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2019.—The pathophysiology of renal failure in septic shock is com-
plex. Although microvascular dysfunction has been proposed as a
mechanism, there are controversial findings about the characteristics
of microvascular redistribution and the effects of resuscitation. Our
hypothesis was that the normalization of systemic hemodynamics
with fluids and norepinephrine fails to improve acute kidney injury.
To test this hypothesis, we assessed systemic and renal hemodynamics
and oxygen metabolism in 24 anesthetized and mechanically venti-
lated sheep. Renal cortical microcirculation was evaluated by SDF-
videomicroscopy. Shock (n = 12) was induced by intravenous ad-
ministration of endotoxin. After 60 min of shock, 30 mL/kg of saline
solution was infused and norepinephrine was titrated to reach a mean
blood pressure of 70 mmHg for 2 h. These animals were compared
with a sham group (n = 12). After endotoxin administration, mean
blood pressure, cardiac index, and systemic O transport and con-
sumption decreased (P << 0.05 for all). Resuscitation improved these
variables. Endotoxin shock also reduced renal blood flow and O-
transport and consumption (205[157-293] vs. 131 [99-185], 28.4
[19.0-38.2] vs. 15.8[13.5-23.2], and 5.4[4.0-8.8] vs. 3.7[3.3-4.5]
mL-min~ 1100 g~ !, respectively); cortical perfused capillary density
(23.8[23.5-25.9] vs. 17.5[15.1-19.0] mm/mm?); and creatinine clear-
ance (62.4[39.2-99.4] vs. 10.7[4.4-23.5] mL/min). After 2 h of re-
suscitation, these variables did not improve (174[91-186], 20.5
[10.8-22.7], and 3.8[1.9—4.8] mL-min~'-100 g~!, 19.9[18.6-22.1]
mm/mm?, and 5.9[1.0-11.9] mL/min). In conclusion, endotoxin
shock induced severe renal failure associated with decreased renal
flow, O, transport and consumption, and cortical microcirculation.
Normalization of systemic hemodynamics with fluids and norepineph-
rine failed to improve renal perfusion, oxygenation, and function.

NEW & NOTEWORTHY This experimental model of endotoxin
shock induced severe renal failure, which was associated with abnor-
malities in renal regional blood flow, microcirculation, and oxygen-
ation. Derangements included the compromise of peritubular micro-
vascular perfusion. Improvements in systemic hemodynamics through
fluids and norepinephrine were unable to correct these abnormalities.
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INTRODUCTION

Sepsis is a leading cause of death in critically ill patients.
It frequently produces acute kidney injury (AKI), which
additionally increases mortality (2, 12). Septic AKI has been
related to ischemia resulting from reductions in renal blood
flow (RBF) (30). Experimental research, however, showed
that RBF was preserved in most of the AKI models (21).
Hence, different investigators have proposed the dysfunc-
tion of microcirculation as the underlying mechanism of
renal failure (9, 26).

There are controversial reports about the characteristics of
microvascular dysfunction in septic AKI. A growing body of
evidence points to redistribution of blood flow away from the
renal medulla, with preservation of cortical perfusion and oxy-
genation (3, 19). In contrast, other studies found alterations in
cortical perfusion (22, 34).

Most of the evaluations that described unchanged cortical
perfusion were based on laser Doppler flowmetry (3, 19). This
technique gives global measurements of tissue perfusion that
can overlook microcirculatory heterogeneity (33). In addition,
reports of cortical video microscopic alterations have been
focused only on specific variables (13, 22). Therefore, a com-
prehensive assessment of renal cortical microcirculation, in-
cluding density, perfusion, and heterogeneity characteristics,
and its relationship with regional and systemic hemodynamics,
is lacking.

Our goal was to evaluate the behavior of cortical peritubular
microcirculation in a model of endotoxin shock and resuscita-
tion and its relationship with global renal perfusion, oxygen-
ation, and function. We also aimed at comparing microcircu-
latory dysfunction among renal cortical, intestinal villi, and
sublingual vascular beds. Our main hypothesis was that resus-
citation with a fixed fluid challenge and norepinephrine tar-
geted to a mean arterial pressure (MAP) of 70 mmHg, in
accordance with the Surviving Sepsis Campaign guidelines,
fails to improve renal perfusion and function (28).

MATERIALS AND METHODS

The local Research Committee approved this study [Protocol num-
ber PO1-05-2016]. The care of animals was in accordance with the
National Institutes of Health.

Anesthesia and ventilation. Twenty-four sheep (24 = 5 kg,
means * SD) were anesthetized with 30 mg/kg of pentobarbital
sodium, intubated, and mechanically ventilated with a Servo Ven-
tilator 900C (Siemens-Elema, Solna, Sweden) with a tidal volume
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of 10 mL/kg, a fraction of inspired oxygen (F1o,) of 0.21 and a
positive end-expiratory pressure of 6 cmH,O. The initial respira-
tory rate was set to keep the arterial Pco, between 35 and 40
mmHg. This respiratory setting was maintained during the rest
of the experiment. Neuromuscular blockade was performed with
pancuronium bromide (0.06 mg/kg). Additional pentobarbital bo-
luses (1 mg/kg) were administered hourly and when clinical signs
of inadequate depth of anesthesia were evident. Analgesia was
provided by fentanyl as a bolus of 2 wg/kg, followed by 1 pg:
kg~ "-h~!. These drugs were administered intravenously.

Surgical preparation. A schematic drawing of the surgical prepa-
ration is shown in Fig. 1. A 7.5-French Swan-Ganz Standard Ther-
modilution Pulmonary Artery Catheter (Edwards Life Sciences, Ir-
vine, CA) was inserted in the right external jugular vein to obtain
mixed venous samples. Catheters were placed in the descending aorta
via the left femoral artery to measure blood pressure and obtain blood
samples, and in the inferior vena cava to administer fluids and drugs.

A midline laparotomy was performed, followed by a gastrostomy
to drain gastric contents, and a splenectomy to avoid spleen contrac-
tion during shock. Perivascular ultrasonic flow probes were placed
around the superior mesenteric artery and the left renal artery, to
measure intestinal blood flow (IBF) and RBF. Catheters were intro-
duced in the left renal and mesenteric vein to draw blood samples and
to measure venous pressure. Catheters were also positioned in the
abdomen for intra-abdominal pressure measurement and into the
bladder to monitor urinary output. To allow renal cortical videomi-
croscopy, the left kidney was gently decapsulated and 5-cm incision
was performed in the left flank of the abdominal wall. A tonometer
was inserted through a small ileotomy to measure intramucosal Pco,.
A 10- to 15-cm segment of the ileum was mobilized, placed outside
the abdomen, and opened 2 cm on the antimesenteric border to allow
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examination of mucosal microcirculation. The exteriorized intestinal
segment was covered and moistened, and the temperature was pre-
served by an external heating device. Finally, after complete hemo-
stasis, the midline abdominal wall incision was closed, except for
a short segment for externalization of the ileal loop.

Measurements and derived calculations. Systemic Oz consumption
(Vo») was measured by analysis of expired gases (MedGraphics CPX
Ultima, Medical Graphics, St. Paul, MN) and adjusted to body weight.

Arterial, mixed venous, renal venous, and mesenteric venous Po»,
Pco,, pH, Hb, and O, saturation were measured with a blood-gas
analyzer and a co-oximeter calibrated for sheep blood (ABL 5 and
OSM 3, Radiometer, Copenhagen, Denmark). Oxygen-derived vari-
ables were calculated by standard formulas.

Since the thermodilution method overestimates low cardiac output,
the cardiac index (CI) was calculated as Vo, divided by arterial-mixed
venous O content difference (Ci-myvO,). Systemic and pulmonary
vascular resistance were calculated as MAP minus central venous
pressure divided by cardiac output, and mean minus wedge pulmonary
pressure divided by cardiac output, respectively. Systemic O, trans-
port (Do») was calculated as CI multiplied by arterial O, content
(Caoz). The systemic O, extraction ratio (O-ER) was calculated as
Ca-myO; divided by Cag,.

IBF and RBF were measured by an ultrasonic flowmeter (One
Channel Perivascular Flowmeter, Transonics Systems, Ithaca, NY)
and normalized to the organ weight. Intestinal and left renal vascular
resistances were calculated as MAP minus mesenteric or left renal
venous pressure divided by IBF or RBF.

Intestinal and renal Do, and Vo, were calculated as the product of
the respective flow index multiplied by either Cag, or arteriovenous
oxygen content difference. Intestinal and renal O-ER were calculated
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Fig. 1. Schematic drawing of the surgical preparation. Endotracheal tube (/) for mechanical ventilation (2) and analysis of expired gases; pulmonary catheter
for mixed venous sampling and pressure measurement (4); aortic and inferior vena cava (IVC) catheters for blood sampling, pressure measurement, and
administration of fluids and drugs (5); catheter for measurement of intra-abdominal pressure (6); left renal and superior mesenteric artery probes for blood flow
measurement (7); left renal and mesenteric venous catheters for blood sampling and pressure measurement (8); urinary bladder catheter (9); renal decapsulation
for videomicroscopy (10); ileostomies for tissue capnography (/7) and villi videomicroscopy (/2); and sublingual videomicroscopy (/3).
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as the respective arteriovenous oxygen content difference divided by
Cao .

Intramucosal Pco, was measured by air tonometry (Tonometrics
Catheter and Tonocap, Datex-Ohmeda, Helsinki, Finland). Then, we
calculated mucosal-arterial Pco, difference.

Arterial lactate was measured with a point-of-care analyzer (Stat
Profile Critical Care Xpress, Nova Biomedical, Waltham, MA).

Creatinine clearance was calculated as the urinary creatinine mul-
tiplied by the urine output in 60 min divided by the plasma creatinine.

Microvideoscopic measurements and analysis. The microcircula-
tory network was evaluated in renal cortex, intestinal mucosa, and
sublingual mucosa by means of a SDF imaging device (Microscan,
MicroVision Medical, Amsterdam, The Netherlands) (8). Different
precautions were taken and steps followed to obtain images of
adequate quality and to ensure satisfactory reproducibility. After
gentle removal of secretions by isotonic saline-drenched gauze, steady
images of at least 20 s were obtained while avoiding pressure artifacts
with a portable computer and an analog-to-digital video converter
(ADVC110, Canopus, San Jose, CA). The videos were recorded from
three different areas. Video clips were stored as AVI files to allow
computerized frame-by-frame image analysis.

Video image analysis was performed blindly by well-trained re-
searchers. Adequate focus and contrast adjustment were verified, and
images of poor quality were discarded. The entire sequence was used
to describe the semiquantitative characteristics of the microvascular
flow and, particularly, the presence of stopped or intermittent flow.

We used image-analysis software (Microscan analysis software
AVA 3.2-MicroVision Medical) (7) to determine total vascular den-
sity (TVD). An analysis based on semiquantitative criteria that dis-
tinguished no flow (0), intermittent flow (1), sluggish flow (2), and
continuous flow (3) was performed on individual vessels. The overall
score, called MFI, is the average of the individual values (27).
Quantitative red blood cell (RBC) velocity was determined using
space-time diagrams (7). We also calculated the proportion of per-
fused vessels (PPV), the perfused vascular density (PVD) as TVD
multiplied by PPV, and the heterogeneity flow index (HFI) as highest-
lowest MFI divided by the mean MFI (35).

In sheep, most of sublingual vascular density (97 = 1%) and all
peritubular renal and intestinal villi vessels consist of small vessels
(diameter <25 pm), so analysis was focused on this type of vessel,
whereas the vessels of higher diameter were assessed only for ruling
out compression artifacts.

Experimental procedure. Basal measurements were taken after a
period of no less than 30 min after MAP, systemic V0,, and renal and
intestinal flow became stable. Animals were then randomly assigned
to endotoxin shock (n = 12) or sham (n = 12) groups. In the
endotoxin shock group, shock was induced by intravenous injection of
Escherichia coli lipopolysaccharide (5 pg/kg followed by 2.5
peg-kgh™! for 180 min). After 60 min of shock, 30 mL/kg of saline
solution were infused and norepinephrine was titrated to reach a MAP
of 70 mmHg. In the sham group, the same experimental preparation
was carried out, and 0.9% NaCl was infused to maintain hemody-
namic variables at basal values, without further interventions. Mea-
surements were performed at baseline (0 min), after 60 min of
endotoxin shock without resuscitation, and after 60 and 120 min of
resuscitation. Blood temperature was kept constant throughout the
study with a heating lamp.

At the end of the experiment, animals were euthanized with an
additional dose of pentobarbital sodium and a KCl bolus. A catheter
was inserted in superior mesenteric artery and India ink was instilled
through it. Dyed intestinal segments were dissected, washed, and
weighed. We also weighed the left kidney. Consequently, intestinal
and renal flow, Vo,, and Do, are expressed as indices of the organ
weight.

Data analysis. Because of the small numbers of animals, nonpara-
metric tests were used. Changes over time within each group were
assessed with nonparametric analysis of variance for repeated mea-
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surements (Friedman test) followed by a post hoc test (Dunn’s
multiple comparison test). Differences between groups at each time
point were analyzed with a Mann-Whitney U-test. The renal Vo,/Do»
relationship was assessed with linear regression analysis. Data are
expressed as median and interquartile range. A P value <0.05 was
considered statistically significant.

RESULTS

Systemic effects. Endotoxin administration decreased MAP,
CI, and systemic vascular resistance. Vo, and Do, fell, and
O,ER increased. Resuscitation normalized CI, Vo,, and Do,.
MAP increased until the target values but remained lower than
in the sham group. Norepinephrine requirements were 3.2[2.5—
5.0] pg-kg™ !-min~'. Endotoxin induced pulmonary hyperten-
sion. In the sham group, all variables remained unchanged.
Hemodynamic changes are shown in Table 1, and changes in
lactate and blood gases in Supplemental Table S1 (https:/
doi.org/10.6084/m9.figshare.8115872).

Renal effects. RBF and Do, decreased after endotoxin in-
jection, transiently improved with resuscitation, and eventually
fell. Vo, decreased after endotoxin administration and re-
mained so during the rest of the experiment. O>ER never
increased and fell at 60 min of resuscitation. Vascular resis-
tance decreased after 60 min of endotoxin shock and normal-
ized with resuscitation (Table 1 and Fig. 2).

Vo, and Do, were strongly correlated in both groups
(Fig. 3).

After 60 min of endotoxin shock, there were derangements
in all the microcirculatory variables. Resuscitation only nor-
malized RBC velocity (Fig. 4 and Supplemental Video S1
https://doi.org/10.6084/m9.figshare.8115875.v1).

Urinary output and creatinine clearance decreased during
endotoxin shock and remained low during the resuscitation
phase (Fig. 5).

Intestinal effects. Endotoxin shock diminished intestinal
flow, Do, and vascular resistance and augmented O,ER. Vo,
remained unchanged. Resuscitation normalized flow, Do, and
resistance, while OER persisted elevated (Table 1).

Except for manifest and persistent increases in HFI, villi
microcirculation only showed minor and transitory alterations
(Fig. 6). Mucosal-arterial Pco, difference was higher in endo-
toxin shock than in the sham group (Fig. 7).

Sublingual effects. During shock, there were alterations in
PPV, MFI, RBC velocity, and HFI. After resuscitation, only
RBC velocity remained reduced compared with the sham
group (Fig. 8).

DISCUSSION

In this experimental model of endotoxin shock, the main
finding was the development of severe renal failure, which was
associated with reductions in RBF, cortical microcirculation,
and renal vascular resistance. Regardless of the improvement
in systemic hemodynamics, kidney derangements were unre-
sponsive to aggressive fluid and norepinephrine resuscitation.
After 2-h of resuscitation, RBF and microvascular perfusion,
renal Vo, and Doy, and creatinine clearance remained signifi-
cantly disturbed.

Unlike other experimental studies that showed mild to mod-
erate reductions in renal function (3, 19), our model was
characterized by severe and persistent decrease in urine output
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Table 1. Values of systemic,
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intestinal, and renal hemodynamic variables in sham and endotoxin shock groups

Basal

60 Min

120 Min

180 Min

Heart rate, beats/min

Sham
Endotoxin shock

Mean arterial pressure, mmHg

157 [143-156]
155 [125-172]

160 [146-174]
122 [106-131]*F

176 [135-190]
167 [156-200]

161 [150-181]
165 [132-180]

87 [78-99] 93 [75-106] 93 [74-106]
34 [31-40]*+ 72 [70-741% 71 [70-731%

1 [0-4] 2 [0-4] 2 [0-4]

3 [2-5] 5[1-9] 7 [2-91%
14 [11-18] 15 [12-21] 14 [11-18]
14 [13-17] 21 [18-25]%% 24 [21-25]*+

3 [2-4] 3[1-4] 3[0-4]

2 [1-3] 3[1-5] 4 [2-5]

5 [4-6] 5[4-7] 5 [5-7]

6 [4-9] 7 [6-9]%+ 9 [7-10]*+
2[1-5] 2[1-4] 2[1-4]

3 [1-6] 5[3-6] 4 2-6]

1[0-1] 1 [0-2] 1[0-1]

1[0-1] 1[0-1] 1[0-2]

Sham 80 [74-94]

Endotoxin shock 83 [71-98]
Central venous pressure, mmHg

Sham 2 [0-4]

Endotoxin shock 4 [2-6]
Mean pulmonary pressure, mmHg

Sham 12 [12-16]

Endotoxin shock 14 [10-18]
Pulmonary occlusion pressure, mmHg

Sham 2 [1-3]

Endotoxin shock 2 [1-4]
Mesenteric venous pressure, mmHg

Sham 4[2-6]

Endotoxin shock 5 [4-6]
Renal venous pressure (mmHg)

Sham 3[1-4]

Endotoxin shock 3 [1-5]
Intra-abdominal pressure, mmHg

Sham 1[0-1]

Endotoxin shock 1[0-1]
Cardiac index, mL-min~ kg ™!

Sham 144 [123-168]

Endotoxin shock

Superior mesenteric artery flow, mL-min~'-100 g~

Sham
Endotoxin shock

Systemic vascular resistance, mmHg-L~'-min~

Sham
Endotoxin shock

138 [110-161]
1
44.0 [34.2-57.4]
44.2 [29.1-67.7]
1
25.1[21.8-29.6]
27.8 [17.8-40.2]

Pulmonary vascular resistance, mmHg-L~!-min

Sham
Endotoxin shock

Mesenteric vascular resistance, mmHg-L™"-min~

Sham
Endotoxin shock

Left renal vascular resistance, dyn-s-cm™

Sham
Endotoxin shock

Systemic O transport, mL-min~ kg™~

Sham
Endotoxin shock

4.11[3.37-5.08]
4.43 [3.55-6.76]
1
255 [197-370]
286 [193-437]
5
535 [300-695]
535 [325-805]
1
17.4 [16.0-19.1]
18.2 [14.6-22.5]

Systemic O consumption, mL-min~"-kg™!

Sham
Endotoxin shock

Systemic O extraction ratio

Sham
Endotoxin shock

7.216.3-8.2]
7.1[6.5-8.1]

0.40 [0.36-0.45]
0.40 [0.29-0.48]

Intestinal O transport, mL-min~'-100 g~!

Sham
Endotoxin shock

Intestinal O, consumption, mL-min~!-100 g~

Sham
Endotoxin shock

Intestinal O» extraction ratio

Sham
Endotoxin shock

5.1[4.3-7.6]

6.0 [4.0-8.7]
1

2.1[1.9-2.4]

2.2[1.6-2.9]

0.42[0.32-0.45]
0.36 [0.30-0.48]

135 [125-192]
90 [73-113]*F

41.3 [33.1-60.3]
26.2 [21.9-47.8]*F

28.1[24.2-33.9]
18.6 [10.6-25.5]*F

4.29 [3.53-5.02]
7.77 [6.00-10.17]*7

304 [259-364]
167 [109-260]*7

590 [450-740]
315 [250-460]*F

17.8 [15.9-22.3]
12.3 [8.6-14.2]*F

7.416.3-8.5]
6.3 [5.6-6.6]*F

0.40[0.33-0.47]
0.54 [0.46-0.66]*F

5.2 [4.0-7.6]
3.4 [2.7-54]*

1.9 [1.7-2.1]
2.2[1.2-2.5]

0.350.30-0.44]
0.52 [0.37-0.68]*+

144 [122-174]
174 [110-244]

46.0 [36.2-60.6]
36.2 [24.9-52.0]

32.4[22.4-33.9]
17.5 [14.5-29.71*%

4.41[3.35-5.98]
6.29 [4.60-9.16]

287 [189-359]
269 [165-361]

600 [460-785]
545 [340-610]

18.1 [16.5-20.5]
23.3[11.3-30.8]

7.0[6.2-8.1]
7.3[5.9-8.1]

0.41 [0.32-0.44]
0.35[0.27-0.52]

5.4 [4.4-8.3]
451[3.1-7.1]

2.2[1.6-2.5]
24[1.6-3.1]

0.33[0.29-0.40]
0.49 [0.38-0.72]*F

159 [120-210]
161 [129-183]

48.8 [43.7-69.4]
40.7 [24.5-63.1]

27.2 [22.6-34.8]
19.6 [15.4-25.5]1*F

4.19 [2.61-5.03]
6.29 [5.66-10.62]*F

264 [190-342]
245 [180-333]

500 [460-710]
635 [445-970]

20.2 [15.7-23.4]
20.0 [11.0-21.9]

7.1[6.1-8.6]
6.3 [5.9-8.2]

0.39[0.32-0.45]
0.36 [0.30-0.51]

5.7 [4.6-9.5]
5.0 [3.2-7.6]

2.0[1.4-2.6]
2.7[1.7-3.0]

0.29 [0.25-0.34]
0.51 [0.40-0.66]*F

Data are shown as median [25-75 interquartile range]. *P < 0.05 vs. basal. TP < 0.05 vs. sham.

and creatinine clearance. The initial manifestations, including
the fall in regional and microvascular flow, were the predict-
able consequence of the systemic cardiovascular compromise
after endotoxin infusion. CI and RBF were severely decreased,
and renal perfusion pressure reached values of ~30 mmHg,
clearly exceeding the lower limit of autoregulation. The nor-

malization of systemic flow and the increase in MAP to 70
mmHg with fluids and norepinephrine only transiently im-
proved renal perfusion, which eventually fell after 2 h of
resuscitation.

Although the traditional standpoint is that septic AKI results
from global hypoperfusion, several studies found normal or
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increased RBF, especially after the normalization of cardiac
output by resuscitation (21, 30). Consistent with our results, a
study performed in fluid-resuscitated rats with endotoxin shock
showed a RBF of 70-85% of basal values, despite a 30%
increase in CI (22). In pigs with endotoxin shock or fecal
peritonitis, RBF also decreased, while CI normalized or even
increased >100% (4, 23).

Notwithstanding the extremely low MAP and the fall of
systemic and regional flows, endotoxin injection markedly
decreased systemic, mesenteric, and renal vascular resistance.
Abnormalities in vascular tone are indeed the key feature of
septic shock, yet the reports about the response of renal
vasculature in sepsis are contradictory (20). Challenging the
traditional concept of increased renal vascular resistance in
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AKTI, our findings of decreased resistance support the failure of
autoregulation flow as an alternative mechanism; however, the
increase in vascular tone generated by norepinephrine was
unable to improve renal perfusion and function. Still, we
cannot rule out that the vasopressor titration to higher MAP
might have beneficial effects, as has already been described (5,
25). Future research should explore the effects of higher values
of MAP as end points of resuscitation on renal microcirculation
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and function. In another study, norepinephrine improved renal
function only transiently, generating reductions in medullary
but not in cortical perfusion and oxygenation (19).

The interpretation of renal Vo, and O;ER behavior is not
straightforward: we found decreases not only in shock but also
during resuscitation, while others described a stable renal Vo,
(24). The lack of O,ER increase in response to reductions in
Do, might be a consequence of microvascular shunting (15). In
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Fig. 5. Renal function. Behavior of urine output (A) and creatinine clearance (B) in sham and endotoxin groups. In the endotoxin shock group, both variables
severely decreased after 60 min. Resuscitation failed to improve them. Data are shown as median [25-75 interquartile range]. *P < 0.05 vs. baseline. TP < 0.05

vs. sham group.
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the kidneys, however, the relationship between V02 and Do»
might reflect the normal behavior of the system. Falls in Vo,
might not express development of anaerobic metabolism but
suppression of nonessential functions, such as glomerular fil-
tration rate and consequent tubular energy demand to avoid a
dysoxic death (29). Accordingly, both the sham and endotoxin
groups showed a significant correlation between Vo, and Do,.
Another explanation for renal oxygen supply dependency
might be a primary reduction in metabolic activity and oxida-
tive metabolism induced by endotoxin (32). Thus reductions in
regional and microvascular perfusion could have been homeo-
static adjustments to match oxygen transport and needs.

The renal microcirculation probably plays a pivotal role in
the pathophysiology of septic AKI (9, 26). Medullary ischemia
and preservation of cortical perfusion have been considered the
main features of the microvascular failure (3, 19, 24). Other
investigators, however, have found cortical hypoperfusion (4,
13, 17, 22, 23, 34, 38). These conflicting results might be
related to different models of septic shock and/or approaches to
microcirculation. In our model, AKI was severe, unlike the
mild or moderate compromise of renal function described in
other studies (3, 5, 19, 24,). The use of laser Doppler flowmetry
might explain the apparent preservation of cortical perfusion in
those studies. This technique only provides a relative signal of
RBC flow, comprising capillary, arterial, and venous blood
flow, from an unknown tissue volume (33). Since no informa-
tion on the absolute RBC velocity or velocity distribution is
obtained, the technique cannot discriminate capillary stop-flow

or flow heterogeneity induced by sepsis. In contrast, SDF-
videomicroscopy allows a thorough depiction of the density,
perfusion, and heterogeneity characteristics of the microcircu-
lation. In experimental septic shock, previous video micro-
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scopic studies only gave a fragmentary description of cortical endotoxin shock, since a large decrease in RBC velocity was
microcirculation (13, 34, 38). By means of a comprehensive also present. Yet, after 1 h of resuscitation, when RBF was
analysis, our study showed that each one of the components of transiently restored, some microcirculatory alterations per-
peritubular microcirculation was affected in shock, and that sisted, suggesting these alterations were not a mere conse-
only RBC velocity was normalized by resuscitation. Recently, quence of RBF reduction. The microcirculatory disorder might
similar results were described using dynamic contrast-en- act as a kind of functional shunting, where signs of tissue
hanced ultrasound (23). dysoxia are evident despite apparent sufficient Do, (16). Thus
Our study shows further evidence that microcirculation can  microcirculatory shunting might explain the inability to in-
be dissociated from systemic hemodynamics, and that the crease O,ER and the consequent decrease in Vo,.
different microvascular beds might also be dissociated from The underlying mechanism for persistent renal microvascu-
each other. The gastrointestinal tract has been considered as the lar dysfunction after restoration of systemic circulation might
“canary of the body” (6); our results show that the kidney be the direct injury elicited by the septic insult (15). Cellular
might be even more sensitive than the gut to endotoxin shock, components at risk for endotoxin injury include the endothe-
in terms of both regional and tissue perfusion. On the contrary, lium (14) and erythrocytes (1). Accordingly, animal models of
other investigators reported a parallel involvement of sublin-  sepsis showed a close association between peritubular capillary
gual and peritubular microcirculation beds (13, 23). dysfunction and generation of reactive nitrogen species derived
Another key question is whether the renal microvascular from inducible nitric oxide synthase (34, 38, 39). In addition,
abnormalities described in this study only followed RBF re- ischemia-reperfusion injury might play a role. Indeed, similar
duction or expressed a primary microcirculatory failure. Mi- results were found in a pig model of aortic cross-clamping and
crovascular dysfunction should be assessed considering the reperfusion, in which intestinal and, particularly, renal micro-
compromise of the different components of density, perfusion, circulatory oxygenation remained compromised after the res-
and heterogeneity. Even though the fall in RBF after 3 h of toration of systemic Do, (31). The role of each mechanism
shock and resuscitation was similar to that of cortical PVD (85  should be explored in future studies by comparing the magni-
vs. 84% of basal values), there was a concurrent major increase  tude of microcirculatory dysfunction, in models of endotoxin
in heterogeneity. Since heterogeneity of microvascular perfu- administration and decreased blood flow produced by mechan-
sion can deeply hamper tissue oxygen extraction (36), the ical means.
extension of microvascular disturbances might exceed the Whichever the involved mechanism, our study showed that
simple fall in RBF. Derangements in microcirculatory perfu- the improvement in MAP, CI, and Do, failed to correct renal
sion might be even more meaningful in the first step of microcirculation and function. These findings suggest that
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microcirculatory targets might be more adequate goals of
resuscitation than systemic variables. An innovative and clin-
ically feasible goal of resuscitation could be the correction of
renal microcirculatory perfusion assessed by dynamic contrast-
enhanced ultrasound (10, 23). Such a microcirculatory end
point could be the subject of upcoming investigations.

Another mechanism that could contribute to AKI is the
presence of intra-abdominal hypertension, a common compli-
cation of fluid resuscitation (37). This mechanism can be ruled
out, since intra-abdominal pressure remained normal through-
out the study.

Strengths of this study were the extensive assessment of
systemic, regional, and microcirculatory hemodynamics, along
with a comparison of different territories.

Our research has limitations. First, a short-term experiment
might not reflect the more delayed responses described in other
studies. Second, the evaluation of the renal microcirculation
was restricted to cortical peritubular vessels. Third, allow the
visualization of microcirculation, the kidney was decapsulated,
which might have avoided a more severe derangement of renal
function. Capsulotomy prevents an intrinsic renal compartment
syndrome produced in experimental ischemia-reperfusion in-
jury (11). Nevertheless, the brief period of resuscitation in our
experiments probably precludes a role of decapsulation in
ameliorating renal dysfunction. Last, we did not perform his-
tological examinations, which precludes performing a correla-
tion between structural damage and function. Nevertheless,
gross tubular changes are usually absent in this experimental
setting (18).

In conclusion, endotoxin shock induced severe AKI, which
was initially associated with critical hypotension and systemic,
regional, and microvascular hypoperfusion. Renal vascular
resistance, however, showed manifest reductions as evidence
of autoregulation failure. Increase in MAP to 70 mmHg and
normalization of systemic hemodynamics by means of fluids
and norepinephrine failed to improve RBF and cortical micro-
circulation. Nevertheless, the magnitude of these abnormalities
might not be sufficient to explain the persistent and severe
compromise of renal function. Other mechanisms such as
inflammatory injury and compromise of medullary perfusion
might also be involved.
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