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Abstract

Sheep develop sepsis-associated acute kidney injury (SA-AKI) during experimental sepsis despite normal to increased renal oxy-
gen delivery. A disturbed relation between oxygen consumption (V0,) and renal Na™ transport has been demonstrated in sheep
and in clinical studies of AKI, which could be explained by mitochondrial dysfunction. We investigated the function of isolated re-
nal mitochondria compared with renal oxygen handling in an ovine hyperdynamic model of SA-AKI. Anesthetized sheep were
randomized to either an infusion of live Escherichia coli with resuscitative measures (sepsis group; n = 13 animals) or served as
controls (n = 8 animals) for 28 h. Renal Vo, and Na™ transport were repeatedly measured. Live cortical mitochondria were iso-
lated at baseline and at the end of the experiment and assessed in vitro with high-resolution respirometry. Sepsis markedly
reduced creatinine clearance, and the relation between Na™ transport and renal Vo, was decreased in septic sheep compared
with control sheep. Cortical mitochondrial function was altered in septic sheep with a reduced respiratory control ratio (6.0+1.5
vs. 8.2+1.6, P = 0.006) and increased complex ll-to-complex | ratio during state 3 (1.6+0.2 vs. 1.3+£0.1, P = 0.0014) mainly due to
decreased complex I-dependent state 3 respiration (P = 0.016). However, no differences in renal mitochondrial efficiency or mito-
chondrial uncoupling were found. In conclusion, renal mitochondrial dysfunction composed of a reduction of the respiratory con-
trol ratio and an increased complex Il/complex | relation in state 3 was demonstrated in an ovine model of SA-AKI. However, the
disturbed relation between renal Vo, and renal Na™ transport could not be explained by a change in renal cortical mitochon-
drial efficiency or uncoupling.

NEW & NOTEWORTHY We studied the function of renal cortical mitochondria in relation to oxygen consumption in an ovine
model of sepsis with acute kidney injury. We demonstrated changes in the electron transport chain induced by sepsis consisting
of a reduced respiratory control ratio mainly by a reduced complex |-mediated respiration. Neither an increase in mitochondrial
uncoupling nor a reduction in mitochondrial efficiency was demonstrated and cannot explain why oxygen consumption was unaf-
fected despite reduced tubular transport.

acute kidney injury; mitochondria; sepsis

INTRODUCTION blood flow is substantially reduced (2). In large animal
models, less is known. One study in a porcine model with
prolonged endotoxemia failed to demonstrate any in vitro

changes in renal mitochondrial function; another sug-

Sepsis-associated acute kidney injury (SA-AKI) com-
monly complicates sepsis and septic shock. Targeted

interventions to prevent or decrease occurrence and se-
verity are still largely lacking (1). Renal mitochondrial
dysfunction has been proposed as a contributing mecha-
nism in the development of SA-AKI and has been demon-
strated in a hypodynamic rodent model where renal
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gested increased proton leak in a model of peritoneal sep-
sis without impaired renal function (3, 4).

Sheep are susceptible to developing renal impairment
during experimental sepsis despite normal to increased renal
oxygen delivery, in contrast to the previously accepted
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hypothesis, in which hypoperfusion was considered an
essential contributor to septic SA-AKI (5, 6). This is con-
sistent with a common clinical scenario, in which AKI
develops despite the absence of shock (7). Resuscitated
septic sheep often develop hyperdynamic circulation,
similar to patients in the intensive care unit, and are fre-
quently used to study SA-AKI during these conditions. In
ovine models, changes in renal lactate/pyruvate have
been demonstrated, although intracellular levels of ATP
are preserved, indicating a possibility of mitochondrial
dysfunction (5, 8). The effects on cellular homeostasis
and function are, however, unclear. A role of altered re-
nal mitochondrial function in sepsis by reducing cellular
metabolic demands has been suggested (9). This clearly
contrasts observations in septic patients where renal oxy-
gen consumption (Vo,) is maintained (10). Preserved re-
nal Vo, has also been demonstrated in ovine models (11,
12). Also, in patients with AKI in the intensive care unit, a
disturbed relation between renal Vo, and renal Na™
transport, which is a major source of ATP demand, has
been demonstrated (13, 14). An increase in mitochondrial
uncoupling and reduced efficiency could explain a dis-
turbed relationship between Vo, and ATP-demanding
Na™ transport, but this has not been investigated.

In this study, we aimed to investigate the function of iso-
lated renal mitochondria compared with renal oxygen han-
dling in an ovine model of hyperdynamic SA-AKI.

METHODS

This study was conducted at dedicated animal research
facilities at Uppsala University and the Swedish University
of Agricultural Sciences in Uppsala, Sweden. Approval for
the study was obtained in advance from the Regional
Ethics Committee for Experiments in Animals, Uppsala,
Sweden (C60/16 with Amendments 5.8.18-02074/2017 and
5.8.18-14384/2017), and all animals were handled in ac-
cordance with directives from the European Commission
for Animal Research. This study adhered to the minimum
quality threshold in preclinical sepsis studies (MQTIPSS)
and Animal Research: Reporting of In Vivo Experiments
2.0 (15, 16).

Anesthesia and Surgical Preparation

Adult Ovis aries mixed breed ewes were cannulated in the
external jugular vein and anesthetized with 1 g of sodium pen-
tothal intravenously. Following tracheal intubation, normo-
ventilation was established (Flow-i Anesthesia system, Maquet
Getinge Group, Solna, Sweden). Positive end-expiratory pres-
sure was set to 5 cmH,0, tidal volume was set to 8 mL-kg™},
and the fraction of inspired oxygen was set to 40%. A bolus of
10 mg of morphine was administered intravenously, and anes-
thesia was maintained with sevoflurane at 2-2.5% end-tidal
concentration. A continuous infusion of midazolam (0.1
mgkg h?) and morphine (0.26 mg-kg h?) mixed in 10%
buffered glucose was administered at a rate of 2 mL-kg “h*
throughout the experiment. An arterial catheter, a central ve-
nous catheter, and a pulmonary artery catheter were inserted
for circulatory monitoring and blood sampling in the left ca-
rotid artery and via the right jugular vein, respectively.
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Surgical preparation was then followed by a subcapsular renal
biopsy using a 5-mm skin punch (Integra Life, Billerica, MA)
placed in an ice-cold mitochondrial isolation medium (17). An
ultrasound flow probe (PS-series 4 mm, Transonic Systems,
Ithaca, NY) was placed around the left renal artery for renal
hemodynamic monitoring, and a renal vein catheter (4-Fr
Careflow Arterial Catheter, Merit Medical Systems, South
Jordan, UT) was placed using the Seldinger technique at the
visualized renal hilum to enable measurements of arterial-ve-
nous differences across the kidney. A urinary catheter was
inserted for urine sampling and urine output measurements.
Once the surgical preparation was finished, a 1-h recovery pe-
riod ensued before the experimental protocol was initiated.
Animals were placed in a prone position at the start of the re-
covery period and throughout the experiment. Further anes-
thesia was continued using an infusion of midazolam,
morphine, and either inhaled sevoflurane or a continuous infu-
sion of Propofol (20 mg-mL~!, Braun, Melsungen, Germany)
titrated to nonresponsiveness of painful stimuli. Extra doses of
analgesics (morphine and ketamine) were administered if signs
of unsatisfactory analgesia occurred.

Bacterial Preparation

A live Escherichia coli clinical isolate strain (B09-11822)
was prepared as a bacterial solution. Bacteria were harvested
1day in advance and after 60 min of activation in Luria broth
and resuspended in saline, resulting in an E. coli bacterial so-
lution at a concentration of ~3.4 x 10® colony-forming
units-mL 1.

Experimental Protocol

The sheep were allocated to one of two groups (sepsis or
control groups) after a pilot period by pairwise block ran-
domization with selection by lot balanced to compensate
for exclusions and terminations before the planned end of
the protocol. Controls served as a means of excluding
major effects from the anesthesia and instrumentation
alone. Ewes in the sepsis group were administered an in-
travenous E. coli infusion starting at 0.005 mL-kg *-h~* af-
ter the initial 1-h recovery period. The infusion was
increased at 6- to 12-h increments depending on the physi-
ological response. The intervention was not blinded to the
investigators.

Fluid therapy was initiated at induction with a 30 mL-kg™*
bolus of Ringers-acetate (Baxter Medical, Deerfield, IL) and
then continued at a maintenance rate of 2 mL-kg “h™*
throughout the experiment. Perioperative blood loss was
also replaced by Ringers-acetate at a 1:1 ratio. To resemble a
human intensive care setting, animals were provided fluid
boluses at a predetermined fall in cardiac output, hypoten-
sion measured as mean arterial pressure < 60 mmHg was
treated with norepinephrine, and positive end-expiratory
pressure and fraction of inspired oxygen were increased
stepwise when arterial Po, fell below 10 kPa and minute
ventilation was adjusted to maintain Pco, between 4.5 and
6.5 kPa.

Hemodynamic and respiratory parameters were collected at
baseline and at 6-h intervals throughout the experiment. Urine
output was registered every 2 h, and urine samples collected
every 6 h drawn from the urine were collected during the
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previous 2 h. Blood samples were extracted from the arte-
rial catheter (~20 mL) at the commencement of the experi-
ment and then every 6 h and analyzed at the clinical
laboratory at Uppsala University Hospital. Arterial, pulmo-
nary arterial, and renal vein samples were collected at
least every 6 h and analyzed with blood gas analyzers at
the research facilities (ABL 700 and 835, Radiometer,
Copenhagen, Denmark).

After 29 h, a late subcapsular biopsy was taken and the
ewes were euthanized by an intravenous dose of potassium
chloride. The left kidney was harvested directly postmortem.
Renal cortical tissue samples were fixated in 4% formalin
and 2% glutaraldehyde in PBS. If ewes deteriorated pre-
morbidly in cardiopulmonary function before the end of the
protocol, with pulmonary hypertension (mean pulmonary
arterial pressure > 35 mmHg) and decreasing cardiac output
despite increasing resuscitative measures, a mitochondrial
biopsy was taken, and the ewes were then euthanized before
the planned end of the protocol.

Calculations

Arterial and venous oxygen content (Cap, and Cvp,) were
calculated using the fraction of oxyhemoglobin (which disre-
gards deoxyhemoglobin, methemoglobin, and hemoglobin
bound to carbon monoxide) using the following formula:

Oxygen content (mL O, -mL™)
= ([hemoglobin (g- del)} x saturation x 1.34

+ arterial Po,(kPa) x 0.023) % 0.01

Renal oxygen delivery and Vo, were determined using the
following formulas:

Left renal oxygen delivery = Cap, x renal blood flow

Left renal Vo, = (Cag, — Cvo,) x renal blood flow

Left renal vascular resistance was calculated using mean
arterial pressure — central venous pressure as AP.

Renal creatinine clearance and Na* transport were calcu-
lated using the following formulas; left renal Na™ transport
was approximated using total Na™ transport divided by 2:

Creatinine clearance = urine output (mL - min™)
x U-creatinine (mmol - L)
/ (P-creatinine (mol- L)

x 1,000

Na*transport (mmol - min™') = P-Na (mmol L)
x creatinine clearance (mL - min™)
x 0.001 — U-Na (mmol-L™)
x urine output (mL-min™) x 0.001

Mitochondrial Function

Biopsies from the kidney cortex were extracted, and mito-
chondria were isolated by differential centrifugation, as pre-
viously described (17). Mitochondrial function was evaluated
by high-resolution respirometry at 37°C (Oroboros 2-K,
Innsbruck, Austria) in respiration medium containing
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EGTA (0.5 mM), MgCl,-6 H,O (3 mM), K-lactobionate (60
mM), taurine (20 mM), KH,PO, (10 mM), HEPES (20 mM),
sucrose (110 mM), and BSA (essentially fatty acid free, 1
g-L~%, pH 7.1). Respiration was normalized to mitochondrial
protein assessed by a commercial kit (DC Protein Assay, Bio-
Rad). The respiratory control ratio (RCR) was defined as
maximal complex I-mediated oxidative phosphorylation
capacity (state 3) [pyruvate (5 mM), malate (2 mM), and ADP
(2.5 mM)] divided by leak state (state 2) without adenyl-
ates present (pyruvate and malate). Maximal oxidative
phosphorylation capacity was measured in the presence
of pyruvate, malate, and succinate (5 mM) followed by the
addition of rotenone (0.5 uM) for complex II-dependent
state 3. The relation between complex I and complex II
was calculated as complex II-dependent state 3 divided
by complex I-mediated state 3. The succinate control ra-
tio was calculated as state 3 with succinate (complex I +
complex II) divided by complex I-mediated State 3. Leak
respiration was measured in the presence of pyruvate,
malate, and oligomycin (25 pM). Uncoupling protein 2-
and adenine nucleotide translocase-dependent proton
leak was estimated by adding GDP (2 mM) and carboxya-
tractyloside (CAT) (5 uM), respectively. The GDP effect
and CAT effect were calculated as leak — GDP and leak —
CAT. The P-to-O ratio was measured (in the presence of
complex I substrates and 2 mM ATP) by steady-state infu-
sion (14 nL-s™!) of a known concentration of ADP, which
better mimics the in vivo situation compared with the
ADP bolus dose method. The number of mitochondria
was set so that the respiration during the ADP infusion
corresponded to approximately half-maximal state 3 res-
piration. Background correction was performed to control
for infused oxygen present in the solution. The concen-
tration of ADP in the infusion solution was determined
spectrophotometrically with a commercially available kit
(MAKOS81, Merck).

Transmission Electron Microscopy

Small pieces from the kidney cortex were cut and placed
in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) at room temperature and stored
at 4°C. Specimens were rinsed in 0.1 M phosphate buffer
(pH 7.4) and postfixed in 2% osmium tetroxide and 0.1 M
phosphate buffer (pH 7.4) at 4°C for 2 h and dehydrated in
ethanol followed by acetone and embedded in LX-112
(Ladd, Burlington, VT). Ultrathin sections (~60-80 nm)
were cut by a Leica EM UC 6 (Leica, Wien, Austria) and
contrasted with uranyl acetate followed by lead citrate and
examined in a Hitachi HT 7700 (Tokyo, Japan) at 80 kV.
Digital images were taken using a Veleta camera (Olympus
Soft Imaging Solutions, Munster, Germany) (18). Three
randomly selected glomeruli were examined in each speci-
men, and the mitochondria morphology in podocytes was
imaged at a final magnification of x15,000. Mitochondrial
morphology was similarly examined in a random sample
of three animals in the sepsis group and three in the con-
trol group, in which five randomly selected tubuli were
examined. Podocytes were chosen for a more thorough
evaluation due to their stability after fixation by immer-
sion and density in mitochondria.
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Figure 1. Physiological variables expressed groupwise at three different times during the experiment (at baseline, at 12 h, and at the end of the experi-
ment). A—F: cardiac output (A), mean arterial pressure (B), plasma lactate (C), mean pulmonary arterial pressure (D), arterial PO,-to-fraction of inspired ox-
ygen (Fip,) ratio (E), and static pulmonary compliance (F). n =13 animals in the sepsis group and n = 8 animals in the control group except in A and F,
where n =7 animals in the control group. Lines indicate group means and error bars indicate SDs. Observations are marked as symbols from 13 animals
in the sepsis group and 8 animals in the control group in B—E and from 13 animals in the sepsis group and 7 animals in the control group in A and F. *P <
0.05, **P < 0.01, and ***P < 0.001 for an interaction effect with repeated-measures ANOVA.

Statistical Analysis

Continuous variables are expressed as means and SD if not
stated otherwise. Formal analysis was made using repeated-
measures two-way ANOVA with group allocation as between
effects and time as within effects. The times chosen for mito-
chondrial assay were baseline and the end of the experiment.
For physiological measurements, baseline, 12 h, and the end
of the experiment were used. The last recorded value was used
in prematurely euthanized ewes. Where a significant interac-
tion effect was present, planned comparisons at baseline and
the end of the experiment were made. Statistica 13 (StatSoft,
Hamburg, Germany) 64-bit software was used for calculations.
P values of <0.05 were considered significant. Missing values
before the end of the experiment required for hypothesis
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testing were imputated as group means at baseline or derived
from related intraindividual measurements when possible and
accounted for in RESULTS. Missing values of descriptive varia-
bles were excluded. Graphs were made using SigmaPlot 14.0
and the ggplot2 package in R 4.1.2.

RESULTS

A total of 21 animals were included in the final analysis, af-
ter exclusion of four sheep due to deterioration after instru-
mentation (2 sheep) or damaged mitochondrial samples
during handling (1 control and 1 sepsis). The full predefined
course of the experiment was completed by eight animals in
the control group and eight animals in the sepsis group. Of
the 13 sheep in the sepsis group, five sheep were terminated
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prematurely after mean of 22 2.5 h due to irreversible cardio-
pulmonary deterioration. Eight animals in the control group
and eight animals in the sepsis group completed the full pre-
defined course of the experiment. The anesthesia regiment
was comparable between groups (propofol + sevoflurane, n =
4 + 4 inthe control group and n = 6 + 7 in the sepsis group).

Effects on Systemic Circulation and Respiration

All septic animals developed signs of septic shock with he-
modynamic effects (Fig. 1, A-D and Table 1). At the end of
the experiment, the sepsis group compared with the control

group had similar cardiac output [7.5%4.0 vs. 6.0%1.3
L-min~!, not significant (NS)], a reduction in mean arterial
pressure (63+9 vs. 76+8 mmHg, P = 0.006), similarly pre-
served mixed venous saturation (73+18 vs. 74+ 4, NS), and
increased serum lactate (6.0+3.3 vs. 0.4+0.2, P = 0.0002).
Sixty-nine percent of the ewes in the sepsis group received
norepinephrine for hypotension at mean of 9.6+5.4 h at a
maximum dose of 0.51%0.82 pg-kg ' min~! compared with
none in the control group. Septic ewes showed deteriorating
respiratory status according to a reduced P-to-F ratio and
decreased pulmonary compliance (Fig. 1, E and F).

Table 1. Additional physiological and renal variables expressed groupwise at three different times during the

experiment
Baseline 12h End of Experiment ANOVA (Interaction Effect) n
Weight, kg
Sepsis 56+12 13
Control 50+17 8
Cumulative volume of fluid boluses, mL
Sepsis 690+1,317 13
Control 254+310 8
Arterial saturation, %
Sepsis 97 +1 97+ 91+12 NS 13
Control 96 +1 96 +1 1 8
Peak inspiratory pressure, cmH,0
Sepsis 20+3 21+4 29+8 t 12
Control 19+4 3 18+4 8
Minute ventilation, L-min~"
Sepsis 82+2 7116 8+2.4 t 12
Control 8.2+13 8.1+12 52+0.7 7
Heart rate, beats:min "
Sepsis 107+15 107+1 127+37 t 13
Control 109+1 90+12 80+11 8
Systemic vascular resistance, dyn-s-cm™>
Sepsis 2,000+634 856+ 219 668+ 217 t 1
Control 1,371+328 1,126 £368 981+209 7
Pulmonary artery wedge pressure, mmHg
Sepsis 10+3 1313 1243 NS 1
Control 9+3 9+2 9+3 7
Central venous pressure, mmHg
Sepsis 5+2 8+4 1M+3 * 1
Control 3+3 4+3 5+3 8
Central venous saturation, %
Sepsis 70+7 78+5 73+18 NS 12
Control 70+6 69+5 74+4 7
Blood hemoglobin, g-L "
Sepsis 76 +£10 96 +1 107+29 by 13
Control 75+13 77 £1 69115 8
Core temperature, °C
Sepsis 385+0.4 39.2+11 40.0+£1.3 t 13
Control 38.1+0.5 39.3+0.9 38.7+0.6 8
Urine output, mL-min~"
Sepsis 1.5+1.4 0.8+0.6 0.2 NS 12
Control 23+2.8 3+25 2.2+1 8
Left renal oxygen delivery, mL-min—
Sepsis 22+1 2 33+24 NS 13
Control 25+10 2 23+10 8
Left renal vascular resistance, mmHg-min-L*1
Sepsis 0.61+0.24 0.32+0.12 0.32+0.21 * 1
Control 0.47+0.25 0.37+0.14 0.34+0.14 8
Left renal venous saturation, %
Sepsis 81+9 81+10 8019 NS 12
Control 82+8 83+6 86+3 8
Plasma Na ™, mmol-L™"
Sepsis 138+2 134+4 1305 NS 13
Control 138+2 133+4 13116 8

Values are represented as means = SD; n is the number of animals in the analysis. ANOVA indicates the result of an interaction effect

in repeated-measures ANOVA. *P < 0.05, 1P < 0.01, #P < 0.001. NS, not significant.
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Renal Functional Effects

Creatinine clearance decreased significantly in septic ani-
mals during the course of the experiment (84+32 vs. 65
mL-min~?%, P < 0.0001) and compared with controls, where
the reduction was limited (79 £30 vs. 70 + 36 mL-min %, NS).
Sepsis was not associated with renal hypoperfusion since
mean left renal blood flow was preserved in septic ewes
throughout the experiment with mean blood flows similar to
control ewes (Fig. 2B). Renal Vo, was unaffected, with a
mean left renal Vo, of 3.6 £1.6 mL-min "' in the sepsis group
and 3.5+1.5 mL-min ! in the control group at the end of the
experiment (NS). Renal Na™ transport was substantially
reduced in sheep with sepsis, in which mean Na ™" transport
at the end of the experiment was 0.8 +0.7 mmol-min—! com-
pared with 9+5 mmol-min~' in the control group (P <

0.001). Septic sheep also developed a decreased relation
between Na* transport in relation to renal Vo,, with a mark-
edly lower mean Na* transport per milliliter consumed oxy-
gen at the end of the experiment compared with controls
(0.120.1vs. 1.4+0.8 mmol-mL ™%, P < 0.0001). Additional re-
nal parameters are shown in Table 1 and Fig. 2, A-F.

Renal Mitochondrial Assay

RCR was reduced at the end of the experiment in the sep-
sis group compared with the control group, indicating a dis-
turbance in renal mitochondrial coupling (6 +1.5 vs. 8.2+ 1.6,
P = 0.006; Fig. 3A). There was also a reduced complex I-
mediated state 3 capacity (Fig. 3C) at the end of the experi-
ment compared with baseline in septic animals (1.8 £0.4 vs.

1.5+0.6 pmols~tpg~!, P = 0.002), whereas no significant
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Figure 2. Renal variables expressed groupwise at three different times during the experiment (at baseline, at 12 h, and at the end of the experiment) A—F:
creatinine clearance (4), left renal blood flow (B), left renal Vo, (C), sodium transport (D), left renal sodium transport/Vo, (E), and P-creatinine (F). Lines indi-
cate group means and error bars indicate SDs. Observations are marked as dots from 13 animals in the sepsis group and 8 animals in the control group in
A, B, and F and from 12 animals in the sepsis group and 8 animals in the control group in C—E. ***P < 0.001 for an interaction effect with repeated-meas-

ures ANOVA. Vo,, oxygen consumption.
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difference in state 2 (Fig. 3B) could be demonstrated. The
complex II-complex I state 3 ratio increased at the end of the
experiment in the sepsis group but not in the control group
(1.6+0.2 vs. 1.3+0.1, P = 0.002; Fig. 3D), mainly due to the
reduction in complex I activity in the sepsis group at the end

Table 2. Additional mitochondrial assay results

of the experiment. This was supported by a similar, but not
significant, pattern in succinate control ratio (complex I +
II/complex I, P = 0.052 by ANOVA; Table 2). No differen-
ces in mitochondrial efficiency (P-to-O ratio with com-
plex I substrates) or in mitochondrial uncoupling (leak

Variable ANOVA Group Baseline End of Experiment
Succinate control ratio NS Sepsis 1.8+0.1 19+0.2
Control 1.7£0.1 1.7£0.1
GDP-sensitive respiration, pmol-s"ug ™" NS Sepsis 0.007+0.004 0.004+0.003
Control 0.006+0.003 0.004+0.004
Carboxyatractyloside-sensitive respiration, pmol-s~"-ug ™ NS Sepsis 0.013+0.008 0.015+0.006
Control 0.02+0.01 0.023+0.013

Values are presented groupwise for sepsis (13 animals) and control (8 animals) as means + SD. ANOVA indicates the result of an inter-

action effect in repeated-measures ANOVA. NS, not significant.
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respiration) could be demonstrated (Fig. 3, E and F).
Additional results are further shown in Table 2.

Mitochondrial Morphology in the Cortex

Mitochondrial morphology was examined in podocytes in
three randomly selected glomeruli in all included ewe corti-
cal biopsies. No pathological ultrastructural changes were
observed in any of the animals (Fig. 4). Furthermore, mito-
chondrial morphology was examined in five randomly
selected tubuli in three animals from the sepsis group and
three animals in the control group. No differences between
the groups were found. However, some morphological arti-
facts in tubular cells, in general, were noted, due to the insuf-
ficiency of the fixation by immersion.

Missing Data

In one septic ewe terminated before the planned end, renal
vein samples were unavailable after baseline measurement
and excluded from the analysis of affected variables. Two cor-
rect baseline measurements of creatinine clearance and Na™
transport were missing (1 in the sepsis group and 1 in the con-
trol group) and were imputated as respective group means. In
regard to one ewe in the sepsis group that was euthanized
early, mitochondrial state 3 respiration with rotenone was
missing at baseline and was imputated as the group mean.

DISCUSSION

The main result of the present study is that renal mito-
chondrial dysfunction composed of a reduction of RCR and
a disturbance in the relation between complex I and complex

Figure 4. Transmission electron microscopy images of mitochondria in
podocytes and tubular cells from ewes at the end of the experiment. A and
B: mitochondria in podocytes from one ewe from the control group (A) and
from one ewe from the sepsis group (B). C and D: mitochondria in tubuli
from one ewe from the control group (C) and from one ewe from the sepsis
group (D). Podocytes from all included animals, as well as tubuli from a ran-
dom sample of 3 + 3 animals in the control and sepsis groups, respec-
tively, were examined without any morphological differences between
groups. Scale bars =1pm.
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I activity in state 3 can be demonstrated in an ovine model
of SA-AKI. Also, the decreased relation between renal Vo,
and renal Na* transport cannot be explained by a change in
renal mitochondrial efficiency or by renal mitochondrial
uncoupling.

In our study, the reduction of RCR and decreased relation
between complex I and complex II was mainly driven by
reduced complex I-dependent state 3 respiration induced by
infusion of live E. coli. This is in contrast to a previous large-
animal study in septic pigs where a state 2 reduction was the
main finding (4); however, it was not associated with a
decrease in creatinine clearance. Reduced complex I activity
has been demonstrated in animal models of sepsis (3, 19). In
patients in intensive care with septic shock, reduced complex
I activity in skeletal muscle was associated with increased
norepinephrine requirements and decreased survival (20).
This is considered a result of prolonged nitric oxide (NO) ex-
posure, which induces complex I inhibition, both reversibly
and irreversibly (21). This effect is also ameliorated by the in-
hibition of NO synthase (NOS) (22). The renal mitochondrial
effects of NO are not limited to complex I inhibition. In addi-
tion to modulation of cytochrome c oxidase, there are effects
of NO that may be beneficial in the context of SA-AKI (23).
NO promotes mitochondrial stability and inducible NOS
depletion, resulting in an accumulation of dysfunctional mi-
tochondria (24). Also, inducible NOS inhibition in large ani-
mal models of sepsis has not proven beneficial to renal
function (25). Thus, the role of affected renal complex I respi-
ration in the pathogenesis of SA-AKI is still unclear and
requires further exploration.

The decreased relation between renal Vo, and Na™ trans-
port demonstrated here is coherent with previous studies in
sheep and patients with SA-AKI and postcardiopulmonary
bypass-associated AKI and can be considered a feature of AKI
in the clinical context (10, 11, 14). A major feature of AKI in
septic sheep is decreased glomerular filtration rate, although
renal blood flow remains unchanged or is increased, indicat-
ing a reduction in filtration fraction (26). This may be caused
by a dilation of the efferent arteriole, but glomerular swelling
secondary to activation of the innate immune system may
also contribute (5, 27). When the glomerular filtration rate
declines during AKI, less Na " is filtered and less Na* is avail-
able for transport by tubular cells. Renal Na™ transport is a
major source of ATP demand, where a reduction of the trans-
port results in a reduction of renal Vo, by approximately one-
third (13). The marked reduction in Na™ transport during SA-
AKI in the present study would thus be expected to decrease
renal Vo, if no other oxygen-demanding process increased.
Renal Vo, was uniform throughout the experiment in our
study, as previously described by others, and ATP levels have
previously been shown to be maintained in this model (8, 12).
Mitochondrial uncoupling has been proposed to counteract
increased oxidative stress (28). Also, morphological changes
in renal mitochondria that could indicate damage and an
increased risk of unspecific proton leak have also been
described in postmortem biopsies from patients with SA-AKI
(29). Our results indicate that it is not likely that the main-
tained renal Vo, is caused by increased mitochondrial proton
leak and a reduced P-to-O ratio. This implies renal mitochon-
dria may use oxygen for ATP production with the same effi-
ciency as in nonseptic animals. No morphological changes in
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renal mitochondria were observed. There are other possible
explanations for a maintained renal Vo,. Cell repair may
require an increase in ATP demand and infiltrating immune
cells have a high energy demand. It has also been demon-
strated that the permeability of tight junctions in the epithe-
lium is increased after an ischemic insult (30). This would, in
theory, allow Na™ reabsorbed in the proximal tubule to leak
back into the urine, which reduces the metabolic efficacy of
the kidney and disenables the possibility to create a concen-
tration gradient of Na™ between the tubular lumen and inter-
stitium by transcellular transport of Na™ (31).

Our study has several limitations. Global renal oxygen con-
sumption in contrast to subcapsularly localized mitochondria
was studied; hence, no conclusions regarding different regions’
mitochondrial function could be drawn. Still, cortical and adja-
cent tubular mitochondria account for a relevant proportion of
renal mitochondria, and regional disturbance as the major con-
tributor to the observed disturbance in the renal Vo,/Na™
transport relation is less likely. Furthermore, in vitro assess-
ment of mitochondrial function may not reflect actual intracel-
lular conditions. The P-to-O ratio has been suggested to be
higher in vivo than in isolated mitochondria, and proton leak is
expected to decrease in vivo with increasing ATP demand (32,
33). Furthermore, a reduced mitochondrial density would not
be visible in the analysis of isolated mitochondria. Morphology
was examined in the cortex and cannot exclude morphological
alterations in medullary or tubular cells. As the cells in the
tubuli are more sensitive to degradation after fixation by
immersion, the available data come with limitations that pre-
vent firm conclusions. Several functional aspects of mitochon-
dria that are not reflected in respirometry as mitochondrial
biogenesis and mitophagy, which both are known to be affected
by organ dysfunction in sepsis, have not been evaluated (34,
35). Animals were anesthetized throughout the experiment,
which influences parameters such as renal blood flow and
aggravates SA-AKI; however, the drugs used are common in in-
tensive care, and our results demonstrate that the effects are
not caused by instrumentation and anesthesia alone (36). RCR
at baseline was maintained around 8 in both the control group
and sepsis group and was not significantly decreased at the end
of the experiment in the control group. This suggests that mito-
chondrial integrity and function were maintained during the
isolation procedure (37). Furthermore, these observations sug-
gest that mitochondria were not affected by the long period of
anesthesia.

In conclusion, the results of this study indicate that in an
ovine model of SA-AKI, renal mitochondria develop a reduc-
tion of RCR and a disturbance in the relation between com-
plex I and complex II activity. Furthermore, the decreased
relation between renal Vo, and renal Na* transport cannot
be explained by a change in renal mitochondrial efficiency
or by renal mitochondrial uncoupling.
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