg of mitochondrial
protein/ml using high-resolution respirometry is
shown in Figure 2. The oxygen flux (solid line) repre-
sents the directly calculated oxygen use and is
expressed as pmol/s/mg of mitochondrial protein.

Oxygen concentration (dashed line) decreases over
time as mitochondria use the available oxygen.
Baseline skeletal muscle mitochondrial respiration
from one septic pig was not measured because of tech-
nical problems. Similarly, skeletal muscle mitochondrial
respiration with antagonists alone was not measured for
one septic pig at the end of the experiment. Hepatic
mitochondrial respiration is indicated in Tables 1, 2,
and 3, and skeletal muscle mitochondrial respiration
(Complex I state 3 and 4, Complex II state 3 and state
4, and Complex IV state 3) in Tables 4, 5, and 6.
Complex I- and II-dependent skeletal muscle mitochon-
drial respiratory control ratio data are indicated in
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Table |. Complex I-dependent hepatic mitochondrial respiration

Complex | Control (N=9) Septic (N=9)
State 3 Placebo 917 £ 421 978 £371
Norepinephrine 914+438 1007 £410
Prazosin + norepinephrine 929 £+ 391 1013 £576
Yohimbine + norepinephrine 842 1+ 374 973 1488
Prazosin 908 + 343 1012 £ 381
Yohimbine 853 £292 983 £353
State 4 Placebo 3024238 510+290
Norepinephrine 292 +246 446 +290
Prazosin + norepinephrine 288 £221 441 £ 329
Yohimbine + norepinephrine 307 +£222 437 £298
Prazosin 293 £200 503 £382
Yohimbine 311211 579 +363
RCR Placebo 3.8 [1.3-17.3] 1.7 [1.2-7.6]
Norepinephrine 3.3 [1.4-15.5] 2.1 [1.4-5.6]
Prazosin + norepinephrine 3.0 [1.6-15.8] 2.3 [1.3-64]
Yohimbine + norepinephrine 2.6 [1.5-14.7] 2.0 [1.4-8.2]
Prazosin 3.0 [1.6-17.3] 2.2 [1.2-5.7]
Yohimbine 2.8 [1.3-15.5] 1.5 [1.2-7.5]

Values are mean =+ SD for state 3 and state 4 and median (range) for respiratory control ratio (RCR).
Comparison of complex I-dependent isolated hepatic mitochondrial respiration from control and septic animals after incubation with norepinephrine and
antagonists prazosin and yohimbine. State 3 and 4 oxygen consumption is expressed as pmol/s/mg protein. RCR, respiratory control ratio (oxygen consumption
of state 3/state 4). No significant differences were found between the placebo and any of the drugs or drug combinations (P > 0.05 for all comparisons).

Table 2. Complex IlI-dependent hepatic mitochondrial respiration

Complex Il Control (N=9) Septic (N=9)
State 3 Placebo 1514+ 549 1652 + 586
Norepinephrine 1518 £588 1737 £705
Prazosin + norepinephrine 1502 486 1617 £ 654
Yohimbine + norepinephrine 1519 £548 1687 £ 594
Prazosin 1548 + 521 1772£719
Yohimbine 1444 + 434 1712+ 620
State 4 Placebo 571 £338 1023 + 661
Norepinephrine 587 +393 1034 £ 669
Prazosin + norepinephrine 566 + 358 923+614
Yohimbine + norepinephrine 599 +349 998 1+ 608
Prazosin 581 £ 341 1013 +£627
Yohimbine 608 + 342 1056 + 629
RCR Placebo 3.0 [1.2-6.8] 1.3 [1.2-6.0]
Norepinephrine 34 [l1.1-64] 1.4 [1.2-3.9]
Prazosin + norepinephrine 3.0 [1.2-94] 1.5 [1.2-10.4]
Yohimbine + norepinephrine 3.1 [1.3-8.9] 1.4 [1.24.7]
Prazosin 34 [1.2-6.7] 1.6 [1.1-4.6]
Yohimbine 3.3 [1.3-6.6] 1.4 [1.2-5.5]

Values are mean =+ SD for state 3 and state 4 and median (range) for respiratory control ratio (RCR).
Comparison of complex ll-dependent isolated hepatic mitochondrial respiration from control and septic animals after incubation with norepinephrine
and antagonists prazosin and yohimbine. State 3 and 4 oxygen consumption is expressed as pmol/s/mg protein. RCR, respiratory control ratio (oxygen
consumption of state 3/state 4). No significant differences were found between the placebo and any of the drugs or drug combinations (P > 0.05 for all

comparisons).
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Table 3. Complex IV-dependent hepatic mitochondrial respiration

Complex IV Control (N=9) Septic (N=9)
State 3 Placebo 569 [215-1431] 691 [361-1474]
Norepinephrine 504 [271-1210] 590 [223-1863]

Prazosin + norepinephrine

Yohimbine + norepinephrine

Prazosin

Yohimbine

579 [328-1205]
500 [336-1666]
534 [351-1233]
558 [351-1299]

766 [246-1529]
665 [350-1071]
738 [273-1521]
516 [239-1158]

Values are median (range).
Complex IV-dependent isolated hepatic mitochondrial respiration from control and septic animals after incubation with norepinephrine and antagonists
prazosin and yohimbine. State 3 oxygen consumption is expressed as pmol/s/mg protein. No significant differences were found between the placebo
and any of the drugs or drug combinations (P > 0.05 for all comparisons).

Table 4. Complex |-dependent muscle mitochondrial respiration

Control animals

Septic animals

Complex | Baseline (N=7) End (N=7) Baseline (N=7) End $(N > 6)

State 3 Placebo 1017 £311 947 £+ 440 833+ 164 928 +431
Norepinephrine 1109 +268 1026 + 469 772 £ 321 965 1 666
Prazosin + norepinephrine 1024 £ 307 1141 £369 929+ 172 846 1625
Yohimbine + norepinephrine 1145 £293 1156 £450 858 £ 181 816 +571
Prazosin 904 £+ 304 1035+ 501 692 +290 939 £ 555
Yohimbine 921 +£418 1077 + 544 798 +304 788 £431
Dobutamine 1179 £309 1052 +523 857 +308 946 + 659
Atenolol + dobutamine 1118+359 1025 + 402 867 £295 891 +411
Propranolol + dobutamine 1198 £310 1095 £ 490 785+319 836 456
Phentolamine + dobutamine 1128 £297 1005 + 462 899 £230 852 +404
Atenolol 1114£316 977 £562 727 £ 346 992 +492
Propranolol 973 +300 967 £293 766 £351 1023 £ 674
Phentolamine 1092 4+ 189 1011 +£557 882 +269 978 + 662

State 4 Placebo 410+254 289 £ 240 424 +292 424 +244
Norepinephrine 430+ 246 3504347 316 +204 440 £291
Prazosin + norepinephrine 461 +288 4161324 929 £ 172 846 625
Yohimbine + norepinephrine 480 + 309 429 4325 380+£221 405 +266
Prazosin 465 +277 310+278 364+270 473 £264
Yohimbine 358+ 188 345+318 3224219 413+ 162
Dobutamine 411259 3054296 3744228 463 + 344
Atenolol + dobutamine 433 £299 371 £316 366 +229 395+252
Propranolol + dobutamine 426 +257 381 +358 296 + 182 433 +288
Phentolamine + dobutamine 488 + 348 365+334 434 +£275 413 £264
Atenolol 477 £ 408 335+287 367 +£289 458 +220
Propranolol 437 £ 326 279+ 177 398 +274 511 +£274
Phentolamine 460 + 345 371 £345 397 +£261 488 + 338

Values are mean £ SD.
Complex |-dependent isolated skeletal muscle mitochondrial respiration in control and septic animals from baseline to end, after incubation with
agonists norepinephrine and dobutamine, and with antagonists prazosin and yohimbine for norepinephrine, and atenolol, propranolol, and phentol-
amine for dobutamine. State 3 and 4 oxygen consumption is expressed as pmol/s/mg protein. No significant differences were found between the
placebo and any of the drugs or drug combinations (P> 0.05 for all comparisons). $ (n =7 for placebo, agonists and for pre-incubation of agonists with
antagonists and n =6 for antagonists alone).
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Table 5. Complex ll-dependent muscle mitochondrial respiration

Control animals

Septic animals

Complex Il Baseline (N=7) End (N=7) Baseline (N=7) End $(N > 6)

State 3 Placebo 715+532 817 456 1098 + 626 956 £+ 405
Norepinephrine 654 + 480 718 +459 1167 + 696 1016 +459
Prazosin + norepinephrine 719 £586 807 395 1096 £+ 550 967 440
Yohimbine + norepinephrine 769 +583 666 319 985 4526 992 +427
Prazosin 776 +486 990+710 1225 +707 1018 £258
Yohimbine 700 £578 721 £440 1188+ 614 1044 + 458
Dobutamine 670417 729 £ 349 1205 + 620 1068 £ 391
Atenolol + dobutamine 674+ 542 832 +449 1110+707 1004 + 456
Propranolol + dobutamine 671 £523 865+ 323 1035+ 577 1043 £434
Phentolamine + dobutamine 720+ 571 778 + 340 1130+ 648 11654432
Atenolol 804 +502 854 1586 1233 +810 1030 + 363
Propranolol 797 £554 877 £ 675 1155+717 1127 £416
Phentolamine 660 £+ 399 705 £+ 443 1213 +704 987 +£233

State 4 Placebo 546 + 342 561 £256 582 £296 563 £291
Norepinephrine 457 +£211 422 +280 607 £331 602 £ 323
Prazosin + norepinephrine 588 +451 606 =238 578 £270 623 +372
Yohimbine + norepinephrine 627 +428 5334222 5704302 628 +319
Prazosin 614 +360 619 +£357 690413 700 £275
Yohimbine 478 +265 503 £230 632 £331 641 +£292
Dobutamine 477 £ 182 438+278 583 £29%4 588 £ 351
Atenolol + dobutamine 450 £277 546 + 175 575+ 356 536 +252
Propranolol + dobutamine 417 £215 546 +225 5451269 603 £ 293
Phentolamine + dobutamine 470 £216 521 +£220 584 +320 651 +£370
Atenolol 562 1+ 246 512 +304 565+318 640 +279
Propranolol 535+283 562 +339 609 £+ 352 676 1284
Phentolamine 523 £335 484 +322 628 + 331 640 +294

Values are mean =+ SD.

Complex ll-dependent isolated skeletal muscle mitochondrial respiration in control and septic animals from baseline to end, after incubation with
agonists norepinephrine and dobutamine, and with antagonists prazosin and yohimbine for norepinephrine, and atenolol, propranolol, and phentol-
amine for dobutamine. State 3 and 4 oxygen consumption is expressed as pmol/s/mg protein. No significant differences were found between the
placebo and any of the drugs or drug combinations (P > 0.05 for all comparisons). $ (n =7 for placebo, agonists and for pre-incubation of agonists with

antagonists and n =6 for antagonists alone).

Figures 3 and 4. Sepsis had no measurable effects on
hepatic or skeletal muscle mitochondrial respiration.
In animals treated with norepinephrine (n=>5),
hepatic but not skeletal muscle complex II-dependent
state 4 was significantly lower than in animals that
did not receive norepinephrine (Tables 7 and 8).
Similarly, norepinephrine had no effect on hepatic iso-
lated mitochondrial respiration, either in control animals
or in septic animals [complex I-state 3: 917 £421 pmol/s
per mg (placebo) vs. 914 £ 438 pmol/s per mg (norepineph-
rine) in controls; 978 £ 371 pmol/s per mg (placebo) vs.
1007 £ 410 pmol/s per mg (norepinephrine) in septic ani-
mals; complex I-state 4: 302 £238 pmol/s per mg (placebo)
vs. 292 4+ 246 pmol/s per mg (norepinephrine) in controls;
510+ 290 pmol/s per mg (placebo) vs. 446+ 290 pmol/s
per mg (norepinephrine) in septic animals; respiratory con-
trol ratio: 5.6 £ 5.3 (placebo) vs. 5.4 £ 4.6 (norepinephrine)

in controls; 2.7 4+ 2.1(placebo) vs. 2.9+ 1.5 (norepineph-
rine) in septic animals (all P > 0.05)] (Table 1).

The maximal hepatic mitochondrial respiration (state
3) for complex II was 1514 £ 549 pmol/s per mg (placebo)
vs. 1518 4= 588 pmol/s per mg (norepinephrine) in controls;
1652 £ 586 pmol/s per mg (placebo) vs. 1737 £ 705 pmol/s
per mg (norepinephrine) in septic animals, state 4 was
571 £ 338 pmol/s per mg (placebo) vs. 587 + 393 pmol/s
per mg (norepinephrine) in controls; 1023 4661 pmol/s
per mg (placebo) vs. 1034669 pmol/s per mg (norepi-
nephrine) in septic animals, and the respiratory control
ratio was 3.5 2.0 (placebo) vs. 3.5 % 1.8 (norepinephrine)
in controls; 2.3 4 1.6 (placebo) vs. 2.2+ 1.1 (norepineph-
rine) in septic animals (all P > 0.05) (Table 2).

Complex I'V-dependent hepatic mitochondrial respira-
tion was 708 =414 pmol/s per mg (placebo) vs. 623+
348 pmol/s per mg (norepinephrine) in controls, and
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Table 6. Complex IV-dependent muscle mitochondrial respiration
Control animals Septic animals

Complex IV Baseline (N=7) End (N=7) Baseline (N=7) End (N > 6)

State 3 Placebo 977 £ 591 1081 + 540 1091 + 607 1241 £ 500
Norepinephrine 1059 + 784 1335+ 1201 1270 + 724 1199 £ 475
Prazosin + norepinephrine 995 4545 941 £536 1181 £652 1381 £746
Yohimbine + norepinephrine 1074 £538 976 428 906 601 1160 £ 542
Prazosin 1123 £555 954 £+ 503 1163+ 695 1469 £773
Yohimbine 955 + 624 1001 401 1138 +568 1384 £ 410
Dobutamine 991 £ 626 1045 +753 1103+613 1346 + 658
Atenolol + dobutamine 963 +636 1108 +784 1199 +754 1113 +£413
Propranolol + dobutamine 1089 £ 529 1313 +£855 1061 + 603 1245 £ 495
Phentolamine + dobutamine 1097 £727 895 4565 1093 +743 1315719
Atenolol 861 +457 877 +436 1156 + 687 1417 £448
Propranolol 1092 £756 1081 +676 1150+ 678 1194 +485
Phentolamine 1120 £+ 643 1207 + 828 1037 £596 1492 £758

Values are mean =+ SD.

Complex IV-dependent isolated skeletal muscle mitochondrial respiration in control and septic animals from baseline to end, after incubation with
agonists norepinephrine and dobutamine, and with antagonists prazosin and yohimbine for norepinephrine, and atenolol, propranolol, and phentol-
amine for dobutamine. State 3 and 4 oxygen consumption is expressed as pmol/s/mg protein. No significant differences were found between the
placebo and any of the drugs or drug combinations (P > 0.05 for all comparisons). ¥ (n =7 for placebo, agonists and for pre-incubation of agonists with

antagonists and n =6 for antagonists alone).

718 £ 324 pmol/s per mg (placebo) vs. 740 &= 468 pmol/s
per mg (norepinephrine) in septic animals (P> 0.05)
(Table 3).

Neither norepinephrine nor dobutamine, nor any
of the drug combinations, had measurable effects on
skeletal muscle mitochondrial respiration (Figures 3
and 4, Tables 4-6).

Discussion

This study provided two main findings: 1) 27 h of faecal
peritonitis had no effect on respiration of iso-
lated hepatic and skeletal muscle mitochondria;
and 2) invitro incubation of isolated hepatic mitochon-
dria with norepinephrine after faecal peritonitis neither
improved nor worsened their respiration.

Our results contrast with our previous finding
of increased efficiency of hepatic mitochondrial respi-
ration after norepinephrine infusion in endotoxaemic
animals,'* and suggest that norepinephrine has no
direct effect on hepatic mitochondrial respiration.
This is supported by previous findings on lack of
effect of norepinephrine on hepatic mitochondrial res-
piration in mitochondria previously exposed to endo-
toxin in vitro.>> As prolonged exposure to faecal
peritonitis had no effect on hepatic or skeletal
muscle respiration per se, the potential effect of nor-
epinephrine on sepsis-induced deterioration of mito-
chondrial respiration cannot be determined from the
present results. In the present study, in vivo

administration of norepinephrine to five out of nine
septic animals was associated with a significant reduc-
tion in isolated liver complex II-dependent state 4
respiration and an insignificant increase in complex
II-dependent RCR. Regueira et al. previously
reported that a continuous infusion of norepinephrine
to endotoxaemic pigs was associated with improved
complex I- and II-dependent RCRs.'* These, and
other data,” suggest that potential effects of norepi-
nephrine on mitochondrial respiration in sepsis are
indirect.

Whether, how, and to what extent sepsis may alter
mitochondrial function is a matter of debate.*
We previously reported well-preserved complex
I- and II-dependent mitochondrial respiration in
muscle and liver in pigs subjected to 24h of either
endotoxin or faecal peritonitis,*® despite the presence
of organ failure and substantial mortality. Similarly,
in a rat caecal ligation and puncture model of sepsis
lasting 16 h, the authors found no significant changes
in complex I- and complex II-dependent hepatic
mitochondrial respiration.’ Furthermore, hepatic and
skeletal muscle mitochondrial function of rats
remained unaffected 18-24h after treatment with
either intravenous endotoxin or faecal peritonitis.*
In contrast, others reported inhibition of complex I-
dependent mitochondrial respiration in skeletal
muscle biopsies collected from septic patients within
24 hours of intensive care unit admission." The same
group demonstrated an association between sepsis
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Figure 3. Comparison of complex I-dependent skeletal muscle mitochondrial respiratory control ratio in (a) control and (b) septic
animals from baseline (filled circles) to end (open circles), after incubation with agonists norepinephrine and dobutamine, and with
antagonists prazosin and yohimbine for norepinephrine and atenolol, propranolol, and phentolamine for dobutamine. No significant
differences were found between the placebo and any of the drugs or drug combinations (P > 0.05 for all comparisons). Horizontal lines
represent median values. NE, norepinephrine; PZ, prazosin; YH, yohimbine; DB, dobutamine; AT, atenolol; PR, propranolol; PH,
phentolamine; RCR, Respiratory control ratio (oxygen consumption of state 3/state 4).

and impaired complex I-dependent skeletal muscle
and hepatic mitochondrial respiration in a long-
term, fluid-resuscitated, faecal peritonitis rat model.?

In the present study we used a large animal model
of sepsis induced by faecal peritonitis that shares
many of the features of clinical sepsis, but did not
result in organ failure or mortality. As we measured
complex I- and II-dependent hepatic and skeletal
muscle mitochondrial respiration by adding physio-
logical substrates to the isolated mitochondria, we
cannot exclude sepsis-induced impairment of mito-
chondrial function by mechanisms not tracked by
the methods wused in the present study. Such

mechanisms may include pyruvate dehydrogenase
inhibition,”” poly-(ADP-ribose) polymerase (PARP-
1) activation® and decreased tissue mitochondrial
density.”’

There are several potential reasons for the conflict-
ing findings with regard to mitochondrial function in
the pathophysiology of sepsis. These include differ-
ences in sepsis models (endotoxaemia,° faecal peri-
tonitis,>*® caecal ligation and puncture,®>*' length of
observation period and severity of sepsis), species
investigated (humans,' pigs,>*® rats, >>* rabbits,*
guinea pigs™), concomitantly administered medica-
tion (e.g. anaesthetics), and methods used to prepare
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Figure 4. Comparison of complex Il-dependent skeletal muscle mitochondrial respiratory control ratio in (a) control and (b) septic
animals from baseline (filled circles) to end (open circles), after incubation with agonists norepinephrine and dobutamine, and with
antagonists prazosin and yohimbine for norepinephrine and atenolol, propranolol, and phentolamine for dobutamine. No significant
differences were found between the placebo and any of the drugs or drug combinations (P > 0.05 for all comparisons). Horizontal lines

represent median values.
phentolamine; RCR, Respiratory control ratio (oxygen consumption of state 3/state 4).

Table 7. Effect of norepinephrine on isolated liver mitochondrial respiration

NE, norepinephrine; PZ, prazosin; YH, yohimbine; DB, dobutamine; AT, atenolol; PR, propranolol; PH,

Septic pigs Liver (—) Norepinephrine (N =4)

(+) Norepinephrine (N =15)

P (Mann-Whitney test)

Complex |

State 3 905 [494-1742] 843 [703-1197]
State 4 633 [282-1031] 324 [93-662]
RCR 1.6 [1.4-1.8] 3.7 [1.2-7.6]
Complex I

State 3 1856 [999-2814] 1561 [1000-1827]
State 4 1520 [807-2174] 553 [165-1314]
RCR 1.2 [1.2-1.3] 2.8 [1.2-6.0]
Complex IV

State 3 675 [361-1474] 691 [366—793]

0.81
0.33
0.46

0.62
0.05
0.06

0.81

Isolated liver mitochondrial respiration: comparison between placebo samples from septic animals which received or did not receive norepinephrine.

Data are expressed as median [range]. RCR, respiratory control ratio.
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Table 8. Effect of norepinephrine on isolated skeletal muscle mitochondrial respiration

Septic pigs Muscle (=) Norepinephrine (N =3)

(+) Norepinephrine (N =4) P (Mann-Whitney test)

Complex |

State 3 868 [417-1116]
State 4 250 [124-5%94]
RCR 1.9 [1.7-7.0]
Complex Il

State 3 1012 [356—1444]
State 4 567 [186—-689]
RCR 1.9 [1.5-2.6]
Complex IV

State 3 1440 [523-1664]

949 [577-1621] 0.48
559 [170-715] 0.29
2.3 [1.3-3.6] 0.72
901 [625-1452] 0.10
668 [253-909] 0.48
1.5 [1.1-3.2] 0.48
1203 [802—1849] 0.72

Isolated skeletal muscle mitochondrial respiration: comparison between end placebo samples from the septic animals that received or did not receive
norepinephrine. Data are expressed as median [range]. RCR, respiratory control ratio.

samples and assess mitochondrial function (isolated
mitochondria vs. intact tissue samples, mitochondrial
isolation procedures—Percoll gradients®'=** vs. differ-
ential centrifugation®?**—spectrophotometric and
reverse-phase HPLC techniques® vs. oxygen consump-
tion assessment by Clark-type oxygen electrodes®* or
high-resolution oxygraph,'* etc.).

While it has been shown that norepinephrine may
activate hepatocellular receptors and increase intra-
mitochondrial calcium levels and enzyme activi-
our results do not provide evidence for a
direct effect of norepinephrine on (isolated) mito-
chondria. It should be mentioned that in the present
study, the norepinephrine incubation time was short
when compared to an infusion of norepinephrine for
several hours. We also explored effects of norepineph-
rine and dobutamine on skeletal muscle mitochondria
and found no influence of either drug on any of the
complexes of the mitochondrial respiratory chain.
However, in a recent in vitro study, catecholamines
(dopamine, dobutamine, norepinephrine) were shown
to impair the efficiency of glutamate-dependent native
liver mitochondrial respiration without significant
alterations in state 3 and state 4 respiration rates
and any of the other complexes.””> The use of
higher doses of catecholamines and—to a lesser
extent—a different technique for the measurement
of respiration (Clark-type electrode) may offer some
explanations for the different findings. On the other
hand, in vitro incubation of catecholamines (dopa-
mine, dobutamine) did not alter native muscle mito-
chondrial respiration.®®

Ketamine, midazolam and fentanyl may have
inhibitory effects on mitochondrial complex activity
and oxidative metabolism.*”** However, in the pre-
sent study, cumulative administered doses of anaes-
thetics and analgesics were not different between
controls and septic animals.

Limitations of our study are the
mild disease we produced in our animals,

relatively
the

lack of dose responses, and the short duration of
incubation for norepinephrine and dobutamine.
Further, we evaluated complex functions in isolated
mitochondria only. It is conceivable that investigat-
ing whole cells or muscle fibres and exploring other
components of mitochondrial functions would
have revealed hidden effects of norepinephrine.
In the present study, cardiac stroke volume
decreased in septic animals, whereas it remained
stable in controls. Mpyocardial depression and
decreased response to volume administration have
been described in septic patients.*>*' Although fluid
was administered based on the stroke volume
response using an established haemodynamic proto-
col with resulting large positive fluid balance, we can-
not exclude that an even more aggressive
fluid resuscitation strategy would have resulted in
less reduction of stroke volume in septic animals.
However, as shown previously, high loading with
fluids from the start of experimental sepsis—while
preventing a decrease in stroke volume—increases
mortality.”¢

We conclude that 27h of faecal peritonitis—result-
ing in sepsis without shock or organ failure—did
not affect hepatic and skeletal muscle respiration
of isolated mitochondria and that consecutive
incubation with norepinephrine and dobutamine nei-
ther improved nor caused deterioration in the effi-
ciency of mitochondrial respiration.
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